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PREFACE 

The seventh annual SLAC Suvmer Institute on Particle Physics met 

on July 9-20, 1979 to investigate the theory of quantum chromodynamics. 

Following our traditional pattern the Institute started with seven 

mornings of pedagogic lectures covering both the elements and the experi- 

mental tests of the theory. In the afternoon participants gave seminars 

and engaged in lively discussions of the morning's lectures. The Institute 

closed with a three-day topical conference which included the first results 

from PETRA as well as the latest reports from CERN, Fermilab, and SPEAR 

experiments. Two hundred eighty-seven physicists from fifteen countries 

participated in the Institute. 

R. F. Schwitters gave a series of lectures on "Hadron Production 

in efe- Annihilation," and B. Richter presented "Recent Results from 

Mark II at SPEAR" at the topical conference. Regrettably, written 

versions of these talks were not made available for inclusion in these 

Proceedings. 

This year Anne Masher took over the job of Institute Coordinator and 

Editor of the Proceedings. We are indebted in large part to her and 

her staff for the smooth running and friendly atmosphere of this meeting. 

Gary J. Feldman 

Frederick J. Gilman 

David W. G. S. Leith 

Program Directors 
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INTRODUCTION 

In our attempt to understand the strong interactions between hadrons, 

we have inferred a complicated substructure within the particles that we 

actually observe in our laboratories. Over the years, the understanding 

of this physics evolved into a constituent model of hadrons. We have not 

yet been able to detect the constituents by themselves, but most of the 

observed phenomena involving hadrons can be explained by their presence. 

The constituents I am referring to are, of course, quarks. The quark 

model has had particles added to it whose properties would determine how 

quarks interact with each other. These exchanged particles are called 

gluons. These ideas (and more) have now been formalized into the theory 

called Quantum Chromodynamics (QCD). 

In the following discussions, some predictions depend only on the exis- 

tence of point-like constituents inside the hadrons. At a higher level 

of sophistication some predictions depend on the quark make-up of the 

hadrons. At a still higher level of sophistication, some predictions 

depend on the gluon coupling of quarks. At the highest level, the pre- 

dictions depend on the color structure of the theory ("full blown" QCD). 

I have endeavored to identify each of these cases as they occur, SO that 

the reader can gain a clearer picture of what is in one case a test of 

QCD and what is in another. merely a test of, say, the coupling of quarks 

by vector gluons. These concepts form a hierarchy: each successive 

level is an elaboration of the previous one and contains all of its 

general features: 

HIERARCHY OF THEORETICAL MODELS 

Constituent picture - Nucleons are made up of "hard" structure- 

less constituents, from which the lepton 

probes scatter in deep inelastic processes. 

Quark model - The constituents are quarks! The character 

of nucleons at high energy is determined by 

the momentum distribution of the quarks 

inside. 

Quarks with gluons - The way the quarks interact is via (vector) 

gluon exchange. Evidence of the gluon pro- 

pagator should be visible in some processes. 

Quantum Chromodynamics - Quark and gluon couplings are determined by 

a colored gauge field theory. Vertex re- 

normalization results in a d dependence of 

the coupling os. 

The subject of these lectures is Lepton-Nucleon "Inclusive" Scattering. 

I will briefly review some of the experiments which provide us with data 

in the next section of these notes. A discussion of the constituent model 

of the nucleon and the contribution of various types of experiments follows 
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in Sec. 2.1. In Sec. 2.2.. data from the experiments are compared and 

some simple predictions of the quark model are covered. In Sec. 3. some 

of the fundamental notions behind quantum chromodynamics are reviewed. 

The subsequent sections cover detailed tests of QCD. Some well known tests 

(like anomalous dimensions in Sec. 6)and others which are perhaps less 

well known (like elastic scattering in Sec. 5, or the ratio of the longi- 

tudinal to transverse total photoabsorption cross sections in Sec. 4) 

are discussed. 

My intention in these lectures is to provide the high energy experi- 

mental physicist with a better understanding of lepton-nucleon scattering 

experiments in the context of contemporary theoretical ideas. New results 

and discoveries will be left to the topical conference which follows the 

summer school. I hope my lectures will set the stage for a better appre- 

ciation of what these new discoveries and results mean. 

I begin with a discussion of the nature of experimental accuracy and 

errors and then move on to discuss the specific experiments which form a 

"data base" for these lectures. I then make comparisons among the experi- 

ments with respect to their statistical significance and systematic errors. 

1.1. Accuracy and Quoted Errors in Counting Experiments 

I will introduce the discussion of deep inelastic lepton scattering 

experiments by making a few remarks on the statistical and systematic 

errors in such experiments. 

Statistical Accuracy 

The statistical precision of a measurement is determined by the 

number of events in the given kinematic bin. Recall that the statistical 

error is proportional to the vx and hence the relative error changes 

as l/vzzx. The "counts" for an experiment of this type can be repre- 

sented by 

1. THE EXPERIMENTS 

counts = @‘dt . & . dDdE * E (1) 

In this Section, I discuss the fodder for all the theoretical rumlna- 

tions... the experiments! I shall briefly review three of the numerous 

lepton-nucleon scattering experiments. I have three reasons for doing 

this. First, I am an experimenter and I couldn't possibly give a lecture 

which doesn't mention nuts and bolts at least once. Second, I want to show 

the origin of some of the data that is considered in Sec. 2.2. - Sec. 6. 

Third, by choosing one electron, one muon and one neutrino experiment, I 

can display the sensitivity of the various experiments and discuss their 

systematic errors. 

Pis the Luminosity (=number of beam particles k number of target nucleons 

/(cm 
2 - set)). & is the probability of having a scattered particle 

within the solid angle (dD) and the energy acceptance (dE) of the apparatus. 

E is the probability that the detector responds in such a way as to make 

the event identifiable. 

For some regions of D and E, the cross section becomes very small 

thus placing an overriding limit on the statistical accuracy of an experiment. 



Only by a proportionate increase in luminosity can we hope to obtain a 

viable result in such regions. 

Systematic Accuracy 

Time and money eventually result in acceptably small statistical 

errors for most experiments, but understanding and controlling systematic 

errors can often be much more difficult. Major sources of such errors are 

encountered in the measurement of 9, dCdE and E. Verification of the 

measurements by means of experimental cross checks is usually more reliable 

than corrections calculated deep in the bowels of a Monte Carlo computer 

program. For example, in inclusive scattering experiments at SLAC, the 

intensity of incident electrons is measured using two, non-intercepting 

toroid flux monitors. The toroids have been calibrated against a Farady 

cup and a standard capacitor pulse. The spectrometer acceptances and 

optics are measured by using the primary electron beam as a probe to 

trace the electron trajectories directly. And so on... The reproduci- 

bility of these kinds of experimental cross checks leads to an overall 

systematic error estimate in the SLAC measurements of about 5%, coming 

mostly from uncertainties in P and dndE. (1) 

The systematic errors entering in the determination of E can also be 

significant. Often the information produced by the equipment is suffi- 

ciently imprecise to allow misidentification so that some "good" events 

may be eliminated while some "background" events are retained in the 

sample. This "grey area" is usually corrected for by using statistical 

subtraction techniques. The associated systematic errors will be small 

provided these corrections are small. Therefore, experimenters must take 

care to design the experimentsto have a large signal-to-noise ratio. 

Calculated corrections made to the data can also be a source of syste- 

matic error. Two such corrections in all deep inelastic experiments are: 

(1) radiative corrections, and (2) Fermi motion corrections (except for 

H2 targets). For electron scattering, radiative effects can be large 

(typically of the order of 20%). For the muon, the radiative effects are 

4 - 5 times less than those for electrons through most of the kinematic 

ranges covered by present experiments. But near the extremes of the 

range, muon radiative corrections do become comparable to the largest 

corrections that occur in the published electron scattering data. (2) 

Radiative corrections are usually made only for the incoming and 

outgoing lepton. No corrections are made for target radiation which 

(especially in the case of experiments involving muons) could be comparable 

in size. The radiative correction procedures used are themselves only 

approximations to "exact" lowest order QED calculations. (3) Exact 

calculations are still much too costly in computer time. The approximation 

procedures have been spot checked for accuracy at many kinematic points 

using the lowest order QED formulas. Data points which have a large 

radiative correction should be used with caution. These data points are 

usually located at the extremes of the kinematic region covered in an 

experiment. 

Fermi motion effects exist in all targets except hydrogen but this 

correction is significant only near threshold. The Fermi motion effects 

are less well understood than the radiative correction and controversy 

exists as to the correct method to employ. (4) Fortunately these 
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effects are small and have little influence on the important results to 

be discussed in these notes. 

Quoted Errors 

Properly accounting for systematic errors when comparing data with 

theory is difficult. Some systematic errors are uncorrelated data point to 

data point, while others affect only the overall normalization. A common 

procedure is to combine systematic errors with the statistical errors in some 

fashion and then treat the resulting errors as if they were purely statistical 

Then, for example, when integrals over the data are calculated or global 

fits are made, the systematic errors "disappear" as l/\/ No.-of-data points 

used and the correlated errors are not properly accounted for. In this way 

experimental data with a ?5% overall normalization can be used to produce 

results with a much smaller (and inaccurate) error. In general, a simple, 

practical method to treat systematic errors does not exist. Different 

experimental groups have adopted different procedures. and serious students 

of the data must familiarize themselves with these procedures before com- 

bining data for comparisons with theory or other experiments. 

1.2. Three Experiments 

The three experiments are: (1) the electron scattering experiments 

performed here at SLAC, (1) (2) the CHIO collaboration's muon scattering 

experiments at Fermilab, (2) and (3)the CDHS collaboration's neutrino experi- 

ments at CERN.(5) Fig. 1 is a sketch of the three experimental setups. 

(a 1 SLAC ELECTRON SCATTERING EXPERIMENTS 

-m a- Beam 
I t 
Toroid 

I I-25GeV) 

Flux Monitor 

ib) A FERMI- LAB MUON SCATTERING EXPERIMENT 

&a m hlonrrorr 
and 

Hadron 
Filter 

HOI0 WlO 

Pi 
-I 

daom 

ill 

T P+ 

(96-214 GeV) 

I c ) CDHS APPARATUS Drill Chambers 

Figure 1. Experiment Setups: a) SLAC, b) CHIO, c) CDHS. 



Electron - Proton Scattering at SLAC 

A schematic picture of the electron scattering experiments is shown 

in Fig. la. The electron beam (energies 3-24 GeV) from the SLAG linac 

is momentum analyzed and focused on a target located in End Station A. 

The setting error in the incident energy is + 0.1%. Upstream of the 

target are two precision non-intercepting, toroidal flux monitors which 

have been independently calibrated against a Faraday cup. In view of 

these calibration checks we believe the toroids measure the number of 

incident electrons with an absolute precision of slightly better than 1%. 

Liquid hydrogen and liquid deuterium targets of various lengths 

(7 cm to 30 cm) have been used in the SLAC experiments. The number of 

nucleons/cm'is known to + 1%. The error comes mainly from uncertainties 

in determining the density of the liquids. Most of the electron beam 

passes through the target and into a beam dump behind the end station. 

A few electrons scatter in the target, lose a fraction of their energy 

(y), and are deflected through some angle (0). The scattered electrons 

may be detected by one of three focusing magnetic spectrometers making 

up the SLAC spectrometer facility. These spectrometers are located on 

rails to allow measurements over a range of scattering angles. 

The acceptances of the spectrometers (both dR and dE) are probably 

the least understood quantities used in calculating cross sections. The 

acceptances are determined by using Monte Carlo techniques and magnetic 

models of the spectrometers. The results of such calculations have been 

experimentally cross-checked using the primary electron beam as a probe 

of electron trajectories. Other experimental checks include the 

"floating wire" technique Ltsed to measure the optics of the 1.6 GeV 

spectrometer and "jail bar" runs used for the 20 GeV spectrometer. In 

the latter case masks are used to establish patterns in the spatial dis- 

tribution of electrons entering the spectrometer and the patterns are 

traced through the spectrometer (See M. Mestayer, Ph.D. Thesis, in Ref. 1). 

The agreement between the various determinations and comparisons between 

data taken with the same kinematics but with different spectrometers 

results in an estimated 1 - 5% systematic error. 

Electrons scattered into the acceptances of the spectrometers are 

detected and identified using threshold gas eerenkov counters, shower 

counters, and hodoscopes. The experimental challenge is to identify 

electrons in the presence of pions. The chance of a pion being identified 

as an electron is typically l-in-lo4 to l-in-lo5 and the electron detection 

efficiency is typically > 95%. Systematic errors of about 2% have been 

ascribed to identification of scattered electrons. 

The analysis of the electron data requires the application of radia- 

tive corrections. These corrections typically range from -20% to +20% 

and are never larger than 30% for the presently published data. Errors 

enter this correction through misestimations of the actual radiators in 

the experiment (target walls, vacuum windows, etc.) as well as in approxima- 

tions made in the (rather complex) calculation of the corrections them- 

selves. 



Because of the high intensity of the SLAC beam, counting rates for most 

of the attainable kinematic range are large. The many deep inelastic experi- 

ments performed at SLAC, accumulating more than 2,000 data points, have al- 

most completely covered the deep inelastic region presently accessible at 

SLAC. Each data point represents hundreds (usually thousands) of events. The 

accuracy of the SLAC data is almost everywhere limited by systematic errors. 

Muon - Proton Scattering at Fermilab - the CHID Data 

In Fig. 1 b. the setup of the CHIO collaboration is sketched. (4) 

A muon beam is created by allowing pions and kaons to decay and then ab- 

sorbing any remaining hadrons in a Be filter. The phase space of the re- 

sulting beam is large: the diameter is approximately 4 cm; the angular 

divergence is f 1.5 mrad; and the energy spread is approximately + 2.5%. 

The trajectories of incident beam particles are individually measured by 

a system of multi-wire proportional chambers @UPC's) designed to operate 

at high instantaneous rates. Since each beam particle is "tagged," the 

beam is in principle as well defined in position, energy, and angle as 

the electron beam used at SLAC. Intensities of up to 8 x lo5 muons par 

pulse were used in these experiments. 

Muon beams by their nature have large halo: for the experiment under 

discussion the halo muons illuminating the apparatus were approximately as 

numerous as the muons "in" the beam. But beam halo is a source of acci- 

dental triggers since a beam particle may traverse those portions of the 

apparatus designed to detect scattered muons. A veto of scintillators 

located in front of the target was used to suppress this background. 

The effects of both the fast veto and the (high rate) tagging system 

introduce dead times into the experiment, with consequent systematic 

errors. 

The target cell in the CHIO experiments was 120 cm long, and 18 cm 

in diameter. To achieve acceptable statistical levels in the experiment, 

the target was an order of magnitude longer than targets used at SLAC. 

The Fermilab target cell could be filled with either hydrogen or deuterium 

to allow proton-neutron comparisons, but most of the data weremeasured 

using the hydrogen target. 

Downstream of the target, eight MWPC's were used to establish the 

trajectories of emerging charged particles. The muons then passed through 

the large uniform field of the Chicago Cyclotron Magnet. After the magnet, 

spark chambers again measured particle trajectories so that the deflection 

of the particles in the 7.5 T-m of magnetic field could be determined. 

Various other detectors followed the spark chambers, the most important 

being the hadron filter. It consisted of 2.5 meters of steel (15 hadronic 

interaction lengths) followed by scintillators and spark chambers to 

identify penetrating tracks. 

The solid angle and momentum acceptance were calculated using Monte 

Carlo computer simulations of the experimental apparatus. Inputs to the 

computer model were a set of detailed survey information and magnetic 

field measurements. The experiment does not include direct experimental 



cross checks of these calculations. The calculated acceptance varies 

from less than 10% to greater than 90% over the kinematic range covered. 

Over most of the range the acceptance is over 70%. The systematic error 

associated with the acceptance calculation is + 8%. 

Radiative corrections must be applied tothese data before comparing 

with the predictions of theoretical models. As muons are some 210 times 

more massive than electrons such corrections are considerably smaller 

(typically < 5%). Fermi motion corrections also do not affect these data 

as these experiments had insufficient luminosity to make measurements in 

the threshold region where such effects are important. 

The muon beam energies of up to 220 GeV used in the experiment poten- 

tially provided for a considerable extension of the kinematic range over 

that attainable at SLAC. But because of the low intensity of the muon 

beam and the diminishing cross sections at large scattering angles much of 

the available kinematic region had negligible numbers of events. Further- 

more, many of the reported data points consisted of small numbers of events 

(less than 100) in large kinematic bins. 

Neutrino - Nucleon Scattering at CERN - the CDHS Data 

The apparatus of the CDHS collaboration at CERN (5) is shown in 

Fig. 1 c. A "narrowband- neutrino beam is produced by allowing a well 

focused beam of (momentum and sign selected) pions and kaons to decay. 

The remaining hadrons and decay muons are then absorbed and ranged out 

in over 300 meters of iron and earth shielding. This type of neutrino 

beam has an energy-angle correlation which results in an energy-radius 

correlation at the detector. Thus, at the detector, neutrinos at large 

distances from the beam center line have lower energy than those at smaller 

distance. This feature is very important for neutral current studies 

(although the latter are not discussed in these lectures). A level of 

about 10 8 neutrinos per pulse has been achieved in the narrowband beam 

at CERN. The flux of neutrinos is calculated from the measured flux of 

charged particles and the relative abundances of pions and kaons in the 

incident hadron beam. This measurement is cross checked by measuring the 

flux of decay muons and the total energy of the remaining hadrons in a 

calorimeter located at the end of the decay pipe. The largest systematic 

error in the experiment is associated with the flux measurement of incident 

neutrinos and is estimated to be around + 6%. 

The CDHS detector itself is a large target-calorimeter-spectrometer 

comprising toroidally magnetized iron plates interspersed with plastic 

scintillators and drift chambers. The useful target length is about 6500 

gm/cm2 which would correspond to a liquid hydrogen target almost 1 km long. 

The calorimetric properties of this device were investigated experimentally 

with a pion beam. It was determined to have energy resolution for hadrons 

of &x/E = 100x/~. The momentum resolution for outgoing muons is 

limited by multiple scattering in the iron and was found to be about 8% 

(independent of the muon's momentum). The muon momentum measure- 

ment and the calorimeter information from the hadron shower are combined to 

estimate the incident neutrino energy. An experimental cross check can 

be made by comparing this calculated neutrino energy to the neutrino energy 
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derived from the interaction radius in the detector. The differences be- 

tween the two methods for measuring the incident neutrino energy are well 

accounted for by the energy resolution of the detector and the imprecision 

in the energy-radius correlation due to the finite decay length (300 m) 

of the hadron beam. 

The acceptance of the CDHS apparatus is quite uniform due to its 

large volume and is nearly 100% except for muons below about 15 GeV. In 

the analysis of the data the experimenters have placed cuts well inside 

the edges of the calorimeter to ensure containment of the hadronic showers. 

They also impose an effective muon momentum cut-off of about 7 GeV by 

requiring a penetrating muon track. Because of the flat acceptance and 

detector uniformity only small corrections need be made to the raw data. 

Thus, the systematic uncertainties associated with these corrections 

are small. 

Muon identification and track reconstruction introduce perhaps the 

largest correction to these data. Occasionally the outgoing muon from a 

neutrino interaction will suffer a hard scatter producing a kink in the 

track, or worse, deflecting the track out of the spectrometer altogether. 

To estimate the reconstruction efficiency of the computer programs, 

a few thousand events were hand scanned and compared with the automated 

procedure. An efficiency of about 93% was observed. The systematic 

error associated with this correction will be small as the correction is 

only 7%. 

Radiative and Fermi motion corrections are similar to those of 

the muon scattering experiments: radiative effects are only a few per- 

cent, and the experiment doesn't measure in the kinematic region where 

Fermi motion effects are important. 

The energy of neutrinos in the narrow band beam were as high as 

-200 GeV. The large neutrino flux and massive target (detector) resulted 

in large event rates for most of the kinematic region. At present, only 

data taken in 1977 have been published but much more data exist (taken 

in 1978)and arebeing analyzed. 

1.3. Comparison of the Experiments 

In Table I the three experiments discussed in the last three sections 

are compared vis-a-vis the quantities used to calculate the cross section 

in Eq. 1. The specific numbers in this Table represent typical values 

but may vary widely for some kinematics. The event rate for the electron 

scattering experiments at SLAC is the largest by an order of magnitude. 

This allows the SLAC experiments to have more sensitivity in regions 

where the cross section is small. The neutrino experiments have in- 

creasing sensitivity with increasing neutrino energy, as the cross 

sections are rising linearly with energy. (5) (The typical cross 

section quoted in Table I for CDHS is for 100 GeV incident neutrinos.) 

Both the electron and muon cross sections fall rapidly with increasing 

energy and so become less and less competitive with neutrinos. The 

estimated overall systematic errors quoted in the last row of Table I 
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are my own estimates arrived at after reviewing these experiments. The 

various experimenters have tended to claim slightly better systematic 

errors. Let me emphasize again that only with the greatest care can one 

reduce the measurement errors on cross sections, or derived results such as 

moments, below these figures by combining results within experiments or 

combining data from different experiments. Even trends (i.e.,relative 

changes in data) must be carefully examined if one wishes to eliminate 

the possibility that the trend is due to some systematic effect. 

TABLE 1 

Summary of Experiments 

Item Electrons Muons 
at SLAC at Fermileb 

Neutrinos 
at CERN 

Luminosity 
(Hz/cm 2 ) 5 x 1o37 4 x 1o2g 3 x 1o35 

Cross 
Section 1o-33 

2 (cm /GeV) 

1O-32 1O-36 

j 

E > 0.95 0.70 0.93 

Rates (Hz) 7 0.4 0.2 

Overall 
Systematic6 
(Main source) 

0.05 
(acceptance) 

0.10 
(acceptance & 
reconstruction) 

0.10 
(flux) 

2. THE SIMPLE QUARK MODEL 

2.1. Phenomenological Development 

Constituent Scattering Picture 

These lectures are concerned with the process shown schematically in 

Fig. 2. An interacting probe (electron, muon, or neutrino), k, of energy 

E. impinges on a nucleon. Usually nothing happens and the trajectory of 

the probe is unaffected. But occasionally an interaction occurs, scattering 

the probe particle to a final state, I', of lower energy, E', end deflecting 

it through an angle, 8. The energy lost by the probe is 

v=E -E'. (2) 0 

This is also the energy transferred to the hadronic system (i.e., 

v=E&. Denoting the initial nucleon by the four-vector p end the 4- 
P 

momentum transfer by 

qP = (e,-e’ll) 

the mass of the final hadronic state can be written 

w2 = (P, + qJ2 = p2 + 2p.q+ q2 

where p2 is the nucleon mass squared. Also we have 

q2 = -4EoE' cin2(8/2): -Q2 

(3) 

(4) 

(5) 



and 

p.q=Mv (6) 
FEYNMAN DIAGRAM OF SINGLE PHOTON EXCHANGE 

LABORATORY SCHEMATIC 

f Detected Scattered LeDton 

t’= (E’, ?i) 

Figure 2. Inelastic lepton-hadron scattering. 

Definition of kinematic parameteKS. 
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Thus, in terms of the above parameters, Eq. 4. can be written 

W2 = M2 + 2 Mv - Q2 . (7) 

For elastic scattering the recoiling hadronic state is the target 

nucleon itself. This is perhaps the simplest final state and in this case 

W2 = M2 . (8) 

thus 

&=l. (9) 

Now consider the nucleon as a system of interacting constituents. 

This situation is depicted in Fig. 3. Au exchanged quantum, q, is ab- 

sorbed by one of the constituents which carries a momentum fraction, 5, 

of the nucleon. "Quasi" elastic scattering of the constituent would re- 

sult in the constraint: 

KPP + q,j2 = m2 (10) 

where m is the mass of the constituent. Elultiplying out this expression 

gives 

or 
(11.1) 

(11.2) 
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If v* >> Q2 >> m2, then this becomes 

This "scaling" variable, x, is the original variable introduced 

by Bjorken in the early days of the parton model and deep inelastic 

(7) electron scattering . For elastic nucleon scattering x = 1, while 

final hadronic states of larger mass result in x values which are positive 

but less than 1. In this simple picture x can be interpreted as the 

fraction of the nucleon momentum carried by the particular constituent 

which interacts with the lepton probe. 

The cross sections for lepton-nucleon scattering can be written as 

the product of a lepton scattering piece and nucleon structure functions. 

The constituent scattering picture described above results in structure 

functions which depend only on the scaling variable x in the limit of 

large Q2 and v. What has traditionally defined the energy scales of 

"large Q2 and Y" has been the minimum energies at which the data are ob- 

served to "scale," Theory doesn't set values of Q2 and v above which 

scaling should occur but the popular prejudice was that this phenomenon 

should be observed for energies much greater than the proton mass. TO 

everyone's surprise scaling was observed to begin for Q2 > 2 GeV2 and 

v > 2.5 GeV (which corresponds to W > 2 GeV). This discovery was dubbed 

"precocious scaling." 

Figure 3. Constituent scattering of nucleon and photon. 

Why the word "scaling"? This is easy to understand. 'The value of a 

structure function (e.g.,F2), measured at Q2 and V, will be equal to the 

13 



same structure function measured at other vaiues of i!‘ and v' , provided 

?' 
v' is scaled along with Cl- . That is: 

():! .;I 
4 =: - 

9’ v 

implies that 

F~(Q*,v,) = f.*(Q*' ,v') (14) 

Ax! "improved" scalinfr variable which takes intc account nucleon recoil 

effects is (Eq. 11.2 wit11 m2 = 0) 

(15) 

1n the constituent picture of the nucleon, the structure functions 

become functions of a scaling variable, rather than functions of Q2 

and v separately. Tine data exhibit a strong tendency in this direction as 

shown in Fig. 4 where the structure function F;P , calculated from measured 

electron scattering cross sections off hydrogen, is plotted against the 

Bjorken variable, x. in general, 2 Fep would be a function of both v and 

2 
Q . We see that the data scale in this Q2 range (of 2 Ge? < Q2 < 18 GeV') 

and this tends to support the constituent model. A careful observer will 

note, however. that there is a small but significant spread in the data 
n 

for any speciiic value of x. This remaining Q‘ dependence of the data will 

be discussed in more detail in Sec. 3 - Sec. 6. 

Some examples of constituent scattering are shown in Fig. 5 where 

structure functions are plotted against x. In elastic ep scattering (solid 

points) (one "constituent"), there is a sharp peak at x = 1. Here the 

electron scatters from the entire proton, which always has a m~me~ztutil 

fraction CF unity. The peak is broadened by experimental resolution 

and by radiative effects which produce a tail extending toward lower x 

values. 

14 
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Finally, the data points given by "x 's" show the structure function 

E~P- _ Ee* 
2 2 

from inelastic electron scattering measurements. Here we see 

a fairly broad peak with a maximum near x = l/3. This suggest an effective 

mass for the constituents of-l/3 M. The broad peak suggests strong binding 

for these nucleon constituents. We interpret these data as quasi-elastic 

scattering from three constituents in the nucleon (the proton-neutron 

difference has been chosen to eliminate any contributions from q-q pairs 

in the nucleon). 

The constituent picture is the basis for the simple quark model 

which gives quantitative predictions for the connections between charged 

lepton and neutrino/anti-neutrino deep inelastic experiments and e+e- 

annihilation. This model has been embellished to include particles through 

which quarks interact with each other and is now formalized into the 

theory called Quantum Chromodynamics, making possible a more sophisticated 

account of the interaction of not only leptons with quarks, but of the 

quarks with each other. 

Kinematic Range of the Experiments 

Before discussing the lepton-nucleon cross sections in more detail, 

some kinematics are in order. The variable 

E. - E' 
y=--...-'-\L 

E. E 0 
(16) 

is often used in describing neutrino scattering because for elastic 

scattering at energies where E is much larger than the target mSS, 

1 + case 
(l-y) = 2 cm . (17) 

. 

As a consequence, simple angular distributions in the center of mass 

result in simple y dependence5 in the data for "quasi-elastic" quark- 

neutrino scattering. 

The variables inlroduced so far ( 6 Q2. x. y, and v) can be related 

to each other in many ways. Two useful expressions are: 

Q2 = 2MEoxy 

and 

-=1++ 1 
X 

Q2 

(18.1) 

(18.2) 

The kinematics of each structure function data point can be specified 

by x and Q2. On an x-Q2 plot, Eq. 18.1 defines a family of curves for 

a given Eo and various values of y. Similarly, Eq. 18.2 defines curves 

of constant W. In Fig. 6, I have plotted the kinematic ranges of the 

three experiments in x versus ln(Q'). Since the QCD theory suggests a. 

deviation from scaling like l/ln(Q2), I chose ln(Q2> rather than Q2 itself 

for the x axis. Where W=M (x=1) and W = 2 GeV are also shown on Fig. 6. 

W = 2 GeV is traditionally taken as the demarkation between the "resonance 

region" and the "inelastic region." 

From Eq. 18, we see that for y = 0.95 and Eo corresponding to 

the maximum energy in each experiment, we will obtain the maximum values of 

x for a given Q*. These curves are shown in Fig. 6. At SLAC most of the 

kinematic region attainable with E o < 20 GeV has been covered (including 

the resonance region and elastic scattering). The muon experiments and 
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Figure 6. Kinematic range of the experiments. 

the neutrino experiments have used beam energies up to about 220 GeV. 

The kinematic regions covered by these experiments is also shown in Fig. 6. 

Note that some of the high x region is not accessible to these experiments 

because the effective luminosity is lower than in the SLAC experiments. 

The muon and electron experiments undergo an additional decrease in cross 

section with increasing beam energy (like Eo -2 ) compared with the neutrino 

experiments where the cross sections are rising with Eo. 

2.2. Lepton - Nucleon Scattering Cross Sections 

The cross section for high energy electron (muon) scattering from 

nucleons may be written (in the one photon exchange approximation) as 

do 41ru2 -=- 
dQ2dx Q4 [( 

(.z,Q*) 1 (19.1) 

or, in terms of y, 

[( 
l F;N(x,Q2) + 1 .(19.2) 

Here u is the coupling strength for electromagnetism (a = l/137) and 

Flf;(x,Q2) are two independent structure functions which describe the 

interaction of the virtual photon with the nucleon. In an older notation 

vW2(= F;" ) and MW1(= FTN ) were used to designate those functions but I 

will use the now popular Fl and F2 exclusively. 
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Gottfried Sum Rule and Callan-Gross Relation 

To understand the physical significance of Fl and F2 consider the 

limit of small y. In this case the incident electron (muon) loses a 

small fraction of its energy and Eq. 19.1 then becomes 

(20.1) 

An example of a process described by this approximation would be forward 

elastic scattering from very heavy target particles. Integrating over 

x in Eq. 20.1 gives 

’ F (x,Q2) &=d h--dx 
dQ2 Q4 ' x 

This is the old Rutherford formula if we identify 

F2(x,Q2) 
___ dx= 0 x 

(20.2) 

(21) 

where Zi is the charge of the 1 th target particle. This relation, 

equating the integral of F2 weighted by l/x to the sum of the squared 

charges, is the Gottfried sum rule (9) . In the simple quark model for 

the proton 
cz: = 2 ($2 + 1 ($2 = 1 . 

For the SLAC data. this sum rule has been evaluated: 

(22) 

over the Q2 range 1 GeV2 < Q2 < 20 GeV'. (lo) Since Fzp is very small 

at large x, extrapolation to x = 1 would introduce a negligible contri- 

bution to the integral. But extrapolating towards x = 0 is problematical. 

In this region the simple quark model with only 3 valence quarks is a 

poor model for the data. Quark-anti-quark pairs produce the dominant 

contribution to F2 at low x and complicate the simple picture. The ap- 

parently good agreement with the simple quark model may just be a coinci- 

dence. 

Next consider the case of a "point-like;' spin % target particle of 

charge Z. The x dependence of both F1 and F2 is then proportional to 

6(x - 1). We can write the cross section as 

do 41ra2 -=- 
dQ2 Q4 

(24) 

Comparing this with Eq. 19.1 suggests the following relationship: 

2 x Fl(x,Q2) = F,(x,Q') . (25) 

This is called the Callan-Gross relation (11) and is observed to 

agree fairly well with the measured data. Thus, assuming the Callan-Gross 

relation holds for electron-nucleon scattering, Eq. 19.2 becomes (neglecting 

the M/Eo term): 

do ce 8ra2 (ME,) 
dxdy Q4 

F2(x,Q2) F,(x,Q') 
-+- 2 2 (1-y)2 I . (26) 

72 Fy (x,9') 
dx = 1.05 ?- 0.09 

.02 x 
(23) 



Neutrino - Nucleon Scattering Cross Section 

For scattering of neutrinos from nucleons, photon exchange is re- 

placed by W+ or W- vector boson exchange and the cross section can be 

written in a form closely resembling that of Eq. 19. The electromagnetic 

coupling a and the virtual photon propagator l/Q2 are replaced with the 
,. 

weak coupling constant, GL. The chiral nature of the weak current results 

in the appearance of a third structure function F3(x,Q2) which is absent 

from the cross sections given in Eq. 19. The neutrino cross section is: 

(27) 

The sign of F3 in the above expression is positive for neutrino scattering 

and negative for antineutrinos. 

Sfnce the lepton changes its charge in (charged-current) neutrino- 

scattering, so must the target. As such, the constituents must change 

their charge state. Charged current neutrino scattering, at the outset, 

requires a more explicit description of the constituents than does electron 

(muon) scattering. In the quark model, quarks are grouped into left- 

handed doublets: ($($ =d(bt)- The upper member of each doublet has 

charge +2/3 while the lower member has charge -l/3. There is a small 

mixing between these doublets parameterized by the Cabbibo angle, but 

this is a small effect and in order to keep this discussion 

SiIlplS, I will neglect it (i.e., I take sine Cab = 0). 

Exchange of a k (neutrino scattering) acts as a raising 

operator (vi-d + p-i") and exchange of a W- (anti-neutrino scattering) 

acts as lowering operator (; + u -f p 
+ 

+ d) on the isospin of these quark 

doublets. As a result the scattering of neutrinos off d quarks is equal 

vd to the scattering of anti-neutrinos off u quarks (F2 = FV2"). Since 

jP protons and neutrons form an isospin doublet we expect F2 = FF and, 

for scattering from an isoscalar target (equal numbers of neutrons 

UN 
protons), F2 = F VN 

2. 
The difference between neutrino and anti-neutrino 

scattering thus arises from thechange in the sign of the F3 structure 

function in the cross section (Eq. 27). 

Callan-Gross Relation in Neutrino Scattering 

Again, consider the case of a simple Dirac target particle, this 

time with a beam of neutrinos incident (e.g.," + e- -f v + e- scattering). 

Fig. 7 shows two cases: one for an electron target and one for a positron 

target. In the electron case both the neutrino and the electron have 

negative helicity resulting in Jr = 0 in the center of mass system (0%). 

This leads to a flat angular distribution in the CMS which, when trans- 

formed into the lab system (electron initially at rest), becomes a flat y 

distribution. For the positron target, Jn = -1 in the MS giving a 

(1 + c0s8~m) angular distribution which becomes a (1 - Y)~ distribution 

in the lab (See Eq. 17). In general neutrino scattering off spin 5 

Dirac particles results in a flat y distribution and neutrino scattering 

of spin S antiparticles gives a (1 - y)2 distribution. 
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Figure 7. Helicity considerations in scattering of Dirac particles. 

Now apply this to quark and anti-quark scattering inside a nucleon. 

Suppose the quarks have an x distribution, q(x), (similarly afltiquarks 

have a distribution-$(x)); then the neutrino and anti-neutrino cross sections 

from the nucleon would be 

I 
2- (q(x) + (1 - y3 q(x)) :nr v's 

do"" -.- 
dxdy 

= F2(x MEo) 

(q(x) + (1 - y)' q(x)) for i's 

(28) 

If we assume the Callan-Gross relation (Eq. 25), and neglect the M/go 

term, we can write the cross section (Eq. 27) for an isospin symmetry 

target as 

do"' 6,' (ME ) [F2 f_xF3 + (1 - y)2 TLfq (29) -=- 
dxdy 0 2 2 

where the upper (lower) signs refer to v(;) scattering. Comparing Eq. 28 

to Eq. 29, we identify: 

2 x s(x,Q') = 
F2(x,Q2) + f13b,Q2) 

2 
(30.1) 

or 

2 x B(x,Q2) = 
F2(x,Q2) - s3hQ2) 

2 

F2(x,Q2) = 2 x q(x,Q2) + :(x.Q2) 
I 

"F3 (~9~) = 2 x q(x,Q2) - &.Q2) . I 1 

(30.2) 

(31.1) 

(31.2) 
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It is interesting to compare Eq. 29, the cross section for neutrino 

scattering off nucleons, with Eq. 26, that for electron (muon) scattering 

off *u&eons. In lowest order photons don't distinguish between quarks 

and anti-quarks; photons couple to the electric charge. Electron (muon) 

scattering probes the charge structure of the nucleon, and neutrino scat- 

tering probes the particle-antiparticle structure of the nucleon. 

If nucleons are mostly quarks, then vN scattering should have little 

y dependence and ;N scattering should behave as (1 - Y)~. In Fig. 8 the 

y distributions of the data from the CDHS collaboration for v and ; 

scattering from iron is shown. The open points (v scattering) have little 

y dependence as expected while the solid points (; scattering) show the 

expected (1 - y)2 behavior. The small (1 - Y)~ contribution seen in the 

v scattering data and the small constant contribution to the ; scattering 

data are interpreted as the antiquark contributions coming from the q - 4 

pairs inside the nucleon (the so-called "sea" of quarks). 

2.3. Consistency and Comparison of the Data in the Simple Quark Model 

Before considering detailed tests of QCD, we should check that the 

data from the different experiments are internally consistent. We want 

to assure ourselves that the electron and muon experiments are measuring 

the same structure functions and that these in turn (when adjusted for 

the various quark charges) are the same as the structure functions measured 

in neutrino scattering. Furthermore, we wish to show how well the simple 

quark picture of the nucleon works. 

0.5 

I I I I 
Ev = 30 - 200 GeV 

1.0 

( quarks ) 

‘( antiquarks > 

0.6 0.8 

Figure 8. Neutrino - iron scattering cross section versus y. 
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Electrons Compared with Muons 

In Fig. 9, the x distribution of the F2 structure function measured 

in muon scattering experiments from hydrogen at Fermilab is compared to 

similar data taken at SLAC with incident electrons. The solid points 

(SLAC data) cover lab scattering angles of 10 - 60 degrees (the range in 

y is about 0.25 - 0.95). The open points (CHIO data) are typically for 

lab angles of 1 - 2 degrees. The agreement between the two data sets is 

good for this Q2 bin. Comparing the two data sets in the entire overlap 

region in x and QL reveals the muon scattering experiments to be syste- 

matically lower than the SLAC experiments by about 15%. This is at the 

edge of the claimed systematic errors and the x 2 in the overlap region 

is 46/34 degrees of freedom indicating that the hypothesis of consistency 

is only about 5% probable. Clearly more data (particularly muon data) are 

needed to clarify this situation, but in the rest of this discussion we 

assume that the e and u data are measuring the same structure functions. 

Neutrinos Compared with Electrons and'Muons 

I will denote the up quark distribution in the proton as u(x), down 

quarks in the proton as d(x), s(x) for the strange quarks, etc. 

The F; structure function can then be written by inserting the 

appropriate squared quark charges: 

fp = x 
2 I 

$ (u + ;) + + (d + 2) + $ (s + s) +...].(32.1) 

0.48 

” 0.32 
2 

0.16 

10 -79 

0 

l SLAC-MIT I 

t 
I I I L 

o FNAL E98/E398 

8 GeV2 < Q2 < IO GeV2 

0 0.16 0.32 0.48 0.64 0.80 0.96 
X 1705AP 

Figure 9. Proton structure function F2 versus x from electron - proton 
(solid points) and muon - proton (open points) scattering. 
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en To obtain F2 , we have a similar expression where u(x) is replaced with 

d(x) and vice versa. This is an obvious consequence of the isospin 

sy~rnnc~r~ between protons and neutr-ons: the up quark in the proton has the 

same distribution as the down quark in the neutron. 

F en 
2 =X 

I 
$ (d + 2) + $ (u + ;) + t (s -t s) +....I . 

eN en For isoscalar targets, F2 ep is the average of F2 and F 2 

the contribution of s and s and so on, we obtain: 

eN ;-I 
F2 18 x 

[(u + ii) + (d + &I 

(32.2) 

Neglecting 

For neutrino scattering all quarks enter with the same coupling 

strength independent of electric charge so that: 

VN 
F2 =X I("+;) + (d+&] 

(33.1) 

(33.2) 

(again only the u and d contributions have been kept). Therefore, in the 

simple quark model, the ratio of neutrino scattering to electron (muon) 

scattering should be 18/5 if electrons (muons) and neutrinos are probing 

the saine quark distributions. 

)<-a LL.;-ease the stari stisal precision of this comparison the practice 

has tieill! L,, ;cmpare i-iie vailis. of F 2 
integrated over s. The integral of r2 

is rc;j L -.! L!i,> momuturr. sun! rule and usjng the SLAC-MIT data is found to be 

i 1,;:' dl: = 0.15 -L 0.01 (10) . The results from the GargameUe experiments 

at the PS jn CERN is i FiN dx = 0.49 f 0.05 (12) . The ratio is 3.3 f 0.4 

and is consistent with the value of 3.6 expected in the simple quark 

model. 

These integrals of F2 over x for both electron and neutrino scattering 

are only $ of what would be expected if quarks accounted for the entire 

four-momentum of the nucleon. Presumably the missing half resides in 

the particles that bind the quarks together. These unseen particles, 

gluons, are believed to participate in neither electron nor neutrino 

scattering. 

A comparison of the shapes of F2(x) for neutrino (CDHS) and electron 

(SLAC) scattering is shown in Fig. 10. The normalization has been chosen 

so that the integrals of the distributions are the same. The shapes of 

the distributions are in good agreement and the accepted conclusion is 

that all leptons are probing the same quark distributions inside nucleons. 

Gross - Llewellyn-Smith Sum Rule and the Antiquark Component 

There are two more neutrino results which support the simple quark 

model. First, the number of valence quarks (as distinct from quarks coining 

from the sea) can be measured in neutrino scattering. The difference 

between neutrino and anti-neutrino cross sections measured off an isoscalar 

target is proportional to 

VN 
xF3 =x [ q(x) - ?(x, 1 . (34) 

The factor of 2 from Eq. 31.2 is‘cancelled by taking the avera::r of 

protons and neutrons. The integral of q(x) - q(x) should, therefore, 

equal the number of valence quarks inside the nucleon. This is expected 

to be exactly 3 in simple quark model. This notion is called Gross- 

Llewellyn-Smith sum rule, 
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Figure 10. Nucleon structure function F2 versus x from electron - deuterium 

(solid points) and neutrino - iron (open points) scattering. 

q dx = number of valence quarks. (35) 
0 x 

In Fig. 11, the CDHS evaluation of the GLS sum rule is shown. The 

solid line indicates their extrapolation to x = 0 at which point the 

estimated value is 3.2 ? 0.5 (the error includes the uncertainty coming 

from the extrapolation procedure). This value is in good agreement with 

the expected value of 3. 

The second result is an estimateof theantiquark component in thenucleon 

measured in neutrino scattering. As indicated in Fig. 8 the small (1 - y)' 

term in neutrino scattering and the small constant term in anti-neutrino 

scattering can be interpreted as coming from antiquarks. By fitting 

these distributions (after applying QED radiative corrections to the out- 

going muon), the authors quote 1 i dxl/({ + q) dx = 0.15 ? 0.03 (5) for the 

CDHS neutrino data, a value not far from zero, the expected value in the 

simple quark model. 

These experimenters have also used another approach to evaluate the 

antiquark fraction. They observe that 

- 2 1 
xs(x,Q 1 = 5 q 

do3 -- - 
dxdy 

(1 - y)* -@& (36) 

in the region of high y. They use the neutrino data to subtract out the 

quark contribution in their anti-neutrino data. The resulting anti-quark 

fraction is / 4 dx /I({ + q) dx = 0.16 2 0.01. (5) this result agrees with 

that obtained by the fitting method: the simple quark model of the 

nucleon seems to be quite good. These results indicate that the nucleon 



t: 

s 

X 

-v 

4 

3 

2 

I 

0 
10-4 10-3 10-2 IO--’ I 

IO-79 X 3705Al I 

Figure 11. Gross - Llewellyn-Smith sum rule in neutrino scattering 

presented as a function of the lower integral bound. 

is made up of 3 "valence" quarks (-70%) and a smaller "seau of q - 4 

pairs (-30%). 

To summarize, we see that most of the expectations of the simple quark 

model are consistent with the data but there are two indications of a more 

complicated structure. The first indication is the evidence from the 

neutrino experiments that there are antiquarks in the nucleon at low 

values of x, presumably a sea of q - 4 pairs. The second indication is the 

small value of F2 integrated over x (momentum sum rule). The integral 

is about half of the value expected if the nucleon contained only quarks 

and antiquarks. These observations suggest that the quarks may be bound 

by objects which dissociate into q - 4 pairs easily, and carry about 

half of the four-momentum of the nucleon. In Quantum Chromodynamics, 

these particles are the gluons, and we now turn to a discussion of this 

theory and its relation to the data. 

3. QUANTUM CRROMODYNAMICS IN LEPTON - NUCLEON SCATTERING 

In this section, I discuss some QCD phenomena in lepton-nucleon 

interactions. The presence of the running coupling constant is possibly 

the most important single aspect of QCD in these phenomena. Three "tests" 

of QCD are then reviewed: R, the ratio of longitudinal to transverse 

photon cross sections (Sec. 4); GM, the nucleon elastic form factor (Sec. 5); 

and the Q2 dependence of nucleon structure functions (Sec. 6). The latter 

topic receives a rather large discussion, in proportion to the 

number of theoretical discussions lately. 
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3.1. The General Scheme 

QCD is a theory of quark interactions (13) much analogous to QED: 

the interaction is carried by "gluons" (analogous to photons) which 

couple to the "color" (analogous to charge) of the quarks. The simple 

quark model described in Sec. 2 predicts structure functions which, at 

fixed x, are independent of Q2. But QCD predicts subtle scale breaking 

effects: the coupling constant, as, as well as the nucleon structure 

functions should vary in Q2 like ln(Q2/A2) , where A is a scale parameter 

of about 0.5 GeV. as(Q2) is called the "running" coupling constant. 

The main difference between QED and QCD is that gluons carry color 

while photons don't carry charge. This means that when a quark emits a 

gluon it changes its color. It also means that gluons couple to each 

other. In the language of gauge field theories, QCD is non-abelian. 

3.2. The Running Coupling Constant 

Fig. 12 shows the basic QCD couplings. Fig. 12a represents 

gluon bremsstrahlung from a quark. Fig. 12b shows quark pair production 

from a gluon. The coupling strength at the quark-gluon vertex is as. 

In addition to this diagram, a three gluon coupling is also possible as 

shown in Fig. 12~ since the gluons carry the "color charge." 

In QED the effective coupling strength varies with the Q* of the 

incident photon. This is due to vertex corrections of the electro-magnetic 

current. The first order correction to the QED coupling, a, is 

Figure 12. Basic QCD couplings: a) Bremsstrahlung of gluon from quark, 

b) pair production of quarks from gluon, and C) three- 

gluon coupling. The latter has no analog in QED. 
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3.3. Pattern of Scale - Breaking 

QCD predicts a systematic deviation from scaling as Q2 increases. 

As the virtual photon's QL increases, the distances at which the target 

is being probed decreases. What appears at low Q2 to be a quark may, at 

a higher Q2, be resolved into a quark and a gluon. The emission of this 

gluon reduces the 4-momentum of the quark and hence reduces the fraction, 

x, of nucleon's 4-momentum carried by the quark. QCD predicts that the 

x distribution of quarks will be systematically shifted to lower values 

of x as Q2 increases. At high x the structure functions should decrease 

with increasing Q2 while at low x they should increase with increasing Q2. 

This pattern of scaling violation has been observed in the electron 

and muon deep inelastic scattering experiments and the neutrino scattering 

experiments. In Fig. 13 the F2 distributions from the CR10 data (pp data) 

combined with the SLAC data (ep) are shown in x bins versus Q2. At high 

.x the data falls as Q2 increases. At low x, F2 increases as Q2 increases. 

The same pattern of scaling violation has been observed by the CDHS col- 

laboration in neutrino scattering. Fig. 14 is the analogous plot to Fig. 13 

for the neutrino F2 distributions. This universally observed behavior 

of the structure functions with increasing Q* is counted as a major 

success of the QCD theory. 

4. RATIO OF LONGITDDINAL TO TRANSVERSE PHOTOABSORPTION CROSS SECTIONS 

8 SLAC 
0 CHIO 

- I 2 5 IO 20 50 0.2 0.5 I 2 5 IO 20 

IO-79 0’ (GeV*) 3705.13 

Figure 13. Proton structure function F2 from ep (solid points) and 

pp (open points) scattering showing scale breaking. 

In this section, I discuss our theoretical hierarchy in relation to R, 
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the ratio of longitudinal to transverse photoabsorption cross sections. 

First,1 discuss the electron (muon) data in terms of the Callan-Gross 

relation and QCD. Then the neutrino data is treated for which an 

analogous R, can be defined. 

r I I I I I I 1 1 
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Figure 14. Nucleon structure function F2 from UN (solid 

points) and ed (open points) scattering. 

4.1. Definition of R 

Deep inelastic scattering experiments directly measure cross sections 

which are in turn combinations of structure functions multiplied by known 

kinematic factors. As shown earlier the structure functions can be re- 

lated to each other in the case of structureless spin 4 target particles 

by the Callan-Gross relation in Eq. 25. The measured cross sections can 

also be expressed in terms of total (virtual) photo-absorption cross 

sections: UT for transversely polarized photons and vL for longitudinally 

(14) polarized photons . These photo-absorption cross sections can be 

expressed in terms of the structure functions as 

2 

aT = z F,(X.Q2) (43.1) 

and 
2 

477 a 
OL =x- I 

t (1 + $ ) F2(x,Q2) - F,(w,Q') 
c 1 (43.2) 

where 

(44.1) 

is the energy of a real photon needed to produce mass W in the final 

state and 
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In the limit Q2<< 4E02 (which is always true when Eo>>M) we have the 

approximation: 
(44.2) 

These expressions can be inverted to give si 2(1 - y) 

2 (1-y)+y2 
(50) 

F1(x,Q2) = 5 UT 
4n a 

(45.1) 

The E parameter is the ratio of the longitudinally polarized virtual 

photon flux to the transversely polarized virtual photon flux. E is not 

the photon polarization: t = 0 means pure transverse polarization and 

E = 1 means a 50/50 mixture of longitudinal and transverse photons. 

r 
F2(x,Q2) = -%- (---+ (U +a ) . 4a2a 1 + rc T L 

(45.2) 

The cross section expression becomes (using oL and uT): 

do - = r (UT + EUL) 
dQ2dx 

The ratio of the longitudinal to transverse total photo-absorption 

cross sections maybe expressed as 

(46) 

R:2, F2(x,Q2) 

'JT 2xP,(x,Q2) 
(l+rJ-1 . 

where 
(51) 

(47) 

R in Elastic Scattering and Finite Mass Effects 

and 2 
1-y-+ 

4% 
E - 

l-,+p++ 
4E 0 

If the Callan-Gross relation (Eq. 25) were precisely true, then we 

would have 
(48) 

An alternative expression for E is 
R for elastic scattering is perhaps easiest to understand. The Fi's 

for elastic scattering off protons are 1 
E = 2 

1 + 2 tan2812 1 + +j 
( ) Q 

(49) 

F2(x,Q2) = 
2MGE2(Q2) + yEoGM2(Q2) 

2M + yEo 
6(x - 1) (53.1) 

FlhQ2) 
Gy2 tQ2) 

=-6(x- 1) 
2 

(53.2) 
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where GB and GM are 

From these formulas 

Rel(Q2) - 

Using the so-called form factor scaling relation 

the electric and magnetic form factors respectively. 

one obtains 

2M GE2(Q2) G 2(Q2) E --=r - 
YE0 GM2 (Q2) ' GM2(Q2) - 

(54) 

GM(Q2) = up GE(Q2) (55) 

where p p ( = 2.79) is the magnetic moment of the proton, we obtain the 

simple expression for R 
el' 

r 
R =c 

el 
6 

(56) 

Thus for elastic scattering R is the ratio of the electric to magnetic 

form factors squared. For spin $ Dirac particles at rest (no anomalous 

magnetic moment) 

RCA!!! 
Q2 

= rc 
X=1 

(57) 

This serves to remind us that the finite mass of the target particle 

produces a non-zero value for R for finite values of Q2. The reason for 

discussing R,l in detail is that the model for understanding deep in- 

elastic scattering has at its core quasi-elastic quark scattering. Finite 

mass quarks will lead to non-zero R values at finite values of Q2. If 

the Callan-Gross relation were true for deep inelastic scattering, this 

would imply (in the simple quark model) that quarks were spin 4 particles, 

approximately at rest with an effective squared mass (Epp) 2 ; &.I2 

Effect of Transverse Momentum of Target Constituents 

Other effects also contribute to R. If the target particle has a 

transverse momentum distribution with respect to the photon direction a 

finite R value will result even if the target particle has zero mass. 
(15) 

The argument for this effect is most clearly demonstrated in the Breit 

frame with spin 4, massless particles. In Fig. 15, both the cases of 

zero P t and finite Pt is sketched. Since these particles can only have 

one helicity, spin flip must occur for zero P t' Hence, only photons that 

have lJ2l = 1 will be absorbed and oL will be zero. Similarly, if the 

target particle has spin zero, only JS = 0 photons can interact and oT 

will be zero. 

Now consider what happens when the target particle has some trans- 

verse momentum with respect to the photon's momentum. Spin projection 

results in an amplitude proportional to sin(8/2) cos(B/2) where B-Pt/Pr. 

In this way one finds R = t P 2/Q2 . The transverse momentum distribution 

for quarks inside nucleons can arise simply from the fact that quarks 

are bound. This is sometimes referred to as "primordial" transverse 

momentum. 

Effects of QCD on R 

In QCD, quarks may also have transverse momentum due to gluon 

emission. Also at low x quark-antiquark pairs from gluons have transverse 

momentum. 
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The QCD effects can be parameterixed as 

(58) 

(a) (b) 

Figure 15. Effect of transverse momentum (P,) of target particle. 

Scattering is depicted in the Breit frame. 

where the function r(x,Q2) is predicted to be large at small x and small 

at large x. r(x,Q 2 ) to lowest order in QCD is proportional to integrals 

over both F and the gluon distribution. (16) 
2 An example of an approximate 

form for RQcD used by the CHIO collaboration is 

RQCD = Ro(l - x)/l* (59) 

It differs from the previous expressions for R in that it falls as 

llln(Q2/A2) rather than 1/Q2. This formula predicts a large R QCD at 

small x, but is unreliable in this region due to uncertainties in the 

gluon distribution and unaccounted for higher order corrections. There 

seems to be no theory that has combined the three effects discussed 

above into one formula which may be compared with the data. As such we 

should not be surprised if each by itself does not work well. 

4.2. Measurement of R in Charged Lepton - Nucleon Scattering 

For the data taken at SLAC the following procedure has been used to 

extract R in a model independent manner. First the data is binned in 

W2 and Q2 (typically the bin size is a few GeV2). Data taken at different 

Eo's and B'S will have different values of E. With the cross section 

given by Eq. 46, data at fixed W2 and Q2 should exhibit a linear behavior 

on an E plot. Such a plot is shown in Fig. 16. The intercept of a 
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Figure 16. E plot. ep scattering cross section versus E for one bin in 

Q2 and W2. Q2 = 9 GeV2 and W2 = 7 GeV2. 

straight line fit at E = 0 is 'UT and the intercept at E = 1 is oT + uL, 

The slope of the line on the E plot is proportional to R. 

The accuracy of the values of R so obtained depend on the range of 

the data in 0 for the W2, Q2 bin being fitted and the errors associated 

with this data. For the SLAC data, each of the three spectrometers 

used in the experiments covers different ranges on the E plot: large 

angles or low scattered energy corresponds to small L. and vice versa. 

Thus to get the maximum range in B, one combines the data from all three 

spectrometers. The inter-calibration of the spectrometers' acceptances 

is a major source of systematic error when this is done. 

The radiative corrections applied to the SLAC data are another 

source of systematic error. If one were to make s-plots for the uncor- 

rected data in some W2 and Q2 bins, they would appear to decrease with 

increasing s, e.g., the dashed line in Fig. 16. The resulting R value 

would be negative! The radiative corrections formost SLAC da;a are not 

large (typically 5 20%) but R is very sensitive to the values ,of the 

cross sections. This is because the measured cross sections are mostly 

UT 
with a small sL contribution. 

The data from SJAC is shown in a grid of W2 and Q2 bins in Fig. 17. 

The vertical scales on each plot have been adjusted so that R = 0.5 

would be a 45 degree line. The error shown on the data points includes 

systematic errors. R is seen to have a small but finite value in the 

SLAC kinematic region. Fitting R to a single number, indicated by the 
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Figure 17. E plots for the Q', W2 range of SLAC. R = 0.5 would 

be a line of slope 45 degrees. 

solid lines in Fig. 17, gives R = 0.21 + 0.1. The error is mostly system- 

atic; the statistical error is negligible. No significant trend has 

been established with either Q2 or x. (17) Only near the boundary of the 

SLAC region does the value of R seem to increase (high W2 and high Q2), 

but these points, with their larger radiative corrections, are more sus- 

pect. For comparison, the Callan-Gross prediction for R is indicated in 

Fig. 17 by the dashed lines. 

R has also been measured using the muon data of the CHIO collaboration. 

This data is not of sufficient statistical strength to pursue an E plot 

analysis. Instead the experimenters used a global fit to all their data 

assuming a functional form for F,(x,Q*) and various forms for R. For 

a constant R, their best fit gives R = 0.52 (+ 0.17, - 0.15) (2 0.35) 

where the first errors are statistical and the second error is the syste- 

matic error. This muon data is weighted heavily at low x and small Q2 

(<xl - 0.05 and <Q2s - 2GeV'). One might think that this is the effect 

of QCD - higher R at lower x, but the systematic error is too large to 

definitely establish this trend. 

4.3. R in Neutrino - Nucleon Scattering 

For neutrino scattering we need to develop some more phenomenology. 

The usual structure functions can be rewritten in terms of left handed, 

right handed and scalar structure functions: 
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FV L = 2xFl + xF5 (quark scattering), 

Fi = 2fll - xF3 (antiquark scattering), 

and 

F; -F -2xF 2 1 (scalar particle scattering). 

The cross section, in terms of these structure functions, is 

FL,R(x,Q2)+ (l-~)~ ER,L(x,Q2)+2(l-y)Es(x,Q2) 1 (61) 

This expression corresponds to Eq. 46 in the case of electron (muon) 

(60.1) 

(60.2) 

(60.3) 

scattering. Thus y plots for neutrinos are like E plots for electrons, 

but the data on a y plot have a quadratic instead of linear behavior. 

We may define, in analogy to Eq. 51, the quantity: 

2xF1 R-r 
R"' '-y=r+.y . (62) 

2 

R, measures the deviation from the Callan-Gross relation and when compared 

with R used in electro-production and muon-production experiments must be 

modified using 

R +r 
R=u . 

1 - R, (63) 

' to a constant, (1 - y) and ( 1 - Y12. over the full x and Q2 range of the 

0.03 f 0.04. data. The result was Rv = - 

In a second analysis they binned the data in EBAD (i.e.,v). 

This results in bins that cover their full x range and a portion of the 

Q2 range depending on & (recall Q2 = 2Mvx and 0 < x < 0.7 for the 

CDHS data). By fitting each bin, a value for R, was found. These values 

are shown in Fig. lg. At low EUAD, Ru is small but increases with in- 

creasing ERAD. All of these values, when taken with their systematic 

errors, are consistent with the small value of R predicted by QCD for 

this high Q2 region. 

The BEBC collaboration have pursued an analysis more similar to the 

E plot techniques used in analyzing the SLAC data. (18) The averages of 

neutrino and anti-neutrino cross sections are binned in x and QL and 

then fit to a form 

4(5+-4!3 ~(1 -y -57~~'x,92' +$x+Q2~ (64) 

vhich is suggested by Eq. 27. By fixing both x and Q2, this analysis 

becomes model independent like the SIX analysis. Unfortunately the bins 

are large due to the limited statistics. They find R = 0.15 f 0.10 T 0.04 

where the first error is statistical and the second is systematic. 
'Ihe CDHS collaborators have performed an R analysis using their 

charged current neutrino data by measuring the term proportional to (1 - y) 

in the data. In their first analysis, fits were made to terms proportional 
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4.4. Summary and Conclusions on R 
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Figure 18. Rv, the deviation from the Callan-Gross relation, versus 

v = Eo-E' for neutrino - iron scattering. 

To conclude this section, I have plotted the R values from the SLAC, 

CHIO, and BEBC analyses versus x in Fig. 19. The CDES measurement was 

not plotted as it is at much higher Q2. The BEBC point and the CHIO point 

were plotted at representative values of x for their respective data sets. 

Thefamily of solid curvesrepresents R (32) 
QO 

calculated for 3 GeV2 < Q2 < 18 GeV' 

which is the Q2 range covered by the SLAC data. The dashed line shows the 

value of rc for the average Q2 of each SLAC data point. The consistently 

large value of R found in the SIX data at high x should not be interpreted 

as posing a serious problem for QCD. The error bars shown are highly cor- 

related point-trppoint and the ensemble can only be counted as about 2 

standard deviations off from the pure QCD prediction. The l/QL terms 

mentioned earlier would also improve the agreement between experiment and 

theory. 

My present conclusions concerning R are: 

1. The Callan-Gross relation works well enough: to assume 2dl = F2 

in extracting P2 from cross section measurements probably doesn't result 

in a large error. 

2. The first order QCD calculation for R is in mild disagreement 

with the data at high x. At present the data are not good enough to see 

the predicted rise at small x or the overall l/ln(Q2/A2) dependence. 
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Figure 19. R = oI,/oT versus x for BEBC, CHIO, and SLAC. The solid 

. curves are RQcD, dashed curve is R = rc for <Q2> of each 

SLAC data points. 

3. The SIAC, CHIO and BEBC data are mutually consistent. The 

CDHS data is typically at much higher Q2 and, therefore, not 

directly comparable. However QCD and the Callan-Gross relation prediction 

that R should decrease with increasing Q2are not inconsistent with the 

lower value of R extracted from the CDHS data. 

5. PROTON FORM FACTOR IN ELASTIC ep SCATTERING 

In this section I discuss tests of QCD in the context of ep elastic 

scattering and ep deep inelastic scattering very near the elastic limit. 

In the former case there is a prediction for the elastic form factor from 

quark counting. (19) The latter case may be related to elastic scattering 

by the Drell-Yan and West relation. (20) 

5.1. Definition of the Form Factor f$, 

The cross section for elastic scattering can be expressed in terms 

of an electric and a magnetic form factor (GE and GM): 

This expression can be 

do 4nu 
2 

-=- 
dQ2 Q4 

GM2 (Q2) 1 
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Assuming form factor scaling as in Eq. 55, one can then estimate Rel: 

R 4K2 1 =-- 
el Q2 "8 

(67) 

(for protons R el 
=0.45)* 

Q2(GeV2) 
Using this estimate in the elastic cross 

section expression shows that GE contributes little to elastic scattering 

for Q2 > 5 GeV2. In practice the measured cross sections are reduced to 

measurements of G,(Q') using the form factor scaling assumption. 

5.2. Effect of Simple Gluon Exchange and QCD 

We can develop a phenomenological model for GM(Q2) by noting that the 

struck quark must share the momentum absorbed from the photon with the 

other quarks inside the nucleon. (19) One such possible process is sketched 

in Fig. 20. In a three quark nucleon there must be at least two gluon 

exchanges. Counting propagators and vertices one would expect: 

GM(Q2) = (68) 

This behavior should become dominant at high Q2 but in the region 

where data exists es(Q2) is still large (see Table 2) and higher order 

effects are undoubtedly important. 

The elastic form factor data obtained from the SLAC experiments covers 

the Q* range of - 0 GeV2 to 33.4 GeV2. To reduce the large variation in 

GM(Q2) over the range in Q2, Q4G,(Q2)/pp is plotted in Fig. 21. The 

expected l/Q4 behavior is substantiated by the data for 5 GeV* 
2 <Q < 

33.4 GeV2 (i.e.,for Q2 > 5 GeV2, Q4GM(Q2) is approximately independent 

Figure 20. Picture of elastic scatter of a photon from a proton. 

Exchange of two or more gluons is needed to achieve an 
elastic scatter. 

of 92). 



QCD Effects 

0.6 

0.5 

7 
s 0.4 

z 
3 

0.3 

d 
0 

0.2 

0.1 

0 
0 

10 - 79 

I I I I I I 

L f 

i 

I I I I I I 

IO 15 20 25 30 35 

Q2 (GeV2) 3705AlP 

Figure 21. Elastic form factor for ep scattering versus Q2. Data has 

been multiplied by Q4 to reduce its dynamic range. Dashed 

curve is the QCD prediction. 

The principle QCD expectation is that Q4GM(Q2) should fall as 

(a (Q2H2 . 
8 

The dashed line in Fig. 21 shows (as(Q2))2 normalized to 

agree with the data at Q2 = 5 GeV2. The large discrepancy between this 

QCD expectation and the data may come from a variety of sources. First, 

a more exact calculation gives a slightly different (and much more compli- 

cated) form for s(Q 2 (21) ). This calculation does not improve the agree- 

ment between experiment and theory. Higher order corrections also will 

contribute as as(Q2) is still quite large in this Q2 region. Also, cor- 

rections of order l/Q2 to this prediction could improve the comparison 

with the data, but theorists are at present unable to make firm predictions 

as to their relative magnitude or even their analytic form. 

5.3. Summary and Conclusions on GM 

The conclusions reached about elastic ep scattering are: 

1. The magnetic form factor obeys the power law behavior expected 

from simple gluon exchange: s(Q2) - 1/Q4. A different power law would 

have resulted in enormous effects over the available Q2 range. 

2. However the fall off predicted by QCD due to the running coupling 

constant is not observed. 

An aside: we have now seen three ways to count (valence) quarks in 
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the nucleon and each one has indicated 3 quarks. They are: 1) the 

"quasi-elastic" peak in Fy - Fy ; 2) the GLS sum rule: /F3dx = 3; 

and 3) the power law for elastic ep scattering. 

5.4. Drell - Yan and West Relation in the Threshold Region 

This relationship predicts that the power of l/Q2 in elastic scatter- 

ing should be related to the power of (1 - x) in the inelastic structure 

functions as x nears 1. In this region, the mass of the out going had- 

ronic system is small. As in the case of ep elastic scattering, gluon 

exchanges must occur to share the momentum impact of the virtual photon 

(or W boson) among the nucleon's constituents. As such the relative 
n 

strengths of these two processes should track in QL. 

Since the expression for the elastic piece of F2 contains a delta 

function, we need to compare integrals of F2 for the elastic and the in- 

elastic. First consider the elastic piece derived from Eq. 53.1: 

(x,Q2)dx = 
2MG 2(Q2) + YE G 

E 2M + yE o M 
2(Q2) 

= GM2(Q2) 
0 

(69) 

where the lower limit of the integral, x L, is close to 1. Now consider 

the inelastic part of F2. It is parameterized as (1 - x)k for x near 1. 

So, integrating this function from a fixed mass, Wt. to threshold means 

the lower limit of the integral will behave as 

(70) 

Then, 

1 
/ F2(x,Q2) dx = f (I-x)~ dx = _ (1-x)“+l1 

2 k+l 

"L 
x 
L IO 

,&IL 

X Q2 ' 
(71) 

L 

The results of the last section showed that the elastic form factor 

behaved as (1/Q2)"-' where n is the number of quarks in the nucleon. 

Equating the two integrals gives the desired relation: 

k+l (72) 

and thus k = 2n-3. This is the Drell-Yan and West relation (20) and 
n-l 

states that if the elastic form factor behaves as (1/Q2) , then F2(x) 

should behave as (1 - x) 2n-3 for x near 1. Specifically if GM(Q2) -4, 

then F2(x) = (1 - x)~. 
Q 

Note that, although the DYW relation can be motivated by gluon con- 

siderations, it is actually predicted on arguments that do not require 

gluons.(20) As such, it should not be interpreted as a test of QCD. 

Comparison with the Data 

3 In Fig. 22a I have plotted the quantity F2ep(x,Q2)/(1 - x) in 

analogy to the Q4s plot of Fig. 21. The data have been binned for 

various values of QL and are plotted against x. Each QL bin stops where 

W dips below 1.8 GeV. The expected flat lines are not observed! 
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Figure 22. Drell-Yan and West relation in ep scattering. a) in terms 

of the variable x, b) variables x and P, contrasted, and 

c) in terms of the variable C. 

In Sec. 2 when the scaling variables were introduced it was emphasized 

that there existed some ambiguity which could result in large effects 

at low Q2. The Nachtmann variable 5 (Eq. 15) was introduced as a possible 

alternative to the variable x. In Fig. 22b, the effect of the x variable 

versus the 5 variable is shown. Plotted is (1 - ~)~/(l - x)3 for the 

same values of Q2 presented in Fig. 22a. This suggests plotting 

F2ep(s,Q2)/(1 - c)3 (see Fig. 22~). The 5 variable produces flatter Q2 

contours, but still a systematic trend is seen. For low Q2, the best 

power is less than 3 while at higher Q2 the power is greater than 3. It 

may be pointless at this time to seek a "correct" scaling variable: 

the data seem to indicate a definite violation of scaling. 

An alternative explanation of the behavior seen in Fig. 22~ comes 

from QCD. An approximate form for the structure function predicted 

using QCD results in the power of (1 - x) increasing with increasing 

Q2 Gm The systematic shifting of the x distributions from high x to 

low x with increasing Q2 (see Sec. 3.2) produces an exponent of (1 - x) 

that increases as the ln(ln(Q2/A2)). 

The conclusions concerning the threshold region and the Drell-Yan 

and West relation are: 

1. The comparison of elastic scattering with deep-inelastic scat- 

tering through the DYW relation is indecisive and depends on the scaling 

variable. 
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2. Using the F, variable results in a behavior of F2 consistent with 

the QCD expectation of high x shifting to low x as Q2 increases. 

and a gluon. The gluons thus bremsstrahled take with them a portion of 

the quark's momentum and the quark is more likely to be at lower x. In 

pictures this process is shown in Fig. 23a. 

6. DEPENDENCE OF STRUCITJBE FUNCTIONS ON Q 2 

The equation describing this situation is: 

QCD predicts that the nucleon structure functions should show scale 

breaking effects due to the running coupling constant. This section con- 

tains a discussion of these effects in the context of lepton-nucleon 

scattering experiments. 

6.1. The Evolution Equation for the Structure Functions 

The unpaired quarks inside the nucleon, the.valence quarks, are 

the simplest to study. The probability distributions for these "flavor 

non-singlets" should show QCD distortions coming only from gluon brems- 

strahling as in Fig. 12a. The q - < quark pairs ("flavor singlets") 

have additional contributions coming from pair production off gluons as 

in Fig. 12b and are thus more complicated (i.e,both the quark distri- 

bution and the gluon distribution enter the equations). 

The non-singlet quark distribution has a Q2 dependence arising from 

the following mechanism. At low Q2 a distribution of non-singlet quarks 

is observed (xP3(x,Q2) for example). The distance scale on which this 

quark distribution is being probed is large. The continual emission and 

re-absorption of virtual gluons is hidden. But at larger Q2 the distance 

scale shrinks. These quarks are now sometimes "resolved" into a quark 

a (Q*) 1 
Q2 --$ qNS(x,Q2) = -"-27r j $ sNS(w,Q2) Pqq(3 . (73) 

X 

In other words, the fractional change in the quark distribution 
n 

q(x,Q‘) is equal to the integral over all quark states that can contribute 

(1 .e.,x < y < 1) times the splitting function (Pqq(z)) for the quark to 

emit a gluon which carries off a fraction s (= x/w) of the quark's momentum. 

In particular, the form of P qq(z) (23) for spin 1 particles is: 

4 P (2) = - 1 + s2 - 
VI 3 Cl- d+ 

where (1 - z)+ is defined by: 

(74.1) 1) I 

(74.2) 

Notice that I called Pqq(z) a splitting function and not a probability 

distribution. It can be related to the probability of a quark to radiate 

a gluon minus the probability of anti-quark to radiate a gluon. In 

particular, it has properties that no self-respecting probability dis- 

tribution would have: 

1 
1 dz P (z) - 0 

99 0 
(75.1) 
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has been used to compare QCD with the data. The first example will 

be the now (in)famo"s QCD moments. The second approach (formulated by 

Buras and Gaemers) (22) is to make a guess for the x,Q2 distribution that 

satisfy the evolution equation and then fit this form to the data. The 

third method (developed by Abbott and Barnett) (24) uses numerical tech- 

niques to solve the differential equation and fit the evolved x distri- 

gives 

Q2 --$ M&Q',*) - 
0 (QL) 1 

- "-,,$ qNS(",Q2); dx xn-1 Pqq(z). 2n (79) 
w 

With the substitution s = x/w and the definition 

bution to the data. this equation becomes 

a (Q') 
Q2 -$ M&Q% = +-M&Q*,*) A(n). 

Note that the common thing being tested here is the inevitable 

process of bremsstrahlung as shown in Fig. 12. As such Eq. 73 and Eq. 76 

are perhaps not as much a result of QCD in particular as they are a 

result of any quark theory with gluons. (25) 

A(n) ds s n-1 Pqq(s) 

Success! We have a linear differential equation for the moments 

%,(Q2.*L The calculable A(n) appears as a coefficient in this dif- 

ferential equation. Using Eq. 42 for os(Q*) leads to the solution 

The integrodifferential equation for the non-singlet quark distri- 

bution is given by Eq. 73. To separate out the effects of the splitting 

function Pqq(z), f or which QCD makes an explicit prediction, multiply both 

n-l 
sides by x and integrate over x from 0 to 1: 

a (Q2) I I 
n-1 (x,4*) dx = +- I x (77) 

0 
dx 1 $ 

x 
sNsP,Q2) Pqqc). 

Interchanging the order of integration on the R.H.S. and defining 

M&Q*,*) I / x”-l qNS(x.Q2) dx 

(80) 

(81) 

6.2. Moments of Structure Functions and their Q 2 Dependence 

The Moment Method 

where C is a constant and 

(78) 

dn = =% 

(82) 

(83) 

with B as in Eq. 40. The dn are called the "anomalous dimensions" of 

the non-singlet quark distributions. Hence the QCD prediction is that 

the moments of the non-singlet structure functions should vary as calculable, 

inverse powers of ln(Q2/A2>. 

Integrating Eq. 80 for Pqq as in Eq. 74 yields: 

A(n) - - 3 (84) 
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And with the choice of Nf = 4 in Eq. 40, dn becomes: Problems of the Moment Method 

[ 

n 

dn 4 =25 1-&+4cf . 
j=2 1 

The power law predictions are often compared to the data by noting 

(85) 

(86) 

This equation indicates that on a log-log plot of the n th moment ver- 

sus the m th 
moment. a straight line will result with a slope given by 

the ratio of the nth to mth anomalous dimension. It is worthwhile 

emphasizing that the straight line and its slope are a consequence 

merely of the bremsstrahlung of vector gluons by quarks. But what 

would constitute a more telling test of QCD (and Eq. 79) is to plot 
-l/d, 

$,(Q',*) versus ln(Q2)(26)since , 

-l/d 
ss(Q2,n) " u l*(s) . (87) 

There are two possible sources of data with which to perform a non- 

singlet moment analysis: 1) xF3(x,Q2) = +kQ2) - i&Q*)) from the 

difference of neutrino and anti-neutrino scattering and 2) F;'(x,Q2) - 

Fi*(r,Q*) from electron (muon) scattering off hydrogen and deuterium. 

For 2) the flavor symmetric parts (the "sea") of the proton should be 

subtracted out by an equal contribution in the neutron. The data for 

these structure functions is binned in Q2. Moments are formed by summing 

the data in each bin weighted with powers of x. Here's where the problems 

begin. 

Choice of Scaling Variable 

First, what scaling variable should be used? The original Cornwall- 

Norton(27) moments defined by 

Mi (Q*,n) = j xne2 
0 

Fi(x,Q2)dx (i = 1,2, and 3) 

use the x variable as in Eq. 78. The Nachtmann moments(28) on the other 

hand use the 5 variable of Eq. 15: 

n+l 
M,(Q*,n) = ;dx L I 

n2+2n+3+3(n+l)~+n(n+2)r 1 

0 x3 (n+2)fn+3) =- F2(x,.Q2jW9.1) 

and 

1 *+I 
M3(Q2,n) = jdx -$ 

[l+(n+l)JiKj 

n+2 x F3(x,Q2). (89.2) 
0 x 

At large Q2, the Nachtmann and the Cornwall-Norton moments converge 

to the same value, but at low values of Q2 large differences occur. At 

present the safest bet is to trust neither when the results differ sig- 

nificantly. 

In Fig. 24, the fourth moment of Fy - Fy for the Cornwall-Norton 

and the Nachtmann prescriptions is plotted against Q2. Below Q2 of about 

5 GeV2 the two give very different results. This situation becomes worse 

with increasing moment number since the high x part of the structure 

functions are weighted more and more heavily (recall the 5 and x variables 

45 



6-70 

0.04 

0.02 

0 

I I I Ilrrll I I IIIJ 

N=4 
0 Ordinary Moments 
l Nachtmann Moments 

I I i I11111 I I IIll 

l-l 

- 

- 

Ll 

IO 100 

Q2 (GeV2) 364lA3 

Figure 24. Comparison of Nachtmann and Cornwall-Norton 

(ordinary) moments for F2en - F2en . 

have their largest difference at high x and low Q2). For the 9 th 

moment a Q2 cut even as high as 12 GeV* would not be considered safe by 

conservatives. I will adopt here a "liberal" posture and propose 5 GeV‘ 

for the cut in Q2. 

Effect of Fermi Motion 

The next problem is the effect of Fermi motion on the moments. All 

of the data used in non-singlet moment analyses have these so-called 

"smearing" effects (4) : xF3 is measured off iron and F2 requires both 

hydrogen and deuterium data. Smearing has its most pronounced effect 

for x near 1. Contributions from low x artifically appear at high x 

by way of the nucleon's motion inside the nucleus. The effect is such 

that as x + 1, F2(smeared)/F2 + m. To study the consequences of smearing 
ep en 

on the moments, I have compared the moments F2 + F2 (unsmeared) with 
ed 

those calculated using F2 . The effect is small but does increase with 

increasing n. This means that most of the integral comes from the x 

region where smearing effects are small (i.e, x < 0.8). The conclusion 

is that smearing effects do not have a large influence on the results. 

. 

Contribution Due to the Resonance Repion and Elastic Scattering 

The next problem to consider is where the contributions to the moment 

integrals come from. Moment enthusiasts claim all the data (even the 

resonance region and elastic peak) should be included. As Q* increases 

this becomes less questionable since the low W region is squashed up 

against x = 1 and contributes little to the moments. 
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To illustrate what the moment integrands look like at low Q2,(=3GeV2), 

I have plotted the Nachtmann moment integrand for Ptp (x,Q*) in Fig. 25. 

Where W = 2 GeV is indicated on the graphs. Fig. 25a is for the N = 2 

moment, Fig. 25b is for the N = 5 and Fig. 25~ is for N - 9. The point 

I am stressing is that the resonance region makes a large contribution 

to the moment integrals at low Q*. In this region the cross section has 

large exclusive final state contributions. The basis of this analysis, 

the impulse approximation picture of quasi-elastic quark scattering, is 

inadequate. 

Another contribution included by moment advocates is elastic 

scattering. So far as I can tell the main reason for doing so is that 

the agreement between Eq. 86 and the data, is better when the 
* 

elastic contribution is included for the low QL region. Arguments that 

the resonance region and elastic scattering are "averaged" by the 

scaling curve (i.e, the old duality picture) (29) are used as justifi- 

cation. But one can be sure that had the moments worked well without 

including these contributions the arguments against including them would 

have been enthusiastically promoted. In any case, let's see what the 

fractional contribution of these regions are to the moments. 

In Fig. 26a the fractional contribution of elastic scattering is 

shown for F;' - Fg for moments 2, 5, and 9. Again a cutoff of at 

least Q2 > 5 GeV2 is suggested. Below this the 9 
th moment has > 27% 

elastics and the 5th moment has > 8% elastics. 
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Figure 25. Nachtmann moment integrands from electron-proton scatter- 

ing for a) N = 2, b) N = 5, c) N = 9 at Q 2 = 3 GeV2 . 
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III Fig. 26b the fractional contribution for W < 2 GeV is shown 

versus Q2 for the same moments. This fraction includes both the elastic 

and the resonance contributions. If one wishes to minimize the uncertainties 

here, a cut of Q2 > 15 GeV2 would not be too conservative. Unfortunately, 

as we go to a higher Q2 cut the data become sparse. 

(b) A 

0 IO 20 30 

Q2 (GeV2) 3705e.24 

Figure 26. Fraction of n 
th moment integral due to a) elastic scattering, 

and b)W<2GeV. The latter includes both resonance and 

elastic scattering. 

Contribution Due to Models for the Structure Functions 

The final problem with moments is that the experiments never fully 

cover the x range. For those regions containing no data, a model of 

the structure function must be used. Clearly we don't want this model 

contribution to be large and in any case we should assign appropriate 

errors to it. Experimenters have quoted results for which the contri- 

(26) bution to the moment of the model is less than 25%. Unfortunately, 

sometimes the error associated with this contribution is neglected. 

The model should also be independent of QCD. For example a simple poly- 

nomial in (1 - x) times x (orfi) fitted to each QL bin could be used. 

Models formulated to reproduce the QCD moments and fitted globally to 

the data should be avoided. This "pulls" the answer closer to the QCD pre- 

dictions as the model contribution to the moments increases. 

Comparison with the Data 

The results of twoxF3moment analyses are shown in Fig. 27. The 

CDHS analysis(26) didn't include the elastic contribution, but its in- 

clusion would change the answers very little because of the large 
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Figure 27. Moments of the xF3 structure functions from UN scattering, 

plotted against each other. Solid lines show vector gluon 

predictions. 

values of Q* where they report results. In the lower Q*, high x region 
ed 

the CDHS experimenters have used the SLAC F2 data times 9/5 to fill 

in the gap in their data. They have also used their F2 data (instead of 

xF3)for x > 0.4 because it has better statistical accuracy. They argue 

that for x > 0.4 the "sea" has "evaporated" and only valence quarks con- 

tribute to F2. The slanted scales on the figure show the respective QL 
n 

for the CDHS data points on a ln(lnQ? scale. 

The data from the BEBC collaboration is also shown in Fig. 27. (30) 

This data has only two points with Q2 > 5 GeV2. For the reasons cited 

above, the data below 5 GeV‘ should be regarded with caution. Furthermore, 

the <Q2> of the highest data point is 60 GeV2, not > 100 GeV2 as might 

be inferred from the Q2 scale. 

The lines on the graphs have slopes as predicted by the ratios of 

the appropriate anomalous dimensions. The agreement here is impressive. 

Recall these slope predictions are independent of as(Q2) (and hence 

the number of quark flavors) and depend only on the (vector) nature of 

the gluons. Scalar gluons would predict slopes closer to unity than 

the vector gluons and are disfavored by these results. 

Using the combined SLAC (1) and CBIO(2) data, the non-singlet moments 

ofF7 -FF have been calculated and are shown in Fig. 28. The 

solid lines represent the QCD slope predictions. The data as presented 

seem to agree with Eq. 86. 
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Figure 28. Moments of structure functions F4P - Fy for ep and up scattering 

plotted against each other. Solid lines show vector gluon 

predictions. 

Another way of plotting the xF3 appears in Fig. 2g(*6) where 
-l/d 

~,,(Q2,d n is plotted against ln(Q2), as suggested by Eq. 87. 

The intercept with horizontal scale indicates the value of A2 found 

by the CDHS experiments. 

Summary and Conclusions on Moment Method 

The conclusions drawn from the moment analyses are: 

1. The logarithms of the Nachtmann moments seem to obey quite well 

the prescription of Eq. 86 that their ratios be independent of Q2 and 

equal to the ratio of the respective anomalous dimensions. 

2. The consistency is seen for both neutrino scattering (xF3) 

and electron (muon) scattering (Fy - Fy). 

3. However, when a reasonable Q2 cut is made (e.g.,Q2 > 5 GeV2), 

this test of QCD becomes insensitive. Only the CDHS data presently 

extends to high enough Q‘ with sufficient data to make meaningful 

comparisons. 

4. It is interesting that the low Q* moments fall on top of the QCD 

prediction. But shouldn't this be interpreted as a test of the DYW 

relation and duality? 

50 



Figure 

(b) 
ansatz that 

xP3(x,Qz) = 8(,, ; +1) n1 x (1 
1' 2 

where 

L 
25 ' 

k 
25 ' 

0 
, , ,,,,,,, , , , 

0.1 I IO 100 

I?-,9 Q2 (GeV2) 310**33 

29. Behavior of xF3 moments raised to the -l/d n 
power. Intercept vith Q2 axis is A2. 

6.3. Explicit Functional Form for xF3(x,Q2) 

The problems with the raoment analysis have spurred efforts to find 

alternatives. In this section I will discuss the Buras and Gaemers 

approach (22) and in Sec. 6.4 I will discuss the Abbott and Barnett (24) 

approach. 

Buras and Gaemers (BG) set out to find an approximate'functional 

form that satisfied the moment-equations and would fit the data reasonably 

well. The DYW relation suggests (1 - x)~ dominates at high x and Begge 

arguments suggest a &dependence at low X. The BG approach was to fit 

a form consistent with these power laws. Explicitly they made the 

‘Ill g ( 
s=ln --!!-. ( 3 In 2 

er Ai 

where $is an arbitrary fixed value of Q2. 

4 
n2 

(90) 

(91.1) 

(91.2) 

(91.3) 

S(x.y) is the Euler beta 

function which insure's the GLS sum rule (I F3dx = 3). The Cornwall- 

Norton moments, calculated with xF3 as parameterized in Eq. 90, satisfy 

Eq. 82 to a few percent for the first ten moments (2 < n < 10). 

51 



The advantage of using a functional form is that the entire x range 

is not required for each Q2 bin. No elastic scattering contribution 

enters; resonance region data do not need to be included. The disadvantage 

is that we are now committed to an x distribution that my not fit at 

all well. Indeed any failure on the part of this method is easily blamed 

on the "arbitrary" x distribution, rather than on QCD. 

Comparison with the Data 

The CDHS collaboration have pursued an analysis using the BG functional 

form for xF3(.3') They required that the data used in the fit have 

Q2 ' 3 GeV2 and that M2x2/Q2 < 0.03 (this reduces the scaling variable 

problem (F, versus x) to much less than 10% for most of their data). 

The resulting fit is shown in Fig. 30. The fitted parameters are: 

lJ1 = 0.51 (* 0.02) - (0.83) * 8 . $ 

"2 = 3.03 (* 0.09) + (5.0) * s * & 

(92.1) 

(92.2) 

and 

A = 0.55 +_ 0.15 (k 0.10 systematic) GeV . (92.3) 

These values were found for Qo2 = 20 GeV' and the fit has a x2 = 56 

for 63 degrees of freedom. The exponents of x and (1 - x) are very close 

to the expected values of 4 and 3. It is interesting to note that the 

exponent of (1 - x), n2 , increases with increasing QL. Recall that this 

was the same qualitative behavior observed for P;p(&Q2>/(1- E)3 in 

Fig. 22~. 

10 - IP 

I I I I I1111 I I I I I1111 I 

2 5 IO 20 50 100 200 

Q* (GeV2) 

Figure 30. Method of Buras and Gaemers applied to the neutrino-nucleon 

structure function xF3. Solid lines give the result of 

the best fit to the data. 
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..’ 

I have tried making similar fits for Ftp - Fen without success: 
2 

the fits tend to be unstable. This may be because of the large number 

of fitting parameters. 

6.4. Evolution Equation Technique 

Method 

Abbott and Barnett have developed a technique to test the evolution 

equations directly by numerically solving Eq. 73 (24) for the non-singlet 

structure function xF3(x,QL). After substituting the explicit form for 

P 
44 

they found 

" (Q2) 
Q2 -!!- xF3(x,Q2) = -+- 

dQ2 
3 + 4 In (1 - x) 

I xF3(x,Q2) 

1 
+/dw& (l+ 

x I w')($) F3(; , Q*) - ~xF~~x.Q~~ 

where c,(Q2) from Eq. 39 and B from Eq. 40 are used. Given xF3(x,Q2) 

at a particular value of Q2 we can predict its value for any other value 

of Q2. The form of xF,(x,Q') at the reference Q2, Q, 2 , is completely 

arbitrary. It can be an analytic function, a "look-up" table, or any- 

thing such that when the computer asks for the value of xF3(x,Q2) 

a number comes back. Abbott and Barnett chose a functional form with 

parameters to be determined by fitting. 

So, given xF3(x,Qo2) the function can be "spread out" along the Q2 

axis to where the data exists (see Fig. 31). As with the BG approach 

this technique allows for all the data to be used independent of the 

particular x range associated with each Q2 bin. No resonances or elastics 

need to be included. This approach has the advantage over the BG scheme 

in that one is not committed to an explicit form for the x distribution 

of the structure function. Furthermore, no approximations (to within 

the numerical accuracy requested of the differential equation solving 

routine) are made. We are simply testing the form of the integro- 

differential Eq. 73 as prescribed by QCD. 

The form for the x distribution used by Abbott and Barnett is 

xF3(x,Qo2) = C xa (1 - x)b (94) 

This results in a 4 parameter fit (C, a, b, and A). Not counting the 

normalization parameter C (which was fixed in the BG approach such that 

/F3 dx = 3) there are 3 free parameters compared with 5 for the BG 

techniques. 

Comparison with the Data 

Both the xF3 data from the CDHS collaboration (31) and the SLAC 

Fep - Fen 
2 2 data (32) have been fit using this scheme. The results for 

the neutrino xF3 are shown in Fig. 32 and the F2 ep _ Fe* 
2 fit is shown 

in Fig. 33. In both cases good fits (in terms of x2) were obtained and the 

fit parameters for these non-singlet structure functions are given in 

Table 3. 
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Figure 33. Method of Abbott and Barnett applied to the ep structure 

function F;' - F%". Solid curves are the result of the fit. 

TABLE 3 

Fep - ~~~ 
2 2 0.59 0.853 

Another question addressed by Abbott and Barnett was whether or not 

other types of "theories" would fit the data as well as QCD. In short, does 

QCD give the best fits of all the reasonable (and unreasonable) alternatives. 

They found that terms that broke perfect scaling by powers of l/Q2 ("higher 

twist" effects) by themselves were sufficient to get equally good fits as 

those obtained for QCD. (29,30) Hence QCD is not unique at present. Better 

data at even higher Q2 might help to clarify this situation. 

7. CONCLUSION 

Let's now assemble in one table all the QCD tests we have seen (see 

Table 4). As you can see QCD has done quite well. Where it "doesn't 

work" the theory has many outs (elastic scattering and R). The moment 

analyses support the prejudice that gluons are vector particles. The 

lowest order bremsstrahlung effects of quarks radiating gluons does pro- 

duce a pattern of scale breaking that is observed in both neutrino and 
n 

electron scattering data. The low QL region where scaling was first 
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GLS sum Rule 
(i Fgdx) 

Goad Test 
(Data gives 
3 quarks) 

Callan-Gross 
Relation 

(=c = o,lo.,) 

Poor Test - TOO 
much neglected 
(ruled out by 
data - but not 
far off) 

RQCD 

3lastit Form 
‘actor Prop- 
zgator 

CC, - (1/Q2)"-') 

Slastic Form 

Faccar Qs2(QZ) 

Good Test af 
high Q2 

(Works well for 

92 > 5 C,V2) 

‘“or test for 
‘resent dsta - 
wglects @x2/Q 82 

ffect.9 (not ob- 
erved in data) 

QCD(TXEORY) 

air rest at 
igh Q2 (not ob 
erved in data) 

Good test of 
evo1ucion eq”a 
r,ans (Fits 
dare well) 

observed seems to be complicated with many higher order effects entering 

as powers in l/Q2 (e.g., the scaling variable). The future should bring 

forth much more definitive tests of QCD by greatly extending both the 

Q2 and the x region covered by the deep inelastic scattering data. 
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1) 

B’S 

E49a 6'-10' 

SLAC - MIT DATA - -__ 

x Q2(GeV2) 

(W > 2 GeV) 

.05-7.9 .008-.68 

E49b 18o-34' 1.0-20; .09-.83 

E61 4o .06-1.7 .Ol-.35 

E87 15O-34O l..O-20. .09-.83 

E89-1 SO'-60' 5.6-30.5 .32-.89 

E89-2 6'-20.5' .2-19.1 .02-.86 
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The study of high mass lepton pair production originated as a 

by-product of the search for new particles. In 1969, the Columbia-BNL 

group searching for the intermediate vector boson observed1 the pro- 

duction of direct nfn- pairs with masses of up to about 5 GeV which could 

not have been explained by experimental background. An explanation of 

the production process was proposed in 1970 by Drell and Yan' in terms 

of the quark parton model. Their approach has been, in general, success- 

ful, and it is now customary to call production of massive lepton pairs 

the Drell-Yan process. Today the lepton pair continuum is no more an 

unwanted background masking the production of resonances. It is a 

topical subject providing the sensitive testing ground for the various 

models of strong interaction dynamics. In the parton model, and recent- 

ly in Quantum Chromodynamics (QCD), one can calculate a number of 

predictions for this process which can be tested with high accuracy. 

In the first part of these lectures I will define the Drell-Yan 

mechanism in terms of the parton model and describe the modifications 

expected from QCD description of the process. In Sections 3 to 5 

I will review the present status of the data concentrating on the topics 

relevant to tests of the theory and in Sections 6 to 8 I will summarize 

the problems of the phenomenology of the data. For the discussion of 

other aspects of lepton pair production and earlier results, the reader 

is referred to other reviews. 3y4 

2. TEE DRELL-YAN MECEANISM 

2.1 Definitions and Variables: 

The model proposed by Drell and Yan2 to describe massive lepton 

pair production is depicted in Figure 1. In this model a quark from one 
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1. The Drell-Yan diagram. 

of the incoming hadrons annihilates with the corresponding antiquark 

from the second hadron producing a virtual photon of mass M, which then 

decays into a pair of leptons. For simplicity one usually neglects the 

transverse momenta of the quarks inside the hadrons and the masses 

involved. The cross section Is then described by: 

u = /dVx2 Ig [G9i,*oG9,1a~2)+G~i,A(X1)Gql,B(X2~ 
flavors 

x 'i (qigi -+y*) 6(M* - (kn+kb)2)dM2 , (1) 

where functions G(x) represent the probabilities of finding the quark 

or antiquark with a fraction x of the parent particle momentum. 

The variables describing the virtual photon are related to the overall 

center of mass energy squared s and the fractional momenta of the 

quarks by: 

M2 = (ka + k,)2 = 6x1~2 

5” 2 pL /L - x1-x2 

It is often convenient to introduce the scaling variable T, .=M2/s = 

x1x2 representing the fraction of the total c-m. energy used in the 

formation of the virtual photon. The quark variables may then be 

expressed in terms of the lepton pair quantities by the following set 

of relations: 

x +x 12 = jx; + 4T 
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x1,2 
= Ji .‘y 

where y is the rapidity of the virtual photon. 

2.2 Light Cone Variables: 

In general the quarks may have a non-zero transverse momentum 

inside the parent hadrons and may be far off mass shell. In such a 

situation the calculation of the kinematical quantities should then be 

performed using light cone variables. The four vector of the Incoming 

hadron PA with mass M, the annihilating quark k,, and the recoil system 

la with mass m are then defined as follows: 

'A - 
M2 if 

P+G. 
M2 

I' P-G 

ka = 

*+ k2 
xp + a 

4xP 
, G, 

+2 + m2 
!L- + 4(1-x)p * 

They fulfill the energy-momentum conservation requirement: d20 ~ = 5 Fe+) 
dH2dxF . 

. 

ka = PA-la 

k; = 

Calculations using the light cone variables are usually quite complica- 

ted and in general yield results which are the same as when using the 

on-mass-shell kinematics. There are, however, certain regions of phase 

space (e.g., the large transverse momentum region) where the use of the 

off-mass-shell kinematics significantly affects the results.5 

2.3 Subprocess Cross Section: 

The cross section for the subprocess of the quark-antiquark 

annihilation may be written in analogy to the electron-positron 

annihilation6 

. 

where (1 is the electromagnetic coupling constant, ei represents the 

quark charge and n is the number of colours. Since the factor l/n is 

the same for all the q{ annihilation terms, the magnitude of the lepton 

pair production cross section is a sensitive test of the idea of colour. 

2.4 Differential Cross Sections: 

The differential forms of Equation (1) with number of colours set 

to three are usually written as: 

da 4na2 - = - F(T) 
dM2 9M4 

or 

(2) 

Here the scaling functions F(T) and F(T, xF) are formed entirely from 

the dimensionless variables. 

F(T) = c eTrJdxldx2 [Gqi,A(~,)Gqi,B(~2) + (qi++ii)] 6(r-x1x2) 
i 

F(T,x~) = c cez [Gqi,,(xI) (QB (x2) + (qi ++ ci)] 6 (T - X1x2) 

z$i;f4T 

x 6(y (x1--X2)) -. 
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In the case of proton-proton collisions, one can write the function 

P(r) explicitly, neglecting charmed and heavier quarks: 

, (4) 

where u(x), d(x) and s(x) are the probability distributions for finding 

the up, down and strange quark respectively with fraction x of the 

parent proton momentum. It is the premise of the parton model that 

these functions are the same as measured in deep inelastic lepton 

interactions. In contrast, however, to electron proton scattering, 

they appear in this formulae in quadratic form. 

2.5 Drell-Yan Process in QCD: 

Quantum Chromodynamics introduces modifications to the parton 

model in form of the possible emission of gluons. The first order 

diagrams in the strong coupling constant as, which contribute to the 

Drell-Yan process are shown in Figure 2. Of course, there are many 

higher order diagrams which contribute less to the cross section due to 

the higher powers of as. These are usually neglected in the phenomeno- 

logical calculations. The first order diagrams correspond to the 

"Compton" and "Annihilation" processes respectively, where the gluon 

plays the role analogous to the photon in quantum electrodynamics. The 

subprocess variables, defined in Figure 2, are related to the overall 

c.m. variables through the following set of relations: 

; I 

x1x2s 

; = xlt + (l-x1)M2 

. 
u = x2u + (l-x2)"' 
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Here again transverse momentum of the quarks and the masses involved 

had been neglected, Both the "Compton" and "Annihilation" cross sec- 

tions can be calculated in the field theory 7*8 and expressed in terms 

of the subprocess variables: 

d20 (Annihilation) _ 8 2 2 2M2& + ii2 + E2 

dM2df 27 a OS =i gi2 i s 

d20 (Compton) -o2o e2 2M2t+i2+t2 1 z 

dM2di 
9 8 i ..3 -s ii 

(5) 

(6) 

Both formulae (5) and (6) are divergent for the small values of f or u 

and therefore are difficult to use in phenomenological applications. 

Politzerg and SachrajdalO have proposed a perturbative approach which 

includes the first order diagrams in the leading log Q2 approximation. 

Here Q2 represents the big, scale breaking dimensional quantity and is 

usually identified with M2 for the Drell-Yan process. 
* 

For the qi anni- 

hilations, Politzer found that the divergent parts of the contributions 

due to the soft gluon emission have a factorizable form, and that they 

can be absorbed into the incoming particle wave function. Similar results 

were obtained by Sachrajda for the quark-quark, quark-gluon and gluon- 

gluon subprocesses. The structure functions of the parent particles 

become Q2 dependent, but they are again the same as in deep inelastic 

lepton scattering. As the result the parton model description of the 

Drell-Yan process is recovered but with additional scale violating com- 

ponent (Figure 3). 

3. Illustration of the diagrams contributing to the renormalization 

group improved quark and antiquark distributions. 

* For the details of the perturbative approach to QCD, see S. J. Brodsky's 
lectures at this school. 
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do = ?d $'(T, Q2) 

9M4 
(7) 

There are several steps in this approach for which the theoretical 

understanding is not yet complete. 

1. Diagrams of higher order in as contributing to the process 

also have similar types of divergencies in the cross sections. Although 

some second order terms have already been calculated, it is so far not 

proven that all those divergencies may be treated in the same way as in 

the case of the first order diagrams. 

2. Non-leading terms, neglected in first approximation, may 

have substantial contributions to the cross section thus modifying 

the results. 

3. The identification of the scale breaking variable Q2 with 

M2 may not be correct in the kinematical regions of phase space with 

two or more large dimensional variables, e.g., for large mass lepton 

pairs produced at high transverse momentum. 

Although in deep inelastic lepton scattering the photon 

is space-111. (Q2< 0) while in the Drell-Pan process it is time-like 

(Q2 ' 0) , 
2 the identification QDIs 

I I = Qiy is needed in the factorization 

procedure in order to deal with the same quark structure functions in 

both processes. 

Despite those theoretical caveats, the procedure is remarkably 

simple and, as will be shown in the next sections, it describes most 

of the general features of the current experimental data. 

There were recently published several papers applying the QCD 

phenomenology to the Drell-Yan process. 4*+13 III general they follow the 

prescription given above and differ only in the procedures for extract- 

ing scale breaking quark distributions needed as input to Eqs. (7) and 

(4). The accuracy of these structure functions represents a limiting 

factor in the phenomenology of lepton pair productions. I will return 

to this problem in Section 8. 

3. PARTICLE TYPE DEPENDENCE 

3.1 Target Dependence: 

Since the density of the heavy nuclear target is much higher than 

that of the hydrogen, the nuclear targets are often used to study the 

low cross section processes. It is then an experimental problem of how 

to extract the cross section of a given process on nucleus from the 

measurements involving heavy nuclei. It has been observed in several 

different experiments, that the cross section has to a good aooroxima- 

tion a power law behaviouras function of the nuclear number A 

u =oA= . 0 (8) 

In coherent processes, e.g., diffractive production. where one expects 

shadowing effects to exist, the value of a,-2/3 is both observed exper- 

imentally and expected from Glauber theory. On the other hand for hard 

scattering processes involving partons, one does not expect any shadow- 

ing to occur. The incoming set of partons should see the target as an 

ensemble of point-like constituents with their number proportional to 

the number of nucleons, i.e., a=l. 

The dependence of the parameter a on the mass of the u+u- pairs 

produced in pN collisions is shown in Figure 4. At low mass the value 

of a is close to o= 213. It rises with increasing mass and attains 

plateau consistent with a=1 for M> 3 GeV. Similar behaviour can be 
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4. The atomic mass number dependence A" for dimuons produced by protons. 

seen in Figure 5a for the pion induced reactions. The points measured by 

the Chicago-Illinois-Princeton group14 have sufficiently large errors 

to be consistent with the recent result of the CEXN NA3 experiment,15 

giving a value of o= 1.02 f .02 for u+u- mass above 4 GeV. It is impor- 

tant, however, to remember that a variation of 0.10 in the o dependence 

corresponds to the difference of ~70% in the absolute cross section 

on single nucleon extracted from the measurement on a tungsten target. 

As can be seen in Figures 5b and 5c, the parameter o has no 

obvious pT or xP dependence for the high u+u- mass indicating that the 

normalization of the cross section is independent of the kinematics. 

There is a natural interpretation of the observed effects: At low 

lepton pair mass the Drell-Yan process represents only a small fraction 

of the total cross section. Other coherent mechanisms and absorptive 

effects contribute substantially to the cross section, thus masking the 

characteristic features of the hard process. At higher mass, however, 

those other processes may be assumed to be negligible and the Drell-Yan 

mechanism dominates. The study of the target mass dependence defines, 

therefore, the region of applicability of the Drell-Yan description of 

massive lepton pair production. Only the region where a=l, i.e., for 

M> 4 GeV, can be used for tests of the parton model and QCD calcula- 

tions of the Drell-Yan process. 

3.2 Beam Dependence: 

One of the first qualitative successes of the parton model descrip- 

tion of the Drell-Yan process was the observation of the effects expect- 

ed for various incoming beams. For the isoscalar nuclear targets one 

usually neglects the contribution of the sea component to the annihila- 

tion process. With such assumption the relative yield of lepton pairs 
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c) transverse momentum of muon pair produced by pion beam. 

depends only on the quark content of the beam. Figure 6 shows the 

+ ratio Rl of muon pair production in s N and n-N interactions as a 

function of mass of the u'u- pair. 
14115 

In the region where the sea of 

the pion may be neglected, i.e., at large values of x (which correspond 

to high mass), the value of Rl should approach the ratio of the charges 

squared of the annihilating antiquarks. 

u (n+N + LI+u-X) 
2 

e- 

Rl = 
d 1 

o(n-N -c u+u-X) --Fa7 - at high x 

; 

The data in Figure 6 show a clear trend confirming such expectations. 

The value of Rl, expected from the contribution of the sea to be equal 

to 1 at low x, decreases with increasing mass and is compatible with 

114 at large x. The energy dependence of the decrease reflects 

variation of the range of x contributing to fixed values of u'u-. 

More dramatic effects are expected for the ratio of pion and proton 

interactions producing lepton pairs. In pN collisions the annihilating 

sea antiquark is confined to small values of x. Therefore the cross 

section is expected to decrease sharply with increasing mass. On the 
d 

other hand, the incoming pion has a valence antiquark thus providing 

a larger x (or mass) range for the Drell-Yan process. 

The ratio of the muon pair production by the pion and proton beams 

is shown in Figure 7. It exceeds the value of 100 for masses above 

10 GeV reflecting the difference of the antiquark x distributions. 
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4. MASS SPECTRA 

4.1 pN Interactions: 

The u+y- mass distribution shown in Figure 8 represents one of the 

most impressive measurements of the high energy experiments of the last 

few years. The Columbia-Fermilab-Stony Brook results span almost ten 

orders of magnitude of the cross section and extend to mass of about 

20 GeV. The mass resolution allows for clear separation of vector 

mesons from the Drell-Yan continuum. Several groups have measured this 

spectrum at various energies. The compilation of results presented in 

form of the scaling function F(T) is shown in Figure 9. The Feruilab 

data are well parametrized 3 by the formula 

while the CHIWNP group" at the ISR obtained the best fit to the data 

with 

MA=. 3 
dMdx 

5 23 (l-H0 x ~IJ-~~ (cm2GeV2) . 
/; 

(10) 

It is evident from Figure 9 that the tests of scaling over the 

large energy range are very difficult. Low energy data are limited to 

the mass range below 3 GeV, where other than Drell-Yan processes 

contribute. On the other hand the ISR measurements are concentrated 

at small values of T. The best test of scaling existing so far is 

shown in Figure IO, where the ZOO, 300 and 400 GeV/c pN results of &he 

CFS group17 are presented. The agreement with scaling, to within the 

20%: errors of the ratios, is not in contradiction with the expecta- 

tions of QCD, that scale breaking should occur The measurements of 

O-36 

pN - /L+/L-X 
400 GeV 

8. Dimuon spectrum measured by the CFS Collaboration. Solid line 

describes the 1976 data; data points are from Reference 17. 
. 
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the CFS collaboration were done at y-,0 where, for the pp interactions, 

the x values of the annihilating quarks are approximately equal to & . 

Since the pattern of scale breaking of mass distributions follows that 

of the structure functions, one expects no scaling violations for 

& = 0.2 and the decrease of F(r) with increasing energy for & > 0.2. 

The data in Figure 10 agree with such behaviour. 

4.2 nN Interactions: 

Until recently the spectra of lepton pairs produced in np colli- 

sions were available mostly at low masses. The Rochester-BNL collabor- 

ationi6 has estimated the relative contribution of the Drell-Yan 

mechanism to the observed ~';'II- mass distributions produced in 16 and 22 

GeV/c n-p interactions. As can be seen in Figure 11, the competing 

processes contribute over 50% of the measured spectrum below 3 GeV/c' 

making any tests of scaling without detailed knowledge of those 

mechanisms impossible. 

This summer, however, first results became available from the new 

experiments both at Fermilab14 and CRRN.15 As can be seen in Figure 12 

the cross section measured is much larger than that for the proton 

induced reactions. This effect was already seen in Figure 7. It 

reflects the difference of the pion and proton structure functions. The 

pion induced data are summarized in Figure 13. The shape of the dis- 

tribution measured by various experiments is similar. The discrepancy 

in the relative normalizations can be attributed mainly to the 

different target mass dependence used by the experimenters in order to 

extract the cross section on single nucleons. 

The data at 200 and 280 GeV/c were, however, measured in the same 

experiment, thus eliminating most of the relative normalization 

I .o 
5 
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t CL 
g 
* 

0.6 

; 0.4 
-L 
z “b 0.2 

0 
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11. The fraction of dimuons produced by the Drell-Yan mechanism as a 

function of M 
Li+!J- ' 
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problems. Within their 15% errors they show good scaling over 

large r range except in the upsilon region. 

5. MOMEBTDM SPECTRA OF LEPTON PAIRS 

5.1 Longitudinal Momentum Distributions: 

The difference of the shapes of the antiquark structure functions 

of pion and proton are also reflected in the longitudinal momentum 

distributions of the lepton pairs. In Figure 14 are presented the xF 

distributions measured by the Chicago-Illinois-Princeton collaboration.14 

The data are parametrized as 

(11) 

with the parameter 6 fitted in the range 0.2 s xF s 1.0. 

There are two obvious observations to be made: 

i) the value of 8 is much smaller for the pion data than 

for the proton induced results, and 

ii) there is a strong decrease of the value of R with 

increasing mass of the lepton pair. 

Bimilarbehaviourwas also seen in other experfmants.15*16 Both of those 

observations reflect the fact that the x distribution of the annihlla- 

ting valence quarks in the pion is harder than that of the quarks in 

the proton. 

The small asyuuwtry around xp=O in pN reactions17*18 may be 

explained by the asymmetry of the quark content of the beam and target 

systems. The isoscalar targets have equal number of protons and 

neutrons, i.e., equal number of up and down quarks, while the incoming 

proton has two up and only one down valence quark. The weights given 

by the squares of the corresponding quark charges in the formula (4) 

introduce the asymmetry in the longitudinal momentum distribution. 

t ,, ev$65U34 

0.0 0.2 0.4 0,6 0.8 1.0 
P-79 X f 

‘“0.0 0.2 0.4 0.6 0.8 1.0 
xF 3622A22 

14. Invariant xF distribution as the function of the dimuon mass 

produced by: a) pions and b) protons. 
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5.2 Transverse Momentum Distributions: 

In the simple Drell-Yan mechanism, the transverse momentum of the 

virtual photon is related to the transverse momentum of the annihilating 

quarks. In the parton model such transverse momentum is related through 

the uncertainty principle to the size of the parent hadron and is 

expected to be of the order of about'300 MeV/c. It was, therefore, 

a surprise when the observed transverse momentum of the lepton pairs 

was found to be large at large masses and to increase with s+ 

The example of the p: distribution of the dimuon is shownI in 

Figure 15. The data deviate strongly from the exponential behavior 

both in terms of pT and of pi, and are well parametrized3,1g by the 

formula: 

g2Lc 
dp3 

2 [ 01 
-6 

PT 1+ p 
0 

(12) 

The parameter p, is very little dependent on mass and xF, but it does 

depend on energy. 

The changes of the shape of the pT distributions are probably best 

visible in plots of the average transverse momentum, <pT>, versus the 

mass of the lepton pair. The compilation of the available data for the 

proton beams is shown in Figure 16. The data points raise from about 

600 MeV/c at low u+p- mass to values exceeding 1.0 GeV/c at higher 

masses. For M>4 GeV the average transverse momentum seems to saturate. 

There is, however, quite strong energy dependence of the developed 

plateau. This is illustrated in Figure 17, where for the mass range of 

6<M(~‘p-)< 8 GeV the average transverse momentum at 200, 300 and 400 

GeV/c l7 is compared with preliminary ISR results of the CFzN-Earvard- 

Frascati-MIT-Naples-Piss Collaboration.** The linear <pT> dependence on 

100 

IO 
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P-79 
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15. pi distribution of the muon pairs. 
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The c.m. energy s: 

< pT > = 0.6 + 0.022 &-- (131 

is compatible4'20 with the expectations of the QCD. It is worth noting 

that if this behaviour continues at higher energies, the average 

transverse momentum of the lepton pairs at 6 = 800 GeV would be 

of the order of 18 GeV/c, thus introducing serious background to the 

search of the intermediate vector boson. 

The average transverse momentum of the muon pairs produced by the 

pion beams is compared in Figure 18 with that for the proton induced 

reactions. It shows basically the same characteristic behaviour. The 

level of the plateau at higher masses is, however, about 200 MeV/c higher 

than in the pN collisions again reflecting harder x spectrum of pion 

consitutents. 

6. QCD PHENOMENOLOGY OF LEPTON PAIR PRODUCTION 

Until recently most of the features of the lepton pair data, such as 

beam dependence, scaling, longitudinal momentum distribution, etc., were 

well described by the Drell-Yan parton model. The need for the departure 

from such a simple picture is, however, indicated by the large transverse 

momentum of the lepton pairs. The QCD procedure described in Section 2.5 

was used by several authors 4'7r12920921 to calculate the first order 

diagrams predictions for the Drell-Yan process. The calculations 

required as input the individual quark structure functions, which had to 

be extracted from the deep inelastic lepton scattering data. Although 

the nucleon structure function vW2 is quite well measured, its decomposi- 

tion into the quark distributions is, so far, rather poorly known. 

Nevertheless, the agreement of such calculations with the measured mass 
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spectra and the longitudinal distributions seems to be quite satisfactory,22 

thus reproducing the success of the parton model. The transverse momentum 

distributions require, however, a more complicated approach. 

In the perturbative QCD the virtual photon acquires its transverse 

momentum through the emission of hard gluons. The first order in os 

diagrams can be calculated according to formulae (5) and (6). Their 

contribution to the total pT spectrum is shown in Figure 19. In the 

region of small transverse momenta, where both "Annihilation" and 

"Compton" contributions diverge, one can argue that the non-perturbative, 

confinement phenomena dominate. Nevertheless, even above pT= 1 GeV/c, 

the contribution of the first order diagrams is about factor of two 

smaller and has the curvature opposite to that of the data. This does 

not mean, however, that the QCD is necessarily failing to describe the 

Drell-Yan process. There are in the literature several ways of 

explaining this problem. 

1. "Primordial" transverse momentum. It is proposed8*12*24 

that the intrinsic, non-perturbative, transverse momentum due to the 

quark confinement in the original hadron is, for some unspecified 

reason, large. The observed pT of the lepton pair is then described by 

the incoherent sum of the primordial component and the contribution of 

the perturbative QCD. The confinement transverse momentum is in such 

approach, usually parametrized as Gaussian, with the average 5 varying 

from 0.6 to 1.5 GeV/c, depending on the analysis. The results fit the 

data (see Figure 20), but there is no good explanation of why the 

primordial transverse momentum is so large. 

2. "Higher twist" effects. The Constituent Interchange Model 

approach25r26 is used to account for the neglected higher order in 
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19. Comparison of the QCD calculations of dimuon transverse momentum 

by Berger (Reference 4) with CFS data. 
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20. Halzen and Scott fit (Reference 24) to the dimuon transverse 

momentum distribution. 

a terms. 
S 

This approach stresses the quasi-bound structure of the in- 

coming hadrons by emphasizing the meson-quark or diquark-quark subpro- 

cess contributing to the reaction. The model introduces effective 

coupling of mesons to quarks and unknown distributions of mesons inside 

the hadrons,27 but it successfully fits the data on the lepton pair 

production (Figure 21). 

3. An interesting, but also difficult, approach had been 

chosen by Dokshitser, Dyakonov and Troyan who have calculated the 

QCD terms to all orders in a s in the leading log Q2 approximation. They 

have obtained a solution in the kinematical region of pg 2 
>> M , though 

the identification of the scale breaking variable Q2 in the region of 

two large dimensional variables (pT and M) is unclear. So far there is 

no experimental data available for pT >> M. 

Independently of the various schemes described above, it is clear 

from Figure 19 that the measurements of the lepton pair production at 

very large pT will provide a sensitive test of QCD. In this region 

the higher order corrections are expected to be negligible and numerical 

comparison of the first order calculations with the data will be 

possible. 

It is also interesting to note that in the pN reactions the 

"Compton" diagrams dominate at large transverse momentum; i.e., pT of 

the lepton pair is balanced by the recoiling quark (see Figure 2). On 

the other hand, for the nN interactions the contribution of the 

"Annihilation" diagrams is much larger than that of the "Compton" 

graphs, requiring recoiling gluon to balance pT. Therefore the measure- 

ments of hadrons accompanying high mass lepton pairs produced at large 

pT may provide an opportunity to study quark and gluon jets. 

79 



I .4 

I .2 

I .o 

0.8 

d=l, p’O.9 

0. Horn et al. (CFS) 

0.4 - l Anderson et al. (CP) - 
n Kluberg et al. 

0.2 - 

0 I 

0 2 4 6 8 IO 12 14 
8-77 Mass (Gel/) 3261 Al 

21. CIM description of the <pT> dependence (Reference 25). 

7. ANCDLAR DISTRIBUTIONS 

The general form of the angular distribution for the decay of the 

virtual photon into lepton pair may be written2' as: 

* 3 
W@ .$) = s 

[ 
Pll 1+cos ( 2 @ *)+ (I- 2pll)sinz @* + Plml sin2 0*cos 2 + 

+ 2 Re plo sin 2 @* COS $ , 
I 

(14) 

where the density matrix elements P 
u 

depend on the choice of the 

reference frame and all the variables describing the virtual photon, 

i.e., M2, ~3 pT, s. Integration over either polar or azimuthal angle 

gives: 

wIta*) - 1 + 2 * 
aces 0 , (15) 

W*(9) - 1 + 8 CO6 2$ , (16) 

where both (1 and g may vary between -1 and +l. 

There are several ways of defining the axes in the rest frame of 

the lepton pair. The usual choice is the Gottfried-Jackson frame, 

where @* is the angle between the beam and one of the leptons. This 

reference frame is well suited for testing of the Drell-Yan process 

when the direction of the quarks coincides with the direction of the 

beam. The primordial transverse momentum of the quarks may, however, 

introduce additional smearing effects to the angular distributions, as 

the direction of the beam and of the annihilating quarks will no longer 

overlap. To deal with this problem Collins and Soper30 have proposed 

a reference frame in which the z axis bisects the angle between the beam 

and reverse target momentum directions in the lepton rest system. Such 

axis should minimize the smearing effects if the primordial transverse 
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momentum distributions of the beam and target quarks are similar. 

Experimentally, the Collins-Soper frame is found to be very close to 

the Gottfried-Jackson reference system. In the n-N interactions at 

225 GeV/c the average angular difference between the two z axes was 

estimated31 to be about 14'. 

The data of the Chicago-Illinois-Princeton Collaboration31 are 

shown in Figure 22. The angular distribution, integrated over the polar 

angle 0, is considerably different in the region of the Drell-Yan 

continuum than for the J/Y resonance. The data are plotted as function 

of the x 1 of the annihilating valence quark of the pion. In each of the 

intervals the form (15) is a good representation of the data, but the 

parameter Q shows strong xl and pT dependence (see Figure 23). The 

deviations of o from the value of a=1 indicate existence of the 

longitudinal polarization of the virtual photon. 

Two possible origins of the deviations from purely transverse 

polarization of the virtual photon has been discussed recently in the 

QCD framework. 

1. First order in os "Compton" subprocesses. in which quark 

interacts with spin 1 glum, were shown21.32 to lead to sin2@* behaviour. 

In this case a non-trivial azimuthal dependence is also expected, and the 

parameter S in formula (16) is relatedll to o through 

B = l-a 
2(3+u) 

The solid curve in Figure 23a representing the prediction of Ref. 21 is 

in good agreement with the data. 

2. Another approach was taken by Berger and BrodskyB3 who 

introduced the.correlations between the valence quarks in the pion 

Mpp>4GeV 
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22. Angular distribution of the dimuons for various intervals of 

the fractional momentum x of the pion antiquark. 
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23. Dependence of the parameter a on: 

a) transverse momentum of dimuons, 

b) fractional momentum x of the pion antiquark. 

calculating the "higher twist" terms of Figure 24. The resulting decay 

angular distribution is predicted to vary strongly with Q2 and "F of the 

virtual photon: 

For fixed values of Q2 the parameter II of Eq. (15) is expected to 

approach -1 as x approaches 1. The prediction is compared with the 

data in Figure 23b. It is important to note that the "higher twist" 

approach predicts 8~0. Therefore, the study of the experimental a 

distributions and their correlations with the polar angle @* behaviour 

as function of M, x and pT, may provide the opportunity to estimate 

the relative size of both first order and higher order contributions. 

8. STBUCTUBE FUNCTIONS AND QUABE DISTBIBUTIONS 
. 

8.1 Parton Model: 

In the parton model the scaling function F(r) depends on the x 

distributions of the individual quarks. In the case of PN 

collisions and neglecting heavy quark contributions, there are six 

unknown functions. These are u(x), d(x), s(x), L(x), d(x) and i(x). 

The 

sea 

the 

antiquarks come only from the sea while the u and d quarks have both 

and valence components. Taking into account the isospin invariance, 

deep inelastic lepton scattering measurements provide3' six equations: 

d(x)+d() +Lx u(x)+;(x) +LX S(X)+i(X) x] 9 [ ] 9 [ I 
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“w;p(x) = 2 x [d(.) + ax)] 

,4P +I 

‘ydp-1 

24. * * 
Diagrams for Mq + qy , r +- 

-+PP used in calculations of 

Berger and Brodsky (Reference 33). 

“WGP(X) 2 = 2 x [dx, + acx;l 

vwp = 2 x [&d - d(dj 

(18) 

Therefore, it is possible in principle to extract the individual 

distributions and fully describe the Drell-Yan process. The same 

arguments may be applied to the QCD type of analysis as described in 

Section 2.5. In practice, however, there is not sufficient overlap 

of the available data on deep inelastic lepton scattering (DIS) in the 

kinematical region of x and Q2 covered by the measurements of the 

lepton pairs spectra. 

8.2 Quark Structure Functions: 

The procedure most commonly applied8*11-13*35 in the QCD 

phenomenology consists of the following steps: 

1. Use the DIS data to extract the parton distributions 

at low Q2 and in the limited x range where the measurements do overlap 

sufficiently. 

2. Assume the behaviour of these distributions in the x 

region not covered by experiments. 

3. Extrapolate these distributions to large values of 

Q2 using the QCD evolution equation. 
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As an example, one may quote the results of the analysis of 

Feynman, Field and Fox, 23*24 who used the quark structure functions 

given in Table I, with smooth transition between small x and large 

x regime. 

TABLE I 

Valence Quarks 

large x small x Sea Quarks 

X" (d (1 -*I 
3 J;; (l-x)2 (l- x)lO 

*d (*) (l-x)4 G (l-xl2 (l-x)7 

*s w -- -- (1 -x)8 

The resulting fit to the u+u- mass spectrum, shown in Figure 25, 

falls about a factor of two too low, but the data can be fitted well 

after the adjustment of poorly known sea distributions.4 

A more direct approach has been taken by the Columbia-Fermilab- 

Stony Brook group, which used experimental measurements of deep 

inelastic electron and muon scattering to extract the sea quark 

strucKure functions. Assuming the SU(3) symmetry, i.e., G(x)=xd(x)= 

G(x) = d(x) , the formula (3) may be expressed by: 

d20pN 
dMdy y=. 

Solving Equation (19) the CFS group has found S(x)= (0.54 f 0.02) x 

8.52 0.1 (1-x) . The CFS group has also tried to relax the SU(3) 

requirements using the following parametrization of the quark 

(19) 
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distributions for all Q2 values: 

d(x) = A(l-x)" 

;(x) = A(l-x)"+' 

6(x) = (ii + ii)/4 

The results of the fits to the final sample of the data 36 are 

given in Table II. 

TABLE II 

A 

n 

a 

X2/DF 

Free Fit 
I 

Z(x) = d(x) 

.62 f .Ol .56 t .Ol 

8.0 t 0.4 9.0 t 0.1 

3.1 ? 0.4 0 

2091154 291/155 

4 
The individual data points for the sea distribution are compared 

in Figure 26a with those obtained in neutrino interactions by the CERN- 

Dortmund-Heidelberg-Saclay group. The most striking feature of the 

graph is the difference, both in shape and in absolute normalization, 

of the two sets of data. It should be noted, however, that the CDHS 

data are measured in rather small Q2 range with the average value being 

Q2- 15 GeV2. On the other hand, the CFS data span rather large range 

of Q2 and the scale breaking effects may, therefore, introduce substan- 

tial distortion of the shape of the distribution. 

0.001 

I I 1 I I I 1 I I I ! 

OVN -/LX (CDHS ) 

---o.l8(l-x)9.5 

I pN -+qiX (CFS) 

- -0.56(1-x)9 

Q’= 15 GeV2 I 

OPN - ,u,iiX (CFS) 

- 0.33(1-x)6.5 

0.0001 1 I I 0 1 I 1 I I I I I 
0 0.2 0.4 0 0.2 0.4 0.6 

s-,s x x h71.11 

26. Comparison of the proton sea quark distributions measured in 

neutrino interactions with those obtained from dimuon data: 

a) analysis of Reference 4, 

b) dimuon data "evolved" to Q2= 15 GeV2. 
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As an example of the size of this effect, the evolution equations 

as implemented by Abbott and BarnettJ7 were used to estimate the values 

of the CFS points corresponding to Q2= 15 GeV2. The results appeared 

to be insensitive to the choice of parametrization of the sea distribu- 

tion; both (l-~)~-~ and (1-x)' dependence resulted in the same 

(within the errors) changes. The new points shown in Figure 26b have 

the same x dependence as the CDHS data. 

The difference of the normalization of the two sea distributions 

obtained from the neutrino interactions and from the muon pair produc- 

tion, remains so far an unresolved problem. A possible explanation has 

been proposed by Altarelli, Ellis and Martinelli, 38 who have calculated 

in the QCD framework the O(a,) radiative corrections to the Drell-Yan 

process. These corrections should be applied when using parton distri- 

butions derived from deep inelastic lepton scattering data. The correc- 

tions were found to be approximately represented by a scale factor K to 

the cross sections estimated using prescription given in Section 2.5. 

In the energy and mass range of existing data, this scale factor K 

varies slowly between 1.8 and 2. It is at present not clear whether 

the radiative corrections will fully explain the normalization discrep- 

ancies of the sea distributions. The calculations of Reference 38 were 

performed for the differential cross section distribution of the lepton 

pairs and are not directly applicable to the comparison of the sea 

quark distributions in Figure 26. The size of the O(os) correction 

poses, however, the question of the relative size and sign of higher 

order terms and their radiative corrections. The complete phenomenolog- 

ical study of the problem has, as yet, not been performed. 

8.3 Pion Structure Function: 

The measurements of the lepton pairs produced by the pfon beam 

allow for the determination of the pion structure function. For a pion, 

it follows from charge conjugation and isospin invariance that the x 

distribution is the same for both valence quarks. Furthermore, in the 

kinematical region covered by the existing experimental data, it is 

usually assumed that the contribution to the Drell-Yan process from the 

pion sea is negligible. In such case, the general form given by 

Equation (1) reduces to: 

AL= 
dkfdxp 

The differential cross section distributionexpressed in terms of the 

fractional momenta x1 and x2 factorizes into the product of two terms 

representing the pion and part of the nucleon structure functions: 

Mcz.LL r 

dxldx2 q f"(xl) gN(x2) I (21) 

where f"(xl) = x1 ?(xl) =nd gNp2) = ix2 uNp2) + ix2 dN(r2)* 

More generally, without neglecting the pion sea, the Equation (21) may 

be written as: 

M2 d2 o - = 
dxldx2 $.$ [ f"(xl) g" x2 + s'(xl) hN(x2)] 9 (22) 

where SB(xl) is the pion sea quark distribution function. 

The pion structure function fv(x) was obtained14*'5*16 from the 

measured muon pair data using the above set of equations with the nu- 

cleon structure function parametrized following the Buras and GaemersJ3 
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analysis of neutrino results. The Chicago-Illinois-Princeton group 

described the data by 

f”(x) = (.90 f .06) Ji; (l-~)~*~'* '06 , 

The Saclay-Imperial College-Southampton-Indiana Collaboration used: 

fn Cd = (2.43-+ .30) IC(I-~)~'~'* 'I8 , 

while the CERN-NA.3 group obtained good fit with 

and 

fT(x) = (.55 +.40? .06 (1-x).3O+ .06 

s" (xl = (.09f .06)(1-~)~'~' "' . 

The three results are in a disagreement with each other as to the 

absolute normalization of the results. After the arbitrary normaliza- 

tion of the three f"(x), as shown in Figure 27, the data points 

measured by these experiments coalesce, indicating that the shape of 

the pion structure function is much flatter than that of the proton. 

There remains, however, a discrepancy in the resulting nucleon structure 

function. Part of this discrepancy may be related to the different 

nuclear target dependence used by various groups (see Section 3.1) and 

resulting different absolute cross sections for the pion induced 

Drell-Yan process. It is also possible that the radiative corrections 

suggested in Reference 38 for the proton produced dimuons have non- 

negligible contribution in the case of nN interaction. More detailed 

study of the nuclear target dependence is expected to resolve this 

uncertainty. 
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27. Pion structure function. 
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It also should be remembered that the correct procedure for 

comparing the structure functions measured in different experiments 

should include the effects of scale breaking. This is illustrated in 

Figure 28 where the pion structure function obtained in the low energy 

experiment40 is compared with the 225 GeV/c CIP measurements. The 

results seem to be quite different. The fit to the 22 GeV/c data 

fs(x) =.69 (I- x)*47 

was then used as input to the evolution equations. The resulting 

curve, also shown in Figure 28, gives a good description of the pion 

structure function at 225 GeVic. 

9 OUTLOOK 

The topic of massive lepton pair production plays at present a 

dual role. On one hand it is one of the most sensitive testing grounds 

of the QCD phenomenology allowing for the detailed comparison of the 

theoretical calculations with experimental data. On the other hand, 

in the framework of the parton model or QCD, it makes possible a study 

of the structure functions of unstable hadrons like pions, kaons or 

antiprotons. New experiments performed at CEKN and Fermilab will 

provide accurate results allowing better determination of pion 

structure function. The question of higher order QCD corrections to 

the Drell-Yan process will be well studied in the 5 induced muon 

production. One may expect the coming year to be an exciting one. 

0.01 

225 GeV’ 
( predic t ion) 

e 22 GeV 

X 225 GeV 
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28. Comparison of the pion structure function at 22 GeV/c and 

225 GeV/c. The 22 GeV/c were fitted with f"(x)= 0.69 (I-x)*~~. 

The curve describing the 225 GeV/c results is the extrapolation of 

the 22 GeV/c fit using the evolution equation. 
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a. Outlook 

In the early experiments at the ISR it was found that the transverse 

momentum spectrum of produced pions followed a steep exponential fall-off 

at low values of pT. Such behaviour was expected from the extrapolation 

of the low energy data. It came therefore as a surprise that in three 

independent experiments IW3 the invariant cross section distribution of 

charged pions was observed to deviate strongly from the e -6pT dependence 

at large pT. This discovery coincided with the advent of the quark- 

parton mode14a5 in which hard scattering of point-like partons was 

expected to produce events with large pT secondaries, and it raised 

hopes that in such processes one had started to probe the structure of 

hadronic reactions at very short distances. The fast paced activities 

which followed during the next few years produced a vast amount of data 

supporting the qualitative features of the parton picture. The quanti- 

tative description of the data required, however, sophisticated exten- 

sions of the parton model, e.g., quark fusion model, Constituent 

Interchange Model (CIM), etc. For the discussion of these models and 

the summary of the earlier data the reader is referred to other review.6-* 

Today the Quantum Chromodynamics (QCD) provides a framework for the 

possible high accuracy calculations of the large pT processes. The QCD 

phenomenology is somewhat more complicated here than in the case of deep 

inelastic lepton scattering or the Drell-Yan mechanism; nevertheless, it 

appears to be quite successful. 

In the first part of these lectures I will introduce the description 

of the large transverse momentum phenomena in terms of the parton model 

and describe the modifications expected from QCD using as an example 



single particle distributions. In sections 4 to 7 I will review the 

present status of available data, the evidence for jets and the future 

prospects. 

2. POINT-LIKE DESCRIPTION OF LARGE p PROCESSES 

2.1 Definitions and Variables 

The basic diagram of the hard scattering process is shown in 

Fig. 1. In such process constituent "a" carrying the fraction x of a 

the parent particle A momentum interacts with the constituent "b" from 

the target. The resulting constituents "c" and "d" then fragment into 

the experimentally observable final state particles, i.e., mesons, 

baryons, etc. Among those particles there is a final state hadron h, 

which tags the event as having a large pT secondary. This hadron h 

carries a fraction z of the parent constituent "c" momentum. In the 

approximation when transverse momentum and masses of the constituents 
L 

inside the parent hadron may be neglected, the subprocess variables s and 

; may be related to the overall center of mass variables by: 
^ 
5=x axbs t 

; = x,t/s ) 

where t and u are defined as: 

.h 

Fc/h(drJ 

$(o+b --c+d) 

Fig. 1. A general. diagram for hard scattering models of large pT processes. 
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The general expression for the differential cross section distribution 

of the large pT process is then given by: 

R$ -~b~dxadxbd2kT~2kTbd2kTc . 
, 

e 

Here functions G represent the probability distributions of finding con- 

stituent a or b in parent particles A and B with corresponding fractions 

of their momenta x aandx. b 
Similarly, function F represents the 

probability that the constituent c will fragment into the hadron h with 
d; 

fraction r of the c momentum. Finally, x describes the cross section 

for the subprocess a + b -t c + d. 

2.2 Simple parton Model 

In 1971 Berman, Bjorken and Kogut calculated4 the expectations for 

the hard scattering process following from the simple parton model. In 

this approach the constituents a, b, c, and d were assumed to be quarks 

and the point-like scattering subprocess was expected to proceed via the 

vectpr gluon exchange. The subprocess cross section 

inserted Into formula (l), resulted in the differential single particle 

distributions of the form: 

&z 
dp3 

- Pin f (+N , (2) 

where rT'2PTIJ;;. The power of the pT dependence, n=4, was in agreement 

with expectations from the dimensional arguments. The formula (2) 

reflected the scaling properties of the parton model, i.e., the function 

f (xT,S) depended only on the dimensionless quantities and was expected 

for large xT to be of the form9-11: 

f (+e) - (l-xT)m * (3) 

In addition, final state particles were expected to form four jets: two 

coming from the fragmentation of the scattered quarks and two from the 

spectator systems of the incoming hadrons. 

The large amount of the experimental information collected during 

the following years at the ISR and in Fermilab showed rather surprising 

characteristics. The data confirmed most of the qualitative expectations 

of the simple parton model, i.e., approximate scaling (see Fig. 2) , 

existence of jets, shape of the scaling function, etc. The single 

particle pT distributions had, however, much steeper fall-off than 

expected: n - 8 for pions and kaons and n -10 + 12 for protons. 

Within the framework of the parton model, two distinct classes of 

remedies of this problem were developed. 

1. The "black box" model. Feynman, Field and Fox had pro- 

posed12,13 that for some unknown reason the hard scattering subprocess 

violates the field theory expectations. d; Assuming arbitrarily YZ ---$, 
dt Sf 

which leads to p i8 dependence of the single particle distribution and 

introducing transverse momentum smearing, they have attained remarkable 

phenomenological success in describing available data while preserving 

the simplicity of the parton model. 

: 
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2. The proponents of the Constituent Interchange Model (cM)~~ 

and also the quark-fusion modells have argued that in addition to the 

quark-quark scattering there are also other subprocesses contributing 

to the data in the kinematical region of the available data. These are 

, 
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XT 1lil.l less, certain elements of these approaches are preserved also in the QCD 

phenomenology. 

the quark-meson and quark-diquark scattering which include as the cross 

term also the quark fusion process (see Fig. 3). For such diagrams the 

dimensional counting rules predicted n=8 for pions and kaons and ~12 

for baryons in good agreement with experimental measurements. The model 

introduced unknown coupling of quarks to mesons and unknown distributions 

of mesons inside the parent hadrons. Its application was rather compli- 

cated due to many possible diagrams contributing to the large pT process. 

Nevertheless, it described most of the available data on single particle 

distributions and correlations. 

More extensive discussion of the above models can be found in 

Reference 7. Both of the above approaches encountered difficulties in 

explaining certain aspects of correlations in large pT events and recently 

were abandoned in favour of the systematic QCD calculations. Neverthe- 
0.05 0.10 0.15 

Fig. 2. Plot of the function f(%,B) for n+, II- and TI' (ref. 35). 
3. QCD DESCRIPTION OF LARGE pT PROCESSES 

3.1 Perturbative Approach 

The arguments used in the discussion of the QCD description of large 

pT events follow the same pattern as those for the Drell-Yan mechanism.16 

Here again possible emission of gluons modifies the parton model calcula- 

tions. In the perturbative approach, it was shownl' that in the leading 

:, :. 
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logQ2 approximation one can factorize the divergent parts ("mass 

singularity") of the contributions to the formula (1) due to the col- 

linear gluon emission. These parts can then be incorporated into either 

distribution functions G(x,Q') for finding quarks and gluons inside the 

parent particle or into the fragmentation functions F(x,Q'). These new 

so-called renormalisation-group-improved distribution functions are 

again the same as measured in deep inelastic lepton scattering experi- 

ments, while the fragmentation functions are the same as measured in the 

+- ee annihilation into hadrons. The procedure is graphically illustrated 

in Fig. 4. The large dimensional quantity Q2, entering the scale 

breaking terms in the perturbative approach, is not uniquely defined for ' 

large pT processes and will be discussed later. 

There are eight elementary subprocesses which contribute to the 

leading power law behaviour; these are qq + qq, sq + iq, i;i + %, qg + qg, 

<I3 + 4& gg + gg, .a + sh and qq * gg. Their cross section distributions 

have the general form 

-; = m2(Q2) ti d; 
dt s ;2 ' (4) 

2 where IA/ have been calculatedl* for all first order in us diagrams and 

are listed in Table I. 

Fig. 3. The diagrams of the Constituent Interchange Model. 
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Fig. 4. Illustration of the diagrams contributing to the renormalisation- 

group-improved a) fragmentation function, b) quark distribution 

function and c) gluon distribution function. 
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The perturbative approach described in Section 3.1 results in the 

form of the differential cross section distributions analogous to 

Eq. (1): 

: 
: 
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3 
Is= (s,pT,e*) = 

dp3 

. 

Q2 - 2zi 

6= t E2 + c= 
, 

,. 
G a/A (xa*Q2)%/B(%*Q ')f $ (a t b + c + d)$Fclh(z,Q2) . (5) 

The scaling, predicted in the parton model, is now violated following the 

pattern of the scale breaking of the distribution and fragmentation func- 

tions. Here, however, in contrast with the Drell-Yan mechanism, the con- 

volution of the three components, each with its own pattern of scale 

violation, prevents the formulation of the intuitive predictions for the 

qualitative behaviour of the single particle distribution. 

There are several recently published papers1y-24 with the phenome- 

nological applications of Eq. (5) to the data on large pT processes. 

In general they follow similar prescriptions, varying in particular 

choices for certain ingredients. As an example I will list the elements 

of calculations chosen by Feynman, Field and Fox.~' 

1. Strong coupling constant. The general form 

as(Q2) - 
12r 

(33 - 2nf)lnQ2/A 

is usually reduced by choosing the number of flavours nf = 4. Although 

the parameter A defining the scale of the perturbative calculations may, 

in principle, be process dependent, it is usually determined in the 

analysis of deep inelastic lepton scattering data and in most of the 

phenomenological applications it is set25 to A - 0.4. 

2. Scale breaking variable Q2. The identification of the 

large, dimensional quantity Q2 is not unique for the large pT processes. 

The difficulty is introduced by the ambiguity between the s and t 

channels of the subprocess reaction a + b + c + d. Feynman. Field and 

Foxly defined Q2 as 

while Combridge, Kripfganz and Banft usedIs 

Q= = 3G , 

At very large transverse momentum of the triggering particle these 

choices are equivalent to the one used by Brodsky, Gunion and their 

collaborators:22r23 

Q= = -;. 

At intermediate pT, however, the various definitions may introduce26 

differences of up to 50%. 

3. Cut-off procedure. The subprocess cross sections listed in 

Table I are divergent for i, t, or u equal to zero. This poses problems 

in the integrations, particularly when one allows for a non-zero trans- 

verse momentum of constituents inside the colliding hadrons. In such 

case the large p 
T secondary particle may originate from hard scattering 

process with small i. In order to remove the singularity, the variables 
^ 
s, E, and ii are usually replaced1y,27 byi++2,~-fand+-~ 

respectively, with Mz = 1.0 Gev 2 . This arbitrary cut-off procedure 

affects the calculations for the low transverse momentum secondaries; 

the effects are, however, negligible for pT > 3 GeV/c. 

4. The quark and gluon distribution functions. In the QCD 

approach, the quark distributions used for the description of large pT pro- 

cesses are the same as those measured in deep inelastic lepton scattering 

(DIS). The relevant range of Q2 is, however, not covered by the existing 

DIS data. Therefore, the effective quark distributions are extracted from 

: 
., ._ 

: -. 
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the data at some fixed value of Q2, e.g., Q2 = 4 GeV2 , and then extrap- 

olated to high Q* values using the QCD evolution equations.*' The 

analysis of ep or up data is relatively insensitive to the gluon distribu- 

tion inside the proton. The gluon distribution function is assumedly to 

be of the form Gg,p (x,Q2 = 4 GeV2) = (1 + 9x) (1 - x)~. The total 

momentum carried by the gluons, represented by the integral of G 
P/P' 

is 

equal to 50% of the proton momentum. 

5. Fragmentation functions. Here again the fragmentation 

functions are expected to be the same as measured in the e+e- annihila- 

tion into hadrons and to follow 2g the pattern of scaling violation 

similar to that of distribution functions. The e+e- data are not yet 

sufficient for their good determination. Feynman, Field and FoxI 

assumed the shapes of the quark fragmentation functions, at the reference 

value of Q* = 4 Gev=, as given by their analysis of the data.30 An 

example of the Q2 dependence of Fu,,, is illustrated in Fig. 5 together 

with the gluon fragmentation function (assumed to be F 
g/h 

- (1 - 2)2/z). 

The resulting single particle spectrum, calculated using the above-listed 

ingredients, does not scale. It can still be parametrized by the formula 

(2) but the effective power n depends now on the range of the transverse 

momentum and x T' The changes of the parameter n introduced by the scale 

violating effects of each component of the calculation are illustratedly 

in Table 2 for the reaction pp+n'X in the range 2 < p _ T 2 10 GeV/c and 

yr = 0.2. 
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Fig. 5. Scale breaking behaviour of the fragmentation functions used by 

Feynman, Field and Foxl' for the up quark and gluon. 
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TABLE 2 

"eff I 

No scale breaking 4.0 

as(Q2) 4.8 

G(x,Q*) 5.0 

F(z,Q*) 5.8 

So far, there is an agreement among the theorists31*32 as to the 

correctness of this procedure of how to introduce scale violations 

although there are arguments about the details. There is still a sub- 

stantial freedom in parametrization oL c the distribution and fragmentation 

functions in particular those concerning gluons. The overall philosophy 

seems, however, to be generally accepted. The terms discussed so far 

are expected to dominate the hard scattering processes at very large 

transverse momentum. The value of n = 5.8 is still, however, in clear 

disagreement with experimentally observed n = 8. It is obvious, there- 

fore, that in the framework of perturbative QCD the first order diagrams 

alone are not sufficient to explain the shape of the measured single 

particle pT distributions and that the higher order terms are needed. 

3.3 Higher Order Effects 

There are in the literature two main approaches to the problem of 

estimating higher order corrections to large pT processes. 

1. Higher Twists or "Northern California School." Jones, 

Gunion and Brodsky and their collaborators22,'z advocate that the domi- 

nant contribution in the pT range below pT - 10 GeV/c comes from the CIM 

type of diagrams, which in the QCD language are called higher twists. 

The subprocess cross sections for those diagrams 

d; 
;i;; su 

yield the pT -8 
dependence of the single particle distributions. The 

results have characteristic features similar to those of the Constituent 

Interchange Model but the calculations are now performed in the QCD frsme- 

work. The phenomenological analysis of the large pT data performed by 

Jones and Gunion does not, however, take into account the Q* dependence 

of the first order QCD diagrams. This may lead to the overestimation of 

the size of the higher twist contribution because the precise normalisa- 

tion of the CIM terms is uncertain. 

2. Transverse Momentum Smearing or "Southern California 

School." Feynman, Field and Fox argue that all the higher order terms 

may be approximated by the assumption that partons inside colliding 

hadrons have non-zero momentum kT. This transverse momentum has two com- 

ponents: 

i) The primordial kT due to the confinement of partons 

inside the hadrons. It is intrinsic to the basic 

parton wave function and is related through the 

uncertainty principle to the radius of the confining 

particle. 

ii) The effective lql. due to the wide angle gluon brems- 

strahlung. In the perturbative QCD approach it cor- 

responds to the 2 + 3 particle subprocess. 

Both components, illustrated in Fig. 6, occur simultaneousiy and in 

the practical calculations are described by the single gaussian function 

with rather large < 
5'. The same arguments apply also to the 

-. 
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fragmentation of partons into hadrona. The values of the parameters, 

suggested by the dimuon data, are: 

in the distribution functions: <kT = 848 MeV/c ; 
h-T 

in the fragmentation functions: <kp> = 439 MeV/c . 
s”h 

The introduction of large kT smearing is somewhat controversial as the 

results become very sensitive to the cut-off parameters. It has also 

been pointed out33 that the use of the off-shell kinematics greatly 

reduces the effects of \ smearing. Therefore, one should interpret the 

large values of intrinsic +I > not as a measure of the real transverse 

momentum of partons but as a phenomenological modeling of the neglected 

higher order terms such as 2 -+ 3 subprocesses, higher twist terms, etc. 

In such an interpretation the values of the <kT> parameters depend on 

the method of calculations. 

Each of the above approaches is relatively successful (with some 

exceptions, as discussed in the next section) in describing existing 

data. The indications are, that they are complementary and that the 

elements of both are needed. The question of the relative sizes of the 

effects will be answered when higher order terms in as contributing to 

the large pT process and the radiative correctionsS4 are calculated. 

Such corrections are important in the QCD phenomenology of the massive 

lepton pair production and presumably are also important here. 

(a) Type I : kL Intrinsic to Wavefunction 
Trigg?r Ouork 

)Q, 
i 
t -Basic 2-2 subprocess 

Q$J *>,$ 
.? Proton Beom -5 

Froqmenls 01-l 
i ’ fl? Proton Torgel 

Qd 

low lx,,l 
l-. Away Side 

I, Beam and Torgel Jets <p*>#O 
---w quarks 

- gluons 

(b) Type II : “Effective” IQ due to Bremstrahlung 
Qcf Trigger Ouork 

L Profon Beom Proton Target 

k-Away Side 

I!-,9 B Beom and Target Jets cp,>=O 

Fig. 6. Illustration of the two components of kT smearing. 

: 

4. SINGLE PARTICLE DISTRIBUTIONS 

In most experiments the transverse momentum spectrum is measured 

for the particles emitted near 90' in the c.m. system. The signal is 



expected to be clearest there and least affected by the kinematical 

effects near the phase space boundary. There are also existing some mea- 

surements of the pT spectra at lower c.m. angles, the angular dependence 

of the distributions is not, as yet, well known. 

4.1 Pions and Kaons 

Until last year the available data were limited to the pT range 

below pT- 8 GeV/c and xT < 0.7. The results showed very good scaling35 

within the systematic uncertainties of the experiments. They were SUC- 

cessfully described by the parametrization 

d30 E-=Ap 
dp3 

; (I. - x,Jm. (‘3) 

The values of the parameters n and m varied36,37 between n -8 C 9, 

m - 9 i 10 for the charged mesons. These values were in agreement with 

the predictions of the dimensional counting rules. The exceptions were 

quoted recently38,3g for the scaling function of the r" production with 

somewhat flatter xT distribution, m- 5. Presumably, they result from 

fitting the data at rather small xT values and do not present problems 

for,the dimensional counting rules, which apply for xT near 1. 

Last year the first ISR measurements became available38p40,41 

extending the range of the ro spectra to pT = 16 GeV/c. The results 

presented in Fig. 7 show substantial deviations of the invariant cross 

section from the trend observed at lower pT values. 

The three sets of data differ by about a factor of 2 in the large 

pT region; nevertheless, all three present similar trends. The depar- 

ture from the p-," behaviour is best illustrated in Fig. 8 by the 

~0 - T' + Anyhg 

. Ji:V.? cm 

‘ JTz53.1 CCOR 
" A:62.4 cm 
* Jfz62.4 CCOR 

a 

A=63 Cd 
. csz 
o CCOR 
. 02Eics 

Fig. 7. Transverse momentum distribution of r"'s produced in pp collisions. 

The lines drawn are the extrapolations of a) fit to the low pT data .' 

(PT < 1 GeV/c) and b) fit to the intermediate p T data (1~ pT< 5 GeV/c). 
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Fig. 8. Effective power "eff dependence on 3 for the no production at the 

ISR. 

compilation of values of the effective power n 
eff obtained in these 

experiments at different values of 
yr * The "eff shows a systematic 

decrease from neff - 8.5 at y. = 0.1 to neff - 4 i6 for xT > 0.3. This 

behaviour is, of course, expected in QCD. It reflects the diminishing, 

with increasing pT, contribution of higher order effects (kT smearing or 

higher twist terms) and the emerging dominance of the first order dia- 

grams. The examples of phenomenological description of the pion spectrum 

by the two approaches discussed in Section 3.3 are shown in Figs. 9 

and 10. 

4.2 Protons and Antiprotons 

The data available until now are limited36,37 to pT s 7 GeV/c. For 

antiprotons they are well fitted by the formula (6) with n - 9 and 

m - 14. For protons, the British-Scandinavian Collaboration at the ISR 

obtained the value of n = 10.38 + 0.34 which is substantially smaller than 

n = 11.8 measured by the Chicago-Princeton group at Fermilab. Both experi- 

ments reported similar values of m I 7.3. The new round of experiments 

under way now, hopefully will resolve this discrepancy. The steep fall- 

off of the baryon spectrum is again compatible with the expectations of 

the CIM or higher twists approach, but creates problems for the proponents 

of the k,T smearing. Feynman and Field speculate that at these relatively 

small pT values, the baryon production may be still dominated by other 

than hard scattering p.rocesses and that the extension of measurements to 

larger transverse momentum is needed for testing the QCD phenomenology. 

The results have, however, a much more natural explanation in terms of the 

CIM approach. 
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4.3 Eta 

Several experiments measured42-44 the inclusive spectrum of n at 

large pT as a.by-product of the study of r" distributions. The data 

show that the n spectrum is parallel, within statistics, to that of the 

~0. The ratio of n/~o production as function of transverse momentum is 

shown in Fig. 11. It is compatible with the value of about n/no = 

0.5 in the range 2 ( pT (11 GeV/c. 

4.4 Particle Ratios 

Even though in pp collisions the powers n of the transverse momentum 

dependence of outgoing rr+ and r- mesons are, within errors, the same, 

their relative yield varies with pT. This is due to the different 

shapes of the f(xT,e*) functions. In the QCD calculations of the first 

order diagrams, these functions depend on the quark and gluon distribu- 

tions. In the CIM approach, they are related to the initial meson dis- 

tributions inside colliding hadrons. Both phenomenological approaches, 

discussed in Section 3.3, encountered some difficulties in describing 

the data. In pp collisions the steep pT distributions of produced 

baryons is reflected also in the corresponding particle ratios. The kT 

smearing model of higher order terms did not reproduce successfully pub- 

lished results. In contrast, the data were in agreement with the CIM 

expectations. On the other hand, the Chicago-Princeton group measured45 

recently the ratio of n+/n- for the incoming r- beam. The data, shown 

in Fig. 12, are almost an order of magnitude below the CIM predic- 

tions.22 This disagreement indicates a substantial overestimation of the 

higher twist contributions to the large pT processes, at least in rp 

reactions. 
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Fig. 11. The ratio of n and no cross sections as function of pT. 
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Fig. 12. The pT dependence of the ratio of the cross sections for n- and rr+ 

produced in n-N interactions at 200 &V/c. 

4.5 Beam Ratios 

In contrast to particle ratios, which depend on both distribution 

and fragmentation functions, the heam ratios are related mainly to the 

quark content of the incoming beam, In Fig. 13 are presented the data 

from the Caltech-UCLA-FNAL-Illinois-Indiana collaboration experiment,46 

which measured the ratios of single particle and jet production for 

various incoming beams. Several observations can be made here: 

1. The beam ratios for single particle and jet production are 

similar. The scale factor of -0.8 is compatible with value expected from 

the models of the fragmentation function.lg 

2. The shape of the p/n- ratio reflects the differences of 

the proton and pion structure functions. At low pT, it is approximately 

equal to the ratio of the pN and aN total cross sections and then falls 

sharply with increasing transverse momentum. This behaviour is compatible 

with the observations made in the studies of massive lepton pair produc- 

tion,16 that the average fractional momentum of the valence quarks in the 

pion is larger than that of those in the proton. 

3. From the observation that R(K/n) - 1 one may deduce that the 

structure function of the kaon is similar to that of the pion. 

4. Finally, the ratio R(F/p), which is consistent with 1 in 

the pT range below 5 GeV/c, confirms the QCD expectations that the anni- 

hilation subprocesses q+gg and qq-+M!l have small contributions to the 

large pT processes. 

4.6 Direct Photons 

In the framework of Quantum Chromodynamics a real photon has a 

pointlike coupling to a quark. As a result, there are several possible 
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Fig. 13. Beam ratios as function of transverse momentum. 

ways to produce a direct y. In every QCD diagram with the "final state" 

gluon, one can replace the glum by a photon changing simultaneously in 

the corresponding formulae the strong to electromagnetic coupling con- 

stant: CL + a s QED' The first order graphs are now similar to those for 

the Drell-Yan mechanism with largest contribution from the "Compton" 

scattering qg + qy (see Fig. 14). The annihilation process is expected 

to be important in sp, Kp and Fp reactions but is small in the pp col- 

lisions. In addition, direct photons may be produced47 through the 

bremsstrahlung from the scattered quark or through the higher order 

processes of the CIX type. The CIM term lead to the p$ dependence of 

the v/n ratio. 

The rate of the y production is suppressed with respect to, e.g., 

ro emission, by the ratio of the coupling constants a QED/as. On the 

other hand, direct photon is not subjected to the fragmentation Rrocess 

which introduces trigger bias discussed in Section 2.4. One may expect, 

therefore, the two effects to cancel resulting in the measurable y/no 

ratio. Experimentally, however, the study of direct photon production 

is vary difficult due to large backgrounds from IP, 'I, etc., decays. 

Recent48,4g,80 results for the y/no ratio, shown in Fig. 15, illustrate 

these uncertainties. The data indicate the rise of the y/no ratio with 

increasing transverse momentum. The energy dependence of the effect 

remains, however, unclear mainly due to the difficulties of relative 

normlisation of various experimental results. 

In both ABCSY and FNAL-John Hopkins experiments the v/no ratio 

showed a trend of an increase with increasing c.m. energy. Such behav- 

iour is consistent with the QCD expectations. 

iO? 





Also shown in Fig. 15 are the results of two theoretical calcula- 

tions. The solid line describes the lowest order QCD calculations of 

Contogouris et al.26 The dashed curve is the prediction of Riickl et al.47 

who included also the CIM terms in their calculations. The large system- 

atic errors of the experimental measurements preclude a quantitative com- 

parison of these curves with the data points. It is, however, evident 

that the direct photon signal is observed at the level expected in QCD. 

5. NUCLEAR TARGET DEPENDENCE 

Since the density of a heavy nuclear target is much higher than 

that of the hydrogen, nuclear targets are often used to study the low 

cross section processes. It is then an experimental problem of how to 

extract the cross section of a given process on single nucleon from the 

measurements involving heavy nuclei. It has been observed in several 

different experiments that the cross section has, to a good approxima- 

tion, a power law behaviour as function of the nuclear number A: 

o = o,Ao 

In coherent processes, e.g., diffractive production, where one expects 

shadowing effects to exist, the value of (1 =Z Z/3 is both observed ex- 

perimentally and expected from the Glauber theory. On the other hand, 

for hard scattering processes involving partons, one does not expect any 

shadowing to occur. The incoming set of partons should see the target 

as an ensemble of point-like constituents with their numbers proportional 

to the number of nucleons, i.e., a = 1. Such behaviour is indeed observed 

for the Drell-Yan mechanism. 

The experimental measurements of the parameter a for the large pT 

process are shown36 in Fig. 16. The value of CI riseswith increasing 

transverse momentum. In contrast, however, to the lepton pair produc- 

tion it exceeds 1 for pT > 2 GeV/c. The maximum value of a, measured so 

far, depends on the particle studied and is equal to 1.15, 1.3 and - 1.45 

for the final state pions, kaons and protons respectively. As can be 

seen in Fig. 17, the rise with pT is even more dramatics0 for jets. 

It depends also on the beam particle and is less pronounced for the pion 

than for the proton beams. It should be remembered that the difference 

in a of - 0.45 translates into an order of magnitude variation of the 

cross section extracted from the tungsten target. 

It has been suggested51 that this phenomenon, known also as the 

anomalous nuclear enhancement, is due to the large transverse momentum 

of colliding partons. An experiment registering single particles would 

preferentially select such configurations in which the parton +i$. points 

towards the trigger. The trigger bias may be thus sensitive to the 

variation of the parton transverse motion in different nuclei although 

it is not clear why it should be different for various particles. This 

trigger bias may be eliminated by measuring synnnetric, back-to-back pairs 

of particles. The experimental results on symmetric dihadron production 

are not clear. The Columbia-FNAL-Stony Brook Group reported52 values of 

a close to 1 for such triggers, while the Purdue-Michigan-FNAL Collab- 

oration observed53 in a somewhat different angular region that a > 1. 

As the consequence of this model one may also expect that the influence 

of the transverse motion is smaller for the symmetric jets of particles 

because the fragmentation process with its $ smearing would not affect 

: 
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the results. The anomalous nuclear enhancement is, however, even 

stronger for jets than for the single particles and recent results of 

the experiment E-260 at Fermilab show54 the value of a 15: 1.5 for the 

symmetric pair of jets with pT let = 5 GeV/c (Fig. 18). 

More promising seems to be the recent proposa155-57 that the large 

values of a result from multiple scattering of partons inside nuclei. 

The intrinsic time scale of hard processes requires the outgoing quark 

or gluon to fragment well outside the nucleus. Therefore, it has the 

opportunity for multiple interactions. Krzywicki, Engels, Petersson and 

Sukhatme57 have calculated the nuclear dependence of such an effect in 

the framework of QCD. The general series: 

aAla = A + clA413 + c2A513 f . . . 

arises from final state interactions with 0, 1, Z,...nucleons in the 

target. Its coefficients depend on the colour factor of the partons. 

The effective values of a calculated from the first order QCD diagrams 

are listed in Table 3 for quarks and gluons. 

TABLE 3 

As can be seep, the gluons (colour octet) interact more strongly than 

quarks and as a result the fraction of final state gluon jets is greatly 

enhanced in heavy nuclei. For example, for the uranium target and 

a 1.5- 

. 

0 HIGH BIAS (b) 

0 LOW BIAS DOUBLE- JETS 
o MINIMUM BIAS 

PROTON BEAM 7~- BEAM 
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12345601 2 3 4 5 6 7 

PjET (GeV/c) ,113AIJ 

Fig. 18. The power a of the nuclear dependence versus pT for the double jet 

production in experiment E260 (ref. 54). 
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4 * 1.5, i.e., pT > 7 GeY/c, about 90% of all jets are due to the gluon 

fragmentation. 

Of course, there may be other sources of the anomalous nuclear 

enhancement which contribute to the same pT region. The calculated size 

of the multiple scattering effect promises, however, an opportunity to 

study for the first time the parton-nucleon collisions. 

JETS 6 . 

In the parton picture of large pT processes, the scattered quark or 

gluon is expected to fragment5* into several particles. The process of 

evolution of constituents into hadrons is not, as yet, well understood. 

It is usually assumed30,5B that the outgoing quark carries a colour 

field in which the quark-antiquark pairs are created. The process, illus- 

trated in Fig. 19, results in a cascade of mesons among which there 

may be also resonances. The final state particles are expected to have 

limited transverse momentum with respect to the direction of the original 

quark and the ensemble of all those particles is called a jet. 

If one neglects the correlations induced by the colour conservation, 

the sum of the jet particles should represent the global features of the 

original quark, i.e., the sum of the momentum vectors and energies of 

all the final state particles should roughly correspond to the momentum 

and energy of the parent quark. Therefore, if one is able to identify 

among all hadrons in the final state those which belong to a particular 

jet,one may study the properties of the constituents. 

In the old parton model one expects four jets: two from the 

scattered quarks and two from the fragmentation of the spectator system. 

q 
(-,I”’ hl 1 

<q2.2 h2 I 

(-; h3 1 

Fig. 19. Graphical illustration of the cascade fragmentation of quark into 

m?sons. 
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In Quantum Chromodynamics, the situation is somewhat more complicated.5g 

First, one of the scattered constituents may be identified with a gluon. 

The gluon fragmentation is generally assumed to proceed vja the creation 

of the q;i pair with each quark fragmenting independently. Intuitively, 

one expects therefore, that the jets due to the gluon fragmentation have 

higher multiplicity and consist of lower momentum particles than jets 

from the quark fragmentation. The second complication is due to the 

emission of gluons before or after the hard collision. The decay products 

of collinear gluons may coalesce with jets from the constituent decays 

leading to broadening of the size of the observed system. Finally, the 

large angle emission of gluons, i.e., the Z-+3 elementary subprocess, is 

expected to lead to the additional, well separated jet in the final state. 

The frequency of, such "five jets" events should be suppressed, however, 

by the power of a,(~,) with respect to that of the "four jets" events. 

6.1 Trigger Bias 

In order to understand the relation between the single particle and 

jet distributions it is important to discuss here the so-called trigger 

bias effect.60s61 I will follow the example given by Ellis, Jacob and 

Landshoff61 for the simple parton model. In the first approximation 

most of the arguments apply also to the QCD approach. 

Let us assume that there Is only one kind of a quark and that the 

fragmentation function of this quark into hadrons, F(z). scales. 

If one ignores the transverse momentum of the fragmentation products 

with respect to the quark direction, the inclusive cross section for the 

production of a hadron of large transverse momentum pT at 90° in c.m.6. is: 

15 

do 
dpT= 

(7) 

Pjet > 
f 

T 
p 

dP$= --$~:.,,s,, (pT - a,',> , 

T 

where da/dPjet is the cross section for the production of a jet with the 

momen and is usually parametrized as: 

-$k= 
T 

(pje:)n-l ' 
T 

The integrated form of Eq. (7) is 

do - A 
dpT= n-l J- 

dz r. n-2 F(z) 

pT 

There are two observations to be made here. First, that the pT 

dependence of the single particle distribution has the same60 power n as 

that of the parent jet. Second, that due to large n, the values of z 

close to 1 contribute most to the single particle cross section. This 

means that the triggering large pT particle carries most of the jet 

momentum. 

For the numerical estimate of the size of the trigger bias effect, 

it is necessary to describe the fragmentation function. The simple 

parametrization61 

1 
F(z) = -- (1 - zjm 

m+l z 

yields after integration of Eq. (8): 

do cons t . 
dpT5 n-l 

PT 
1 

m!(n - 3): 
(m + l)(m + n - 2)! t ' 

For the canonical values of m and n discussed in section 4, i.e., m E 2 

and n = 9, the expression in the curly bracket is equal to l/ 756’ 

“’ 
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That number represents the suppression of the single particle cross 

section with respect to the jet cross section due to the trigger bias. 

Of course, the fragmentation function may have, in general, more 

complicated structure, e.g.,' 

The experiment E260 has in addition a magnet allowing for the measurement 

of the particles' mmenta (see Fig. 20). Both E26O and E395 have a 

major drawback of being unable to avoid the trigger bias introduced by 

the finite size of the calorimeters. In both cases some of the jet 

F(z) = B(l - z)~/z -I. K6(1 - a) + 1 + . . . , 

where the additional terms correspond to configurations in which the jet 

fragments into one particle only, two-body resonance, etc. 

In QCD, the fragmentation function F(z) is not expected to scale. 

Therefore, the jet cross section does not have necessarily the same 

shape as the single particle distribution. Nevertheless, in spite of the 

small deviations introduced by the scale violation and the complications 

arising from the summation of many terms, the global effects of the 

trigger bias are expected to remain unchanged. 

particles may remain undetected if they are emitted outside the angular 

acceptance of the apparatus. On the other hand, some of the particles 

not belonging to the jet, e.g., originating from the spectator jets, may 

enter the calorimeter thus increasing the measured energy. The analysis 

of the data involve, therefore, rather complicated, model dependent 

Monte Carlo simulations. Since the raw measurements of the two experi- 

ments are corrected for different and somewhat complementary biases, it 

is quite encouraging to notice that the final results are similar. 

In Fig. 21 is presented the comparison of the cross section46 for 

the jet production measured in the experiment E260 with that of the single 

particle data obtained by the Chicago-Princeton group.36 The effect of 

the trigger bias is clearly seen. The jet cross section is more than two 

orders of magnitude higher than the pion data. The absolute cross section 

estimates of experiment E395 agree, within factor of four, with the E260 

results. Also shown in Fig. 21 are the QCD calculations" of the jet 

cross section. The two curves, which correspond to the production of 

jets of a given energy or transverse momentum, differ by a factor of about 

15. This difference reflects the uncertainty in the QCb phenomenology 

whether the relevant variable is the energy or momentum of the jet par- 

tides. The sum of the masses involved is usually of the order of 1 GeV 

and due to the steeply falling distributions, it introduces a substantial 

variation in the estimates of the jet cross section. 

6.2 Jet Experiments 

There are at present three experiments at Fermilab which have trig- 

gered on large pT jets. TWO of them (E260 and E395) have already published 

some of their results, while the analysis of the third (E236) is still in 

progress. The details of those experiments have been recently exten- 

sively reviewed,6*.63 therefore I will comment only on their main features. 

The jet experiments select events with large transverse energy 

E > E. carried by the set of particles travelling together. Such triggers 

are obtained with the help of calorimeters. The tracking and particle 

identification devices situated between the target and the calorimeter 

provide &he measurements of the number and type of particles in the jet. 
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Fig. 20. The layouts of the jet experiments, a) E260, b) E395. 
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Fig. 21. Invariant cross section for pp+jet + X compared with single particle 

data of the Chicago-Princeton Collaboration. Also shown are the 

results of QCD calculations described in text. 
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7. JET STRUCTURE OF LARGE pT EVENTS 

In the parton model description of the large pT processes, depicted 

in Fig. 1, ong expects four jets. The two spectator jets should fol- 

low the directions of the beam and the target in the c.m.s. and the two 

jets from scattered constituents, called the "towards" and "away" jets, 

should balance the transverse momentum of each other. Such picture is 

only slightly modified in the QCD approach and the main effort of the 

past few years has been directed towards the identification of those four 

jets.64 While the study of each individual jet provides the information 

about the process of fragmentation of constituents into hadrons, the 

tests of the description of basic interactions may be obtained only by 

studying the correlations among the jets. 

The separation of particles belonging to a particular jet is not, 

however, straightforward. To illustrate the problem, in Fig. 22 is 

presented the density of particles associated with a large pT trigger at 

90" in the c.m.s. obtained by the British-French-Scandinavian Collabora- 

tion6' at the ISR. This density is normalised to the same distribution 

obtained without requirement of the large pT trigger (minimum bias events) 

in order to take into account the acceptance problems. As can be seen 

there is a small but distinct bump around the direction of the trigger, 

which corresponds to the towards jet. The broad enhancement on the 

opposite side represents a superposition of many away jets emitted at 

different c.m. angles. The strong overlap of the particles belonging to 

different jets, in particular those with small pT, makes the separation 

of jets somewhat model dependent. Therefore, one should take the numeri- 

cal results of the jet studies always with a grain of salt. 

RAPlWV 

l* R (y.9) for ossoclated particles 
with pr z OSGeV/c 

-., ;-. : 

Fig. 22. The average distribution of charged particles with pT < 500 MeV/c in 

large pT events relative to the distribution observed in minimum 

bias events. Also showm are the definitions of variables used in 

jet analysis. 
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Also shown in Fig. 22 are the definitions of some of the variables 

used in the jet studies. The two azimuthal regions containing the scat- 

tered jets are usually defined as A$ = f(30° I 40') around (towards) or 

opposite (away) to the trigger. The total momentum of the jet is defined 

as the sum of momenta vectors of its fragments is jet = i Gi. For each 

individual particle in the away trigger the pout and p describe the x 
components of transverse momentum out of the trigger plane and balancing 

the momentum of the trigger jet respectively. In cases when the trigger 

and away jets have equal momenta, the reduced component of p, : % - 

Px'Pjet is equivalent to the variable z used in fragmentation function, 

while pout describes the intrinsic parton transverse momentum. 

7.1 Towards Jet 

The evidence for the towards jet, although clearly seen in Fig. 22, 

is somewhat better documented in Figs. 23 and 24. The azimuthal dis- 

tributions of charged secondaries associated with large pT (p, > 7 GeV/c) 

neutral pion (see Fig. 23) show66 strong peak at the azimuth of the 

trigger. The effect is practically independent of the pT and the rapidity 

of the trigger. Similarly, the secondaries in the same hemisphere are 

correlated with triggering particle in rapidity (Fig. 24). The range 

of these correlations allows for the estimate of the size of the towards 

jet as Ay - fQ.75 and A$ - +(30° i 45'). It should be remembered, however, 

that the jet is distorted by the trigger bias, which preferentially 

selects narrow configurations. 

The effective mass distributions of the triggering particle and of 

the identified secondaries, shown in Fig. 25, display prominent peaks 

TOWARDS 
0.1 -c pT c 1. a) 

AWAY 

0.3 < PT c 1. 

2. < py < I. 2. < PT < 3. 

3. < pT < 4. 3. ( PT ( 4. 

-n/z 0 nt2 712 n 3n12 

Fig. 23. Azimuthal correlation of charged particles relative to triggering 

ll o on a) same side and b) away side. The plots correspond to 

1 GeV/c intervals in pT of the charged particles. The transverse 

momentum of trigger no is pT > 7 GeV/c (ref. 66). 
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corresponding to oo, K* (890), A++(l236), etc. The resonances production 

is responsible, however, only for a small fraction of the large pT trig- 

gers . For example, the British-French-Scandinavian Collaboration esti- 

mated67 that only about 12% of the charged pions in the pT range 2.2 5 

pT (3.0 GeV/c originate from the p" decays. Nevertheless, the relative 

yield of resonances is comparable to that of e.g., pions at the same value 

of transverse momentum. This is due to the fact that the invariant dis- 

tribution is a steeply falling function of pT and even small Q values of 

the resonance decay lead to big corrections of the measured cross sec- 

tions. The ratio of the cross sections of p'&(v+ + v-) was found to be 

compatible with 1 for pT > 2 GeV/c. Similarly the CERN-Saclay group 

measured6e (p+ + p-)/no = 1. In addition to the results mentioned above, 

also the observation of strong same charge correlations (see Figure 24) 

indicates that the production of resonances is not sufficient to explain 

the origin of all large pT triggers. 

Having established the existence of the towards jet we can turn now 

to the problem of its properties. The studies are, however, difficult 

because of the trigger bias and because the number of associated particles 

clearly distinguishable from the background is small, usually of the order 

of few percent per event. The methods used vary from group to group. 

They include in general the three following steps: 

1. selection of candidate particles by, e.g., rapidity, 

azimuth and p T cuts ; 

2. estimate of the jet axis, e.g., as a vector sum of momenta 

of selected particles; 

3. estfmate of the background, e.g., by mixing tracks from 

different events. 

The results depend, of course, on the details of the procedure, accep- 

tance, cuts, etc. The answers obtained by different groups are, however, 

in the same ballpark. The distribution of transverse momentum of the 

particles with respect to the jet axis, kT, exhibits a smooth exponential 

behaviour (see Fig. 26). The exponent of this distribution measures 

. . . . . 
'- 

the average value of kT. The values of <kT7 = 386 +7 MeV/c for all neutral 

secondaries and < kT> = 589 +14 MeV/c for charged secondaries, observed by 

the CERN-Saclay group may be compared with <kT> = 520 ?50 MeV/c esti- 

mated by the British-Scandinavian Collaboration. 

The distribution of z, the fraction of the jet momentum carried by 

each of its components, was observed to scale in most of the experiments. 

The exception was quoted by the CCOR Collaboration6g which found the 

average value of <a> decreasing with pT of the trigger. 

7.2 Away Jet 

The evidence for the away jet is not so clear as in the case of 

towards jet. As has been seen in Figs. 22 and 23b, there is an apparent 

azimuthal correlation in the direction opposite to that of the trigger. 

Such tendency of back-to-back configuration may result, however, from 

the transverse momentum conservation in the experiments with incomplete 

solid angle coverage or in which certain particle types remain undetected. 

In such case, illustrated in Figs. 27a and 27b, the trigger preferentially 

miss selects events with smaller missing transverse momentum pT . In order 

to correct for the possible experimental bias the A'BCS Collaboration 

z ,. 
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studied70 the correlations of the large pT ro pairs in terms of the 

miss total energy radiated transversely ET = p$ C p; + pT . The results, 

shown in Fig. 27~ indicate a strong coplanarity of the two vo's at 

large values of their transverse momentum. Also here, the enhancement 

in the azimuthal distributions is limited to - ?(30' - 45') around the 

direction opposite to the trigger. 

It is, however, not easy to localise the away jet in rapidity. The 

density of particles opposite to the trigger (see Fig. 22) shows a 

broad enhancement which covers the range of +3 units of y independently 

of the rapidity of the trigger. In the parton model this behaviour is 

explained by a Lorenz boost of the two collinear jets from their own q5 

rest frame to the overall c.m. system. The direction of the towards jet 

is fixed by the experimental trigger and the observed enhancement on the 

opposite side is the result of superposition of many away jets. In order 

to find those jets on the event to event basis, the CERN-College de 

France-Heidelberg-Karlsruhe Collaboration proposed71 a procedure in which 

a particle with largest pT opposite to the trigger is selected as the 

most likely candidate for the leading particle in the away jet. The 

remaining particles show then strong rapidity correlations with such "jet 

leader." The range of the correlations, illustrated in Fig. 28, spans 

about ~0.75 units of y and is similar to the width of the towards jet. 

It is Important, however, to remember that this procedure introduces . 

also here the trigger bias similar to that of the towards jet. 

After establishing the evidence for the existence of the away jet, 

one may review its characteristic features. In general, they are similar 

to those of the trigger jet. 
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Fig. 28. Rapidity distribution for charged particles with pT > 0.5 CeV/c on 

the away side when the "jet leader" is first seen with its rapidity 

in the shaded area (ref. 71). 
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i) The pattern of correlations shows presence of close pairs 

of large pT particles. Both neutral and doubly charged 

configurations are present and the resonance production, 

although present, does not dominate. 

ii) The distribution of particles inside the jet appears to be 

symmetric around the jet axis. The transverse momentum 

with respect to the jet axis is compatible with being 

gaussian with the average value of kT in the range of 

'V - 450 + 600 MeV/c. 

iii) The average multiplicity of the particles in the jet is 

consistent with logarithmic increase with the jet momentum. 

iv) The fragmentation of the jet is usually well described by 

an exponential function 

with the slope B independent of the trigger momentum (see 

Fig. 29). The value of the slope depends, however, on 

the type of experiment and method analysis and may be also 

energy dependent. It is found to be B = 4.6 in the FNAL 

jet experiment72 and B = 7 at the ISR.73 The ISR experi- 

ment of A2BCS group has found also an evidence for the jet 

fragmentation into the single particle occurring at the 

level of about 1%. This observation may be interpreted 

both as the argument for the existence of the CIM term and 

as the estimate of the size of their contribution to the 

away side jet. Such an estimate is nevertheless biased by 

the effects of the trigger on the towards side. 
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Fig.29. The constituent fragmentation distribution into no measured by the 

A'BCS Collaboration. 
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Several groups observed74,75 a qualitative agreement of the global 

features of the away jet with those characterising jets measured in e'e- 

annihilations and deep inelastic lepton scattering. In large pT processes 

substantial fra:tion of final state jets is expected to be due to gluon 

decay. In contrast, in e+e- annihilations and up interactions, the final 

state jets are dominated by the fragmentation of quarks. The similarity 

of the various jets, if it is not accidental, i.e., if it does not result 

from the model dependent correction procedures applied during the analysis 

of the data, indicate that there is little qualitative difference between 

the quark and gluon jets. The experiments with much larger pT of the 

triggers and cleaner separation of jets are needed for more quantitative 

study of this problem. 

7.3 Correlations Among Jets 

The measurements of the correlations among large pT jets provide the 

unique opportunity to study the parton-parton interactions. The topical 

problems addressed most often during the past few years are the coplanarity 

and pT balance of the jet, which are related to the transverse momentum of 

partons inside the colliding hadrons, and the quantum number correlations, 

which may be due to some higher order effects. 

i) Coplanarity and pT balance. In the absence of parton trans- 

verse momentum one expects coplanarity of the jets emerging 

from the 2+2 elementary subprocess. In addition, the two 

jets of fragments of scattered constituents should balance 

their overall transverse momentum. The first indication of 

the possible deviation from such picture was the .bsservation 

by the CCHK groupT6 of the strong azimuthai correlations 

between the large pT trigger and leading particles in the 

forward direction. In the extensive studies the British- 

French-Scandinavian Collaboration estimatedY7 that the 

forward particles baiance about 300 MeV/c of the trigger 

transverse momentum (see Fig. 30). Such value is com- 

patibie with expectations, discussed in Section 3, for the 

intrinsic parton 
kr due to confinement. 

The studies of the imbalance of the scattered jets yield, 

however, much greater values of k 
T' At the TSR such con- 

elusions follow from the measurents of p 
out' the transverse 

momentum component out of the trigger plain. The distribu- 

tion of P,.,~ is found"4,6q to be gaussian with the average 

value depending on xF and the trigger PT. it is related 

to the intrinsic % by 

<Pout' = qT>2 Jr x+qT>2 + <kT>2) ) 

where qT describes the transverse momentum in the fragmenta- 

tion function. Several experiments obtained the values of 

<-kT> of the order of 1 GeV/c. In Figure 31 the two typical 

values of cs k,$ extracted by the CERN-Saclay group7j using 

two different methods are compared with the values measured 

by the Fermilab-Lehigh-Pennsylvania-Wisconsin two-jet experi- 

ment.78 In general, they are compatible with the results 

of the analysis of massive lepton pair production and are 

larger than ckT > = 848 MeVfc used in Feynman, Field and Fox 

; __ 
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QCD phenomenology.lg Part of this effect is probably due 

to the contribution of higher order processes not included 

so far in their approach. 

ii) Quantum number correlations. In the simple gluon exchange 

pm-ton model, the point-like scattering of constituents is 

independent of the quark flavour. Snail charge correlations 

are predicted due to the different probabilities of finding 

the up and down quarks in a proton. These expectations are 

unchanged in the lowest order Quantum Chromodynamics. In 

contrast, higher order contributions, and in particular the 

CIM terms, may introduce substantial charge and flavour 

correlations. 

In Fig. 32 are presented the data obtained by the British- 

French-Scandinavian Collaboration.65 For the negative 

triggers (especially K- and 5) the average number of posi- 

tive particles on the away side is substantially higher 

than that of the negative particles. Similar effect, shohn 

in Fig. 33, is observed in the recent Caltech-UCLA-PNAL- 

Illinois-Indiana experiment.7g In both experiments the 

measured ratio is greater than expected from lowest order 

QCD calculations indicating the contributions of higher 

order terms. 

8. OLITLOOK 

A vast amount of data on large pT processes is now available. Most of 

those data are described by the QCD phenomenology with impressive success. 

z 0.08 

F 
w 

t a 

4 0.06 
.- 
-ij 

u 

PT 2- 1.5 GeV/c 
iyt c 1, I@ c 30* 

e positive 

X negative 

n- n+ Ii- KS j3 P 
Trigger particle 

The average number of observed positive and negative particles with 

PT > 1.5 GeV/c on the away side, associated with six different 

types of trigger particles (ref. 65). 

.. ..:. 
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11-79 

AWAY SIDE r- Beam 
0 0 6 xe< Qi 

xe > 014 

0 

b) ’ ’ ’ ’ p Beam 

7T+ 7T- (kp)+ (kp)- 

TRIGGER TYPE 1711*1. 

Almost all results for pT < 10 GeV/c may be understood by the mixture of 

the lowest order QCD subprocesses and some higher order effects. The 

latter are as yet not fully understood and are probably negligible at 

larger transverse momenta. Due to many terms and the complexity of cal- 

culations the field does not present any clean test of Quantum Chromo- 

dynamics. Nevertheless, it provides the unique opportunity to study 

parton-parton and possible parton-nucleon interactions. The experiments 

on heavy nuclear targets and at the future high energy machines will 

undoubtedly yield many interesting results. 
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Fig. 33. The away side ratio of cross sections for production of positive 

and negative secondaries for various trigger particles (ref. 79). 
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1. Introduction 

From the perspective of the hadronic physics of a decade ago it 

seems incredible that there now exists a viable, fundamental theory of 

the strong interactions. In fact, quantum chromodynanics is radically 

different from the picture of hadronic phenomena which was envisioned 

in the 1960's. In contrast to the hadronic bootstrap, the quark and 

gluon quanta of QCD represent fundamental hadronic constituents, the 

elementary carriers of the electromagnetic and weak currents. In 

contrast to a strong-coupling model, the quark and gluon interactions 

of QCD approach scale-invariance at short distances and can be computed 

as a perturbative expansion in an asymptotically small coupling constant.l" 

As a consequence, the iarge momentum-transfer strong, electromagnetic, and 

weak interactions of hadrons are patterned after elementary short-distance 

gluon and quark subprocesses. The contrast between the old and new 

pictures is especially vivid in the reaction3 yy + hadrons: In QCD, one 

predicts a large scale-invariant cross section for the production of two 

(4.4) hadronic jets at large transverse momentum: 

do(yy + jetijet) = 3c e"q ddyy+u+);-) 
q 

x p + o(astp;) , m2/p; j] . (1.1) 

[The factor of 3 is from color; the sum is over quark flavors with 

2 
mq 

<< p:.l From the historical perspective of vector-meson dominance, 

photon-photon reactions would have been expected to resemble hadron- 

hadron collisions; a multi-particle production reaction where all the -- 

hadrons emerge at large angles from the beam would certainly be extra- 

ordinary. 

There is now a huge arena of QCD applications in which predictions 

can be made with various degrees of reliability. It is clearly crucial 

to find critical unassailable tests of QCD. If there is even one bona fide 

failure in any area of hadronic phenomena, the theory is wrong. 

In quantum chromodynamics the fundamental degrees of freedom of 

hadrons and their interactions are the quanta of quark and gluon fields 

which obey an exact internal W(3) syxnnetry.2'4 It is possible (but by 

no means certain!) that quantum chromodynamics is the theory of the 

strong interactions in the same sense that quantum electrodynamics 

accounts for electromgnetic interactions. T‘ne fact that we now under- 

stand a fundamental parameter of nature such as the electron's gyro- 

magnetic ratios to 10 significant figures encourages our optimism that 

there is an analogous local gauge field theoretic basis for hadrons. 

It is well known that the general structure of QCD meshes remarkably 

well with the facts of the hadranic world, especially quark-based 

(especially charm) spectroscopy, current algebra, the approximate 

parton-model structure of large momentum transfer reactions, logarithmic 

scale violations, the scaling and magnitude of o(e+e- + hadrons), jet- 

production, as well as the narrowness of the $ and 1. 6 

In these lectures, we will concentrate on the application of QCD 

to hadron dynamics at short distances, where asymptotic freedom allows 

a systematic perturbative approach.'l The main theme of our approach8'9 

will be to systematically incorporate the effects of the hadronic wave 

function in large momentum transfer exclusive and inclusive reactions. 

Although it is conventional to treat the hadron as a classical source of 

on-shell quarks, there are important dynamical effects due to hadronic 

-_ 
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constituent structure which lead to a broader testing ground for QCD. 

We will especially discuss QCD predictions for exclusive processes and 

form factors at large momentum transfer in which the short-distance 

behavior and the finite compositeness of the hadronic wave functions 

play crucial roles. In addition we will review many of the standard 

tests of QCD including the predictions for R = oe+e-+had / u e+e-+U+p-' 

the structure functions of hadrons and photons, jet phenomena, and the 

QCD corrections to deep inelastic processes. We will also discuss how 

the exclusive-inclusive connection works in QCD, the effects of power- 

law scale-breaking contributions, and the important role of the 

available energy W in controlling logarithmic scale violations. 

Despite the fact that they describe such different physical systems 

there are many similarities between QED and QCD, at least in perturbation 

theory. The renormalization procedure and infrared cancellation 

calculations of QCD parallel those of electrodynamics. Many of the 

results which we discuss here for inelastic lepton scattering and meson 

bound state effects are, with minor modification, applicable to QED 

positronium problems. The similarities are possibly not coincidental 

since it seems natural that QCD, QED, and the weak interactions are 

jcined together in a unified gauge theory such as SU(5):" 

[ SUC(3) x SU(2) x U(1) c SU(5)] . 

The most remarkable postulate of QCD is the assumption of exact 

SU(3)-color s;rmmetry; there is no way to distinguish absolute, color. 

The spin-l/Z quarks are in the fundamental (triplet) representation of 

su(3)c, the spin-l gluons are in the adjoint (octet) representation, 
3 

and hadrons are identified with singlet states; e.g., \M> w c 1 i=l qi4i" 

IB> - &jkjqiqjqk>. In addition, gluonium (color-singlet bound 

states of 2 and 3 gluon quanta) should exist. Different quark repre- 

sentations are distinguishable by a flavor label. However, SU(3)c is 

an exact local symmetry: rotations in color space can be made independ- 

ently at any space-time point. The mathematical realization of this is 

the (Yang-Kills) non-Abelian gauge field theory." 

The Lagrangian density of QCD is 

~QcD(xf = &,(x) y'(i$ 6ij + -$ A;(x)iTj) qj(x) 
?I 

-?-- Aa - & A;(x) + gfabcA>; 
2 

" 

i,j = 1,2,3 ; a = 1,2,..., a (1.2) 

(A quark mass term and sum over fiavors is understood.) Rere the Xa 

are the eight SLJ(3) matrices with TrCXa lb1 = 26 ab (conventional 

normalization). We can contrast this with 

9QED = 4(x) 

We can also use the more compact notation 

9QCD = 4(x) $ q(x) - i Tr Fzu 

where 

D =ia-gA 
li )i iJ 

(1.3) 

(1.4) 

(1.5) 
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where A,, E F % A:, Dv and FPv are 3X 3 SU(3) color matrices. Local 

gauge invariance and color symmetry follows from the invariance of 9 QCD 
under the general gauge transformation 

Au ix) + IJ(~)A~(~)LJ-~(x) + + u(xja;lu-‘:d 

q(x) + U(x) q(x) (1.6) 

where U is any unitary matrix U = exp i Note that F is 
a 

in general not invariant: FPv(x) + U(X)F~~(X)U-~(X) since the field 

strength, like the gluon field, is in the adjoint representation of 

W(3) color . 

The Feynman rules of QCD are analogous to QED, but have the added 

complication of the tri-gluon and quartic-gluon couplings contained in 

(1.i). The color algebra can be done automatically using the graphical 

method given by Cvitanovic. l2 The main rules are 

(1) A closed quark loop 0 is equivalent to TrEIl = nc = 3. 

(2) A gluon propagator XAJ'XJ is equivalent to .s minus I/nc times 

the identity (to remove the U3 singlet). Thus 

(times the coupling constant (g/2)2TrCX8Xsl = g2/2.) 

Additional rules allow the graphical reduction of the tri-gluon vertex. 

In typical perturbative calculations (e.g., soft radiation) we have the 

simple replacement 

i 

4 cp as = j- as quark current 

'QED -+ 
'A '.s = 3a s gluon current 

(1.7) 

Effectively 'ie2" = 
:: 

In addition to the color algebra, the non-Abelian couplings of QCD 

in general lead to the introduction of "ghost" (negative metric) scaiar 

quanta which contribute to amplitudes which contain closed gluon loops. 

The crucial point is that the gq + gq Compton amplitude is not transverse: 

Jpw = (1.8) 

unless we contrast .$,)with sz. Thus in typical 

alone is not unitary: 

gauges a gluon loop 

2 

but unitarity is restored when the scalar ghost loop is included.13 

Ghost contributions occur in convariant gauges, in the Coulomb gauge, 

but not in axial gauges [q *A = 01. The axial gauge has many other 

advantages (see Chapter 4), but the introduction of a fixed Lorentz 

vector n 
!J 

complicates the renormalization procedure. 

Renormalization in QCD can be carried out in parallel with QED, 

but to retain explicit gauge-invariance one normalizes all of the 3-and 

4-point vertices with their legs at a common off-shell (space-like) mass: 
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2 2 
pi = -11 . The choice of u2 is arbitrary. As a simplification, one can 

use dimensional regularization and identify the subtraction term with 

the pole terms in the loop integrals as the number of dimensions n + 4. 

Despite the parallels with QED perturbation theory, the postulated 

absence of asymptotic colored states implies that a perturbative 

expansion in terms of free-- or even dressed --quark and gluon states 

does not exist in QCD. However, we shall assume that amplitudes with 

off-shell quark and gluon external legs--corresponding to processes 

which occur within the hadronic boundaries --do have a perturbative 

expansion, i.e., we shall suppose that for probes with lq21 >> 4 

non-perturbative effects can be numerically neglected. In the case of 

R for e+e- -+ hadrons, the effect of instanton vacuum fluctuations is 

of the formI 

AR -R- instantons, size o - O(i)) - (F)1210gyQ2 , (1.9) 

Similarly, "on-zero vacuum expectation values of the field operating 

such as <O~F"vF""~O> lead to power-suppressed co"tributio"s.15 All of n 
this argues that at large Q‘ only perturbative contributions to R need 

to be considered and a straightforward description in terms of quark 

and gluon quanta is valid. 

However, in the case of hadron-induced reactions such as the Drell- 

Yan process H1+H2 -t ""u-X or large pT hadron production H1+H2 + H3+X 

there could be important non-perturbative effects. For example, the 

simplified calculation of instanton effects given by Ellis, Gaillard 

and Zakrewski16 implies that the pair production cross section does not 

in general factorize into contributions from deep inelastic hadronic 

structure functions, as would be expected by perturbative or parton 

model arguments. Furthermore, in the case of massive pair production 

in a nuclear target, Glauber effects (e.g., upstream hadron production) 

would be expected to modify the state of the incoming hadron, again in 

a way that destroys the applicability of a naive factorized cross 

section. It is clearly of interest to test predictions based on 

perturbation theory for these processes as far as possible, and to 

attempt to understand possible non-perturbative effects. 

The fundamental dimensionless coupling constant of QCD is as(n2) = 

s2(v2)/4n. Once as(n2) is given at any normalization point n2, the 

theory determines es at all other values through a renormalization group 

equation. In analogy to QED, one can writel' 

aJq2) = [I- 1,::::,.,,;,a (1.10) 

where r is the irreducible gluon self-energy insertion. The lowest 

order diagrams give 

p a (M2) 

(s2) 
= -1og 4a ( )[ 

$2 3 nf+5-16 1 u (1.11) 

where (in the Coulomb gauge) the three terms correspond to the inter- 

mediate states, q{, 2 transverse gluons, and 1 transverse gluon + 

1 instantaneous gluon, respectively. Although the qy term must be 

positive (it is related by unitarity to e+e- + q;i) the crucial Coulomb 

plus transverse gluon term does not correspond to the production of 

physical quanta and can indeed be negative.l' 
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Thus to lowest order, es(q2) decreases logarithmically (if nf L 16) 

as(q2) = ars(v2) 

[ 1+ *.(ll-f"f).log $1 

(1.12) 

We shall assume that this is the correct asymptotic limit and verify 

that the result is self-consistent to all orders. The next order 

diagrams 

give, as in QED, TI (4) - 0 I . However, we can include the 

effects of the self-energy and vertex insertions by utilizing os(k2):le 

we then have the effective replacement: 

- us(!J2) log log -q2 

assuming o,(k') - l/log k2 asymptotically. Thus 

(1.13) 

4n 2 - = 
as(s2) 

A+ ll- 
as h2) ( 

ynf 
) 

log =$ + O(log1og-q2) (1.14) 

It is easy to see that higher order insertions grow even less strongly 

with q2, and the original ansatz is indeed self-consistent if ll- 2/3nf>0. 

The logarithmic decrease of the "running coupling constant" a,(q') indi- 

cates that the effective force due to gluon exchange becomes weak at short 

distance when vertex and self-energy insertions of all orders are 

accounted for. The effect of these insertions is to weaken the 

ultraviolet growth of all loop calculations compared to lowest order 

perturbation theory. 

Unlike QED where cx can be fixed directly by Coulomb scattering, the 

empirical determination of ct s at any renormalization point is non-trivial. 

It is conventional to use the form 

as(q2) = 

(ll- ;;, log 2-2 
A2 

(1.15) 

and attempt to determine A2 phenomenologically. However this form can 

only be used for /q21 >>A2 and log(q2/A21 >>loglog lq21; in particular, 

the pole at -q2 = A2 is incorrect. Many analyses unfortunately tend to 

determine A2 by fitting to the rapid rise of os 2 at q =-A2. 

A fascinating question is what is the behavior of as as one 

approaches the low-momentum-transfer, non-perturbative domain. The 

recent lattice model evaluation by Creutz" indicates that as changes 

continuously but rather abruptly from the perturbative to strong coupling 

domain at a distance where es is still relatively small (as - 0.16 in 

the SU(2) gauge theory example of Ref. 19). At large distances, the 

effective potential approaches the linear confining form expected in 

string models. It is also interesting to observe that the value of A, 

in units of the string constant, turns out to be extremely small. It 

is possible that this is a consequence of the fact that quarks are not 

inc~lluded in these pure gauge field theory calculations or the compli- 

cation of different normalization conventions. Nevertheless, in these 

lectures we shall investigate the interesting, very real possibility 

that A is indeed very small compared to typical hadronic scales, and 
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thus for typical phenomenological applications that os(Q2) is slowly 

varying. 

As a first example of an asymptotic freedom calculation, let us 

consider the perturbative corrections to R = o(e+e-~had)/o(e'e--+U'~-). 

The hadronic contribution to vacuum contributions is 

Tuv = -ie2 
I 

d4x eiqex <oIT(J~(x)J"(O)IO) 

( 
vu 

= qq 
2 uv 

-qg > n(n2) 

By unitarity, oe+e- + y* + hadrons = (4na/s) Imn(s) and R = (3/u) Imn(s). 

In the case of QED perturbation theory, the renormalized photon self- 

energy is (Is21 >> m2) 

‘rQEDk2) = - % log (=$)-$10g(=$)+o(02) 

Ye + +w+pg-+ l ** 

(1.17) 

In the case of the QCD contributions, this becomes 

nQCD(q2) = -ei 2 nclog (=f) _ e; .$i!$@ as(k2) 

y&++-XD+-+ (1.18) 

where $(nf-1) = 4 is the color factor, and the running coupling constant 

as(k2) accounts for self-energy and vertex insertions in the large k2 

region. I8 Continuing to time-like s: 2 -in -q *-s = se , and taking the 

absorptive part, we then obtain 

R=3 (1.19) 

Recently the order ef correction has been computed by numericalzO and 

analyticzl methods. The numerical result20 is (1.98-0.16 n,) ui(s)/r2 

using a standard dimensional regularization normalization of the coupling 

constant. 

Thus, remarkably, the parton model result R + ce2 
9 q 

emerges as a 

rigorous QCD prediction for .a+= with no correctionz2 in normalization. 

This result is a unique feature of renormalizable field theories which 

are asymptotically free. 

The fact that the QCD correction to R can be written as a simple 

expansion in powers of as(s) without additional logarithms can be traced 

to the fact that the proper self-energy insertion, n QED only contains a 

single power of log (-q2/m2) to any order in a. More generally, we note 

that factors of log s could never occur in R = Imn since (a) infrared 

(gluon-mass) singularities always cancel in inclusive cross sections 

(Block-Nordsiech theorem), and (b) (quark) mass singularities cannot 

occur because of the Kinoshita-Lee-Nauenberg theoram.23 [This theorem 

states that cross sections summed over initial and final states which 

become degenerate as m + 0 are always finite. In the case of y* + 
9 

hadrons there are no degenerate initial states, so the inclusive cross 

section will be finite for m 
4% 

+ 0.1 Thus the only s dependence : : 
allowed in the asymptotic cross section is that which appears in a,(s). 

Of course at small s we may obtain a dependence on m'(s)/s where m(s) 

is the QCD running mass appearing in the renormalized quark propagator. 
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A rigorous derivation of these results can also be given using the 

operator product expansion at short distances and the renormalization 

group.1.2'7 Again one finds that, despite the complexities of confine- 

ment and the extraordinary mechanisms which lead to the evolution of 

quarks into hadrons, the asymptotic prediction for R is identical to 

that for free-quark-antiquark pairs. 

Bjorken24 has given a graphic description of the utility of 

asymptotic freedom. If we consider the interactions of hadrons at short 

distances less than a radius r - 10 -15 cm , i.e., processes involving 

momentum transfers Q > r -1 -10 GeV then the effective coupling constant 

2 as(Q ) is less than - 0.2. Accordingly, within this "femto-universe" 

we can calculate perturbatively in terms of quark and gluon subprocesses. 

Beyond the radius of the femto-universe the processes which transform 

the quark and gluon precursors into hadrons take place.25 How such non- 

perturbative processes occur is perhaps the key question in QCD, but it 

is evident that they are soft-processes involving low momentum transfer 

and that they are probably short-range in rapidity. Thus the emerging 

hadronic jets must follow closely the energy and momentum flow of each 

gluon and quark emitted in the femto-universe subprocess, assuming they 

are well-separated in momentum space. It is this argument that gives 

perturbative QCD its predictive power for quark- and gluon-jet angular 

and momentum distributions. In particular, distributions calculated at 

the quark and gluon level which are insensitive26 to infrared parameters 

(e.g., thrust, sphericity distributions) should give a reasonably 

accurate representation of the corresponding hadronic jet distributions. 

Such results cannot be exact, however, since one expects smearing from 

non-perturbative effects, as well as ordinary hadronic and weak decay 

processes. In addition, the coherence effects which occur as jets 

overlap in phase-space are not as yet understood. 

As we have emphasized, the evolution into the final state in QCD 

inclusive processes is not understood rigorously. However, proceeding 

heuristically, we can use perturbation theory and electrodynamics as a 

guide to anticipate some features of the hadronic state of the femto- 

universe-hadron universe boundary: 
* 

(a) The final state in e+e- + y + X, consists predominantly of q and 

4 jets with gluon radiation and qt pairs filling the rapidity 

interval between y 
q 

and y-.25,27 
q 

(b) The gluon energy distribution follows an "antenna" pattern, as 

described in Ref. 28. 

(c) The height of the rapidity distribution, i.e., the multiplicity 

density of soft radiation increases with energy.27P2g 

(d) The transverse momentum fall-off of gluons relative to the quark 

axis is dN/dc: - as(cT)/i;l2 for large 2: 
'2 and kL <<s. ThUS 

<k2> 
1 g 

- O(s/log s), and QCD jets tend to expand in transverse 

momentum with available energy s.~O 

(e) The evolution in space-time corresponds to an "inside-outside" 

cascade--the slowest quanta are created first.25 

(f) There is a finite probability proportional to us(Q2) for 3 distinct 

well-separated qqg jets to be produced in e+e- annihilation.31 

One of the most interesting questions in QCD is how to distinguish 

quark from gluon jets. Within the femto-universe one sees that the 

perturbative evolution of quark and gluons are controlled by their 
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Casimir color charges CA = 3 for gluons versus CE = 4!3 for quarks. The 

increased ratio of emitted collinear gluons should translate into a 

correspondingly larger central region energy or multiplicity density 

for giuon versus quark jets.27932 Similarly, perturbative calculations 

predict that the average opening angle will be - jg/4 larger for gluon 

versus quark jets.33 More speculatively, the azimuthal shape of quark 

and gluon jets may be different. For example, gluon jets may have a 

characteristic oblateness " in processes in which the femto-universe 

gluon is linearly polarized (e.g., in e'e- + q<g). Further, as discussed 

in Sections 4 and 5, the particle spectrum of gluon jets is expected to 

fall by an extra power of (1-z) relative to the a = p/p,,, distribution i . 

of hadrons in a quark jet."5 

We can also readily show that the hadrons which dominate the z - 1 

fragmentation region in the jet must have the parent quark or glucn in 

its minimal Fock state. a 

It can also be argued that the mean total charge of hadrons in a 

jet reflects the charge of the underlying quark or gluon.36 In a simple 

model where the emitted q an d 4 in the sea recombine with the original 

quark to form mesons, the mean total charge of the mssons in the jet 

fragmentation region equals the charge of the parent quark plus a con- 

stant equal to the mean charge of antiquark in the sea:37 

<Qjet> = Q, + <Q&ea 

where phenomenologically2G <Qt>sea - 0.06. This is consistent with a 

sea where 

s:: u;: da - 4 : 1 : 1 

A similar picture for gluon jets predicts <Qjet> = 0. If this ansatz 

is correct, then jets of different quantum numbers could be distinguished 

in a statistical average, although the absolute value of the quark charge 

is not determined. This analysis, however, can be complicated by possible 

energy dependence of (Q-> q sea' and the effects of baryons in the frag- 

mentation region. 

The femto-universe description makes it clear how the parton model 

prescription for calculating hadronic reactions at large transverse 

momentum and in deep inelastic processes emerges from perturbative QCD. 

The traditional parton-model assumption of strong convergence in trans- 

verse momentum is, however, incorrect. The effective transverse momentum 

integrations due to gluon emission are of the form 

7 
',- d? I- ,. ^ 

I +- a,+ - log log QLl.tL 
k 

1 

and thus lead to logarithmic violation of Bjcrken and parton-model scaling 

laws. However, we reemphasize that possible non-perturbative effects in 

the interactions of hadrons (which occur outside the femto-universe) could 

modify the perturbative predictions for processes involving more than one 

incident hadron. 

In the case of large transverse momentum jet production in hadron- 

hadron collisions, only the interactions of quarks and gluons appear in 

the femto-universe. In deep inelastic lepton reactions, virtual photons 

and weak bosons directly participate in the QCD subprocess. Even real 

on-shell photonsj* can penetrate to the femto-universe level, as in deep 

inelastic Compton scattering (vq + y'q) and two photon jet processes 
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(VT + qq, etc.) at large transverse momentum. These reactions are 

discussed in detail in Chapter 10. 

In some processes, elements of the hadronic wave functions them- 

selves appear directly inside the femto-universe hard scattering reaction. 

This occurs in the calculations of hadronic form factors at large momentum 

transfer, structure functions at the edge of phase x + 1, and wherever 

one probes the far-off-sfiell tai '1 of the hadronic wave function. The 

expectation that such reactions can be computed using perturbative QCD 

is confirmed in detail in Chapters 7 and 8 where we consider exclusive 

processes at large momentum transfer and the problem of the exclusive- 

inclusive connection in QCD. 

2. Deep Inelastic Lepton Scattering and QCD Perturbation Theory 

One of the most important areas for testing quantum chromodynanics 

is deep inelastic lepton scattering on nucleon targets.1*2,6,7 In these 

lectures we will particularly focus on the role of the hadronic wave 

function in testing QCD, particularly in the behavior of the structure 

functions at the edge of phase-space (x Bj 
= -q2/2p.q - 1) and the effects 

of "high twist" operators, including. processes which involve more than 

one quark in the target. it is now recognized that such high twist terx 

can seriously complicate the analysis of classic QCD scale-violation effects. 

There are numerous exclusive channels which contribute to inelastic 

lepton scattering, but it is only the inclusive sum that contributes to 

the leading scaling behavior. it is simplest to consider t'he virtual 

Compton amplitude T 
ilu 

(q2,2p+q) and compute the structure function from 

its absorptive part. The contributions to T can be classified into 
vu 

two classes as shown in Fig. 2.1. Diagrams in which interactions connect 

the quark propagator between the two photons to the remainder of the 

hadronic system do not contribute to the leading scaling behavior, 

provided we choose an appropriate physical gauge (such as light-cone 

ga*gd , as we discuss below. Vertex and self-energy corrections are 

indicated by closed circles in the figure. In the case of the leading 

terms, a simple diagram such as Fig. 2.2(a) would yield exact scaling, as 

in the parton model, since the nucleon wave function is sufficiently 

convergent at large transverse momentum (see Chapter 7). Diagrams such 

as Fig. 2.2(b), however, contain loop integrals of the form 

- log log Q2/A2 

log QflA2 ' 
(2.1) 

and continued iteration in the t-channel leads to a sum of terms of order 

[loglogQ2/A2~". After summation, these contributions exponentiate 

[,%z log Q2/A2 = (log Q2,A2j~] and lead to anomalous logarithmic 

dependence of the structure functions and their moments.1~296y7 Wa 

treat this in detail in Chapter 4. The dk:;k: logarithmic intgration 

corresponds in a massless theory to a collinear divergence, which arises 

when the gluon and quark momenta are parallel. The infrared (soft gluon 

momenta) divergences cancel in the inclusive sum. 

mat are the criteria for determinin, o if a given hadronic process 

involving large momentum transfer can be computed using perturbative 

QCD methods? In the past we have had to be guided strictly by the 

formal operator product method4' which required an explicit proof that 

an operator product of currents Ju(x/2)Jv(-x/2) is dominated by the short 
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Fig. 2.3. Leading contributions to the deep inelastic scattering 
structure functions. 

distance regime z: w W/Q*). However, these criteria are too rigid 

More generally, we can proceed by examining the set of perturbative 

Feynman amplitudes which propagate the large momentum transfer invariant 

Q2 (or P 2 
T, m2u-+ etc.). Using power counting, one can readily 

catalog those diagrams which contribute to the leading power in Q2 (the 

leading twist contribution). [This is particularly easy using light- 

cone perturbation theory and the light-cone gauge (see Chapter 4j.1 

After renormalization of the vertex and self-energy insertions, each 

loop integration of a leading twist contribution can be written in terms 

of the running constant as(k2) and running quark mass ms(k2) with upper 

limits extending to order Q2. The basic question is whether the loop 

integration variable k2 (-zf in time-ordered perturbation theory) of 

the radiative correction is dominated by the high Q2 region. 

To test this, we hold the running coupling constant at a fixed 

value os(L2) inside the loop integration. If the resulting integral is 

finite when all mass scales other than QL are set to zero, then the 

propagators are indeed dominated by high momentum transfer and the 

correction is of order aS(Q2). As we have seen, the corrections to the 

annihilation ratio R are of this form. 

More typically, one finds that the loop integrations depend 

logarithmically on Q2 if as is held fixed, corresponding to contributions 

of order crslogQ2/m2 or possibly aslog2Q2/m2. The scale m2 of the 

logarithms can depend either on the quark mass or the momentum scale 

set by the hadronic wave functions. [Note that ultraviolet divergences 

have already been eliminated and infrared (gluon-mass) divergences cancel 

in inclusive cross sections and color singlet matrix elements.1 

. 
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Fortunately, the contributions of order [aslogQZ]n can usually be 

calculated and sumned. This can be done formally through the operator 

product expansion and the renormalization group equations,1~2~40 or by 

summing sets of diagrams with an iterative structure7p41,42 (e.g., 

planar ladder diagrams in physical axial gauges41'8 such as the light- 

cone gauge), or equivalently, by deriving "evolution" equations41*43*44,8 

which reproduce this iterative structure. This is done for quark and 

gluon distribution functions44 in Chapters 4 and 5 and for the hadronic 

wave functiona (the quark "distribution amplitude") in Chapter 7. 

As yet there is no rigorous treatment of loop integrals which have 

an order oslog2Q2 structure, although in some cases they can be organized 

into Sudakov form factors. Examples are discussed in Chapters 4-8. 

Of course even if a QCD radiative correction is of order as(QL) it may 

not be small. In fact, 
- 45 

in the case of annihilation processes qq + &a. 

and qi + gg 46 (heavy quarkonium decay) the coefficient is of order .2, 

and leading order calculations are misleading. On the other hand, we 

find that it is possible to sum terms of order [as(Q2) log2(l/(l-x))]* 

which are important at x + 1 in deep inelastic scattering. This is 

discussed in detail in Chapter 4. 

3. Perturbation Theory on the Light-Cone 

One of the most convenient and physical formalisms for dealing with 

bound states and their interactions at large transverse momentum is 

time-ordered perturbation theory in the infinite momentum frame, or its 

equivalent, quantizationsn the light-cone.47-4g Defining p' z p" .? p3, 

the total 4-momentum of a bound state directed along the 3-axis can be 

parametrized as pu s (p+,p-,cl) = (p+,M'/~+,s~), i.e.: p" = S(p++M*/p+), 

P3 = %(p+-M2/p+). The momentum space wave function for a Fock state 

with n on-mass-shell constituents can be written as I n (c I(i)PX(i))' where 

for each constituent's 4-momentum we parametrize 

ku E (k+,k-,;J = 

The wave function in time-ordered perturbation theory is frame dependent. 

It describes the state with each constituent at equal time as observed 

in a specific Lorentz frame, + which we choose here to be p +-, i.e., 

the&finite momentum frame." Equivalently, in a general frame (p+ 

finite) Iyn corresponds to specifying the state at equal "time" T = (z+t) 

on the light-cone. The renormalized wave functions Vn exist for neutral 

or color singlet states in gauge theories because of the cancellation of 

infrared divergences. Momentum conservation requires 

2 xi=1 , 
i=l 

(3.2) 

Furthermore xi > 0 since the constituent energies are positive. Polari- 

zation indices in Y(n) have been suppressed. 

It is straightforward to work out the rules for time-ordered 

perturbation theory in the infinite momentum frame; i.e.: T-ordered 

graphs. Only graphs with forward-moving quanta contribute. The rules 

foi QED are4q,50 

(1) Assign momenta kji' to each line such that 

(a) k+,g 
I are conserved at each vertex, and 

(b) k2 = m2, i.e.: k- = (;;+m2)/k+. 
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(2) For the creation and annihilation of each fermion, anti-fermion or 

scalar, assign a factor e(k+)/k+. For the photon one assigns the 

factor dzt) e(k+)/k+ where d FIv is the (gauge-dependent) polarization 

sum. In the Feynman gauge one takes d 
)IV 

= -g 
liv' 

In an axial gauge 

where n * A = 0 (n is an arbitrary fixed vector), 

dck) = c 
uv x=1,2 

c,,(k,h) c,(k,h) 

(3.3) 

where k. E = rl. E = 0. The light-cone gauge where n 5 (n + ,n-,gL) = 

KLLq), is particularly convenient, as we shall see. 

(3) The photon-fermion vertices are 

eo”yPu , eoLyvv, -eoGyuv, -eoGy’u . 

(4) The OFPTh_ energy denominators give a factor 

1 

ig k- - c k-+is 
interm. 

(3.4) 

for each intermediate state. 

(5) The instantaneous part of the fermion propagator is y+/2k+ where 

k+ is specified by momentum conservation (- < k+ < m). (This 

contribution is the remnant of the backward moving fermion lines 

("Z-graphs") which persist as p++@~.) The instantaneous part of 

the photon propagator in n. A = 0 gauge is nun,/k+. 2 [Instantaneous 

photon and fermion propagators cannot occur at the same vertex in 

the light-cone gauge since u'y' = 0.1 

m 
J J d2k 

(6) Integrate dk+ --L!I- 
2(2s)3 

for each independent k and sum over 0 
spins and polarizations. 

[Despite the fact that all intermediate state particles are on the 

mass-shell in time-ordered perturbation theory, one still has the concept 

of off-shellness or virtuality. For example, the fermion self-energy 

correction in Fig. 3.1 is evaluated with "energy" denominator DA-DC 

(where D A = ,rFA k; ' etc.) rather than DB -DC which would reconstruct 

the self-energy for an on-shell quark. The difference DA-DB is the 

measure of virtuality of the quark line; in fact (DA- DB)(k') = (q+k)2-m2 

(in a frame where q+ =0, so there are no other time orderings). 

Subtracting for mass and wave function renormalization, the re- 

normalized amplitude corresponds to Fig. 3.1, then has the simple 

denominator structure 

1 

I 

1 +- 1 - 1 1 

(D -D )' A B DA-DB (DB-DC)2 (DB - DC) * (DA - DC) 

(3.5) 

which gives a finite integral over the mass spectrum in the inter- 

mediate state C. The complete renormalization program can be carried 

out in parallel with the standard covariant method. 491 
As a simple example of time-ordered perturbation theory calculations, 

the contribution to the electron charge renormalization from the vertex 

diagrams of Fig. 3.2 is 
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a 

Fig. 3.1. Example of fermion self-energy correction to quark Compton 
scattering. The time-ordered perturbation theory energy 
denominators are indicated by dotted lines. 

q=o 

r, 
P 

+ 

;. 

q=o 

Fig. 3.2. Lowest order contributions to the yq< vertex. 
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photon does not change the light-cone fraction x of the struck quark. 

In particular F2(xBi, Q2) = vW2(q2,2p.q) = (l/n)(p*q) ImT2 where 

T2 = T++/p+p+, and sj = -q2/2p.q. 

Let us first consider the contribution to T '" from the 

Fig. 4.1(a). Using light-cone perturbation theory, we have 

are suppressed) 

x i(k) y+ (K'+m) v+u(k) 

I.i2+2q.p- 
(Cl +Q2+m2 it2+ d2 

- -&----- +ic x l-x 

graph of 

(spin indices 

(4.2) 

The integral over A2 represents the mass spectrum of the spectators 

in the hadronic wave function. For (~~+x&/(~-x) < Q 
2 

, the energy 

denominator can be approximated as 2q.p - Q2/x + iE. [Note that 

x .w 2 
Bl 

= ~~~(q+p)~ = (l-x,j)Q2, rather than Q2 sets the upper limit of 

phase space for the Fock state; we return to the consequences of this 

for the case W2 << Q2 below.1 The numerator matrix element, 

;(k)y+(K'+m)y'u(k), is simply 4k+kf independent of the quark helicity. 

The calculation is, however, not complete since we must also take 

into account the quark self-energy and vertex insertions as indicated in 

Fig. 4.1(b). The self-energy correction dF(k2) = Z~(k2)/Z~(~2) to the 

struck quark leg is a function of 

(4.3) 

11-n (a) (b) 3608*51 

Fig. 4.1. (a) Leading contribution to the forward Compton amplitude. 
The spectral mass of the spectator system isA. (b) Vertex 
and self-energy insertions in the forward Compton amplitude. 

The yq4 vertex correction r 
YFF 

and the final state quark self-energy 
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correction (which controls the quark jet evolution), are, in leading 

order, again controlled by the available energy W2 (see Section 5). 

The ultraviolet renormalization thus yields the facts 

dF(k2) rc,,(W') dF(W2) = dF(k2)/dF(W2) (4.4) 

where we have used the Ward identity of QED, r y,F(W2) dF(W2) = 

[z~+W2m;'(,2)] - [z;(w2mf(,2)] = 1. Note that the square of the 

renormalized wave function jyk\ L ' includes , by definition, one factor 

of dF(k2). Thus for large Q2 and W2, 

F2(x,Q2) " ed;1(~2~Ce~xjd2k~/~2dF(k2),~~,p(x,fr,yU2)j2 
4 

x (iy+xdu2) << w2x (4.5) 

with x " XBj' The z:, and & integrals must be sensitive to the upper 

limit xgjW2 = (1-x 2 .)Q ; 
Bl 

otherwise F2(x,Q2) would depend on the gauge 

and regularization dependent quantity dF(W2). Accordingly, we are 

interested in the contributions from QCD which depend logarithmically 

on xW2. In light-cone gauge, the leading log W2 corrections all arise 

from planar ladder graphs, as shown in Fig. 2.3, where the transverse 

momentum integrations along the legs are strongly ordered W2 >> iq >> 

I2 I..., such that a succession of logarithms can build up. Notice that in 

a crossed graph, the coupling of the loop variables leads to a transverse 

momentum integral insufficiently singular to yield a collinear logarithm. 

In the ladder graph of Fig. 4.2 the c:,, dl, 3, integrals must decouple 

in order that the leading logarithms build up. It is easy to check that 

the ; and 1 -2 terms decouple from the denominator DA if 1, << Tt +2 << k I I J. 

Fig. 4.2. Calculation of ladder graph QCD contributions to the forward 
Compton amplitude. Energy denominators in light-cone 
perturbation theory are indicated by dotted lines. 
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To set the limits on the ci integration, we must examinedenominatot D @: 

-“@a = -2q-p + 
(4.7) 

This becomes independent of z1 for 

+2 
1 << (l-y)Q2 . (4.8) 

Similarly, if we allow vacuum polarization contributions to gluon 

propagators, the gluon mass spectrum is limited by A2 ( If/y << yQ2 

at the top rung, and A 2 ( zT/y' for the gluon carrying (TL-4) 2 , etc. 

These conditions are equivalent to the limit (g:+U2) < xW2 of Eq. (4.3). 

Let us now define the quantity t(z,Q2) as the ladder graph series 

for the hadronic wave function integrated over z: < Q2 (including full 

wave function renormalization of both quark legs). In the leading 

logarithm approximation q has a simple repeated structure, as indicated 

in Fig. 4.3. In every rung, the ultraviolet renormalization leads to 

a factor 

[To see that this is the correct result, note that I'vFC is dependent on - T 

the leg which is furthest off-shell. Thus for y z z + 1, we have 

2 +2 
dF(kl/(l-y))rFF, I 2 (;2/(1-y)) = 1 (where we used the Ward identity Zr = Z; 

in the axial gauge). At small a, y is unconstrained and o,(p) is 

correct in leading logarithm approximation.: 

Fig. 4.3. Ladder graph contributions to the quark distribution function 
q(z,Q2) including self-energy and vertex insertions. The 
leading order contribution in os(Q2) comes from the trans- 
verse momentum integrations ordered as indicated in the figure. 

.. : .:: 
.I;. 
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where crossing symmetric (for z#l):44 

P g,g(z) = 6 z + 1-z + z(l-2) + 
Il-nf 

(I-4, 2 
- S(l-2) 12 I 

(g + g+d 

(4.21) 

The 6(1-z) renormalization term in P 
s/g 

insures momentum conservation: 

0 

1 
2nf Pq,g + Pg,g] = 0 . 

0 

(4.22) 

The moments of the quark and glum distribution functions, e.g., 

q;;)(Q2) = / dx xn qNS(x,Q2) are easily computed from the evolution 
0 

Eq. (4.15) and (4.16) since the x/y and y integrations factorize. It 

is useful to define the integral of the running coupling constant43 

C(Q2) - S(Qi) = & 
Q2 d$2 

J- 2 a& . (4.23) 

Qf kl 

For QCD, at large Q2, S(Q2) = l/B * loglogQ2/A2 where 5 = ll- (2/3)nf. 

The non-singlet moments satisfy 

1 

ST q(n) (Q2) = 2CF 
J 

dy + y (Y"- 1) s(,)(Q2) 
0 

= -yen) s(,)(Q2) . (4.24) 

Thu.5 

qcn) (Q2) = q(,)(Qz) 
-%I 

e (4.25) 

3 
II+1 

dn = y,/B = B 1+4c f - 
j=2 J (n+l:(n+2) 1 (4.26) 

.. .. : 
Notice that the anomalous logarithm dimensions dn which control the 

Q2 dependence of the moments q (n)(Q2) are universal in the sense that 

they are independent of the physics of the hadronic target. The dn can 

also be computed directly from the operator product expansion of current 

J~(x/2).J"(-x/2) or quark fields G(x/2)$(-x/2). The target dependence is 

contained solely in the q(n)(Q2J, i.e., the initial condition q(x,Qi) of 

the evolution equation. 

The fact that dF= 0, reflects th;: fact that flavor and charge are 

conserved by the splitting function, 
/ pq/s (y)dy = 1. The moments of 
0 

the glum and singlet quark distributions can be similarly computed 

after diagonalizing the coupled moment equations."" The quark and gluon 

distribution functions thus can be consistently normalized to the total 

flavor and momentum of the target. 

Let us now consider in more detail the relationship between the 

structure function F 2 (x,Q2) and the quark and glum distribution functions 

which satisfy the evolution equation. In the case of a non-singlet 

structure function (such as F 
2P 

-F2n), we can identify to leading order 

in as(Q2): 

F~(~j,Q2) = ~~: xB~ [q~"(x,j,Q2) + ‘qrS(xaj’~~‘] (4.27) 

where5' 
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1 

6q;%z,Q2) = -2CF 
I 

dy $ 
Q2 di? a (z2) 

J ISI 
Y +2 4n 

0 (I-y)Q2 k~ 

(4.28) 

corrects for the fact that the top loop in the calculation of T'" is 

constrained to c; < (l-y)Q2, not ;; 2 NS < Q , as in the definition of q i ' 
NS The correction term 6q. 1 1s crucially important at z -- 1. Strictly 

speaking, the structure function moments and quark distribution function 

moments coincide only for low n. 

The evolution equations (and moments) predict that as QL increases, 

the quark and gluon distributions become depleted at large x and increase 

at small x while conserving the total flavor and momentum of the target. 

The logarithmic dependence on Q 2 is set by the scale constant A2 of 

as (Q2) . In order to understand the effects at large x in more detail 

let us reexamine the x - 1 behavior of the evolution equation for 

sNs(x,Q2) = q(x,Q2). Equation (4.28) can be written x 
$ sh,Q2) = - 2cF dx,Q2) 

J 
dy 6 0 

+ 2CF j dy +$ [ qcz/y; Q2) - q(z,Q2)] (4.29) x 
For x + 1 the last term vanishes linearly faster than the first term; 

y$ q(x,Q2) z CF{4 log(l-x) +3}q(x,Q2) +&l-x) q(x,Q2)](4.30) 

Thus5 3 

h,Q2) = q(x,Q;) (1-x) 
4CF[F(Q2) - EtQt)] 3C&(Q2) - F;tQi)] 

e 
x-l 

(4.31) 

This graphically displays how the (l-x) power of the quark distribution 

function increases as the structure of the quark is probed at shorter 

and shorter distances. This is a universal feature of theories with 

spin-l gluons. The corresponding gluon distribution power has C,=4/3 

replaced by CA=3; i.e., the fast gluon radiates and loses momentum by 

a factor CA/C, = 2/Cl- (l/n:)1 = 9/4 relative to the quark. A graph of 

the power index g = 4CF5 is given in Section 8. 

However, as x + 1 the connection between the structure function 

F2(x,Q2) and quark distribution function q(x,Q2) starts to break down 

since the internal transverse momentum integrations are limited by 

ii" < (l-y)Q2 < (1-xI$Q2 = xBjW2. Qualitatively, the structure function 

evolves to x~~W',S Q2. For x - 1, we have from Eq. (4.28), 

x 
dy $$ 

Q2 
6q(x,Q2) =" 2cF J dg a (2) +2 

IsI q(x,k ) 

(l-y)Q2 ': 
4n 

. 
1 (4.32) 

0 

Combining this with the x - 1 behavior of q(x,QL), we find the correction 

factor for F2(x,Q2), 
._ 

= 1 + 2cF log2U-x) + . . . 
6 log Q2/A2 

(4.33) 

as.x * 1. The correction from 6q thus becomes appreciable when 
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ZCFlog'(l-x) crs(Q2)/4n becomes large. Similarly, the correction to the 

nth moment of F2(x,Q2) is 

6q (Q2) a (Q2) 
LL-- - 2CF log2* +- + . . . 
sn(Q2) 

(4.34) 

This, in fact, precisely reproduces the order as(Q2)log2n correction 

to the structure function moments computed using the operator product 
54 

method. Here we account for these terms simply by taking into account 

the kinematic constraint; Eq. (4.33) contains the sum of the as(~')log2n]' 
[ . 

terms. Unless one takes into account this kinematic effect, there can be 

no expansion in as(Q') at large n. 

The [log2n * us(Q2)] terms are usually taken into account phenomeno- 

logically by rewriting the lowest order moments in terms of a variable 

scale constant Af which grows monotonically with n.54 This can be 

understood qualitatively since we expect the structure functions to be 

a function of log Q2(1-x)/A2 = log Q2/nA2. 

It is interesting to examine the distribution function F2(x,Q2) - 

x[q(x,Q2)+6q(x,Q2)] in the fixed W2 = (I.-x)Q2/x, Q2+- limit. Using 

Eq. (4.33) (and ignoring powers of log Q2) 

F2kQ2) " 
fixed W2 
Q2 >> w2 

The last factor, which gives a power law suppression in Q2, represents 

the probability of the struck quark to scatter to a final quark jet of 

fixed mass. It is analogous to the QED radiative correction for charged 

particle scattering with finite energy resolution:55 

L 
- ; log % log -& 

do = da0 e m 
(4.36) 

We emphasize here that taking into account the correct phase space 

limit 2: < (l-y)Q2 is crucial to the result (4.35). If we had used zf < Q2 

instead, then F,(x,Q2) - xq(x,Q 2 ) where 

q(x,Q2) 

=.a., a much stronger suppression. The last factor is the QCD analog of 

the square of the QED Sudakov form factor 

S2(Q2) - e 
-a/a. log2 Q2/Qz 

(4.38) 

which is the probability for an off-shell fermion to scatter elastically. 

We thus see that the scale-breaking effects from the QCD evolution 

equations are actually controlled by W2 in the large x domain, and 

accordingly are more modest than what might be expected from formulae 

based on Q2 evolution. 

Detailed comparisons of the QCD predictions for the structure 

functions and moments with experiment are given in the contributions 

of Atwood and Barnett in this volume.' 

: 
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5. Jet Fragmentation in Deep Inelastic hdUSiVe RSSCtiOnS 

Let us now consider the perturbative QCD feature of the final state 

quark jet in deep inelastic scattering. The lowest order gluon correc- 

tion to the top rung of the Compton amplitude as illustrated in Fig. 5.1 

is a prototype of the planar graphs which contribute to the leading 

logarithmic contributions to the cross section. 

Ignoring mass terms, energy and momentum conservation for the final 

state indicated in Fig. 5.1 implies 

z2 +2 
2 wZ=(q+p) =I kl 

x(1-z) +=+ x -Q2 . (5.1) 

The z1 integration is accordingly limited by phase space to "I < xW2a(1-z). 

The argument of as in the loop integration is effectively ;:/a. Thus the 

maximal value of ::/a, which can lead to a factorized logarithmic evolution 

of the quark or gluon jet fragmentation distributions D and II 
4'19 g/q' lS 

+2 Ll/z c-c (l-z)xw2 = (l-z)(l-x)Q2. After renormalization, i.e., removing 

the d,((l-x)Q2) factor incorporated into the structure functions, and 

summing all planar graphs with ordered transverse momenta, the resulting 

evolution equations of the fragmentation functions are identical to those 

M 
ofq 9 qs and g. The quark jet fragmentations satisfy the "initial 

conditions" Dq,,q(z,u2) = 6(1-~)6~~,, Dg,q(z,~2) =O. Thus D q,,q(z,Q2) 
represents5' the distribution of quarks q' at the resolution scale Q -1 

-1 
in a quark q defined at resolution !.I . Despite their change of shape 

with Q2, the integral over the q' and g distributions conserve jet flavor 

-. . . 

Fig. 5.1. Example of a leading contribution to the evolution of the 
quark fragmentation function. 

and momentum: 
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1 

J 
da D qt,q(~,Q2) = 6q,q , (5.2) 

cidz + q,,q(z.Q2) + Dg,q(z,Q2)] = 1 . (5.3) 
q' 0 

The moments of D 
q'lq 

and D 
g/q 

are identical to those of the hadronic 

quark and gluon distributions. Since the final transfer q' -t hadrons 

is a simple convolution at finite relative transverse momentum, the 

moments of the hadron fragmentation functions D ,,,(z,QL) also have the 

same anomalous dimensions. Thus in leading logarithm approximation, the 

deep inelastic fragmentation cross section e+p -f L+H+X has a factorized 

form which we write symbolically, 

dN 2 
__ - dxdz q(z,(l-dQ ) DH,q (z,(l-z)(l-x)Q2) (5.4) 

since the quark distribution in the target evolves up to gf << (I-x)Q2 

and the quark fragmentation in the final state quark jet evolves up to 

e2 << (l-z)(l-x)Q2. As expected, in leading logarithm approximation the 

jet fragmentation functions are universal functions, independent of the 

process. 

In deep inelastic lepton scattering, the fragments of the final 

quark jet have their momenta directed along (q+xp)u. Quark or gluon 

fragments at large transverse momentum ZL +. O(;il) relative to the jet 

direction give a contribution to the cross section which (together with 

renormalization terms) is order as(Q2) smaller than the 1: << W2 leading 

contributions. Such contributions correspond to a multijet final state, 

Q + b.?. 

It is important to observe that the kinematic coupling of the x 

and z. dependence in the DH,q fragmentation function destroys factori- 

II m zation of the x z moments in Q2 of the inclusive cross section (5.4), 

even before taking into account multijet processes. The breakdown of 

factorization and the importance of W 2. in controlling jet evolution has 

been seen phenomenologically in the data of Ref. 56. 

More detailed discussion of the theory and phenomenology of QCD 

jet may be found in the contribution6 of G. Schierholz in this volume 

and in Ref. 7. 

6. General QCD Short-Distance Subprocesses 

It is now clear that for any hard-scattering subprocess we can sum 

sets of planar diagrams (ordered in transverse momentum) associated with 

each incoming or outgoing quark or gluon line, such that in leading 

logarithm approximation we obtain universal distribution and fragmentation 

functions q(x,Q2), g(x,Q2) which control the quark and gluon evolution at 

short distances.57 The kinematic limits of the transverse momentum 

integrals associated with each radiative correction control the evolu- 

tion and have to be individually examined. 

For example, let us consider the gluon radiative corrections to the 

Drell-Yan subprocess qi + 9,; in the reaction HA+HB + ea+X. As usual 

we can choose the gauge such that only planar graphs (where the emitted 

gluon is reabsorbed on the same quark line in the squared diagram)--with 

ordered transverse momen‘oa--contribute to the leading "collinear'~ 

logarithms. 

The kinematics of the leading logarithmic gluon corrections to the 

Drell-Yan process are illustrated in Figs. 6.1 and 6.2. We choose the 

-; ._. -. 

.~ -. 
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Lorentz frame in which the incident hadrons are oppositely directed: 

PA = P,rni/P, ( zl), pB = (mi/P ,P,d). Ignoring all masses, we then 

have xa = k+-/Pi, xb = s/P;) c 

Q’ = 
-+2 
kLbZb 

xb(l-zb)P ' "bp - ~~(1-2 )P ' 'u+%b a 
(6.1) 

+2 

Q 
2 2 klb=b 

+2 
kla=a 

+2 k +2 k 
-v..k?----2k 

= %XbP + xb(l-zb) x,(1-ZJPL l-z, 
ib + 

l-Zb .i: .~a Lb 

with P2=s. Thus the da and zlb integrals decouple if T, <c Q2(1-z,), 

zfb << Q2(1-zb); the parton model constraints xaxbs = Q2, xa- 

Qz/2P = x~ then become valid if xF > Q2is. The leading-log sL:ion 

and kinematic limits for the q and 4 distributions are then identical 

to those for the 9-p + ilX structure function at the corresponding 

kinematics. To leading order in as(Q2): 

* (H*fHg + Ln.+x) = q(x,. 
a'b 

(~-x,)Q~)~(~~,(~-~)Q~)~~~+~~(Q~) 

(6.2) 

where we have used the symbolic notation q(x,,(l-xa)Q2) = q(xa,Q2) + 

&q(xa,Q2) to indicate the 2: kinematic limits (see Chapter 4). 

If one looks at the radiative corrections of order (rs(Q2) beyond 

the leading logarithm approximation, it is now known that severe 

corrections to the standard factorized form arise. For example, the 

order os(Q2) correction to the time-like vertex q6 + ~a leads to a 

factor45*58 

a (Q2) 2 
1+9c F 

AL++ - 1 + 4as(Q2) . 2ll (6.3) 

Such corrections are numerically large, and it clearly is important to 

understand their higher order structure. Notice that part of the order 

as(Q2j corrections to the annihilation cross section can be identified 

with higher order hard scattering subprocesses, e.g., gq + y*q and virtual 

corrections to the lowest order subprocesses. In fact, since the 4 

distribution in the proton could be numerically smaller than as(Q2) times 

the gluon distribution, the ordering of contributions to pp + &xX 

according to their order in as(Q2) can be misleading. 

Similar perturbative analyses are possible for other reactions such 

as deep-inelastic Compton scattering, and large pT hadron production 

processes. Again in leading logarithmic approximation one obtains the 

parton model structure for large transverse momentum jet production as 

a summation over hard scattering subprocesses 

do(Hl+H2 +hl+h2+X) 

dxldx2 dzldz2 = sl(x,,Q2~1-~l))q2(x2~Q2~~-~2~) 

x 0 
q192-+q142 

(a,(Q') ,Q2> Dhl,qi(~,Q2(1-~l) (l-xl)) 
(6.4) 

' Dh2/q; (~~,Q~(l-z~)(l-x~))+ (higher order in as(Q2)) 

plus the analogous contributions from the qg + qg, gg -f gg, etc., leading 

2-2 subprocesses. Here Q2 =4pz sets the large transverse momentum scale. 

As yet, phenomenological analyses have not taken into account the 

ki&natic limits on the evolution functions indicated in (6.4). 

As we have discussed in Chapter 1, there is no convincing proof 

w'hich rules out soft hadronic interactions between the inconing hadrons 

in the Drell-Pan and high pT hadron collision processes. For example, 
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a simplified modelI for the effect of instanton vacuum fluctuations 

appears to destroy the factorized structure proved in perturbative QCD. 

In the case of a nucleus-nucleus collision, A1+A2 + 1++ e-+X, it is 

difficult to believe that absorptive or Glauber processes do not 

rearrange the initial states and thus fundamentally destroy elementary 

factorization. 

We will discuss the contributions of high twist terms to the Drell- 

Yan process in Chapter 8. 

7. Large Momentum Transfer Exclusive Processes in QCD 

The most detailed information on the structure of QCD may well come 

from analyses of exclusive processes at large momentum transfer. Channel 

by channel, each exclusive process cross section must depend in detail 

on the scaling and spin-dependence of quark and gluon scattering 

amplitudes and the form of the hadronic wave function at short distances. 

On the other hand, exclusive processes are clearly more difficult to 

analyze than inclusive reactions since one must deal with the features 

of the hadronic bound state. Despite this complexity, perturbative QCD 

can make definitive predictions; as an example, the asymptotic magnetic 

form factor of the nucleon in QCD has the form1 

G,(Q’) = [IF- -& bn,m(log $)-++E~ + +Q',, $1 (7.1) 

N where the y, are the (logarithmic) anomalous dimensions of the nucleon 

wave function. 

Hadronic wave functions at short distance 

Until recently, the physics associated with the hadronic wave function 

was generally considered to be off-limits to perturbative QCD. For 

example, the input values for the structure functions q(x,QE), g(x,Qt) 

for the QCD evolution equations have been relegated to the domain of 

essentially uncalculable non-perturbative physics. However, this 

assumption is unduly pessimistic. The critical point is that the far- 

off-shell behavior of the hadronic wave function--the part of the 

wave function which controls the x + 1 behavior of the structure functions 

as well as the large momentum transfer fall-off of form factors and other 

exclusive processes-- is computable using the calculus of perturbative 

QCD. As we shall see, given the wave function in the "soft"; near-on- 

shell domain, we can calculate the far-off-shell behavior using a new 

type of evolution equation derivable from perturbative QCD or the 

operator product expansion.' The net result is that the power-law fall 

of exclusive cross sections at large momentum transfer, and the x -+ 1 

dependence of structure functions agree with simple counting rules;4'5 

however, QCD predicts additional logarithm dependence due to explicit 

powers of as and the evolution of the wave functions. 

The counting rules were derived upon the premise that the power-law 

scaling behavior of wave functions can be derived from the first iteration 

of the Bethe-Salpeter kernel in a renormalizable theory.4 In brief, 

they are: 

(a) (Spin-averaged) form factors at ItI >> M2 

FH(tf - & 
t 

(7.3 

‘, 

lh0 



where n=number of constituent fields in l-i. 

(b) Large angle scattering at s >Z M2, t/s fixed 

g (AB + CD) M -& f(t/s) 
S 

(7.3) 

where n = total number of constituent fields in A,B,C and D. 

(c) Structure functions at Q2 >> M2 , ,-M2 = +Q2 fixed 

F2,(x,Q2) - (1-x) 
2ns -1 

(7.4) 

where ns = number of spectator fields in H.6 

In each case the minimum number of fields dominates the asymptotic 

behavior. The rules follow simply from tree graphs in any renormalizable 

field theory if the four-momentum of each hadron is partitioned among its 

constituents. 

The counting rules appear to summarize a wide range of large 

momentum transverse phenomena; we will compare with experiment below. 

A very convenient framework for analyzing bound states in QCD is 

time-ordered perturbation theory on the light-cone, as discussed in 

Chapter 3. In general, in time-ordered perturbation theory the wave 

function describes a Fock state of positive energy, on-mass-shell 

constituents. The amplitude is evaluated at equal time for each 

constituent. In the infinite momentum limit p3 -c m, this is equivalent 

to equal "time" z + = z"+z 3 on the light-cone. Thus in QCD, the meson 

state Y can be represented as a column vector of wave functions-- one 

for each of the Fock states qq,q{g,... in the meson. Fock states having 

a finite number of constituents exist for color singlet states because 

of the cancellation of all infrared divergences.7 In general, Y satisfies 

the bound state equation Y = SKY-- an infinite set of coupled equations 

where the matrix K is the completely irreducible kernel, S -1 = n 

+ic is the n-particle propagator, and x = 
j 

are the constituents' fractional longitudinal 

See Fig. 7.1. We can rigorously separate "hard" 

from "soft" components of the wave function by defining a propagator S 0) 

which vanishes for virtual states near the energy shell 

if IM'-C( kf+m2)j/xjI 2 X2 ('hard') 
j (7.5) 

0 otherwise ('soft') 

We can then write 

Y = (S-S('))KY + S(')Kly 
(7.6) 

= Yx -I- S(‘)KY 

where the wave function Y h 
f (S-S(X) )KY is non-zero only when its 

constituents are near energy shell. The full wave function can be 

expressed in terms of P x : [see Fig. 7.21 

Y = I'~ + G(')KYX 

G(h) ~ ,(') + ,('),(') 

= s (0 + ,0),,(x) + ,(~),,(X),(X) + . . . (7.7) 

By the definition in Eq. (7.6), the Green's function G (A) contains only 

hard loop momenta, and thus it has a sensible perturbative expansion, 

at least in asymptotically free theories. In particular, bound state 

poles cannot develop in G (0 since only far off-shell propagation occurs 
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in intermediate state (e.g., V(r) = arB(r < l/X) does not bind for A 

sufficiently large). The soft wave function Y1 contains all intrinsically 

non-perturbative effects. Given YA, Eq. (7.7) determines the far-off- 

shell structure of the full hadronic wave functions I from perturbation 

theory. 

The meson form factor F,(Q') can now be represented as a sum of 

matrix elements between initial and final Yx states: 

The amplitudes r (A) (9;1,44) * etc.,consist of all connected diagrams 

(reducible and irreducible), but with all loop momenta hard as in G (A) 

(see Fig. 7.3). In light-cone3 gauge (A+=O) (see Chapter 3), the 

nominal power law contribution to F,(Q*) as Q*+m is F,(Q*) 2 n-l 
- l/(Q ) 

if n quark or glum constituents are forced to change direction. Thus 

only the qn component of '+'yx contributes to the leading (l/Q*) behavior 

of FM(Q2). (Higher Fock states in which constituents annihilate before 

the exchange of the hard momentum q' can be treated as corrections to 

the qa components of 'Yx.) 

The leading logarithmic corrections to this power-law behavior are 

readily identified in each order of perturbation theory. They are order 

(a S logQ2)n in nth order ; double logarithmic terms, (aslogQ210gQ2)n, 

do not appear due to infrared cancellations in the color singlet state. - 

As in Section 4, we choose a frame where q ' is transverse to the direction 

of the incident meson (-q2=Q2=qf). To leading order: the dominant 

mcmentum flow then occurs through the minimal exchange graphs TB; only 

planar ladder graphs are required (in light-cone gauge); and the trans- 

: 

J-79 k,>X kPA 35.5,*10 

Fig. 7.3. The meson form factor in QCD using Eq. (7.8). 

: 
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verse momentum integrations are ordered, as indicated in Fig. 7.4. Up 

to neglected terms of order as(Q2) and m/Q, the meson form factor in 

QCD now takes the form 

1 1 

F,(Q*) = 
/ dxl dx2 6(1 - c* ) j- dyl dy2 6(1 - cyj) 

j j 0 0 1 

where 

TD = 167 CF 
a (Q*) 1 
A.-.- - 

Q2 *2y2 
('F = 4) 

and 

~$9~) = 
4n 

Hog Q2/A2 

for mesons with zero helicity, and 

(7.10) 

( ' = I'- f "flavors > 
(7.11) 

-cF/6 Q2 2 

+(*,,Q) = (log $) J 2 UXi,il:,) 
0 5 x1x2 &,Q) (7.12) 

is the two-body wave function integrated over transverse momenta kf 2 Q2. 

The factor (log Q2jvCF" in $ is due to vertex and fern&n self-energy 

corrections in Tb. The integrated wave function e(xi,Q2) is gauge- 

invariant; physically,it represents the impact space wave function at 

-+2 
bL - Ml/Q*). Note that the integration over transverse momentum includes 

the fermion self-energy corrections on both legs of the wave function. 

The ultraviolet renormalization is identical to that of the quark 

distribution described in Chapter 4. 

builds UP +(yi ,Q) 

Fig. 7.4. Leading logarithm contributions to the meson form factor. 
The dominant momentum flow is through TD. The ladder graphs 
and self-energy insertions yield the evolution Eq. (7.16). 
and anomalous dimensions of the wave function at short- 
distances. 
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representing (or mixing strongly with) the meson, the bound state 

equation has a source term corresponding to the bare coupling &5$, 

and consequently $ tends to a constant as xi + 0. Precisely this type 

of behavior occurs in the case of photon structure functions and photon 

transition form factors in QCD (see Chapter 10). 

Because of the boundary condition (7.23), the singularity in TB at 

x2=0, y2=0 (Eq. (7.10)) does not result in additional factors of log Q*. 

The behavior of F,(Q2) is thus determined by TB and the short distance 

2 behavior of the wave function Y(xi,cl) (i.e., kl+-, xi#O). Since the 

wave function is essentially <OIT($(r)$(O))/M>, the anomalous dimensions 

yn of e(xi,Q2) are those associated with the twist two operators appearing 

in the operator product expansion of $(r)?(O). Furthermore, the usual 

renormalization group arguments imply that the leading logarithms summed 

by the evolution equation are in fact the dominant contribution as Q*+-. 

Of course non-leading terms may be relevant at present energies, but 

these too may be computed in the framework described above. 

Combining Eqs. (7.9), (7.10) and (7.18), we find the QCD predictions 

for helicity zero mesons (~,K,P~,...)~~~~I~ 

F,(Q*) = 
4n CF ~$9~) 

Q2 
j$ an (1s $r”i2 

Identical results follow for FK and Fo 
L 

if f,, is replaced by fK and fo 

respectively. 

Although Eqs. (7.24) and (7.25) agree asymptotically, the n#O terms 

in (7.24) can result in sizeable corrections to both the normalization 

and shape of FN(Q2) until Q' is quite large. In general these terms tend 

to compensate for the fall-off in os(Q2). If we assume that $(x,,i) is 

1 sharply peaked at xi - - 
2 ’ 

as is characteristic of non-relativistic 

bound states, then the evolution equation causes 4(xi,Q) to broaden, as 

Q2 increases, out to its asymptotic form x1x2. Since TB is ma&num at 

x =o, 2 this effect enhances the form factor. Figure 7.6 illustrates 

predictions for Q'F,, assuming that o(xi, A) is either strongly peaked at 

xi= L 2 , or has a smooth x1x2 dependence (no evolution). In neither 

case is the normalization arbitrary; both tend to t'ne form given in 

Eq. (7.25) as Q*+-. The value A'= 1 GeV2 (equivalent to Afff - .25 GeV2) 

is used here. 

For mesons with helicity tl (e.g., pT) or for transition between 

mesons of differing helicities (e.g., y*pL -f oT), TB vanishes as a power 

of Q faster than Eq. (7.10).'" One significant consequence of this is 

the suppression of reactions e+e- + pTpT, pLpT, no by a factor m2/Q2 

(in the cross section) relative to eie- +- 
'?rlT > PLPL’ 6.15 Furthermore, 

x [ 1 + O(as(Q2) , m/Q) 1 
Asymptotically the a0 term dominates and from Eq. (7.22) 

FJQ*) + 
f2 

16~ as(Q‘$$ as Q2 + m 
Q 

(7.24) 

(7.25) 

each of the leading processes has a positive form factor at large Q‘ 

relative to its sign at Q*=O. l6 These are ali non-trivial consequences 

of QCD dynamics. By way of comparison, e+e- + pTpT is not suppressed in 

theories with scalar gluons. Furthermore, Fx, FK and Fo in scalar 
L 

theories become relatively negative for large Q* and thus must vanish at 

some finite Q'. Current data for Fir already rules out the scalar theory. 
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Fig. 7.6. QCD prediction for the meson form facto-r for two extreme 
cases: Ca) OCxisx) = Sk,-%) or (b) $(xi,h) 0: x1x2. In 
the latter case the wave function is unchanged under evoln- 
tion. The asymptotic predictions are absolutely normalized, 
according to Eq. (7.25). 
In this figure A*=1 GeV'; 

The bands correspond to ias(Q* 
notice that because of momentum 

sharing the natural argument of as is - Q2/4 so this value 
is equivalent to $ff - .25. The determination of a value 
for A* requires the computation of the order us(Q*) terms 
in Eq. (7.24). The data are from the analysis of electro- 
production e-p -t e-+~++n; C. Bebek et al - _' ) Phys. Rev. D13, 
25 (1976). 

The analysis of baryon form factors in QCD is similar to that for 

mesons to leading order in ~rs(Q').' The leading power-law terms involve 

only the three-quark component of the baryon's wave function (in light- 

cone gauge, A+ = 0) . When the leading logarithms in each order of 

perturbation theory (i.e., (~~,logQ')~) are summed, the form factor has 

the form (-q2 G Q2): 

F,(Q*) = j[dy,j[dy&?$,Q) T&,yi,Q) O(y,,Q) . (7.26) 

0 cl 

Here [CB = (~color+l)/2nco10r = 2/3) 

TH = f(Xi'Yi) (7.27) 

is the minimally-connected amplitude for y*3q + 3q, and 

[dxi] E dxl dx2 dx3 6 (7.28) 

The effective wave function $(xi,Q) is the three-body qqq Fock state 

wave function integrated over transverse momenta Iki (9 ,* < Q* 

= - x1 x2 x3 ?$,Q) (7.29) 

Only baryon states with Lz- -0 contribute to the leading power. The 

factor (log Q*)-(~'*)'F'@ 1s due to vertex and fermion self-energy 

corrections in TH which are more conveniently associated with $ rather 

168 



than s. As in the meson case, the leading behavior of + for large QL 

is determined (in A+=0 gauge) by planar ladder diagrams with the trans- 

verse momenta in successive loops strongly ordered X2 << (kl) ' * << (+* << 

. . . << Q*; Three- and four-gluon couplings play no role in this order 

(other than in standard vertex renormalization) since they destroy the 

strong ordering. Consequently, defining 5 as in (7.15), we can derive 

an evolution equation' for ?(x,,Q) (relating it to T(xi,X) for some X<Q): 

1 

+ T(xi,Q) + 5 CF bi,Q) [dyi] Vbi,yi) ;(yi,Q) (7.30) 
0 

wherel' 

V(Xi'Yi) = x1x2x3 5 

= WYi’Xi) ( 6 = ;(yi,Q) - i-$,Q)) (7.31) 

is the interaction between each pair of quarks due to exchange of a 

single glum. The Kronecker delta 6hii;j is l(0) when quark helicities 

are anti-parallel (parallel). As in the meson case, the infrared 

singularity at yi=xi is cancelled because the baryon is a color singlet. 

Any solution of the evolution equation can be expressed in terms 

of the eigenfunctions of V 

( $ CF - Y, ) x1x2x3 ;, = v, 

(7.32) 

(7.33) 

The coefficients an may be determined from the soft wave function: 

(7.34) 

The leading eigenvalues y, and eigenfunctions gn',(xi) for helicity l/2 

and 3/2 baryons are given in Refs. 1 and 18. The asymptotic wave 

function for very large Q* is 

(log Q*/A*) 
-2136 

IhI = 112 

+(x,,Q) * Cx1x2x3 -2/S (7.35) 

(log 9*/A*) Ih( = 3/2 

where C is determined by the qqq wave function at the origin, and h is 

the total helicity. Since asymptotically $ is syrmaetric under inter- 

change of the xi's, Fermi statistics demand that the corresponding 

flavor-helicity wave functions must be completely syrmnetric under 

particle exchange, i.e., identical to those assumed in the symmetric 

W(6) quark model.lq 

The magnetic form factor G,(Q2) for nucleons is given by Eq. (7.36) 

where T B is computed from the sum of all minimally connected diagrams 

for y*3q + 3q (hl=h3=-h2=h120 

TB = 64v*(T,'{$ ej Tj(xi,yi) + (xi-y,)\ (7.36) 

T1 = T3(l++3) = 1 1 
x2x3(1-x3) Y*Y3U-Y1) 

1 

x2(1-x,~*Y2(1-Y,~* 

1 1 
T2 = - xlx3(1-xl) Y1Y3(1-Y3) 

- 1 1 

x3(1-x$ Y3(1-Yl)* 

; (7.37a) 

(7.37b) 
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and ej is the electromagnetic charge (in units of e) of particle j. 

Convoluting with wave function (7.33), we obtain the QCD prediction for 

the large Q* behavior of GM: 

G (Q*) = = 
M 9 * T 2 bn,m (log ~~n'5-ym'R[liO(o~(Q2).-/Q)] 

(7.38) 

For very large Q*, the n=m= 0 term dominates and we find 

2 2 +Q*) 
GM(Q2) + F C - 

Q4 
(-e-Q (7.39) 

tiere ell (e-,,) is the mean total charge of quarks with helicity parallel 

(anti-parallel) to the nucleon's helicity (in the fully smetric flavor- 

helicity wave function). For protons and neutrons we have 

ep = 1 
II ep =0 

- II 

The constants C are generally unknown 

symmetry C 
P 

=Cn and thus QCD predicts 

for baryons; however, by isospin 

the ratio of form factors as Q*+m. 

The ratio Cg(Q*)/Gk(Q*) is a sensitive measure of the nucleon wave 

function. For the initial condition +(xi,X) = 6(x1-1/3) 6(x2-1/3), 

the ratio -G~(Q2)/G~(Q2) g 1 at Q*= X2, and decreases asymptotically to 

zero as 

e: = -e",, = -l/3 (7.40) 

(Yo - Y3) /f3 

(1% 4*/A') 
-32190 

= (1% Q*/A*) . (7.41) 

Both the sign and magnitude of the ratio are non-trivial consequences of 

QCD; they depend upon the detailed behavior of TB and $(x,,Q) as Q2+==. 

For comparison, note that in a theory with scalar or pseudo-scalar 

gluons, diagrams in which the struck quark has anti-parallel helicity 

vanish. Thus scalar QCD predicts a ratio G:/Gi + ei/ei = -l/3. 

The predictions for G,(Q*) in the subasymptotic domain depend on 

the n,m # 0 terms in Eqs. (7.33) and (7.38). Figure 7.7 illustrates the 

4P 2 predictions for Q GH(Q ) assuming an initial wave function condition 

4 (Xi, A) = 6(x1-1/3) 6(x2- l/3) with X2= 2 GeV2 and various QCD scale 

parameters A2 = 1, 0.1, 0.01, and 0.001 GeV2. Because of the factors 

of a it is difficult to fit the data2' for A* > 0.1 GeV*. s in Eq. (7.36), 

In principle, non-leading terms could be important for Q* 5, 25 GeV*. 

These corrections can be computed using the formalism outlined above. 

As is the case for mesons, form factors for processes in which the 

baryon's helicity is changed (Ah# 0), or in which the initial or final 

baryon has h>l, are suppressed by factors of m/Q, where m is an 

effective quark mass. (Crossing and the Ah=0 rule imply that form 

factors for particles with opposite helicity dominate for q* timelike.) 

Thus the helicity-flip nucleon form factor is predicted to fall roughly 

as F 2 - mM/Q6, and the elastic ep and en cross sections become (-t = Q2 + -) 

do 4nn 2 [ 2 s +t 2 
dt + 7 2s2 1 G.$t) (7.42) 

Cross sections for transitions such as ep -+ eb (IhAl = l/2) are also given 

by Eq. (7.42) (with GM as in (7.38) and (7.39) but with C* +cc p A in the 

latter); quark charges are still those given in (7.40). Cross sections 

with jhA( = 3/2 are suppressed (by m*/t). The reaction e+e- + A+A- is 

dominated by baryons with IhA( = l/2; the cross section for production 

of IhAl = 3/Z pairs or deltas with IhA\ = 3/2 and l/2 is suppressed. 

: 
I.-, 

: 
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Fig. 7.7. Prediction for Q4g(Q2) for various QCD scale parameters A* 
(in GeV*). The data are from Ref. 21. The initial wave 
function is taken as +(x,X) = 6(x1-1/3)6(x2- l/3) at 
?I~=* GeV*. The factor (l+m2/Q2)-2 is included in the 
prediction as a representativg of mass effects. From Ref. 1. 

Most of these predictions test the vector nature of the gluon. For 

example, transitions ep + ed (/hAI = 3/2) are not suppressed in scalar 

QCD. 

It should be noticed that the integration over the light-cone 

momentum fractions x i and yi in Eq. (7.26) would diverge linearly if the 

nucleon wave function were replaced by a constant. Compositeness only 

insures that @(xi) m (l-~~)~ as x i + 1 for c>O; thus the possible end- 

point singularities make the proof of the short-distance dominance of 

the nucleon form factor more subtle. However, each eigenfunction of the 

evolution equation (corresponding to a leading twist contribution to the 

operator product expansion for JI$JI) leads to a contribution to +,(xi,Q2) 

which is of the form x x x 1 2 3 times a polynomial. The sum of each terms 

2 is convergent and yields a wave function bB(xi,Q ) which vanishes as 

(1-x 
i 

) 2-6 (Q2) where S(Q*) vanishes monotonically as Q2+-. Thus the 

region of finite xi yields a contribution to the form factor which is 

dominated by the short-distance domain. There remains, however, the 

potentially dangerous region where some of the xi are infinitesimally 

small, e.g., x 2'x3 w O(m/Q). However, in this region TH itself is 

suppressed by a Sudakov form factor since a close to on-shell quark 

(k2 w O(mQ)) is scattered at large momentum transfer Q 2 22 . 

Thus the baryon form factor in QCD like the meson form factor is 

not dominated by the end point region in the xi integration, and the 

'short distance domain of the operator products controls the asymptotic 

behavior. 

It is easy to see that the same singularities23 that appear in the 

operator product expansion which control the leading twist contributions 
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to the non-singlet structure function moments at large Q*, also determine 

the behavior of the meson wave function at short distances, and this in 

turn determines the behavior of the form factor of helicity-zero mesons 

at large momentum transfer. The distinguishing characteristic between 

the structure function moment and wave function calculations is essentially 

just the difference between "forward" <pIfl(,) and "non-forward" 

<Old 
h) 

(p> matrix elements, respectively, where the 0 (*) 
are the local 

operators that appear in the short-distance expansions. In the latter 

case, one has additional operators which involve extra factors of "out- 

side" derivatives 3 a* However, the "inside" derivatives7 a acting between 

the field operators determine the anomalous dimension since these are 

related to the internal integrations. Thus each anomalous dimension for 

the non-singlet structure function corresponds to a corresponding 

logarithmic correction factor to the nominal a,(Q*)/Q* fall-off of the 

helicity zero meson form factor. 

The form factor analysis discussed here is also applicable to the 

deuteron and other nuclei. The nominal asymptotic prediction4'24 for 

the spin-averaged form factor of the deuteron is FD(t) -+ az(t)/t5, 

module anomalous dimension terms (see Fig. 7.8). The comparison with 

the prediction25 fD(t) 5 FD(t)/Fi(t/4) => c/(t-m*) is shown in Fig. 7.9. 

A more detailed discussion of the application of QCD to large momentum 

transfer nuclear physics problems in given in Ref. 26. 

It should be emphasized that the specific integral powers Q 
-4 

, 

predicted for the baryon form factor, and Q 
-2 

, predicted for the meson 

form factor, reflect both the scale invariance of internal quark-quark 

interaction and the fact that the minimal color singlet wave functions 

.a m 
w 

Pion, n=2 

IO-’ 
C/I w= 

== 1 

Proton, n=3 

10-l 

10-l 

lO-2 

lO-2 

iO-3 

lo-4 ’ I I I I I 

0 2 4 6 

10-77 q2 (GeV2) 3311114 
Fig. 7.8. Hadronic form factors multiplied by (Q2)"-'. From Ref. 26. 
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2 7 

‘l-77 q2 (GeV*) 

Fig. 7.9. The "reduced" form factor fD(Q*) of the deuteron multiplied 
by (l+Q2/m2) with rn2 - 0 5 GeV2 
prediction it large 82-is' (It Q2;nK~~~c~~~e~“f~~~~~~~~tin~ 

of hadrons contain 3 quarks or quark plus antiquark. Thus both the 

dynamics and symmetry properties of QCD are directly tested. As we have 

seen, the spin dependence of quark-quark inter?ctions can be tested at 

short distances by studying the helicity dependence of elastic and 

transition form factors. The QCD "selection rules" imply that hadrons 

tend to be produced at large momentum transfer with minimal helicity, 

and directly check the gluon spin. 

It should be possible to relate the normalization and structure of 

the wave functions $(xi,Qz) at large distances to the wave functions used 

in the study of baryon spectroscopy. We emphasize that the evolution 

equations completely determine the hadronic wave functions at short- 

distances: 

+,(xl,x2>Q2) + 
Q2 -+ m %Yx2 (helicity zero) 

bB(x1>x2,x3,Q21 -F cBx1x2x3 

(7.43) 

The spin and flavor wave functions are then determined by CSU(6) 

symmetry. In the case of the mesons the constants CN are normalized 

by the leptonic decay amplitudes.27 

The large momentum transfer fall-off of the hadronic wave functions 

JI(x,~~) can be immediately determined from a$(x,Q2)/aQ2. Module 

logarithms,2 

Thus the fall-off of hadrons relative to a quark jet axis is dN/dzz * 

O(c4) compared to dN/d$f - a$+/$; for gluons (2; << Q2). The 

high momentum tail of the hadron distribution has a power-law fall-off, 
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not Gaussian or exponential as usually assumed. Nevertheless, the mean 

value of <ZT> is still essentially constant for the hadronic distribu- 

tion versus the strong growth <Gf>o - 
0 

crs(W2)W' expected due to hard 

gluon radiation. 

Fixed angle scatteringz8 

The techniques which we have discussed for obtaining asymptotic 

results for form factors can be extended to the computations of any 

exclusive process involving large momentum transfer between color 

singlets.2 Here we shall focus on fixed angle hadronic scattering 

do/dt(A+B + C+D) as s+m at fixed t/s or ecm. In general, each hadron 

is represented by its Fock state decomposition; the leading power-law 

dependence as s+- is obtained from the Fock state with the minimum 

number of interacting components. The analysis of fixed angle scattering 

is complicated by pinch singularities, so we must consider two different 

scattering mechanisms. 

A. Hard subprocesses 

In this case the momentum transfer between constituents occurs 

through a single hard scattering amplitude TH with all internal legs 

off-shell and proportional to p; = tu/s. The fixed angle amplitude is 

then to leading order in as(p$ (see Fig. 7.10)293 

,x 
l-n 

+ 
AB+CD= i 

dXi 6,h,,P;) qXd’P;l 

2 2 
x TH(xi,pT) #A(x,,P,) OB(xb,pT *) (7.45) 

Fig. 7.10. Fixed angle meson-baryon scattering contributi(m in QCD 
for hard scattering subprocesses. 

-(n-4) The amplitude TH yields the power-law fall-off pT where n is the 

total number of constituents, in agreement with the dimensional counting 
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r~le.~*~ Examples of the leading contributions to lowest order in 

as(pf) for meson-baryon scattering are shown in Fig. 7.11. Single 

gluon exchange between color singlet hadrons is of course zero. The 

constituent interchange graphs,2g Fig. 7.11 are among the dominant 

contributions and lead to large flavor-exchange amplitudes. In general, 

there are an enormous number of such hard scattering tree graphs in QCD. 

As in the form factor calculation, the evolution of the wave 

functions $(x,X2) to $(x,pi) yields a series of terms with anomalous 

powers of aS(p,$. The asymptotic cross section at p; -f - has the form 

+C+D) => f (ecm) 

2 FA(p$ FB(Pi) FC(P$) FD(P$ f(acm) (7.46) 

PT 

where yI is the leading anomalous dimension and FI(t) is the asymptotic 

form factor of hadron I. (The non-leading anomalous dimensions are not 

expected to be given correctly by Eq. (7.46) because of the different 

weighting of the xi integrations.) The anomalous logarithms from each 

wave function is specific to each hadron; we thus have a "factorization 

theorem" for the logarithmic corrections to dimensional counting analogous 

to the factorization theorems for scale-violations to high pT inclusive 

reactions. 

B. Soft subprocesses 

As first emphasized by Landshoff, amplitudes with "pinch" 

singularities, analogous to Glauber scattering amplitudes may provide 

an alternative and possibly phenomenologically important source of 

. . : 

TB=z!iE i?!!riz~~~ 
a 
zero quark interchange 

Fig. 7.11. Examples of hard scattering processes for meson-baryon 
elastic scattering. 
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hadrons at large pT. The classic example is pp scattering, which can 

proceed via three successive (nearly on-shell) qq+qq elastic collisions 

each at 0 - 0 i cm (see Fig. 7.12). The hadronic amplitude has the form 

(s - 1/3s, ; - 1/3t) 

i I 
2 

i 
CMPP+PP - ___ 

d--- 

UK qq+qqq3 
std 

2 [ 
(7.47) 

which gives nominally for spin-l exchange 

2 (PP'PP) - -l-- f(s/t) - -A- for s >> (t/ 
i4t8 t8 

(7.48) 

The i/m factor in Eq. (7.47) represents the probability amplitude 

for the scattered quarks to overlap with the final state hadrons. 4s 

noted by Donnachie and Landshoff, data from the ISR and FNAL at 

s > 800 GeV2, 4 < ItI < 10 GeV2 is compatible with Eq. (7.48) (see 

Fig. 7.13). 

The anomalous power law of the pinch singularities arises from 

exclusive qq+qq amplitudes where each intermediate state is nearly 

on-shell. Thus Fock state amplitudes YA in the soft domain are required. 

Since gluon radiation is excluded in this exclusive reaction, & 
qq+qq 

is suppressed by a Sudakov-like quark form factor S(i). Thus the 

leading pinch singularity contribution to pp scattering is31 

do 
2(k) 

dt 
..? s 2(C) f(s/t) 

E8 
(7.49) 

Fig. 7.12. Landshoff "pinch" singularity contribution to elastic 
baryon-baryon scattering. The elastic qq + qq amplitudes 
are nearly on-shell. 

:’ 
where in this case S(t) falls faster than any power. The pinch contri- 

bution thus eventually becomes negligible compared to the hard-scattering 

contributions. Nevertheless, it is possible that such multiple scattering 
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3 5 ’ IO 

It I (GeV2> 1551.41. 

Fig. 7.13. Comparison of ISR and FNAL data at s >> ItI with the pinch 
singularity contribution (7.48). From Ref. 30. 

processes do play an important role in the s >> ItI domain of Fig. 7.13, 

especially considering the fact that ; - 1/9t is of only of order - 1 

GeV2. However, it is not clear why the ISR and FNAL data do not 

-a indicate a faster fall-off than t considering the strong variation 

of a,(t) and the Sudakov form factor in Eq. (7.49), unless A is very 

small. 

The phenomenology of large angle scattering 

The overall features of do/dt (pp+pp) are sketched schematically 

in Fig. 7.14. The data at central angles 30' ( Dcm ( 150' fall rather 

uniformly as s -10 f(ecm) and merge with a t -8 energy-independent 

"envelope" in the small ecm s >> It\ region. This s-independent small 

e cm envelope is consistent with multiple gluon exchange mechanisms which 

produce fixed J=l Regge behavior. The overall behavior of the central 

angle data is consistent with the quark interchange" QCD diagrams; the 

observed shape of f(ecm) - (sinecm) -10 to -14 is compatible with this 

ansatz. Furthermore, the roughly symmetrical shape of do/dt (np+np) 

around 90' and the large pp/pi; ratio at 90' are all consistent with 

quark exchange or interchange hard scattering mechanisms.28P2g The 

observed normalization of the fixed angle nucleon-nucleon cross section 

is enormous compared to the single estimate do/dt - Gi(t)(4xof/t2). 

However, this could be accounted for by (in fact, demands) the large 

number of hard scattering QCD amplitudes which contribute here. 

The prediction do/dt - s -10 f(ecm) seems to be consistent with data 

over a large range of energies and angles (see Fig. 7.15). The overall 

best fit is s-g'7'o'5f(0cm). A recent measurement of do/dt (pp+pp) 

and do/dt (np+np) at ecm = 90' gives best fits s -9.8tO.5 and 
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Fig. 7.14. Qualitative features of elastic pp scattering. 
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Fig. 7.15. Proton-proton elastic scattering at fixed ecm. From 
P. V. Landshoff and J. C. Polkinghorne, Phys. Lett. s, 
293 (1973). 
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s-10.4?o.34 
, respectively.32 

However, the hard scattering mechanisms fail to account for either: 

(a) the apparent slow oscillation of the 90° cross section about the 

-10 S prediction,26 or 

(b) the striking, strongly varying spin correlation recently measured 

at Argonne. 33 (See Fig. 7.16.) At s=24 GeV2, ecrn = 90°, it is 

-4 times more likely for two protons to scatter with their spins 

aligned normal and parallel to the scattering plane than anti- 

parallel. In contrast, the quark interchange amplitude predicts 

this ratio should be close to 2 independent of angle.34'35 

The possibility that non-perturbative (instanton) effects could be 

interfering with the quark interchange amplitude to produce large spin 

correlations has been investigated by Farrar, Gottlieb, Sivers, and 

Thomas.3" More recently Brodsky, Carlson, and Lipkin have considered 

another possibility: since the triple scattering pinch singularity 

contribution to pp scattering requires the qq+qq amplitude at s = 1/9s 
L 

and the relatively low momentum transfer t - 1/9t - -1.1 GeV 2. , It is not 

unlikely that the qq scattering is dominated here by simple meson ex- 

change or Reggeon diagrams. In fact a low energy pinch contribution, 

computed with triple "u" or "n" exchange and interfering with the quark 

interchange amplitude, can produce a spin-correlation with the observed 

magnitude and dependence on 0 cm' This model leads to a number of testable 

predictions including s-dependence, np/pp ratios, and the spin correlation 

for longitudinally polarized nucleons. A large double-helicity flip 

amplitude is predicted due to scalar and the pseudoscalar meson exchange. 

An ever more intriguing possibility is that there is actually a high 

5 

0 

4-79 

2 3 

p$ (GeV*) 3595A3 

Fig. 7.16. Comparison of pp + pp data of Ref. 33 at plab=11.75 GeV 
for the ratio rnn = dU(+f)/do(ft) for protons polarized 
normal to the scattering plane with the calculation of 
Ref. 35. The prediction for protons polarized longitudi- 
nally (or sidewise) is also shown in the figure. 
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mass dibaryon resonance which contributes to the s= 24 GeV2 pp+pp 

amplitude, which by interfering with the conventional QCD mechanisms 

produces strong spin polarization. High mass dibaryon resonances might 

occur due to internal color polarization states. 

In the case of photoproduction at large angles, one predicts 

do/dt (yp-+++n) - s -7f(Rcm), since the photon is an elementary field. 

The best fit to the 90' data36 (Fig. 7.17a) is s 
-7.3+ 0.4 . The 

expectation that do/dt (yp+yp) / do/dt (yp+s'p) increases with energy 

at fixed angle is borne out by the data37 shown in Fig. 7.17b. Meson- 

baryon scattering data3R at 90' is not inconsistent with the counting 

rule sw8f(ec,) prediction. 

Throughout this comparison of experiment and theory for exclusive 

processes there seems to be one central fact: the leading logarithm 

modifications predicted by QCD to simple dimensional counting scaling 

behavior are not evident in the data. A definitive comparison will 

require'= calculation of the order u corrections. S A very interesting 

possibility is that the scale parameter A2 in a,(Q') is effectively 

very small so that as is effectively constant. For example, the 

interesting sum rule analysis of Novikov et a1.3q implies A 2 70 MeV, -- 

A2 =" 0.005 GeV2. The factor Cas(t)l1o in do/dt (pp+pp) then changes 

by a factor of 4.2 from ItI = 8 to ItI = 25 GeV', raising the effective 

power by only about 1 unit. A small value for A* could perhaps be a 

problem in the case of the normalization of the pion form factor if we 

assume that the wave function has evolved almost completely to its 

lowest eigenfunction in the presently accessible range of Q2 (54 GeV2). 

The data shown in Fig. 7.6 for F,(Q2) is taken from the extrapolation 

IO--’ - 

6 0 IO I2 

a- 77 s (GeV2) 355785 

Fig. 7.17. (a) Pion protoproduction data at 90*, from Ref. 36. 
(b) Ratio of 90' Compton scattering and r* photo- 
production, from Ref. 37. The best fit to the ratio 
is s* with n = 2.1kO.6. 
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of the ep -f ar;tn cross section. It will be very useful to have carefully 

normalized high Q2, e+e- +- +lTt and e+e- + K+K- data to see whether this 

is an intractable problem. Calculations of the higer order as(Q') 

corrections will also be important for a definitive comparison of theory 

and experiment. 

a. Structure Functions at x+1 and the Exclusive-Inclusive Connection 

As we have seen in Chapter 7, exclusive processes involving large 

momentum transfer test both the internal dynamics of hadrons and the 

detailed structure of hadronic wave functions at short distances. In 

this section we shall show the behavior of structure functions in the 

sj 
w 1 require can also be calculated using perturbative quantum 

chromodynamics methods.40 As %j + l, essentially all of the hadron's 

momentum must be carried by one quark, and thus each quark and glum 

propagator which transfers this momentum becomes far off-shell: 

k2 The main power-law dependence at x+1 is thus 

determined by the minimal number of glum exchanges required to stop the 

hadronic spectators. For example, in the case of o4 field theory, one 

immediately obtains the spectator counting rule6 G q/H(x) - (l-x) 
2ns-1 

where ns is the number of momentum-carrying spectator fields forced to 

stop as x+1; spin effects can lead to further suppression. In general, 

the hadronic wave functions are integrated over large transverse momentum 

;2<02!L 
I-- ( ) l-x ' and can be again analyzed at short distances using evolution 

equations or the operator product expansion. 

In the case of the nucleon's structure function, the leading power 

behavior at x+1 is determined (in the light-cone gauge) by its minimal 

3 quark Fock state. The large momentum flow is through the hard 

scattering amplitude (or operator) TH given by the 3q+y* + 3q tree 

graphs (see Fig. 8.1). TH must then be convoluted with the hadronic 

wave functions eB(yi,k:) or $M(yi,kz), where the upper limit of the 

internal transverse momentum integrations zf is set by lkzl - O(m2/(1-x)). 

In this domain the internal transverse momentum integrations factorize 

from the kinematics of the hard momentum transfer process and build up 

the hadronic anomalous dimensions. In addition, glum radiation from 

the struck quark (labelled x1 in 

evolution of the quark structure 

later. 

The leading (1-x) power-law 

structure function in light-cone 

the Fig. 8.1~1) yields the usual Q2 

function. We return to this effect 

2 contribution to the F2(x,Q ) baryon 

perturbation theory arises from the 

configurations such as that of Fig. 8.lb where the intermediate fermion 

leg is instantaneous. The amplitude has the form 

(8.1) 

which after integration over phase space, yields the nominal power, 

F2k4 - (1-x)3,$(k;). [In contrast, the contribution of Fig. 8.1~ gives 

F2k4 - (l-xj51. Including the wave function anomalous dimension and 

the gluon radiative correction, as discussed in Chapter 7, we have 

F2,kQ2) -+ (1-x) 
X-r1 

3 a;(-k;) 2 b&g $,"" 2P(.,Q2) 

+ 0 1/Q2,. s Gk;)) (8.2) 
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> x2 
X3 

y, J., 
--)-x2 

y2--------jl 

Fig. 8.1. (a) The leading tree-graph contribution to the hard 
Scattering amplitude TH(3q+y* + 3q). (b) Light-cone 
perturbation theory contribution to TH which yields 
the leading (l-~)~ power-law contribution to the nucleon 
structure function as x+1. (c) Light-cone perturbation 
theory term giving a (l-~)~ contribution to the nucleon 
structure function. 

where P(x,Q2) controls the Q2 evolution and is computed in detail in 

Chapter 4. For example, if we consider the kinematical domain with (l-x) 

fixed, but small, and Q2-+-, then the 6q contribution in Eq. (4.27) 

becomes relatively negligible and we have 

%Q2) 
(8.3) 

- (l-x) 

Accordingly, the power of (l-x) (which is plotted in Fig. 8.2) increases 
n 

as loglogQL. The parameter Q, is set by the hadronic scale for off- 

shell momenta of quarks and gluons within the hadron. The extra 

suppression of P(x,Q2) at x+1 reflects the occurrence of a Sudakov form 

factor for a near-one-shell quark in a region where the gluon radiation 

is kinematically constrained. 

It should be emphasized that the specific shape and behavior of the 

structure function at large x provides an important check of N(3) color 

and QCD. In particular, the specific value of 3 in Eq. (8.2)-reflects 

both the asymptotic scale-invariance of the quark-quark interactions and 

the fact that the minimal Fock state in the baryon has 3 quarks. 

Experimentally, the effective values of the (l-x) power of the proton 

structure function range from -3 to 4.4' Careful checks of the variation 

of the power from low to high Qz can further constrain the value of A 

and determine empirically the effective value of Qo. It clearly would 

be v&y useful to extend the standard evolution equation analyses41 of 

the data by including the 6q contributions, and using Eq. (8.2) as a 

constraint on the initial quark distribution function. 

:. : 
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Fig. 8.2. I*c=e=se A5 = (4CF/69 log (log Q2/h2/log Qz/A2) of the 
structure function power (l-x)Ar from QCD evolution. 

It is also interesting to note that the leading (l-x) 3 contribution 

from Fig. 8.lb only occurs if the spectator quarks with momenta y2 and 

y3 have opposite helicities."2 Thus for x+1 the struck quark must have 

the same helicity as the target nucleon. We find 

G 
qf/pf 

_ (1-xj3 ; Gq+/pt - (1-x)5 . 

This implies 

2 
F2nh>Q ) C 'z "q+/nf 3 = 

= - 
Fzp(x,Q2) x+1 cei nqtlp+ 

7 

P 

(8.4) 

(8.5) 

where we have used the (asymptotic) SU(6) symmetry of the nucleon wave 

function. It also implies that the leading quark in the proton is 5 

times more likely to be an up quark than a down quark.42 These pre- 

dictions seem to be in agreement with experiment. In particular the 

s+1n- ratio in pp collisions at large xF seems to be approaching a 5:l 

ratio.43 These results also should apply to quark + baryon fragmentation 

functions. In particular q+A should be dynamically suppressed if the 

A has helicity 312. 

Thus far we have only considered the diagrams where the photon 

h-momentum is routed to give the minimal powers of (Q2)-1. Other 

contributions to TH for (qqq)+y* + (qqq)+y* [including diagrams where 

gluons interact between the photon interactions, and contributions where 

the photons interact on different quark lines as in Fig. 2.11 yield a 

;:_ .._ 

.,- . . 
- : 

series of terms:44 
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BU4 1 

Q4(1-x)' cr. (m2/(1-x)) + *** 1 
(8.6) 

s 

where Au 2 2 - O(mp) is set by the wave function scale. Each of these terms 

contribute roughly equally at fixed W* and have the same Q 2 -evolution as 

the leading twist (I-x)~ terms. (The extra ct,l(kz) factor arises from a 

logarithmic integration over the final state transverse momentum.) In 

addition, we can consider these same diagrams in the region where 

(zLji - 0(x,;;,), e.g., where G I is routed through two quark legs. This 

contribution corresponds physically to a diquark recoiling against the 

lepton; it gives a contribution of order 

F2(x,Q2) _ D----.-p4 * * (1-x)2 

Q4 
as(Q ) ++ , (8.7) 

with corrections from the wave function anomalous dimensions and the 

Q*-evolution due to gluon emission from the coherent Jc diquark. The 

diquark term contributes in leading order to FL, as could be expected 

for a boson current.45 All of the power-law terms are examples of "high 

twist" contributions, e.g., the diquark term corresponds to a local 

&quark term in the operator product expansion of Ju(x/2)Jv(-x/Z). It 

is important to note that a simple form such as 

F,(x,Q*) 
(1-x) = CO(1-x)3 I- Cl __ 

o* 
(8.8) 

where Cl/CO - O(mi) can simulate some of the effects normally attributed 

to logarithmic scale violations.46.47 In particular this form predicts 

that the structure function (at moderate Q*) will fall rapidly with Q* 

for x near 1. The corresponding structure function moments have the form 

1 (8.9) 
L -I 

which yields a strong dependence on Q* at large N. [The mass scale 

(Cl/C,) must be of the same magnitude as 2% 2 Q GM(Q ) since the same physics 

controls both normalizations. 1 It should be emphasized that these power- 

law corrections are an integral part of QCD which arise in part because 

of the compositeness of the hadrons. The high twist terms can only be 

neglected if 

N << Q*/M; (8.10) 

Since the QCD logarithm and power law terms act in the same direction, 

it is clear that analyses of scale-violation which do not include the high 

twist terms lead to an overestimate of the logarithmic corrections. In 

particular, if the only scale-violation allowed in a QCD parametrization 

is via as(Q2) then the scale parameter A2 (where a,(Q') is rapidly 

varying) will have to be set at a value which simulates the power-law 

tem.48 Again we note that the actual value of A could be considerably 

smaller than the conventional values A - 400 to 500 MeV usually assumed. 

This is really an incredible ambiguity; in fact it has been shown in 

Ref. 47 that high twist contributions alone could account for all of the 

observed scale-violations in deep inelastic scattering. 

It is important that the high twist terms in the nucleon structure 

function be computed as carefully as possible in order to resolve this 

ambiguity. A simultaneous calculation and parametrization of the struc- 
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ture functions and the elastic and transition form factors should 

restrict the normalization and form of the power law terms. 

It is also fascinating to see how the hadron structure functions 

join with the elastic and resonance contributions as one approaches the 

exclusive limit. The x+1 limit has to be carefully specified. We have 

already derived the form for the nucleon structure function when Q'+=, 

and then l-x becomes small (see Eq. (8.2)). In this case the leading 

twist contribution is of the form (1-x) 3+ r-t(Qz) -z(Q$ where ycQ2) 

increases as (4CF/B)loglogQ'. The fixed W2 = [(l-x)/xlQ2, Q2+m limit 

is quite different. First, the leading twist contribution is modified 

by the 6q term in Eq. (4.28) induced by the W 2 kinematic limit on the 

gluon transverse momentum integrations. In leading order the leading 

twist contribution is then of the form (1-x) 3+5(W2) - r(Q,2) . Second, 

the high twist contributions (l-x)/Q2,etc., are of comparable importance 

at fixed W2. These terms again have their power increased by z(W2)-t(Qt) 

due to the gluon radiation from the struck quark lines. Finally, there 

are the contributions where q is routed through all three quark lines 

in TH. This should match with the elastic and resonance transition 

form factor contributions, which yield a spectral contribution of the 

form 

F2kQ2) = 
/ 

d< p(G) 6(W2-+ F2(Q2)Q2 

a4(Q2) -s 1 4 
1-x 

Q8 
=* 

-d, 
1% 

2 2 
Q/h . (8.11) 

if the spectrum ~(4) w l/G. At fixed W2 each of the contributions have 

the same nominal power fall off in Q2."q However, the single quark and 

double quark recoil terms each contain the extra (l-x) rcw21 suppression 

factor from gluon radiation. Thus, the leading contribution at fixed W2 

is actually from the 3 quark (elastic and transition form factor) 

contributions, since in this case hard gluon radiation from the internal 

quark legs is power-law suppressed. In a sense,they(W2) mismatch implies 

the inclusive-exclusive connection fails in QCD, since the contributions 

which dominate the Bjorken limit of the structure functions are non- 

leading at fixed W2 compared to the exclusive channels.50 

'- 

Meson structure functions 

The structure function of mesons at x * 1 can also be readily com- 

puted in QCD. A novel feature is that the leading twist contribution is 

suppressed by an extra factor of (1-x) in the transverse structure 

function compared to what one expects from spectator counting.51 This 

suppression can be attributed to the mismatch between the quark spin and 

the spin of the meson. Proceeding as in the calculation of the nucleon 

structure function, one finds that the meson structure function has the 

fo&+O, 51 

F2b,Q2) + (1~4~ a;(-kx) 
X-+1 

2 /5 aj(log - $)+~LFYx,Q21 

+ 0 , u&k;) (8.12) 

where P(x,Q2) _ (,-$(W2) - CCQ:) represents the QCD evolution. 

In addition, if one looks at the high twist terms, one finds that 

the longitudinal structure function has an anomalous (non-scaling) 

component which is nearly flat at large x:52$53,'+0 
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F2kQ2) 
(l-xjO 2 = F,(x,Q2) - - 2 as(-kx) (high twist) (8.13) 

x-r-1 Q 

The leading contribution to (8.13) in fact comes from the photon 

scattering off an instantaneous fermion line in light-cone perturbation 

theory. The dominance of the longitudinal structure function in the 

fixed W2 limit for mesons is an essential prediction of perturbative 

QCD. It can be tested directly5' in the e+e- + nX angular distribution 

near the kinematic boundary (x+1). Perhaps the most dramatic consequence 

is in the Drell-Yan process rp + E+L-X (Fig. 8.3). In this case one 

predicts53a that for fixed Q2 pair-mass, the angular distribution of the 

II+ (in the pair rest frame) will change from the conventional (l+cos2'O+) 

distribution to sin2s+ for pairs produced at large longitudinal momentum, 

xp+e-) + 1. Again this is due to the dominance of the meson's 

longitudinal structure function at large x and fixed Q2 (see Fig. 8.4). 

In fact the recent analysis by the Chicago-Princeton groups'+ of this 

angular distribution in nN -+ u+p-X appears to confirm the QCD high twist 

prediction (see Figs. 8.4 and 8.5). A calculation53b of the conventional 

order as(Q2) logarithmic QCD corrections does not give very strong 

corrections to the angular distribution (at low transverse momentum). 

Thus this lepton pair experiment appears to yield the first strong 

evidence for high twist contributions to the structure functions. 

It is of course extremely important to check whether the meson 

structure function has the predicted (l-xj2+C/Q2 form (module logarithms). 

Figure 8.4a shows that this form is not far different from the usual (l-x) 

parametrization, so detailed fits over a large range of Q2 will be 

required. The corresponding analyses of the q +ii fragmentation function 

.’ . . . . 

Fig. 8.3. Contribution to the np + n+p-X Drell-Yan cross section, 
and representation of the pion structure function in QCD. 
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may be somewhat complicated by the effects of resonance decays. Thus 

structure functions and fragmentation distributions can be predicted in 

detail by perturbative quantum chromodynamics in the x+1 kinematic 

region. We alsdnote that in the same region, the transverse momentum 

distributions are controlled by the hadronic wave functions. The 

resulting distributions dN/d24dz in a quark jet thus have a computable 

power-law fall off at large CL (see Chapter 7), in contrast to the 

Gaussian distribution usually assumed for non-perturbative distributions 

in the jet. 

9. High Twist Terms and pT Reactions 

As we have seen, perturbative QCD predicts two types of breaking of 

scale-invariance (1) logarithmic, via a,(Q') and the evolution equations, 

and (2) power-law breaking via high twist subprocesses - short distance 

subprocesses which involve more than the minimal number of interacting 

fields. Despite their power-law suppression at high momentum transfer, 

the high twist terms usually have a compensating lower power-law fall-off 

at the edge of phase space. In the case of pion-induced lepton pairs, 

the high twist contribution corresponding to the subprocess nq + llzq is 

even predicted to dominate the qz + ~ji leading twist term at large xT.53a 

In the case of the production of hadrons at large pT, A+B + C+X, 

the high twist QCD subprocesses are further enhanced due to a kinematic 

effect, referred to as "trigger bias" in the literature. 55 The essential 

point is that if C is produced at a given pT by quark (or gluon) frag- 

mentation then the parent particle must be produced at even larger 

transverse momentum. Since the production cross section falls rapidly 

with transverse momentum, the hadron triggered cross section is strongly 

suppressed compared to the quark (or gluon) jet cross section at the 

same pT. Very roughly, if DC,q (2) n - (1-z) , the suppression factor is 

(E) 
n+l where c is typically of order l/10. Thus, cross sections for 

A+B + C+X are extremely sensitive to the z-1 parametrization of the 

structure functions. Further, if any hard scattering subprocess can 

produce the hadron C directly without the necessity of fragmentation, 

then there is no trigger bias suppression. This in fact occurs in the 

case of direct photon production, via the subprocess g+q + y+q. In the 

case of hadron production, higher twist subprocesses such as g+q + M+q, 

(d+q + M+qr (sss)+s + B+q, q: + M+(q:), etc, produce hadrons directly 

at large pT without any trigger-bias suppression, but of course at the 

expense of extra powers of pT. These types of high twist QCD subprocesses 

correspond to the contributions incorporated into the'(constituent inter- 

change '156 and "quark fusion" models.57 An example of the high twist 

contribution (q{)+q + x+q is shown in Fig. 9.1. similarly, the high twist 

contribution to the meson structure function produces the term D(z,Q2) w 

(~-z)~/Q~, which has a relatively small trigger bias suppression. 

In the case of the high pT inclusive process pp + XX, one obtains 

cross section contributions with the nominal powers, 

u-XT) 8 U-xT)8 
9 

Eda (I-x,) 

d3p 
+B-s+C-+D-+... 6 6 8 

PT pT PT PT 

(9.1) 

corresponding to subprocesses (a) qq + qq, etc.,with Dvlq - (l-s12 and 

G 
S/PCX) _ (l-x)8, (b) qq + qq, etc..with D 

n/q 
- (1-z)o/P ;, (cl gq + v 

with G 
P/PCX) 

- (1-x)4, (d) (qq)+q + nq, assuming Gcqii),p * (l-xj5. In 

‘. 
:. 
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Fig. 9.1. Example of a QCD-CI?! high twist contribution (q{)+q -+ n+q 
to pp + nX production at large transverse momentum. 

addition, QCD predicts that each term will have logarithm modifications 

from powers of a,(~,$, as(m2/(1-x,)), and the evolution of the hadronic 

structure functions and wave functions. Since as is small, the minimal 

twist Z-+.2 subprocess contributions will not dominate until pT becomes 

quite large; in the CIM the cross-over point between the pi8 and pi4 

terms was estimated to occur at about pT - 8 to 10 GeV.58 In fact, 

this type of transition has been observed,for the recent pp + x0X data 

from the ISR (see Pig. 9.2). 

There are a number of experimental indications which also point to 

the dominance of high twist terms in high pT hadron production cross 

sections below pT -, 8 GeV: 

(1) The best power-law fit to the Chicago-Princeton5' PNAL data 

for pT 5 8 GeV is 

S*(pp+rr+X) = 1 - (l-x.+ 9.0f0.5 

d3p 
8.2 k.5 

PT 

in agreement with high twist term expectations. 

(2) The best fit to the angular distribution of the subprocess 

in pp + nX is da/dt = l/su3 in agreement with predicted high twist forms.56 

(3) The qM + qM, gq + Mq, and qy -t 6 subprocesses imply that 

flavor is generally exchanged in the hard scattering reaction.60 For 

example, consider the quark interchange and qi + G fusion contributions 

to pp + KfX shown in Fig. 9.3. The average charge of the recoil quark is 

+ slightly positive for the K trigger and > +1/3 for the case of the K- 

trigger. Thus the charge and flavor of the away-side jet in the CIM can 

be correlated with the flavor quantum numbers of the trigger. In 

contrast, gluon exchange diagrams predict very smal161 flavor correlations 

189 



10-z 

10-Z 

10-4 

10-5 

10-6 

10-7 

10-e 

10-g 

IU'O 
2 3 4 5 6 7 8 9 IO II 12 13 14 

pT CGeV/c) 

0 2 4 6 8 IO 

pT (GeV/c) 

,o-33 

o-34 

/ o-35 

I o-36 

I o-37 

I o-38 

I o-39 

I o-40 
5 7 9 I I 13 15 17 

pT (GeVk) 1o.c. 

Fig. 9.2. Comparison of CIM high twist plus QCD (pF4) contributions 
to the pp + n"X cross section with high pT data. The QCD 
contribution is computed with as=. 15 and without scale- 
breaking. From Jones and Gunion, Ref. 58. 
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Fig. 9.3. Analyses of charge flow in CIM high twist diagrams for 
pp -f KfX. Quark exchange in the subprocess implies 
charge correlations between the trigger and away-side 
jet. See Ref. 60. 
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between the away-side systems. The data from the BSF-ISR group62 (see 

Fig. 9.4) for various charge triggers at 90' show striking flavor 

correlations, especially for K- and p triggers, in general agreement 

with the above expectations for the quark exchange processes of the CIM 

model. 

(4) In the case of pp + pX, one expects a dominant high twist 

contribution from the qB + qp subprocess. The theoretical prediction 

is Edo/d3p(pp+pX) = pT -1*(1-xy)7. The Chicago-Princeton5g fit at 90' in 

fact gives pT -11-7(1-xT)6*8 at FNAL energies, pT < 7 GeV, with uncertainties 

in the exponents of order fO.5. We emphasize that a successful model for 

single particle production must account for both high pT meson and baryon 

data. There does not seem any way to account for the pp+pX scaling 

behavior in terms of 2+2 QCD subprocesses without enormous scale- 

breaking in the q+p distribution function; we note that data for 

e+e- -+ pX appears to be reasonably consistent with scale-invariance. 

On the other hand, recent data for the ratio of r'p + n-X cross 

sections from the Chicago-Princeton groupfi3 is in severe disagreement 

with dominance of the (q{)+q + r-q high twist subprocesses, using the 

CIM parametrization of Ref. 58. Thus the normalization of this sub- 

process must be overestimated,64 and a recalculation utilizing all the 

QCD high twist terms is required, including the Dv,q(z) w (l-z)'/Q' and 

the gq -c Mq contribution. 

On the other hand, the high twist contributions seem to give a 

natural explanation for the observed pq8 
-12 

=*d pT scaling behavior of 

the meson and proton production cross sections at moderate pT. There 

is accordingly no compelling reason to attribute this observed strong 

F 0.08 
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Fig. 9.4. Average number of fast positive and negative particles on 
the side away from a 90° trigger for various trigger types, 
from Ref. 62. The gluon exchange QCD diagrams lead to 
negligible away-side jet charge correlation with the trigger 
charge. See Ref. 61. 
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scale-breaking to anomalous scale-violating effects (large $, etc.) 

associated with the leading twist qq + 94, qg + qgr and gg + gg sub- 

processes.61*65 in fact, calculations of the effect of the parton 

transverse momentum which retain the correct off-shell kinematics do not 

lead to large scale-violation corrections.66 

It is clearly extremely important to have careful measurements of 

the fixed XT and ecm scaling behavior of direct photon, quark and gluon 

jet cross sections, because of the absence of trigger-bias suppression 

of the leading twist contributions. Recent data for the y/v0 ratio at 

high pT from FNAL and ISR appear to be consistent with the prediction of 

different pT scaling laws for direct photon and v" cross sections. 

Because of the trigger-bias effect, it may be a mistake to identify 

the system on the same side of the trigger hadron with the remnants of 

quark or gluon jet fragmentation; the trigger side jet can be a single 

hadron of resonance in the case of the high twist subprocess. 

A systematic parametrization of the power-law scaling and logarithm 

scale-violations for high twist and low twist QCD contributions to 

inclusive cross sections is given in Appendix A. 

10. Two-Photon Collisions and Tests of Quantum Chromodynamics 

The production of hadrons in the collision of two photons via the 

process1 e+e- -t e+e-X (see Fig. 10.1) can provide an ideal laboratory 

for testing many of the features of the photon's hadronic interactions, 

especially its short distance aspects. We will review here that part 

of two-photon physics which is particularly relevant to tests of per- 

turbative QCD. 

: : 
.._ -- ._ 

e+ : 

11-7.3 a(yy-+hodrons) 351**1 

Fig. 10.1. Two-photon annihilation into hadrons in e+e- collisions. 

192 



Large pT jet production2-7 

Perhaps the most interesting application of two photon physics to 

QCD is the production of hadrons and hadronic jets at large PT. The 

elementary reaction yy + q{ + hadrons yields an asymptotically scale- 

invariant two-jet cross section at large pT proportional to the fourth 

power of the quark charge. The yy -+ qs subprocess implies the produc- 

tion of two non-collinear, roughly coplanar high p T (SPEAR-like) jets, 

with a cross section nearly flat in rapidity. Such "short jets" will 

be readily distinguishable from e+e- + q! events due to missing visible 

energy, even without tagging the forward leptons. It is most useful to 

determine the ratio, 

R : do(e+e- + e+e-qt + e+e-+ jets) 
YY da(e+e- + e+e-u+p-) 

(10.1) 

since experimental uncertainties due to tagging efficiency tend to cancel.' 

In QCD, with 3-colors, one predicts2-4 

R =3 
YY 

c .ql + o[y$]) 
q=u,d.s.c.... q 

(10.2) 

where pT is the total transverse momentum of the jet (or muon) and 

as(Q2) + 4a/(610gQ2/A2), b'= 11 -2/3nf for nf flavors. Measurements 

of the two-jet cross section and R 
YY 

will directly test the scaling of 

the quark propagator 3 -1 at large momentum transfer, check the color 

factor and the quark fractional charge. The QCD radiative corrections 

are expected to depend on the jet production angle and acceptance. Such 

corrections are of order a,(~;) since there are neither infrared 

singularities in the inclusive cross section, nor quark mass singularities 

at large pT which could give compensating logarithmic factors. The onset 

of charm and other quark thresholds can be studied once again from the 

perspective of -(y-induced processes. The cross section for the produc- 

tion of jets with total hadronic transverse momentum (p, > pTmin) 

the yy -f qq subprocess alone can be estimated from the convenient 

formula,2*4 

O+- e e +e+e-Jet+X 
q R G 
- yy eie-+e+e-u+u~ ' 

32na2 1R - 
YY 3 

from 

mln 
pT 1 

z 0.5nbGeV2 at 
2 G = 30 GeV (10.3) 

'Tmin 

where we have taken R yy= 3Ce4 
P q 

= 34127 above the charm threshold. 

For PTmin = 4 GeV, h = 30 GeV, this is equivalent to 0.3 of unit of R; 

i.e., 0.3 times the e+e- + u"p- rate. We note that at& =200 GeV, the 

cross section from the e+e- + e+e-qi subprocess with pTmin - 10 GeV is 

0.02 nb, i.e., about 9 units of R! At such energies e+e- colliding 

beam machines are more nearly laboratories for yy scattering then they 

are for e+e- annihilation! A useful graph4 of the increase in R from 

the yy h qi process for various bin - 2pTmin/& is shown in Pig. 10.2. 

The log s/P$~~~- 19/6 in Eq. (10.3) arises from integration over the 

nearly flat rapidity distribution of the yy system. The final state in 

high pT yr + qq events in the yy center-of-mass should be similar in 

multiplicity and other hadronic properties as e+e- e y* + qi, although 

: _. 

. . 
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GeV 

r A=30 Ge”); 

Fig. 10.2. The contribution to R from yy+qi two jet processes at 
& = 30 and 140 GeV (from Ref. 4). 

ui and cc events should be enhanced relative to da and SE due to the 

4d 
=q 

ependence. Monte Carlo studies of SPEAR events at s-4~; distributed 

uniformly in rapidity would be useful in order to learn how to identify 

and trigger yy + qt events. 

Although the above prediction for R yy is one of the most straight- 

forward consequences of perturbative QCD, from the perspective of photon 

physics of 10 years ago, the occurrence of events with the structure 

yy -+ jet+jet at high pT could only be regarded as revolutionary. From 

the VMD standpoint, a real photon acts essentially as a sum of vector 

mesons; however, it is difficult to imagine an inelastic collision of 

two hadrons producing two large pT jets without hadronic energy remaining 

in the beam direction! 

On the other hand, if the yy -t two jet events are not seen at close 

to the predicted magnitude with an approximately scale invariant cross 

section, then it would be hard to understand how the perturbative struc- 

ture of QCD could be applicable to hadronic physics. In particular, 

unless the pointlike couplings of real photons to quarks are confirmed, 

then the analogous predictions for perturbative high pT processes, 

involving gluons such as gg + qq are probably meaningless. 

In fact, preliminary results from the Pluto group at PETRA give 

indications that high pT jet events with a single electron tag do exist. 

"Triplicity" analyses seem to be well suited to finding the qi jet axes 

and total momenta. 9 

In addition to yy -f qq one also expects gluon jet production 

yy + gg at order ai via a quark loop box diagram.lO Calculations 

predict the gg/qq ratio should be of order 20%. 
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Multi-jet processes and the photon structure function 

In addition to the two-jet processes, QCD also predicts 3- and 4-jet 

events2s3p4 from subprocesses such as yq + gq (3 jet production where one 

photon interacts with the quark constituent of the other photon) as well 

as the conventional high pT QCD subprocesses qq -t qq and qq + gg (which 

lead to jets down the beam direction plus jets at large p,). The struc- 

ture of these events is very similar to that for hadron-hadron collisions. 

The cross section for Edo/d3pJ (yy + jet+X or ee + ee jet+X) can be 

computed in the standard way from the hard scattering expansion (z=xaxbs, 

etc.) 

1 

E*(AB + CX) z 
d3p zli J 

dx a d% Ga/A(Xa) Gb/B(xb) 
0 0 

2 (ab e cd) * ^ -; 6(&+i+;r) 
S,t," 

(10.4) 

where the hard scattering occurs in ab + cd and the fragmentation function 

G a/A(Xa) g ives the probability of finding constituent a with light-cone 

fraction xa = (pz+p:)/(pt+pi). In general, Ga,A has a scale-breaking 

dependence on log $ which arises from the constituent transverse momentum 

integration when gluon bremsstrahlung or pair production is involved. 

However, there is an extraordinary difference between photon- and 

hardon-induced processes. In the case of proton-induced reactions, 

G ,,,(x,Q2) is determined from experiment, especially deep inelastic 

lepton scattering. In the case of the photon, the G 
4/Y 

structure func- 

tion required in Eq. (10.4) ha s a perturbative component which can be 

predicted from first principles in QCD. This component, as first 

computed by Witten," has the asymptotic form at large probe momentum Q2 

G q,y(x,Q2) -+ --2- f(x) + O(a2) 
as (Q2) 

i.e., aside from an overall logarithmic factor, the y + q distribution 

Bjorken scales; f(x) is a known, calculable function. Unlike the proton 

structure function which contracts to x= 0 at infinite probe momentum 

2 
Q +-, this component of the photon structure function increases as 

log Q2 independent of x. This striking fact is of course due to the 

direct y + qi perturbative component in the photon wave function. (The 

apparent violation of momentum conservation when as(Q2) < CL should be 

cured when higher order terms in o are taken into account.) In addition 

to the perturbative component, one also expects a nominal hadronic 

component due to intermediate vector meson states. 

Returning to the high pT jet cross sections, we note the following 

striking fact: in each contribution to the four-jet cross section the 

two factors of a,(~:) from the subprocess cross section, e.g., 

g (49 -c VI) - 
4n(usq2 

t2 
(10.6) 

(see Fig. 10.3a) actually cancel (in the asymptotic limit) the two inverse 

powers of a,(~$ from the two G q,y(x,p$ structure functions.2 Similarly, 

the single power of a,(~,$ in do/dt (yq -+ gq) cancels the single inverse 

power of o,(p$ structure function in the 3-jet cross section (see Fig. 

10.3b). Thus miraculously all of these jet trigger cross sections obey 

exact Bjorken scaling 
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E * (yy + Jet+X) ==+ 
d3e 

(10.7) 

e+ 

(b) ,1,1*1 

Fig. 10.3. Contributions from QCD subprocesses to (a) 4-jet and 
(b) 3-jet final states. 

when the leading QCD perturbative corrections to all orders are taken 

into account. Furthermore, the asymptotic cross sections are even 

independent of as( The asymptotic prediction thus has essentially 

sero parameters. 

To leading order in as(Q2) the Gq,u structure function of the photon 

can be obtained via the convolution of the G 
sfs 

distribution with the 

Born term for the y + qi coupling (as schematically indicated in Fig. 

10.4). In terms of the evolution equations, the direct y + q;i coupling 

provides a driving term:11r13 

a 
2 Gq,,(x,Q2) = ei k [x2+(1-x)'] 
alog9 

a (Q2) 
1 

C" 
J 

4Y 
2s y Pq,q(x/~) Gq,,(~.Q2) , 

x 

(10.8) 

Taking moments, then leads to the the anti-scaling form (10.5). At large 

Q2 and x w 1 one findsI 

Gq,,(x,Q2) = 1 e2 -d-- 
4 

x+1 *' ' as(Q2) B- (3- 4yE)CF+4CFlog~ , (10.9) 

much flatter than the power-law-damped meson structure functions. Here 

CF = 413, 8 = ll-2/3 nF, and yB = 0.577... is Euler's constant. An 

illustration of the photon structure function is shown in Fig. 10.5. 

Corrections to the next order in os(Q2) have also been computed by 

Buras and Bardeen;15 the main result is to increase the fall off at x 

close to 1. Measurements of the photon structure function, F2Y(~,Q2) = 

.,__ ..__. 
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1.5 

I .o 

0.5 
Fig. 10.4. Representation of the QCD photon structure function in 

deep inelastic scattering on a photon target. Real and 
virtual gluon corrections to all orders are included in 
the analytic results. 

I I I I I 

xGw+ x ) 

I I I I I I 

0.2 0.6 
X 

Fig. 10.5. The valence photon structure function Gq/,,(x) as calculated 
in (a) Born approximation, (b) to all orders in QCD, and 
(c) the x+1 limit2(Eg. (10.9)). An overall factor pro- 
portional to log Q /A is factored out (from Ref. 2). 
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ce2 xGq,,,(x,Q2) 
P q 

and the ah/uT ratio will clearly provide one of the 

most important tests of perturbative QCD. Detailed calculations are 

given in Ref. 11. 

Figure 10.6 illustrates the magnitude of the QCD 2, 3, and 4 jet 

f- cross section at an e e center of mass energy of 30 GeV, compared to 

a simple vector meson dominance estimate.z The contrast between the 

scale-breaking hadron-induced jet production cross sections with 

scale-invariant pi4 two-photon induced jets is remarkable. In addition, 

one can estimate the single particle large pT production cross sections 

for yy + nX, etc., expected from QCD leading twist and high twist sub- 

processes such as yq + nq. Again, the analysis is much simpler and 

cleaner than the corresponding hadron induced reactions; measurements 

will lead to important constraints on the theory and the parametrization 

of the high twist terms p -6 
T which are expected to be dominant at moderate p 

T' 

It also may be possible to measure two photon reactions with each 

of the initial photons virtual. As shown by Chase,16 the y*+y* + 

.Jet+Jet cross section and angular distribution can be predicted using 

perturbative QCD for the far-off-shell q:, qz region with s = (q1+q2)' 

fixed. The calculation to leading order in a,(Q') involves the evolution 

equationl' which determines the meson wave function at short distances. 

Exclusive channels in two-photon reactions 

Another very important area for testing QCD are large momentum 

exclusive yy reactions. For example, the same techniques used to compute 

the pion form factor" can also be used to determine the large Q2 y -+ x0 

transition form factor. We find, to leading order in as(Q2),i7'18 

IO-’ 

I o-3 

II-78 ’ 
Fig. 10.6. 

0 

\ 
I I I I 

e+e--e+e- Jet X 

(GeV/c) 3446013 
+- QCD (and VMD) contributions to the e e + e+e-Jet+X. 

The 4-jet cross section includes the contributions from 
94‘49, @+qq, and qq+gg (from Ref. 2). 
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F,+Q') = 

-12 
Q2 F,(Q2) ’ a 

Q2 [ 1 1611 as(Q2) 

f 
+2L as 

Q2 
Q2 + m (10.10) 

where the y*yn' vertex is defined as ie2FTly(Q2)cUvdppvqP cu. 

The two-photon process will also allow a detailed test of the 

application of perturbative QCD to large angle exclusive scattering. 
+- 

The processes yy + 71 1~ and yy + K+K- at fixed 0 cm and large s yy (with 

nearly on-mass-shell photon) are the simplest non-trivial, 2-body 

scattering reactions which can be computed in QCD. The Landshoff-type 

pinch singularity contributions are power-law suppressed compared to the 

leading hard scattering amplitudes. One thus predicts the fixed angle 

scaling behaviorlg 

2 (YY -t r+n-) 
R yy+litn- = 

+ Ll+ii-) 
= F;(s) f(Dcm) (10.11) 

The absolute normalization and angular dependence of the m+*- and K+K- 

cross sections also are predictable in QCD. We also note that the fixed 

angle y*+y + n+n- QCD amplitude has negligible dependence" in q2 if 

s << lq21, in strong contrast to what would be expected by vector meson 

dominance.20 

In summary, it becomes evident that two photon collisions can 

provide a clean and elegant testing ground for perturbative quantum 

chromodynamics. The occurrence of yy reactions at an experimentally 

observable level implies that the entire range of hadronic physics which 

can be studied, for example, at the CERN-ISR can also be studied in 

parallel in e+e- machines. Although low pT yy reactions should strongly 

resemble meson-meson collisions , the elementary field nature of the 

photon implies dramatic differences at large pT. We have especially 

noted the sharp contrasts between hadron- andphoton-included reactions 

due to the photon's pointlike coupling to the quark current and the 

ability of a photon to give nearly all of its momentum to a quark. The 

large momentum transfer region can be a crucial testing ground for QCD 

since not only are a number of new subprocesses predicted (yy + q{, 

yq -+ gq, yq + Mq, deep inelastic scattering on a photon target) with 

essentially with no free parameters, but most important, one can make 

predictions for a major component of the photon structure function 

directly from QCD. We also note that there are open questions in hadron- 

hadron collisions, e.g., whether non-perturbative effects (instantons, 

wee parton interactions) are important for large pT reactions. Such 

effects are presumably absent for the perturbative, pointlike interactions 

of the photon. We also note that the interplay between vector-meson- 

dominance and pointlike contributions to the hadronic interactions of 

photon is not completely understood in QCD, and yy processes ma] illuminate 

these questions. 

-:- .: 

-: :’ 
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11. Conclusions 

As we have discussed in these lectures, large momentum transfer 

exclusive processes and the short-distance structure of hadronic wave 

functions can now be rigorously analyzed within the context of perturba- 

tive QCD. The basic framework (see Chapter 7) has been the development 

of evolution equations which determine the behavior of Fock components 

of the hadronic wave function at small distances from their structure 

at large distance. The eigensolutions of the evolution equations deter- 

mine the form of the meson and nucleon wave functions and are directly 

related to terms in the operator product expansions of the wave func- 

tions; the eigenvalues then appear as exponents in anomalous logarithmic 

corrections to the nominal (dimensional-counting) power-law fall-off of 

exclusive amplitudes at large momentum transfer. Thus the dimensional 

counting rules for form factors, photoproduction, and hadron-hadron 

scattering at large momentum transfer become rigorous predictions of QCD 

up to calculable powers of the running coupling constant as(Q2) or 

log-1Q2/A2. The power-law behavior of the wave functions at large 21 

is also explicitly determined. 

In general, the power-laws predicted by QCD for exclusive reactions 

appear to be consistent with data. It should be emphasized that the 

specific integral power Q -4 predicted for the baryon form factors GM at 

large Q2 reflects the essential scale-invariance of the off-shell quark 

and gluon propagators, i.e., the internal quark-quark interactions, as 

well as the prediction that the minimal spin-$ color singlet wave function 

contains 3 quarks. Thus both the dynamics and symmetry properties of QCD 

are directly tested in a non-trivial way by the form factor scaling 

behavior. The spin-dependence of quark-quark interactions at short- 

distances can be tested by studying the helicity-dependence of elastic 

and transition form factors, i.e., the QCD "selection rules" discussed 

in Chapter 7. 

It is certainly of crucial importance that experiments test the 

logarithmic modifications to large momentum transfer exclusive process 

amplitudes predicted by QCD. Definitive tests will require computation 

of the order as(Q2) corrections; at the present time there is no con- 

vincing signal for the logarithmic anomalous dimension corrections. This 
seems to be strong evidence that us(Q2) is slowly varying for Q2 2 2 GeV2 

and thus that the fundamental scale parameter A is probably quite small. 

We have also emphasized that the behavior of the quark and gluon 

distributions in hadrons for x + 1 provides a rigorous test of the short- 

distance dynamical structure of hadrons predicted by perturbative QCD. 

Thus, in addition to the usual log Q2 evolution of the structure functions, 

the theory also predicts the shapes of the structure functions themselves 

at large x. Perhaps the most critical experimental check of QCD in this 

area is the test of the prediction (module logarithm corrections) 

Gq,,(x,Q2) * (~-x)~+C/Q~ for the form of the meson structure function 

(and fragmentation functions) at large X. [See Chapter 9.1 The 

dominance of longitudinal photon polarization observed at large xF for 

pion-induced lepton pairs is an important first-step towards confirmation 

of the QCD prediction. It is crucial to check that this form represents 

the meson structure function, and that the da/dlldz (e+e- + Mx) cross 

section becomes pure longitudinal (sin*S) at large Z. 
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Throughout these lectures we have emphasized that QCD predicts two 

important sources of Q2-variation of the structure functions 
n 

(i) The familiar (target-independent) log Q‘ (or more accurately, 

log W2) evolution of the quark and gluon distribution functions 

and their moments. 

(ii) The power-law corrections ("high twist" terms) derived from the 

dynamics of the multiquark hadronic wave functions. 

Despite their completely different physical origin, the scale- 

breaking effects of (i) and (ii) on the observed structure functions are 

sufficiently similar that they can be confused in phenomenological 

analyses. In particular, if one only allows for logarithmic QCD scale- 

breaking in the fits to structure functions, then the scale constant A2 

will inevitably be chosen to simulate the value of Q2 where power-law 

scale-breaking occurs. The actual value of A* could be quite different. 

The high twist contributions to the structure functions arise from 

the same TE hard scattering amplitudes which determine the x + 1 behavior; 

their form and normalization is controlled by the same dynamics which 

determines the asymptotic form factors. For example, in the case of the 

nucleon structure function at large x and large Q2, F,(x,Q*) has the 

power-law structure (see Chapter 9) 

F2(x,Q2) 'Z A(l-~)~+B(l-x) 
2 4 6 8 

2 i!- + c(l-x) u + D(l-x)' % + E &s 
Q2 Q4 Q Q 

(11.1) 

corresponding to terms which represent a kinematic trade-off between 

powers of (1-x) and powers of (Q2)-l, and terms where the lepton recoils 

against more than one quark. In addition, each of these terms has 

logarithmic corrections from explicit powers of as(Q2) or as(m2/(1-x)) 

in TH, the evolutionofthe hadronic wave function, and (expect for 

exclusive channels), the Q2-evolution due to gluon radiation from the 

struck lines. The scale of these terms is set by V* * rni since this is 

the scale of the elastic contribution. Terms of order (~-x)~/Q~ from 

diquark recoil contribute to the longitudinal cross section and could 

account in part for the large values of oL/oT measured in the low Q2 

SIX. domain. We emphasize that if elastic and resonance contributions-- 

which are inherently high twist terms --are included in fits to structure 

functions or their moments, then the contributions A-E must all be 

included in the QCD parametrization. 

We have also shown in these lectures that because of the kinematic 

limit on gluon radiation, the evolution of the observed structure func- 

tions is controlled by W2 rather than Q2. [See Chapter 4.1 This accounts 

in a simple way for the O[as(Q*) log2N] correction terms which appear in 

the operator product analyses for moments at large N, and makes the 

calculation of higher order terms of this type tractable. We have also 

given extended evolution equations which account for this kinematic 

constraint. It is clear that a careful analysis of the kinematic effects, 

together with the high twist contributions will be necessary before a 

definitive test of QCD and precise determination of as will be possible 

in deep inelastic scattering. 

Another fascinating area of QCD is the question of the role of 

higher Fock states in the hadronic wave functions. By necessity, there 

are "intrinsic" gluan and q< sea contributions in the wave function which 

are not generated by the Q*-evolution equations. The higher Fock 
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components give higher powers of Q* or (l-x) in form factors or structure 

functions, but may play an important role in momentum sum rules, heavy 

flavor production, fast forward reactions, etc. Many of the techniques 

discussed in these lectures can be applied to these components. 

Even without direct confrontation with its enticing anomalous 

logarithmic structure there are several first rank predictions of the 

theory which are essentially unique features of QCD: 

(a) The prediction that R asymptotically approaches the sum of squares 

of charges can only occur in a renormalizable theory which is 

asymptotically free. 

(b) The basic Born structure of QCD is tested in considerable detail by 

exclusive processes. In addition, large pT jet production H1+H2 + 

.Jet+X gives an important check of the scaling and angular behavior 

of the 2 -+ 2 subprocess amplitudes qq + qq, gq -+ gq. gg + gg, etc. 

As yet there has been no real check of the QCD scaling predictions 

in these reactions, although there is strong evidence for final 

state jet production. 

(c) The 3-jet process of e+e- annihilation corresponding to the subprocess 

+- - e e + qqg in principle yields the cleanest and most straightforward 

determination of as(Q2) and the gluon-quark coupling. Recent 

measurements of 3-jet events at PETRA appear to be in agreement 

with these expectations although definite value of as(Q2) will 

require high statistics, and careful attention and control of the 

quark and gluon jet structure and separation of higher jet processes. 

(d) Hard-photon processes involving large transfer of momentum, such as 

large-pT direct-photon production, deep inelastic Compton scattering; 

two photon processes yy + Jet+X, and the photon structure functions 

all lead to critical tests of QCD. Photons, as well as gluons, 

couple directly to quarks in the underlying hard processes at large 

momentum transfer. The most remarkable feature is that the photon 

structure function is inversely proportional to as(Q2). [See 

Chapter 10.1 

Thus, in summary, the testing ground of perturbative QCD where 

rigorous, definite tests of the theory can be made can now be extended 

throughout the whole domain of large momentum transfer exclusive and 

inclusive hadronic and leptonic reactions. At this point the study of 

these reactions is just beginning, but there is a real possibility that 

an exact microscopic description of hadron dynamics is at hand. The 

next step will be to unify the short and long distance physics and make 

contact with hadronic spectroscopy, low momentum transfer reactions, and 

non-perturbative physics. 
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APPENDIX A 

QCD Parametrization6 of Inclusive Reactions 

In this appendix we give a simplified analytic approach to large 

transverse momentum reactions which incorporates logarithmic corrections 

from the evolution equations for the structure functions and hadronic 

wave functions, as well as the contribution of high twist, power-law 

suppressed QCD subprocesses. The main goal will be to obtain simple 

formulae21 for the inclusive cross section at large transverse momentum 

and the edge of phase space xR = p/p,, + 1. Only the leading terms in 

order u,(p$ will be retained. 

Let us consider a given reaction A+B + C+X where C is detected at 

large CM angles with transverse momentum pT and momentum fraction 

s = N/Pmax. Each hadron A,B, and C is represented by its Fock state 

components Iyx. 

We then identify22 all hard scattering processes TB (a+b + c+d) which 

can contribute to the final state high pT trigger by the scattering of 

incident constituents. The simplest subprocesses are qq + qq, qg + qg, 

gg + gg, etc., but for some kinematic regions we should also consider 

"high twist" subprocesses such as q{ + 6, Mq + Mq, Bq + Bq, etc. As in 

exclusive scattering, the nominal power-law fall off of TB in p; reflects 

the number (nactive ) of fundamental fields forced to change directions. 

By definition every intermediate state associated with TB and its 

radiative corrections is off shell by at least XL; otherwise its con- 

tribution is already included in Yx. 

ksxR+., the propagation of each constituent a,b,c (assuming c#C) 

requires the far-off-shell behavior of the Fock state wave functions for 

A,B,C. The leading power law behavior as (I-xR) + 0 is given by diagrams 

with the minimal number of gluons exchanged between the Fock state con- 

stituents which can transfer all of the hadronic momentum to the hard 

scattering subprocess. The evolution equations for the Fock state wave 

functions then gives anomalous logarithms ai[as(k~i)]yi where k2 = 
Xi 

&li+$$/(l-xi), as in the structure function calculations. [See 

Chapters 7 and 9.1 The asymptotic inclusive cross section in QCD then 

takes the factorized form (s 6 xaxbs, etc.)23 

Edo (AB + CX) = 
d3p 

c j dxa Ga,~(xa,Ea)j dy, Gb,B(%'cb) 
ab+cd 0 0 

' dx 

/ 

,. 
2 GC,c(~C,Ec) 2 (ab+cd) + 6(s+f+j) (A.1) 0 XC 

where 

G a/AtXa' 'a) - U-x,) 
ga,Affa'P:~xa'~s~k~~~raiB (A.21 

x,+1 

is the structure function for finding constituent a in A with light- 

cone momentum fraction xa and 

C 
P$-xa) 

I- 

dt2 
5, = $ -$ (I& 

Q; "1 

(A.31 

controls the structure function evolution. (The upper limit approxi- 

mately reflects the phase-space limits of the gluon transverse momenta: 

see Chapter 4 for the more precise formulae.) The Ca are the color SU(3) 
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charges: be surmnarized by the simple formula25 

( O 
color singlet r 

2n,-1+2IASI+5, =/A 
G a/A% '6) - (l-x,) (A.61 

x,+1 
ca = 

1 
4/3 3 or 5 (A.41 

f 3 color octet 

Note that there is no pt-evolution in the case of color singlet con- 

stitutents inside hadrons. [This cancellationz4 of gluon bremsstrahlung 

corrections occurs as long as we exclude x -. 1, low transverse momentum 

regions in the wave functions as in the baryon form factor calculation.1 

The power ga,A =/A can be computed from the leading TE contribution to the 

structure functions as in Chapter 8; e.g., ga,A = 2 for q/n, a 3 for 

parallel-helicity quarks in the nucleon. The powers are obtained simply 

ga/A 
from the order in as of the tree graph TH plus the exponent ~a,~ 

representing the anomalous dimensions of the Fock state wave function. 

The distribution function G 
PIP 

and G- 
PIP 

can be computed by convolu- 

ting the g/q and B/g distribution with the G 
q/P 

distribution as dictated 

by the structure function evolution equations. In addition one expects 

"intrinsic" gluon and anti-quark components in the proton from the higher 

particle number Fock states in the hadron wave function. 

Excluding pinch singularities, the leading hard scattering diagram 

a+b+c+d 
TH for each subprocess give cross sections of the form 

n -2 active 

$ (d-b + c+d) - f ab+cd('cm) (Aw5) 

"here "active is the total number of fields na+nb+nc+nd which exchange 

large transverse momenta. Calculations of the intrinsic distributions can 

where ns is the number of "spectator" fields in the Fock state, and 

AS = IS:- St1 gives the suppression factor due to helicity mismatch. 

The inclusive cross section for A+B -+ C+D corresponding to the 

a+b + c+d subprocess then has the form 

a (P;) 
"active -2 Edo_ s 

d3p [ 1 2 
PT 

r Wcm) (A.71 

where F = (g s/A+%) + (gb,'B+Sb) + ('c/C +c,) + 2 and l' = Ta,A+Tb,B+ 

r c/c * In addition, if a,b,c or d is a color singlet composite system, 

then we also obtain anomalous logarithm factors from the evolution of 

the hadronic wave functions: 

(~.8) 

In particular, the leading anomalous dimension y. is zero for helicity 

zero mesons (see Chapter 7). 

This result should be a useful guide to large angle inclusive cross 

section contributions to leading order in a,(~$. To this order the 

effect of transverse momentum integrations due to both gluon radiation 

and the fall-off of the hadronic wave function is already included. 

Note that a three jet amplitude such as qq + qqg contributes to both 

the qq + qq and qg + qg subprocesses depending on whether the extra 
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glum's or quark's transverse momentum is integrated over. The region 

of phase space where all three jets emerge at large pT in separate 

directions is of higher order in a,(~$. The off-shell kinematics 

eliminates the possibility of singular contributions from the integration 

over a gluon or quark p01e.~~ 

APPENDIX B 

Origin of the Nachtmann Variable 

It is interesting to see how the kinematic Nachtmannz6 variable 

which is introduced formally in the operator product analyses enters 

naturally into the perturbative analysis of deep inelastic lepton 

scattering. 

Let us look in more detail at the simple parton model diagram 

(Fig. B.l): 

We choose a general Lorentz frame with 

p = (P0,PL,P3) = (p+ ~,a/- $) 

k2+c2 
k = xp+ 2 , i;, , 

k2+;; 

4xP xp- 4xp 

(B.1) 

where x I !hd = Iff 

P"+P3 P+ 
is the light-cone fraction. The parameter 

P =po+p 3 is arbitrary, reflecting boost invariance along the z-direction. 

The spectator system has timelike mass (p-k)2 = zz, which implies for the 

struck quark, 

+2 +2 
k2 = x M2- 

[ 

k +K2 k 
I - -.L 

l-x x I 
03.2) 

For x + 1, k2 thus becomes infinitely spacelike. The choice of photon 

O-momentum is still largely arbitrary. If we choose q along the 3-axis 

then 

2 
q = -zP - -zp+ & (B:3) 

: 
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where the photon's "light-cone" variable is z = -(q"+q3)/(po+p3), 

Fig. B.1. Parton model diagram for deep inelastic scattering 
corresponding to the parametrization of Eq. (B.l). 

(B-4) 

Thus 

z = - (B.5) 

which is in fact the kinematic variable introduced by Nachtmann. The 

condition that the struck quark is on the mass shell, (k+q)2=m2 implies 

1 xM 2 - - - +] - &[A F.$]+q2~o 
iEf+2 iL2+G2 

x 
. ” / 

2k. q 
(B.6) 

which can be solved in closed form for X. 

Notice that if we ignore that zf+m2 term, then x =+ z, i.e.. the 

Nachtmann variable would precisely specify the light-cone variable of 

the struck quark. In general we have 

(B.7) 

.- 

which gives a significant correction in the case of large transverse 

momentum partons of heavy quark production. Notice, however, that the 

corrections to the x-z relation are independent of the target, spectator, 

and struck-quark masses. The leading QCD corrections arise from the 

region 4 << w2 (see Chapter 4). 

The Nachtmann variable is kinematically more accurate than the 

Bjorken variable in that it correctly incorporates target mass corrections. 
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The use of the Nachtmann variable cannot, however, justify including 

the elastic scattering contribution or resonance contributions when 

comparing with structure function moments computed using only the 

leading .twist contribution. A discussion of high twist terms is given 

in Chapter 9. 

We would like to thank L. Abbott, M. Barnett, E. Berger, J. Bjorken, 

R. Blankenbecler, C. Carlson, A. Duncan, G. Farrar, R. Feynman, R. Field, 

Y. Frishrean, H. Lipkin, A. Mueller, C. Sachrajda, I. Schmidt, K. Wilson, 

and T. M. Yan for helpful discussions. 
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Fig. 11. Mechanism for the decay chain e -f yf + ynn. 

But an even more interesting question is what lies beyond. If narrow 

gluonium states dominate in the region from M * 1.4 GeV to M = 2 GeV, they 

should provide -30% of all radiative decay modes. The y-ray energies are 

1 GeV, and probably badly buried in contamination from v" decays. A 2% 

y-ray energy resolution corresponds to a resolution in gluonim mass of 

order 30 MeV. It may be unrealistic to try to resolve any gluonium 

lines by measurement of the recoil y-rays alone--even using Crystal Ball-- 

and reduction of background by looking for exclusive gluonium decay 

channels may be needed. Here one might try for some of those involving 

neutral decays, e.g.,n. But it will be difficult. A scenario appropriate 

for the Crystal Ball might be 

Y + y + gluonium 1/2x 

I Q + 11 

L,, L,, ::z x 38% - 14% (5.7) 

The net signal is -7 events/lo6 decays, even with a rather generous 

branching ratio assumed for the nn decay-channel. 

If the mass-scale for gluonia is "surprisingly" large, say -3 GeV, 

then it is necessary to utilize the T decays. For the T, the,QCD pre- 

diction is4* 

NT + Y + X) -3z 
l'(T + all) (5.8) 

with again the same spectral shape for the recoil-mass-distribution. For 

a 3 GeV gluonium system recoiling against the y, the y-ray will have 90% 

of the endpoint energy, namely Ey - 4.3 GeV. A 2% y-ray energy-resolution 

now yields a 300 MeV mass-resolution. Again final-state information on 

252 



the gluonium decay-products probably has to be invoked. Because of the 

large mass, this will,be even more difficult than in the previous case. 

Finally, if clean gluon-jets are isolated in T-decays, decays of even 

more massive onia, or in hard processes such as e+e- + q + <+ g, it is 

plausible that the "leading particle" in such a jet will often be 

gluonium. Thus in such kinematic regions it is especially appropriate 

to search for the decay channels enumerated in Table 5-2. 

6. INCLUSION OF HEAVY SOURCES: ONIIJM PHENOMENOLOGY 

In Stage II, we modify the pure QCD of gluonium by introduction of 

heavy-quark sources. In theory (cf. Section 2) a universal linear confin- 

ing potential is expected between such heavy sources, provided they have 

non-vanishing color-triality. But beyond this theoretical issue, Stage II 

is of interest as a description of the phenomenology of charmonium, 

bottomonium, toponium, or any other even heavier onia which might eventually 

be observed. 

We start with the idealized situation of very heavy quarks, Q, whose 

binding can be described accurately in terms of the short distance r -1 

potential. The static interaction energy of Q and 5 in a color-singlet 

state can be read off from the expression for the quark-current source of 

the color field, Equation (3.16), inasmuch as the subsequent quantization 

procedure followed accurately (to lowest order in os) that of QED: 

where we have used the facts that (4 + J+)2 = 0 in a color-singlet state, 

and that the 3 x 3 matrix C (Aa2 is color-invariant, hence a multiple 
A 

of the unit matrix. Thus, using the normalization in Equation (3.33) 

(6.2) 

Just about everything about this system is analogous to QED. The binding- 

energy of superheavy onium of mass M -2M 
Q 

is thus 

EB = -($ $p) = _ f o;M 

and the level-spacings are hydrogenic. Thus the 25 and 1s levels are 

split by an amount 

12 
5s - 1s = a asM 

The Bohr-radius of the onium is 

3 14 3 
=--*---,=- 4 a 

S aSM 

(6.3) 

Thus pure Coulombic "size" of bottomonium (taking os 2 0.2) is s0.3f, not 

especially small. 

The value of as, J 'ust as in QED, depends upon momentum transfer as a 

consequence of vacuum-polarization effects. The dependence on distance- 

scale has already been cited in Equation (1.4), and it is appropriate to 

here discuss this contribution in more detail. A diagrammatic analysis 

can be carried out;53 in Coulomb-gauge the vertex and self-energy inser- 

tions (Figure 12) are unimportant. All that happens is a cancellation 

of divergent renormalization constants Zl and Z2 just as in QED. The 

-- 
:: 
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0 -- 
(0) 

12-79 

-- a d -- 
(b) 

Fig. 12. Vertex and self-energy insertions for the Coulomb energy, 

corrections come from the three diagrams in Figure 13. Only the first 

(Figure 132.) coming from fermion-loops, exists in QED. It tends to 

increase the charge at short distances because of vacuum polarizability. 

The calculation is just like QED vacuum polarization except for the group 

factors. Because the polarization loop is diagonal and independent of 

the color label A = 1, 2,...,8, we may choose A = 3, which measures the 

color-isospin of the quarks. Since the coupling of A3(x) to quark sources 

is 

f X3 = 2 T = eT3 
2 3 

(6.6) 

the modification from QED is just to make the replacement 

3 2 
'QED -es cozs Ti = e", [i(iy + (- i)2 + O] = $a", (6.7) 

of quarks 

In QED, we have 

2 e2 
e -f 2 

q2 q2 
[ 
1 - c(a) (*2) 

3 

sCa)(q2) 
a A2 = 2 log 7 

4 

Thus in QCD we get from this contribution 

c(a) ao 
= z Nf 1% 

A2 

f 

or aft&r renormalization and summation of the geometric series 

1 1 Nf 
2 

-----+G1OgP a(n2) a(m2) 

(6.8) 

(6.9) 

(6.10) 

(6.11) 
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The second contribution (Figure 13b) from pair production of transverse 

gluons by the Coulomb field is physically similar, and in fact'has the 

same sign as the first contribution. The coupling of gluons to the 

Coulomb-field is through the convection*urrent, with polarization vectors 
+ 
E and 2' dotted together (Figure 14a) 

12-79 

(0) (b) 

Fig. 13. Vacuum polarization corrections to the Coulomb interaction: 
(a) quark pairs, (b) transverse gluon pairs, and (c) correc- 
tion to instantaneous interaction via coupling to transverse 
gluons. 

Jscattering 
0 -(E + E') 2 * t' 

For the crossed process, there is a minus-sign (Figure 14b) 

pir 
0 .., (E - E') : . 2' 

. ;I 

(6.12) 

-+2 showing that there is an explicit lql factor emerging iu the vacuum 

polarization. 

Since the polarization vectors can be safely dotted together and do 

not enter the guts of the calculatia, the structure of the vacuum 

polarization amplitude is the same as for a pair of spin-zero gluons, 

which in turn is l/4 of that for spin-l/2 quanta (given the same charge 

of the source). (Recall that R + _ = l/4 for a pair of charged spiuless 
ee 

point particles.) Hence there are only counting-factors to consider. 

From this source we therefore get 

r spin zero vs. spin l/2 

(6.14) 

polarization sum spin l/2 result 
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The gluon isospin sum is 

,?--I9 (0 1 (b) 3661A11 

Fig. 14. Scattering (a) and pair-production (b) of transverse gluons 
by a Coulomb field. 

c T; * (1) 
pairs 

2+2(y=$ 

and upon again summing the geometric series, we get 

1 1 Nf 2 
-p- 

.(q2) cdm2> 
+ G;;+ & log f 

( > P 

(6.15) ,-: 

(6.16) 

again the "wrong" sign for asymptotic freedom. 

The third contribution (Figure 13~) does not exist in QEU and comes 

from the coupling of the Coulomb field of the quarks to the vacuum fluctua- 

tions of the (transverse) gauge quanta. It has the important sign-change 

leading to asymptotic freedom, i.e.,the decrease of the effective coupling 

at short distances. It is in fact much larger than the other two and 

dominates everything. The physics of the third term is not 100% trans- 

parents4 but is roughly as follows: the Coulomb field created by the 

quarks itself carries color and therefore interacts with the vacuum 

fluctuations of the (transverse) color fields. This jitters the Coulomb 

field and rounds off the short-distance singularity. Whatever the validity 

of this hand-waving, the calculation follows directly from the formula 

for "Gauss' Law " expanded out to order e2. One gets (ignoring & * & , 

l iT term, which is already accounted for) from Equation (3.26) 

(6.17) :- 
-. 

Upon inverting this for 5 
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Now we can put in plane waves for x and, in the last term, contract them 

together to obtain a vacuum-polarization contribution. After routine 

Fourier transformation (Figure 13~) the structure of the term is 

The Clebsch-Gordan is this time twice as big, because ET and EL are 

not identical degrees of freedom 

c (f39 
2 2 

= 2(1)2 + 4(i) = 3 (6.20) 
W 

using 2 * ii = 0, and going to the zero-frequency limit, we get a 

correction 

,k) z (6.21) 

In computing the "electrostatic" energy 

(6.22) 

we get another such term from the other 5, and a third identical term 

from contracting the O(e) contributions from each of the Eb factors. Thus 

the entire contribution from this source to the effective charge is three 

times what we have written down. While not at all obvious, the geometric 

sum does survive these combinatoric complications55 and the net change in 

coupling-constant from this last source is 

(6.23) 

We now can add together the three contributions. Writing in momentum- 

space, the interaction energy as 

16~ as(M2) 
V(q) = - 3 - 

1612 
[l +:(q)l 

we have 

Ekd a CM21 

- - -+Cflavors 1% -&-= - $ N 
Id2 f (q2)log < (6.11) 

9 

(6.16) 

,w 
3u (U2, I42 - + L log - T Id2 

(6.23) 

where in c(a) the sum over fermion flavors goes only over those fermions 

whose masses are small compared to the momentum scale of interest. Sum- 

ming up the three contributions leads to the aforementioned formula for 

the running coupling constant a(q2): 

(33 - 2Nf) 2 

12n 1% 3 (6.24) 
4 

We see "asymptotic freedom" is controlled by the modifications to "Gauss' 

Law" due to the vacuum fluctuations of the transverse fields in inter- 

action with the Coulomb field of the sources. 

Notice the definition of the coupling constant as( 2 ) is such that 

at Id2 - 6 the higher-order corrections vanish. Here there is some 

difference with the traditional QED renormalization program,56 which 

defines the physical charge in terms of the force at large distances 

: 
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(as q2 + 0). In QCD, weak coupling is at short distances only, and there 

is no unique choice of mass-scale at which to normalize. This leads to 

arbitrariness in definition of the coupling constant; this freedom can 

lead to confusion in the interpretation of the theory. One must choose a 

normalization at some very short-distance scale M (a good choice is 

M -MW) where perturbation-theory is manifestly good. At this scale we 

may for example choose the definition such that the vacuum-polarization 

corrections to the static potential vanish. Then, by convention, the 

coupling-constant at this mass scale is defined to be 

ap?, e 12n . - 1 

(33 - 2Nf(M2)) M2 
1% -T 

(6.25) 

The dimensionless number as( 2 ) is traded in for' the parameter A which is 

an energy-scale. The convenience of this definition rests in the fact that, 

for all values of q2 for which the perturbative calculation, Equation (6.24), 

is accurate (and only for such values) one has 

as(q2) = as (qq2) = 12x 

133 - 2Nf(q2)110g2 

(6.26) 

A2 

Thus the expression is form-invariant; A does not explicitly depend upon 

the choice of the scale at which the coupling constant is defined--at 

least to this order of approximation. 

Whet is the significance of the parameter A? It is evidently a rough 

measure of the point at which perturbation-theory breaks down. However, 

when q2 - A2, there is no justification left for believing the form of 

Equation (6.26). Also, while the parameter A is claimed to be measured 

reasonably accurately (let us say, between 300 and 700 MeV), this does 

not mean that we have accurate knowledge of the coupling-constant. For 

example, Figure 15 shows the spread in us(q2) allowed by the uncertainties 

in knowledge of A. We may conclude that it makes little sense to even 

consider perturbation-theory below Q2 - 1 GeV2, and that Q 2 in excess of 

5 to 10 GeV2 are needed to bring as down to a small enough value to trust 

quantitative results. 

Actually the slippery nature of coupling-constant renormalization, 

when combined with the proven57 renormalisability of QCD, becomes a 

powerful tool for summing higher orders of perturbation-theory. This is 

'the "renormalization-group" method. The application to the behavior of 

the QCD running-coupling constant is just like that of QEI). Without 9 

explicit diagrammatic calculation, the Q2-dependence resulting from sum- 

mation of leading and next-to-leading logarithms can be determined. In 

particular one justifies that the leading approximation is the summation 

of the simple vacuum-polarization bubbles into a geometric series, a 

result which is not so obvious in QCD as in QED. A further result of the 

renormalization-group calculations is that if one starts with a small 

coupling constant as( 2 ) defined at a short distance scale M and tries to 

accurately extend it back to large distances, the convergence is rather 

slow. The formula for as becomes, after surmnation of next-to-leading 

1ogss* : 

as (q2) = as(M2) + 

or 

o,'(q2) = +M2) - 
(33- 2Nf) M2 3(153- 19Nf) 

- 12,, log T 2 1% 
9 2x(33-2Nf) 
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Fig. 15. Q* dependence of the running coupling constant for 
A = 500+ 200 MeV. 

with aLo) the "standard form I n Equation (6.26), for the running coupling 

constant. As q* gets small, the correction becomes important when the 

running coupling-constant gets large. For q* >> M2 the correction-term 

is never large, despite that fact that 

os(s2) - as (O) (2) -log log 4 2 

aL0) (n2) log q* 
(6.28) 

giving a very slow rate of convergence. 

Let us now return to the question of onium bound states. The ques- 

tion of higher-order corrections to (and even existence of) the potential 

has been extensively studied. For the most part, the development N~S in 

parallel with the treatment of QFJJ bound states. There is one somewhat 

new feature5g which appears in high orders, and that is that the 

interaction-energy has terms ciz h-h as. These come about from diagrams 

as in Figure 16 where the intermediate (transverse) gluon is very soft, 

and produces an infrared divergence. The infrared divergence is cut off 

by the energy-splitting of the intermediate (color-octet!) Qc configuration 

from the color-singlet QG bound state. But beyond this complication there 

is no signal of confinement other than the behavior of the running 

coupling-constant. 

How does all this compare with the properties of the Y and T systems ? 

Most of the spectroscopic facts of those systems rest on a nonrelativistic 

model of quark motion and are not very specific to QGD. Given the 

assumption of nonrelativistic motion, Quigg, Bosner, and Thacke@* have 

used the level-spacings of the Y and T states, along with the wave-functions 

at the origin lY(O)1* (measured via the leptonic decay widths) to 

. 

; .J 
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Fig. 16. H-diagram contribution to the Coulomb energy. 

reconstruct the form of the potential. They find (Figure 17) a rather 

good linear potential at moderate distances, with some tendencies toward 

a l/r singularity at short distances.. The slope of the linear potential 

(string-tension?) is 1 GeV/f‘ in agreement vith vhat is inferred from the 

string model of ordinary hadrons. John Richardson61 has turned things 

around and taken the QCD form, Equation (6.26) and made a very simple 

ad hoc change which turns the potential at larga distances into a linear 

potential. He writes, in momentum space 

V(q) = $ 12s 16aA2 * 

(33 - 2Nf)q2 log (1 + $) (33 - 2Nf)p4 

(6.29) 

Aq 
-4 behavior as q2 + 0 corresponds to a linearly rising potential. In 

terms of a string model, the coefficient is related to the string-tension 

T as follows: 

T = f q2c(q2) 1/ Y & = 0.25 f 0.15 GeV2 - 1 GeV/fermi (6.30) 

Whether or not this has any fundamental basis, this potential does well 

in describing the level-structure of charmonium. Other calculations for 

even heavier onia have been made,62 as shown in Figure 18. One sees 

that the pure QCD Coulomb potential is not applicable until the onium 

mass exceeds -100 GeV. 

Does QCD have much to say about fine and hyperfine-structure? Here 

the situation is not very clear for several reasons. First of all, the 

detailed origin of the linear component of the potential is theoretically 

unclear; hence it is not reasonable to expect spin-dependent refinements 
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to it to be under control. Perhaps the most reliable (and also most 

successful) QCD application is the pattern of hyperfine splittings. These 

are typically short-distance in nature and operative in s-states, so that 

one may hope that a perturbative estimate is at least qualitatively 

adequate. The most interesting result from QCD is that the signs of the 

splitting come out correctly both for qi and qqq systems. Thus for q< 

systems, the relative signs between charge and spin couplings are opposite 

to QED, because of the X -1 . A2 factor, and 3S1 lies above 'So. This 

pattern is universal among the quarks; p, w, # lie above s, q, q' and D* 

lies above D. Thus Y had better lie above qc, although the magnitude of 

the splitting is not certain. 

For qq systems, the agreement persists. The QCD prediction is that 

A (1236) lies above the nucleon. This can be se..en fairly easily; in going 

from a 'So e+e- to a 2 SO e+e+ in QED, the sign of the spin-dependent force 

changes sign; hence is attractive. However, in QCD, there is still the 

4 . A2 color factor which will be negative in z and positive in 6. Thus 

the energy between two quarks goes as 

H spin -- (Z 1 ' Z*' 'Al - L*) (6.31) 

Then in the A, where each quark pair is in a spin-triplet state with 

(Ui * Uj' = +1 

CA lHSPii2 /A> = -<Al * X2 + X 2 * A3 + X * A > 3 1 = + ;$ (6.32) 

and there is net repulsion which is optimally strong. Thus N must lie 

below A. 

The situation regarding fine-structure splittings is confused. A 

Breit-type Hamiltonian built in analogy to QED predicts quite a large 

amount of spin-orbit splitting among ordinary hadron multiplets. However, 

there is relatively little observed. The problem is most acute in the 

P-wave 70, L = 1 baryon states, where there is remarkably little spin- 

orbit coupling found. There is some success in organizing the 
3 
PI states 

of the charmonium system using semiphenomanological potentials, but the 

picture is not a completely simple one.65 

There are many detailed studies of the level splittings from both a 

QCD and directly phenomenological point of view.63 The above discussion 

only scratches the surface. From the present point of view, many of the 

analyses are not fully relevant because they incorporate the old evidence 

for the nc at 2.8 GeV as seen by DASP. A rather thorough study of baryon 

splittings has been made by Karl and Isgur,64 who account for a remarkable 

amount of data on 70, L = 1 and even on 56, L = 2 from a semiphenomano- 

logical QCD starting-point. 

We next turn to transitions between onium levels. In Stage II, many 

of the low-lying levels are stable with respect to strong interactions, 

because the only open channels contain (probably relatively massive) 

gluonium states. Nevertheless, we may induce transitions (e.g., in the 

femtouniverse) by slowly varying external gluon fields. Under this 

circumstance, a multipole-ey;pansion is suggestive. This has received 

quite a bit of study.66 Effective local color-singlet operators, e.g., 

as written in Table 5-l (gluonium field operators), will have calculable 

couplings, including transition-couplings, to the onia. This is still a 

long way from estimating hadronic widths for onium transitions. For 

that one needs to know the spectrum of gluonia and their decay widths 

into ordinary hadrons. However, some information on relative widths can 
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be gleaned by analysis of angular-momentum barrier factors present in 

the various transition channels. For example the 3Pl x (3510) state is 

forbidden to decay into two gluons, and operators higher order in CI need 
S 

to be invoked'to induce the decay. It follows that its hadronic width 
^ 

would be expected to be smaller than for the 'P o 2 x-states. This seems 
I 

to be the case experimentally. 

The annihilation channels, where the Q-value is large compared to the 

confinement scale, offer a circumstance where perturbative QCD should be 

applicable (onium can happily annihilate even when confined in the 

femtouniverse; thus its decay-width should be calculable perturbatively). 

The width for T + ggg can be stolen from the 1'949 (!) QED calculation by 

Ore and Powel16' for the 3-photon annihilation of positronium. 

a 3 
* (WFC) * T(3Sl positronium -+ yyy) . : 

0 
(6.33) 

The factor (WE) is a wave-function correction originating from the fact 

that the onium wave function is not purely Coulombic. The numerical 

factor comes from the color wave function. 

There is some ambiguity in what value of as(q') to use in the above 

formula. We may contemplate three choices for q2: 

a. q 2 = 4: This is the time scale over which the annihilation 

process takes place. 

b. q2 = l/9 rnc. This corresponds to a distance scale equal to the 

Compton wavelength of each gluon. 

2 22 
=* 9 = asmT. This corresponds roughly to the size of the onium bound 

state (the Initial state should fit into the femtouniverse). 

This gives a spread in possible q2 values from -3 GeV2 to-100 Ge v2 , and 

a corresponding uncertainty in a Thus s (from Figure 15 ) of a factor(4. 

the theoretical width for the T is (conservatively) uncertain to a factor 

560. That is, any experimental value within that range could be rationalized 

as being in agreement with QCD. 

Given this situation, a reasonable way to proceed is to fit the value 

of as to the observed T width of-100 keV. In this way one arrives at a 

value 

as(T + 3g) - 0.2 (6.34) 

This implies, from Figure 15, a Q2 value -10 GeV2, which is quite 

acceptable. We can also infer from simple dimensional considerations that 

the Q2-value for Y-decay should be about 10 times smaller. Hence, were 

perturbative QCD ideas to be acceptable for the P + ggg decay, we should 

NY + 3g) l-(T -f 3g) 
iv + FId =4I'(T + WI) ' (6.35) 

The leptonic branching ratio for the T is still poorly known. But putting 

in numbers for these widths, one finds 

0 (Q:) 
A-- = 1.0 f 0.2 
qQ$ 

(6.36) 

Even qualitatively this is not what is expected. From Figure 15, there 

should be a decrease in a s of 50% to a factor 2 in going from the Y system 

to the T system. 

263 



The easiest conclusion to draw from this is that the mass of the Y 

is much too low to allow quantitative applications of perturbative QCD. 

This should be-no surprise inasmuch as each gluon carries an average of *l 
49 

GeV of momentum. In addition, recently calculated radiative corrections 

turn out to be remarkably large, even for the T system. 

A perhaps better test of perturbative QCD is to look for the 3-jet 

final state in T-decay, and also the radiative process 

T -+ ggy (6.37) 

The branching ratio for this process is estimated to be-3%. These ques- 

tions are discussed in detail by Stan Brodsky.2 

7. INCLUSION OF LIGHT FERMIONS 

Thus far we have not faced directly the real-life situation present 

when the light fermions are included in the theory. We have already 

indicated the basic changes which occur. The most important is the 

appearance of the ordinary hadrons. Qualitatively there is not much of 

an additional conceptual problem. The problem is a quantitative one: 

can we understand the classification and the mass-spectrum--especially 

of the excited resonant states--and their couplings to each other? This 

question is a very big and difficult one to handle theoretically, and 

will not be directly attacked here. It would seem necessary to have a 

rather firm control of the mechanism of confinement before one had firm 

control of such questions. 

Along with the introduction of the light quarks goes the disappearance 

of the string, which can break due to (Heisenberg-Euler) pair creation.ll 

Actually, the lifetime of a piece of string is somewhat uncertain. If 

mesons of large .J can be considered as quarks rotating about each other 

and connected by a piece of string, then their lifetimes (F X lo-100 MeV) 

give some measure of the string lifetime. The relatively large widths of 

charmonium states which lie above DD threshold are another indicator. But 

in any case the linear potential becomes complex (absorptive) as r 

increases, and we should not expect that the concept continues to make 

much sense when, say, Re V(r) >> 1 GeV. This is because Im V(r) grows 

with r (linearly?, quadratically?) as well as Re V(r). 

Introduction of light quarks will also modify the properties of the 

gluonia discussed in Section 4. Gluonia may mix with the ordinary mesons, 

and will also decay into meson channels. However, as already mentioned, 

these are not expected to be large effects. Eloquent argumentation for 

this has been given by Witten6* on the basis of the l/N expansion, where 

N is the N of SU(N). One hopes N = 3 may be "large"; as N + m one can 

argue that gluonia decouple from quarks (as well as from each other!). 

While probably most theorists expect gluonia to survive as distinguishable 

states even in the presence of mixing with ordinary mesons, a group from 

1TEP6g has challenged this view. Their argument is based on the QCD sum- 

rules for the charmonium system and a generalization to the gluonia. The 

QCD sum rules are interesting in their own right. Weighted integrals of 

the colliding-beam cross section are related to matrix elements of various 

local operators via the Wilson operator-product expansion. The structure 

is* 

/ 
*R(s) - sums of vacuum matrix 

SN 
elements of local operators. 

0 
(7.1) 
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The right-hand side is calculable in terms of short-distance properties of 

QCD--the more so the smaller the value of N. With some mathematical 

trickery they can sum things up and also "rite 

m 

J 
ds e-s'M 

2 
R(s) = another sum of vacuum matrix 

elements of local operators. (7.2) 
0 

When they consider separately the Ri associated with currents of u, d and 

s and choose M appropriately, the sum is saturated by p, U, and s. The 

result is a successful calculation of masses and widths of these resonances 

in terms of short-distance parameters of QCD!! They then turn70 to 

processes such as discussed in the beginning of Chapter V, created by local 

color-singlet gauge-invariant operators such as Tr(E' - 2') or Tr i * 8. 

The corresponding sum rules are constructed analogously to Equation (7.2). 

The right-hand side can be evaluated from the information already obtained 

from the previous sum rules. They find that the left-hand side can be 

saturated by known mesonic states such as E or n' and there is no need 

for additional distinct gluonium states. This does not of course prove 

such states do not exist; however, it does undermine the notion that 

inclusion of light fermions does not significantly modify the properties 

of the gluonia. since without the fermions present there would be no 

alternative but to saturate the QCB sum rules with gluonium states. 

In the context of QCD, some of the most interesting aspects of the 

presence of light quarks have to do with questions of symmetry--from the 

approximate chiral flavor symmetry SIJ(3) @I SIJ(3) of current algebra to 

the discrete symmetries of C, P and T. The issues involved are quite 

subtle, and we shall concentrate our attention in this section on them. 

The first issues have to do with chiral symmetry. Introduction of the 

fermions u, d, s,... adds to the QEB Hamiltonian a term 

where the mass-matrix is usually presumed to originate from the Higgs- 

mechanism of the electroweak interaction.- Because the Higgs sector is 

not expected to respect internal symmetries, it follows that m 
cl 

need not 

be diagonal. In fact the mass matrix may even contain ~5. Nevertheless, 

because of the presumed diagonal and flavor-independent nature of the 

kinetic-energy and 2 * 2 terms, one cau redefine the fields Pi in such a 

way that the mass term in H strong is diagonal and y5 free. This is an 

important feature: it implies (or would seem to imply) that, despite P, 

C, and/or T violating effects in the Higgs sector (or whatever) responsible 

for quark mass generation, such symmetry violation will not find its way 

into the strong interactions. This desirable result will be tempered some- 

what in what follo"s: the Tr d * k surface-term does induce CP violating 

effects in strong interactions via instantons. We shall come to this 

later on. 

In the absence of the mass terms (a reasonable approximation for u. 

d, s), the Hamiltonian is invariant under independent rotations (in flavor 

space) of the left- and right-handed fermion fields 

P,(x) * uij CL) 
lyjL(x) 

YiR(X) + Uij(R)YjR(X) (7.4) 
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leading to a chiral U(3)IQ U(3jR symmetry. This is broken only by the 

"small" mess terms . Eighteen vector and axial currents can be constructed 

which in the limit mu, md, s m + 0 are formally conserved by the equations 

of motion. However, one of them, the 9th flavor-singlet axial current, 

is not conserved because the short-distance ultraviolet divergences of - 

the theory do not allow it. This phenomenon is the triangle-anomaly: the 

divergent graphs of Figure 19 do not allow the shifts of origin in 

momentum space required to obtain the formal vanishing of the divergence 

of this axial current.71 Defining 

J Ji5 = L 
i=u,d,... Ti y5y$i 

the result is 

aJ,,5 e;nf + -P 
ax 

-Tr E 
4r2 - 

.;+ terms vanishing 
asm +O 

!J i 

(7.5) 

(7.6) 

where nf is the relevant number of flavors (3 for u, d, s). The Tr 2 * k 

factor should already be familiar from Section 4 on instantons and from 

Appendix B. There we found that the term Tr i . f itself is a total w- 

divergence 

(7.7) 

where the current 

2 e 
Ku = -2ieAAA 

3 -a-B-Y 1 (7.8) 

Fig. 19. The triangle anomaly. 

is gauge-dependent. The operator N = 
.I- 

'KOd3x measured the topological 

quantum number used to classify the QCD vacuua. It might appear that the 
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U(1) chiral symmetry could be salvaged by considering the summed current 

su = J 
u 

+ Ku which g conserved. The conserved charge would be in this 

case 

J god3x z Q tot = Q5+2nfN = c (NLi - NRi) + 2nfN (7.9) 
flavors 

where N counts the number of gauge-bubbles present in the QCD vacuum. 

However, even in the absence of the light quarks, we have learned that we 

cannot characterize the vacuum by the quantum number N. Because of gauge 

invariance and vacuum tunnelling via instantons, it is its conjugate 

variable 6 that labels the vacuua. So also it will be for the chiral 

ch=-ge Q5; the variable cp conjugate to 93, which is a phase, is used to 

characterize the chiral structure of the vacuum. This is the same as the 

situation for spontaneous chiral syrmaetry breakdown in the more conven- 

tional context: the vacuum is not an eigenstate of the chiral charge. - 

We have not yet motivated why this chiral symmetry-breaking must 

occur. This has to do with the instanton phenomenon. The different 

N-vacuua become coupled because of the existence of a non-vanishing 

quantum tunnelling amplitude (the instanton). With fermions present, we 

must reanalyze the tunnelling process and keep track of how the quark- 

states are affected by, say. the creation of an instanton-induced gauge- 

bubble.72 Consider a femtouniverse where the quark coupling to trans- 

verse gluons may be considered perturbatively (i.e.,neglected). If we 

are in an N - 0 sector the quark states are simple plane waves of definite 

chirality (with the approximation m u d s = 0) and quantized momenta. 
9 # , 

Is there anything different about the solutions in the presence of a 

gauge-bubble? The answer is no: only a color-dependent gaugekphase 

need be multiplied to the quark wave-functions. The energy-eigenvalues 

(which are gauge invariant) remain unchanged at f A.- TJZ 
"l/3 ' + v1/3 ' etc- 

[Note: for convenience we choose to quantize with antiperiodic boundary 

conditions Y(t) = -Y(- $) to avoid eigenstates of zero energy.] However, 

we may ask what goes on as the tunnalling occurs. We shall analyze this 

problem in first-quantisation. That is, we treat each fen&on state 

individually and only introduce the filled Dirac-sea of negative-energy 

eigenstates at a later point. Because the tunnelling is semi-classical, 

the coordinates of a given quark must be deformed along with the gauge- 

field coordinates. In the intermediate configurations between N = 0 and 

N = 1 there are no pure gauges; the quark finds itself in real color- 

electric and color-magnetic fields. Thus the levels will shift--and if 

the tunnelling rate is slow, they will shift adiabatically:73*74 only 

degenerate fermion states mix. However, as the tunnelling becomes complete, 

one returns again to a pure gauge configuration--and therefore the same 

set of energy levels as in the beginning. But the important and crucial 

feature of this process is that the matching of final levels to initial 

levels is nontrivial. Some of the initial levels move upward; others 

downward and end up, at N = 1, in different states (c.f. Figure 20). What 

does this mean? It means that, when one second-quantizes and--according 

to Dirac hole theory--fills all negative-energy states, the tunnelling 

phenomenon takes one from the N - 0 vacuum of filled fermion states to 

an N = 1 state which is not necessarily the N = 1 vacuum. In fact, if 

any of the fermion energy levels does cross zero, then the N =l state 

: 
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E(N) 

Fig. 20. Schematic picture of shifts in fermion energies as a 
function of winding-number N. 

which is reached will not be the naive N = 1 vacuum state. This is - 

actually what happens. In tunnelling from N i 0 to N - 1, one negative- 

helicity state (for a given flavor) of originally positive energy dives 

into the negative energy-sea, while one positive-helicity state emerges 

from the negative-energy sea and joins with the positive energy states.75 

Thus, the net effect is that the instanton-induced transition from the 

N = 0 vacuum to the N = 1 vacuum is suppressed; instead the transition 

simultaneously creates a pair of each flavor of "massless" fermion, since 

the levels of all flavors are shifted together. In our case, that means - 

the transition is accompanied by creation of three quarks and three 

antiquarks 

* 
Remarkably enough, 

Equations (7.6) and 

(vat) N=O G (VA N-l + uii d;i s; (7.10) 

this process respects the conservation law implied by 

(7.7): 

A [T(NRi-NLi]- 2nf AN (7.11) 

* 
When applied to the weak-interaction gauge theory,72 this phenomenon 
is even more spectacular. In a femtouniverse with dimension small com- 
pared to as;j', one expects to have an essentially unbroken SU(Z)I non- 
Abelian gauge theory. Thus the instanton creates one left-handed 
fermion from each weak doublet, consistent with charge-conservation. For 
three generations this means: 

(vat) N Z (vat) N+1 +(:~)+($,+(;),+(q, 

+(s) +(cs),+(:)2+(:)3 

:. ~. 

: 

+(J +(ij, +(t), +(:), 
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This cannot he an accident; the triangle anomaly must sense at the w 

momenta the imbalance of fermion levels induced by gauge-bubbles and 

nonvanishing values of d4x d . 3. 
"f One may recall that evan in QED the 

definition of the electrical-current operator requires a careful sym- 

metrization between positive and negative energies. The monotonic shift 

in levels of given chirality induced by an 2 - i term will be felt not 

only in terms of levels which cross zero energy but also (in the presence 

of a high-momentum cutoff) of an induced asymmetry at the highest momenta 

and consequent multilation of the structure of the current operator.75 

What now are the stationary states? The tunnelling effective 

Hamiltonian analogous to Equation (4.6) now has an extra factor to account 

for the quark pair-creation we have found. Schematically 

H’ -c C ctN N+l 
N ' I 

? (;u)(P)(%)e-a(F)6 . . . 
S 

When H' is evaluated in a S-vacuum, the N-dependent factor evidently 

becomes a phase 

(7.12) 

For example, this means there exist (AB( = [AL/ = 3 virtual transitions 

(vac)N+-+(vac)N+l + ve + n + II- + (ccs) + r- + (ttb) 

Thus a pure 3rd generation baryon could decay into a pure second-generation 
antibaryon, an antineutron, and 3 antileptons. Xegrettably (or perhaps 
fortunately) the amplitude for this process is extremely small, of 
order 

2a -- 

<elH'le> - (const)e LDdX - 

J 
y (uu)(zd)(<s)a os (7.13) 

A 

For diagonal matrix-elements it is necessary to contract the fermion- 

fields uu +<iu>, etc.; and such contractions vanish if the masses of the 

quarks are zero. Hence all instanton-related effects will now be 

proportional to the product m m m -rls, where these are the current-algebra 

masses (a reasonable estimate is m - 4 MeV, m 
U d - 7 MeV, m - 150 MeV). s 

Furthermore the phase transformations on the quark fields necessary to 

put the mass-matrix&into standard form C&lmiJqi will also leave a 
i 

phase $I in the extiression (Equation (7.13)) for the tunnelling energy in 

a 8-vacuum. This phase is easily to be found to be 

4 = arg det& (7.14) 

and hence the effective angle relevant to observable effects, such as in 

Equation (7.13) will be 

s= f3 - 4 = 0 - arg detull (7.15) 

Thus even if strong-interactions have for some reason a boundary condition 

0 = 0, after inclusion of mass-generation (via Higgs-electroweak mechanisms) 

the effective angle 5 cannot be expected to remain zero. 

Thus far we have found that the U3L @ U3H symetry has been broken by 

instanton effects to an SU(3)L @ SU(3)H BUM symmetry. What about 

spontaneous chiral symmetry breaking? The flavor-octet of axial currents 

J 
.i - 

u 
= qyuy5Aiq is not plagued with instanton couplings or triangle 

anomalies, and one may attack the problem in more conventional ways. Even 

in QED, it has been argued that chiral symmetry can be spontaneously 

broken,76 i.e., lepton mass can be generated self-consistently by the 
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mechanism illustrated in Figure 21. The same mechanism with gluon replac- 

ing photon might apply in QCD. A different line of argument has been 

advanced by Callan, Dashen, and Gross,77 who exploit the instanton 

tunnelling and propose a mechanism as shown in Figure 22. The effective 

instanton-induced six-fermion interaction in Equation (7.13) is used to 

trigger the spontaneous symmetry breakdown. But this is difficult to 

make quantitative. In addition, recent explicit calculations in strong- 

coupling lattice gauge theories7s are also supportive that spontaneous 

symmetry breaking of W(3) chiral symmetry will occur in QCD. In all 

cases much more needs to be done before one can be fully convinced that' 

QCD does imply the spontaneously broken chiral W(3) symmetry which 

underlies the successful current-algebra and PCAC phenomenology of 

ordinary hadrons. 

Finally, it is necessary to inquire into the implications of a 

nonvanishing value of 5 for the questions of CP violation. Evidently a 

term in the Lagrangian 

which serves to fix the value of vacuum-0 is P-odd and C-even; hence 

T-odd. While formally a total divergence, we have had ample evidence that 

such a term produces nontrivial effects. The greatest threat lies in the 

experimental limit of lO-24 e-cm on the neutron electron dipole moment, 

implying a value of /B/ of 510 -a . It 4 necessary that she very ~mall.~~ 

There are various points of view possible: 

1. 0 is an arbitrary parameter in the most general renormalisable QCD 

Lagrangian and, since it is subject to divergent renormalisations from 

higher order loops, must be considered not implausibly small. 

*=A QL 

Fig. 21. Possible mechanism for spontaneous chiral syrmnetry breaking. 
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Fig. 22. Possible instanton mechanism for spontaneous chiral 
symmetry breaking. 

2. For strong interactions one simply imposes the condition 8 0 0 

by hand as a symmetry criterion: T-invariance of strong interactions is 

demanded from the start. This does not solve the problem completely; 

weak interactions and Kiggs-couplings can reintroduce a non-vanishing 8 

by radiative effects. Furthermore, these effects can again be divergent, 

so one can argue they are not small. On the other hand it is not neces- 

sarily so that the infinity gives a large value of 8. For example, in 

the popular SU(5) grand-unified model, the "infinite" CP violating 

effects only leak into the strong interactions in 14th order. The 

nominal order of magnitude isso 

(7.17) 

. : :.. 
._ 

This size is safely %ma11" (f log 01 $1 for any reasonable value of m). 

3. We saw that in the limit of vanishing quark mass, the vacuum 

tunnelling (and therefore CP violating effect) was suppressed, and that 

in the presence of quark mass the tunnelling amplitude is multiplied by 

a factor proportional to m m m or better uds 

1 
z- 

U 
(7.18) 

Thus, were the "bare" current-algebra mass of at least one quark to be zero, 

we could avoid the problem.sl The best candidate is the up-quark, whose 

mass is esttited, from current algebra considerations, to be-4 MeV. 

However, zero mass seams to go against successful current-algebra and 

SU(3) calculations. 
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4. The mechanism of quark-mass generation can be modified. Peccei 

and QuinnE2 found that by allowing an additional U(1) symmetry in the 

Higgs-sector, which was then spontaneously broken, that the CP violating 

phase could be sloughed off into that U(1) phase of the Higgs sector. 

However, WeinbergE3 and Wilcseka" then showed that there should be an 

almost massless O- Coldstone-boson (the axion) with mass 510-100 keV. 

The couplings of this object to matter are sufficiently strong that it 

should probably have been seen.85 

Among these options, probably the least unpalatable is option (2): 

8 is put to zero by hand in the strong QCD theory, with the weak- 

interaction and Higgs contributions required to be a small perturbation. 

We have in this section not provided much of any idea how these 

effects are calculated quantitatively. The most. appropriate and powerful 

technique utilizes the Feynman path-integral,86 but even that method is 

technically quite difficult. Considerable uncertainty remains in the 

magnitude of these CP violating and other instanton-induced effects. 

a. IDEAS ABOUT CONFINEMENT 

A great deal of effort has gone into trying to understand the con- 

finement problem, and considerable insight has been attained. Neverthe- 

less, there is no general agreement that the question is understood. Here 

we shall on1 7 mention in the most superficial way some of the approaches: 

a. Lattice QCD: One approximates the continuous system with a single 

cubic lattice, with quarks living on sites and gauge field living on 

links.*7 The basic element is a line integral 

1; it - ;rx 
Lll = : e A (8.1) 

connecting neighboring sites A and B, and the action is a sum of contri- 

butions of the 4U's at a time taken around an elementary face (plaquette) 

of the lattice. This theory is simplest in the strong coupling limit. 

There Wilson showed8' that there exists a linear potential between heavy 

sources--even for lattice QED. The field chooses the shortest path between 
n 

sources, and any fluctuation costs extra powers of gL in energy. 

The central problems are to connect the strong-coupling limit to a 

weak coupling theory at short distances , and to demonstrate a distinction 

in that limit between the abelian QED and nonabelian QCD theories. 

Ideally one should be able to compute the string-tension in terms of the 

perturbation-theory parameter A which controls the value of the running 

coupling constant as at short distances. 

Important progress has been recently reported. Kogut, Pearson, and 

ShigemitsuBa calculate the strong-coupling expansion to several orders 

and use Pade approximation to extrapolate toward weak coupling. Creutz ,89 

using a technique originated by Wilson, reduces the problem to an equivalent 

statistical-mechanical calculation of a free-energy, which he does via 

Monte-Carlo techniques on a computer. Both groups, as well as Wilson, 

find evidence for an abrupt transition from weak to strong-coupling at 

critical distance-scale, and at a relatively small value of as - 0.1. 

a 

b. MIT Bag: The MIT bag modelgo was originally formulatedgl at a 

level more phenomenological than QCD. It views the vacuum as a complicated 

medium, and a hadron a "hole" in the vacuum which is simpler, at least 

as seen by quarks and gluons. There is an energy cost in creating such a 

hole; also the vacuum pressure on the hole is compensated by the pressure 

of the quarks and/or gluons in the interior, leading to a stable hadron. 

. . : 
. . 
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This picture has enjoyed reasonable phenomenological success. The QCD 

interest lies in making a connection of this picture to the QCD Hamiltonian. 

The ideas, not necessarily exclusive, include: 

1) Princeton program. Callan, Dashen, and GrossgP a,rgue that the 

exterior vacuum (viewed It-dimensionally) is a dense plasma of instanton 

events. However they argue that in the presence of color electric fields 

(i.e, in bag interiors), instanton effects are suppressed and one has a 

relatively dilute gas. Their calculation of relative properties of these 

two phases rests heavily upon the use of analogies to statistical 

mechanics and on taking account of couplings between instantons. 

2) Analogy with Meissner Effect: Electricagnetic Duality. A 

monopole in a superconductor undergoes confinement in the way envisaged 

for QCD: a quantized vortex line connects a monopole-antimonopole pair, 

providing a linear potential.g3 To exploit this analogy in QCD, one 

needs to reverse the role of electric and magnetic field; the QCD string 

contains electric flux, not magnetic. There does exist some E-B duality 

in QCD.g4 But this program is evidently a difficult one and at present 

is not complete. 

c. Schwinger-Dyson Equations: Another attack uses the Schwinger- 

Dyson equations, which sum up the Feynman-diagram expansion." The goal 

is typically to find a nonperturbative solution consistent with a q 
-4 

behavior in the glum propagator, signalling a confining potential. 

Problems include how to truncate the infinite set of coupled nonlinear 

equations for the Green's functions, how to enforce gauge-invariance, and 

how to interpret the result (the Green's function of the gluon is itself 

gauge-dependent). On top of this is the straight technical problem, even 

after brutal truncation, of solving complicated sets of nonlinear integral 

equations. 

d. QCD Strings: This approach treats a piece of bare string, 

possibly closed, as the basic degree of freep instead of point quanta. 

i 

Thus the field degrees of freedom are: 
I!- 

I. 6s 

:e :. The problem is 

to establish equations of motion and a consistent quantumlnechanical 

formalism, and then determine properties of dressed strings.g6 

All these, and others not mentioned, are the subject matter of 

courageous and difficult research. There is optimism that the problem 

can be understood; perhaps one of these approaches will provide some 

answers. 

9. ALTEHNATIVJXS TO QCD 

It is becoming hard nowadays to find serious work on strong interac- 

tions which does not start with QCD. This is less a consequence of over- 

whelming evidence in favor of QCD as it is a consequence of a lack of 

serious contenders. In my mind the two strongest contenders are,the string- 

model and the Pati-Salam scheme. In the case of the string model, one 

simply asserts (without any backup from field theory. etc.) that quarks 

are tied together by strings of unspecified structure and basic origin. 

It has a close relationship with dual models and the topological expansion 

of the S-matrix. A major difference with QCD lies in the absence of 

the gluon degrees of freedom. The recent PETBA data does not encourage 

this point of view. 

The Pati-Salam scheme, based on Han-Nambu integer-charged quarks, has 

undergone a considerable degree of evolution.g7 The apparent discrepancy 
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with the fractional charge measured in electroproduction can be avoided 

if the theory is gauged. However, it appears difficult if not impossible 

to avoid a low mass (4 GeV) boson % which mixes with the photon and 

which has a large leptonic width.g8 This seems to be ruled out on 

experimental grounds. Also, the r lepton and b quark do not fit very 

comfortably into the scheme. 

Why the difficulty in finding alternatives? It is simply the short 

but restrictive list of reasons listed in the introduction, plus the 

problem of incorporation of the parton-model picture at short distances 

(solved in QCD by the asymptotic freedom property). 

QCD does pass the test on these issues. It possesses as well the 

distinguished pedigree of being a local gauge theory like QED, which 

puts the color degree of freedom to work dynamically. It makes it no 

surprise that it is so widely accepted. Nevertheless QCD does need much 

better experFmenta1 support for it to be truly confirmed. For me, the 

most reliable tests are those which can be imagined to be carried out in 

a femtouniverse. These include (1) measurement of the e+e- total cross 

section to an accuracy sufficient to see the radiative correction and 

(2) measurement of as via e+e--, q;g, with the final partons in a highly 

non-collinear final state (i.e*- 120' away from their neighbors). Cne 

will then want to check the gluon spin by measurement of angular correla- 

tions in this or other processes. 

10. CONCLUSIONS 

QCD is a theory of strong interactions which has a starting point as 

fundamental as QED. While there are major mathematical difficulties in 

even a successful formulation of QCD as a quantum field theory, these 

difficulties are ameliorated by quantizing the theory in a tiny box (femto- 

universe) with a small coupling constant. There do exist processes which 

we observe and which in principle fit into the femtouniverse. These 

processes can be calculated perturbatively; in the femtouniverse QCD con- 

verges as well as QED. 

However, as the box size grows there appear at least six crises: 

1. The Gribov gauge-fixing ambiguity impedes the elimination of 

unphysical degrees of freedom from the canonical (temporal-gauge)formalism. 

2. The running coupling constant becomes strong at large distances, 

and perturbation theory goes out of control. 

3. large instanton effects occur, complicating the question of 

topological structure of the QCD vacuum. 

4. The vacuum rotor-modes mix with transverse-gluon modes and may 

have significant physical effects. 

5. Gluonium and/or color-singlet hadrons should appear as asymptotic 

states and quarks and gluons should disappear. How (and at what distance 

scale) does this happen? 

6. With light quarks present, spontaneous breakdown of chiral sym- 

metry should occur. Again at what distance scale (and how) does this 

happen? 

But while there remain many unanswered questions about the large- 

distance aspects of QCD, the small-distance behavior appears to be 

comprehensible. If the theory is correct, the problem of understanding 

strong-interaction dynamics can to a great extent be decoupled from the 

problem of interrelating the strong, weak and electromagnetic force at 

extremely short distances. That alone would be a great step forward in our 

understanding of elementary particles. 

-. 
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APPENDIX A Likewise the unitary transformation of the quarks is also generated: 

One of the Maxwell Equations 

2 . g(x,t) - eLO(x,t) Y = 0 (A.1) 

is an equation of constraint. The existence of this constraint is con- 

nected with the residual gauge-invariance of the theory: the condition 

_AO=O does not completely fix the gauge. Time-independent gauge trans- 

formations 

L4.2) 

with 

as 
L-0 
at (A.3) 

can be still carried out. The Gauss-Law operator @ . i - e;") is actu- 

ally the infinitesimal generator of these gauge transformations. To see 

this write 

S(x) = 1 - ie6h(x) (A.4) 

with 6!.(x) a 3x3 matrix. Then by definition 

3h-i -g = [b&(x), &(x,1 + +6&(x) (A.5) 

Now in the big Hilbert-space of quantized fields we write the unitary 

transformation4( 

?f= 1 + i Tr J d3y [LJ * E(Y) - +!o(Y)l %(y) 

Then using the canonical commutators, we find 

,gxd = ii_(x) + Qd 

with PA given above in Equation (A.5). 

(~.6) 

(A.7) 

Wq(x)& = (1 -t ie6t(x))q(x) (~.8) 

The Hamiltonian has a very large'symmetry under residual gauge trans- 

formations. The idea of gauge-fixing is to find all the extra trivial 

coordinates and remove them from the formalism. In QED this is easy to 

do, as was illustrated in Chapter 3. 

Now we ask what the corresponding procedure is in QCD. Evidently 

we would like to copy QED as much as possible. We may do this as before 

by introducing transverse and longitudinal parts of -k, and A and eliminat- 

ing k and -I& from the theory. We begin with the electromagnetic poten- 

tial and assume there exists a time-independent gauge-transformation 

which renders & purely transverse 

This is not self-evident; the equation for the gauge-transformation 5 is 

3. (&s+w?~) = 0 (A.lO) m - e- 

which is not at all transparent. (Note that for QED, with S=eid, the 

above equation is just 

V2A =?f - f; (A.ll) 

which allows the solution 

A(x) = j3Y &Py * i(Y)) (A.12) 

!Cf this is carried out, then L is removed from the Hamiltonian, inasmuch 

as H is invariant under such gauge transformations. To remove 2 
-L' 

define 

t (A.13) 

: :.. 
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and eliminate & using the Gauss' law constraint 

(A.14) 

It is easiest at this point to expand all 3x 3 matrices in terms of l- 

matrices. Then OA can be obtained formally via 

9Aw = J d3y KAB(x,y;A) efBGD$(y)* g(y) + eJ: 3 
(A.15) 

with the kernel K "defined" by 

Cd * GAB K(x,Y;A)~~ 

z &x,Y;A),~ - .P"$ - *h& = 63(x - y) 

In shorthand notation 

K ='A 
?."D 

(A.161 

(A.17) 

With 4 defined above, we finally end up with the Hamiltonian 

H= Tr($ + E2 + (?$j2) + W'(z . ($ - e&) + Bm)Y (A.18) 

This somewhat cumbersome form directly generalizes the procedure in QED. 

It is quite satisfactory for weak-coupling applications, but unsatisfac- 

tory for strong coupling. This is because it is known that there exist 

homogeneous solutions for the Green's function K. Roughly speaking, the 

A,. 3 term is a potential which supports "bound states" provided A is 

big enough. If the region where A is large has a size L this means AL 

l/eL in order to compensate the kinetic-energy term. 

Another way of seeing what this means is to look at the gauge- 

condition 

3 .A-0 (A.19) 

We assumed this could be done in a unique way. However, existence af 

homogeneous solutions of if * ??a = 0 implies that the above condition, 

Equation (A.19), is not unique: namely there exist gauge-equivalent 

fields which each satisfy 6 * x = 0. That is, when A is chosen such 

that these solutions are close to each other we have 

$.g=b(i;+-&@=o (A.20) 

However, from Equation (A.6), (D-E-e&) generates gauge transformations 

61 = J d3y t!Gj * E.(Y)~A(Y),&) 1 

= i;6h (A.21) -w 

Hence 

d * g6A - 0 (A.22) 

Non-trivial solutions of Equation (11.22) thus imply that fixing i 

to be transverse does not mean that the gauge has been fixed. 
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Even the vacuum of QCD turns out to have a quite complicated struc- 

ture for essentially topological reasons. We shall enter this subject here 

APPENDIX B 

from what is apparently quite an oblique way. It is not the historical 

path, but we hope it is more physically comprehensible." We start by 

adding a term to the Lagrangian density of the theory with the form 

where the dual ? of F is defined as 
U-J uv 

(B.1) 

That is, the dual of 2 is 5, and vice versa. This interaction term is 

evidently parity-violating but C-conserving; hence by the TCP theorem 

also time-reversal non-invariant. We might ask why in the world one 

would gratuitously throw such a coupling into the strong interactions. 

One answer is why not: the term is renormalizable and there is a school 

of thinking that says that one should write down the most general renor- 

malizable theory whenever possible. But even if one restricts the 

strong interactions by hand to be CP-invariant by setting 0 = 0, CP vio- 

lation elsewhere in the theory can eventually leak back into the strong 

interaction and induce such a term. So it is reasonable to expect such 

a coupling at some level, even if it is quite small. However this is 

not the only reason that such a term is of interest. The eF? interaction 

is quite peculiar, because it turns out that the Lagrangian density Y" 

is a total divergence. This implies that the Lagrangian L can be written 

as a time derivative of a function of A' w* To see this easily we go to 

Ao=O gauge and write 

= % Tr J d3x E 

=:; J 

aA_i 
ijk at 

3 _ 
axk 

2 
Be Tr d3x E. 

at 4?T2 ijk 
[ (B.2) 

where we have assumed that 5 vanishes as ];I+-= so that integration by 

parts may be carried out. Now when the Lagrangian contains a total time 

derivative, it is a simple matter to calculate its effect. We review 

this for a system with a finite number of degrees of freedom. Let 

dF(o.f 'i. 
L(qi.qf) = L&'Q + dt 

= Lo(ql,Q + c & e 
i 1 

The equations of motion are unchanged: 

old new 

The Hamiltonian formalism changes a little. The new momentum is 

aL 
-q+,iK= p(o) +aF 

pi - ac. aqi i 1 a?!. 1 

(B.3) 

(B.4) 

0.5) 

However the Hamiltonian remains form-invariant (in order to preserve the 

equations of motion!): 
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by integer eigenvalues n of the N-operator, and (2) these n states are 

dynamically coupled together (by the instanton phenomenon), and that 

(3) the coupling is important enough that physical observables depend 

upon 8, despite the fact that its presence In the Lagrangian did not 

affect the equations of motion of the theory. 

To do this, we simply exhibit a prototype example of a gauge func- 

tion which produces a non-vanishing value of N. We write, as in the 

text 

f(r) I (B.16) 

with C some constant matrix and with the Pauli-matrices T = (X1,X2,X3,) 

defined as the first 3 of Gell-Mann's X-matrices. The topological games 

come from the curious coupling of internal-symmetry matrices q to coordi- 

nates. In order that 2 + & as r + (0, we must have, as r + m 

f(r) + nn and c - (-l)n (B.18) 

with n an integer. In order that U be nonsingular as r + 0, we must also 

have f(r) + 0 as r + 0; hence g+ (-)" as r + 0. The integer n will in 

fact provide the characterization of the n-vacuua. Because N is invari- 

ant under continuous gauge transformations (provided they are trivial at 

the boundary) we may choose a simple form for f(r). in particular push 

it out near to the boundary of the region, which we take as a large 

sphere of radius R. Notice that the action of U, is to rotate a quark in 

the internal space by nl~ as one goes out to - from the origin. The axis 

of rotation in the internal space Is dependent on the direction in real 
1 

space that one travels. To calculate N we take a small solid'angle 

AC near the north pole (x3 * R;, x1,x2 small) and calculate the components 

of L with 

'"4-1 = "$& (B.19) 

and g given by Equation (B.16). Elementary estimates give 

I 
+ terms odd in x 

1 +termsoddiny 

(B.20) 

The terms odd in x and y will vanish upon averaging over a region cen- 
. 

tered symmetrically about x=y=O. Insertion into Equation (B-12) for N 

yields 

A 
AN-e-i. f, 

24v2 
* 2iJdxdylRF sin2 f(r)f'(r) 

x,y small 

or 

df sin2 f = n (B.21) 

What have we accomplished? For one thing we have finally uncovered the 

reason for the factor 32n2 in Equation (B.l). But we emphasize that it - 

.is not yet physics: we have merely found a topological classification 

of gauge-potentials & in terms of a single integer n. If one restricts 

oneself to potentials which vanish at spatial infinity, then there is no 

gauge-transformation obtainable from the identity by a product of 
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infinitesimal transformations which takes a potential characterized by 

one n-value to a potential characterized by a different n-value. 

Enter the instanton. While the n-vacuua are only coupled by gauge 

transformations nonvanishing at the surface at m, there can be dynamical 

coupling of the n-vacuua. For simplicity consider traveling in &-space 

(remember the A_(x)'s are coordinates in the great big Hilbert-space; the 

_E(x)'s are momenta) from the origin ,A = 0 in a straight line to an A(x) 

in the topological sector n = 1. The intermediate 6's cannot be pure 

gauge: hence by definition there will be B-field in between. Thus the 

potential energy 

V(A) = Tr 
1 

d3x B*(x) (B.22) 

increases as one proceeds away from n = 0 and then must decrease again as 

one reaches the n = 1 pure-gauge configuration (c.f. Figure 6). Because 

the great big Hilbert space is so multidimensional, there are many paths 

one may travel in going from ,A = 0 to the n = 1 gauge configuration; 

nevertheless they all share the feature that there is a potential barrier 

(unless one travels via the coordinates on the boundary). However even if 

one cannot go around, one can still go through the barrier by quantum 

mechanical tunnelling. Suppose that e is small. We saw that for a glob of 

potential with n > 0 and spatial extent -L, we must have dimensionally 

(c.f. Equation (B.12)) 

(B.23) 

A& 

and 

V(A) - +- 
eL 

(~.26) 

The height of the barrier is -e -2 ; hence for small e we have a large 

thick barrier and a small tunnelling probability. For such a situation 

(and only for such a situation) there exists an easy, albeit rather 

crude, estimate for the tunnelling amplitude: it is the semiclassical 

approximation. To get the answer, again retreat to a system with a 

finite number of degrees of freedom. 

N 
H = + c P; i- V(ql,*..qn) 

i=l 

with V(0) = 0 and V(Q1,...,QN) = 0. For a big thick barrier we write in 

the classically forbidden region 

*Cd - e -S(q) (~.28) 

The tunnelling amplitude is then-e -IS(Q) - S(O)1 . When S is large 

(coefficient e-'), th e unwritten factors which normalize the wave func- 

tion are relatively inconsequential. There does exist a rather sophisti- 

cated technologyloo for their calculation (the old-fashioned way involves 

what is known as the Van Vleck determinant'O1) but we shall not go into 

this aspect of the problem here. It will be enough to obtain S(Q). The 

equation for S in semiclassical approximation (aV/aq small compared to 

rate of falloff of *) is 

a&c2 
( > 

+ vq = 0 
2. 

(B.29) 

The intermediate B-field would then be expected to be 

(B.25) 
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Other than a change in relative sign, this is just the Hamilton-Jacobi 

equation for the phase point i in the potential V(q). The sign-change 

(which originates in the e -S instead of the WKB e") allows us to inter- 

pret Equation (B.29) as the real classical motion of the phase-point f 

starting at rest at the origin and ending at the point Q (again at rest) 

in an attractive potentialV'(q)=-V(q). The quantity S(Q) is, from 

classical theory, the action J associated with such a classical motion 

starting at 0 and ending at Q. To see this, simply retreat from the 

Hamiltonian formalism, writing 

* as(q) H=l 
pi=qi= aqi pr:pf+V'(q) =0 

i 

L= c * piqi - H = F Pi% (B.30) 

Hence the action J is given by 

m m 

J= L dt = dt c 4. as = S(Q) 
i = aq 

- S(O) (B.31) 
i. 

inasmuch as the motion begins at qi=O and ends at qi=Qi. 

One last point before reverting to the real continuum QCD problem: 

instead of changing the sign of the potential, we could equally well 

change t to it, since the equations of motion 

. . -av 
9 =- 

as 
(B.32) 

undergo the desired sign change. 

Let us now recapitulate. We get a tunnelling amplitude by the fol- 

lowing procedure 

1) replace t by it; 

2) solve the classical equations for this system, requiring 

g=i = 0 at t + m (and for us g(x) and g(x) + 0 as z + - 

as well); 

3) calculate the classical action J for this solution. The 

desired tunnelling amplitude is then-e -J . 

We see that we need a classical solution of the Euclidean QCD equations 

with finite action in order to couple together all the n-vacuua. This 

solution was found by Belavin et al.34 To find it, it is best to abandon 

ho=0 gauge and exploit the full 4-dimensional symmetry of Euclidean QCD. 

We search first for the form of the potentials 4 as p = K-T+ -. 

They must be pure gauge, fall off as p -1 and involve the Pauli-matrices 
-+ 
r. A choice which satisfies this and looks right is 

v_ P +-y2: (B.33) 

This has a singularity at the origin but, as we shall soon see, otherwise 

has the right properties to induce a transition between states of differ- 

ing n. Then a choice for the solution is 

ieA “?J - f (p)g-‘au~ (B.34) 

with 

f(P) + 1 P+- 

f(P) -+ 0 P-+0 (B.35) '. 

Direct, tedious calculation shows that 

f(P) = p2 
p2 + x2 

(~.36) 
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does the job. The potentialAV is indeed no longer singular at x = 0, 

and the QCD equations of motion are satisfied. 

We now can'put together all the pieces. In doing this let us again 

recapitulate what we have done. We introduced a term into the Lagrangian 
2 

density 9%' of the formee 
16n2 

TrF ?uv -pv- * This term is a total divergence 

eapKP ; hence the Lagrangian L was modified by a total time derivative 

EI& 
J 

E"d3x which simply put a coordinate-dependent phase on the wave 

function in the great big Hilbert space. The phase-operator 6N = '8 d3xKo 
J- 

in a representation in which the potentials are diagonal, measures a 

topological property of the potentials, characterized by an integer n. 

Tunnelling between states of different n is possible if there exist 

classical solutions of the equations of motion with finite action, and 

which (in A =0 -0 gauge) take one from a pure gauge configuration of given 

n at ts- to a pure gauge configuration of a different n at t=+m . We 

apparently found such a solution, albeit in a different gauge. To show 

that the solution indeed induces a tunnelling transition between states 

of different n, we introduce in the instanton gauge potential at large 

distances, Equation (B.34), the polar coordinates shown in Figure 23. 

t = p cos rl, 

r = p sin Ip (B.37) 

We may then write 

.; * "r$ 
,LJ = -e-r (B.38) 

Hence at $J = 0 (t++-, r+O)U=-1, 

while at JI = II (t+--, r+O)lJ~+l. Now make a continuous gauge trans- 

formation to a new U such that 

,: . . 

r 

Fig. 23. Effects of a gauge transforxaation on the asymptotic gauge 
potentials surrounding an+instanton: (a) "Covagiant gauge" 
and (b) a gauge in which & = 0 in the past and & is an 
expanding gauge-bubble in the future. 
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1 V(A) 
1 = -e i: .C 

- f(V) r (B.39) 

with f(0) -0 and f(n)=n unchanged, but where f(Y) makes the flip from 

0 to n at -11 angles (i.e., in the future). Thus in the past gzl and 

IsO, while in the future ,V takes the same form as we had for the proto- 

type gauge configuration with n = 1. It follows that the instanton 

induces a tunnelling transition between topological sectors with IAn] = 1. 

To calculate the tunnelling amplitude associated with a single 

instanton, we need calculate only the Euclidean action J of the instanton. 

It is 

J = Tr 
/ 

d4x (g2 + B2) 

(B.40) 

by the Schwartz inequality. We use this inequality because we recall 

that E* 5 is our total divergence, already evaluated from topological 

considerations. From Equations (B.2) and (B.ll) 

2Tr 
J 

d4x b* if = k mm 
e2’ J 

dt 3 = $ [NC-) -N(-m)] = 3 (B.41) 

Hence the tunnelling amplitude is 5 e -8n2/e2 . It is in fact the case that 

the instanton solution is self-dual, i.e., i=i, and the inequality is an 

equality. 

We now can crudely estimate the.effect on the wave function of the 

system. The situation is analogous to the problem of a particle in a 

periodic potential 

c 
n=O n=l n=2 ,. . A 

The eigenfunctions are not packets localized near ,A = 0 (n-0)) but instead 

the Bloch-waves 

Yl ine Y,(A) (B.42) 

This is in fact the structure we already constructed from use of the 

gauge-invariant surface term. This much follows essentially from a 

requirement of gauge-invariance and not of existence of instantons. what 

the instanton does is to provide a coupling between n-vacuua which is 

not a surface-effect, but a volume effect. - That is, the effective 

Hamiltonian for tunnelling between adjacent n-vacuua will, for dimen- 

sional reasons, be 

8r2 -^ 

H'-FV/F e eL(X) 6n,n-1 (B.43) 

The volume factor V occurs because the instanton can be located anywhere 

in space (i.e., the choice of which set of coordinates A+(x) do the 

tunnelling is open and must be summed over. Likewise the instanton size 

X is arbitrary and must be suarned over). Since H' has dimension of 

inverse length, dimensional analysis gives the weight factor. There is 

-12 an additional factor e which requires study of the Van Vleck determinant 

which normalizes the wave function at the classical turning point.lOO*lO1 

The integral over X is infrared-divergent; hence in a finite and very 

small volume, the most important instanton is the one which just fits 
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into the box. If the box is small enough that perturbation theory is 

justified, then in fact the instanton effects remain very small. 

The effect.of Ii' on a e-state is simple to calculate. Recall 

le> = C e 
ine 

+,(A) (B.44) 
n 

and 

8n2 _- 

% I'> i +J$ e e2(X) c eine pnml(A) + yn+l(Aj (B.45) 
e n 

where Y n-l(A) and Ye1 (A) differ from P,(A) by an additional lump of 

gauge configuration somewhere. Thus a S-vacuum is an eigenfunction of 

H'/V with eigenvalue 

8n2 -- 

H' jEJ> = -2v k CO8 e 

ie2j6 J he e*(X) AS IX> (B.46) 

where in general ]ir, might not be equal to J‘S> but could be deformed 

into it by a continuous gauge transformation. However physical states 

are to be gauge-invariant; hence for states /S> in that subspace of the 

great big Hilbert space which are physical, we can replace I?Y> by lo>. 

Hence for practical purposes 8' is in fact diagonal. We see in particu- 

lar that the vacuum energy density is &dependent, with 8-O being the 

state of lowest energy. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

IWF.RBNCBS 

If you don't know, you are invited to consult someone else's 

lectures. 

S. Brodsky, these proceedings. 

An introduction to this method can be found in J. C. Taylor, "Gauge 

Theories of the Weak Interactions," Cambridge University Press, 1976. 

Actually an exception to this might be the pion in the limit of 

massless u and d quarks. In that circumstance pions are believed 

to be massless Goldstone bosons. However, none of that appears to 

have much connection with the phenomenon of QCD confinement. 

A recent review is given by S. Weinberg, I. I. Rabi Festschrift, 

to be published by the New York Academy of Sciences. 

See, for example, D. Robson, Nucl. Phys. B13q, 328 (1977), also 

K. Koller and T. Walsh, Nucl. Phys. B14q, 449 (1978). A recent 

detailed study is given by J. Coyne, P. Fishbane and S. Meshkov, 

NBS/Virginia preprint (1980). 

S. Weinberg, Phys. Rev. g, 3583 (1975). 

See Robson, Ref. 6, for a discussion. 

Actually an indefinite number of gluona might "bleach" the color 

field and produce a color singlet state (of fractional charge). 

That this is a theoretical possibility-although not a very desir- 

able one-was emphasized to me by Marvin Weinstein. 

‘For a review, see J. Weis, Acta. Phys. Polon. B9, 1051 (1978). 

W. Heisenberg and H. Euler, Zeitschrift fur Physik 9S, 714 (1936); 

J. Schwinger, Phys. Rev. 82. 664 (1951). 

A recent study of this mechanism has been made by A. Casher, 

H. Neuberger, and S. Nussinov, Phys. Rev. g, 179 (1979); also 

__ . 
::: . 

284 



13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

Tel-Aviv preprint TAUP-747/79; see also H. Neuberger, preprint 

TAUP-721179. 

However, the 021 rule does give some motivation for a small coupling. 

I thank Stanley Mandelstam for pointing this out to me. 

J. Bjorken, Lecture Notes in Physics 56, "Current Induced Reactions," 

ed. by J. Koerner, G. Kramer, and D. Schildknecht, Springer-Verlag 

(N.Y.), 1975. 

Were A" not taken to be traceless, the coefficient of the unit 

matrix would be a U(1) degree of freedom not coupled to color at all. 

There is no evidence for its existence as a physical degree of 

freedom. 

A hint: the quantity Tr &,J,' ' is a color invariant. 

The Lagrangian density isy' = Tr (E2-B2). 

L. Faddeev and V. Popov, Phys. Lett. E, 29 (1967). 

Our notation follows that of Reference 1. 

S. Frenkel, Phys. Rev. g, 2325 (1976), W. Konetschny and W. Kummer, 

Nucl. Phys. m, 106 (1975); see also J. Willemsen, Phys. Rev. E, 

574 (1978). 

This can also be explicitly checked without much difficulty. 

V. N. Gribov, SLAC preprint SLAC-TRANS-176; S. Mandelstam, invited 

talk at Washington Meeting of the American Physical Society, 1977. 

Generalizations of the problems have been made by M. Atiyah and 

I. Singer. Quantization in axial gauge (A3=0) provides some 

improvement; yet there remains some residual gauge invariance, as 

well as possible problems with boundary terms. R. Jackiw and 

J. Goldstone [Phys. Lett. z, 81 (1978)] have presented an SU(2) 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

example of quantization without subsidiary conditions; however the 

resultant formalism contains some possibly troublesome singular 

expressions, as well as appearing to be rather unmanageable. See 

also V. Baluni and B. Grossman, Phys. Lett. z, 226 (1978). 

We are thinking here of the LSZ formalism as used in Book II. 

T. D. Lee and M. Nauenberg, Phys. Rev. 133, B1549 (1964); 

T. Kinoshita, J. Math. Phys. 3, 650' (1962). 

S. Drell and T. M. Yan, Phys. Rev. Lett. 5, 316 (1970). 

See the lectures of R. Stroynowski, these proceedings, for an 

up-to-date review. 

K. Wilson, Phys. Rev. 179, 1499 (1969). 

G. Sterman and S. Weinberg, Phys. Rev. Letters 2, 1436 (1977). 

This problem is under study in collaboration with M. Fischler. 

R. Jack& and C. Rebbi, Phys. Rev. Letters 37, 172 (1976); 

C. Callan, R. Dashen, and D. Gross, Phys. Letters e, 334 (1976). 

Provided, of course, one does not travel via field variables i(x) 

with t on the boundary of the box. 

A. Belavin, A. Polyakov, A. Schwartz, and Y. Tyupkin, Phys. Lett. 

z, 85 (1975). 

C. Callan, R. Dashen, and D. Gross, Phys. Rev. z, 2717 (1978). 

S. Coleman, "The Uses of Instantons," Harvard University preprint 

to be published in Proceedings of the 1977 International School of 

Subnuclear Physics "Ettore Majorana." 

This has been verified in field-theoretical contexts by 

J. Willemsen, UC-Santa Cruz preprint (1979). 

235 



38. L. Baulieu, J. Ellis, M. K. Gaillard, and W. Zakrzewski, Phys. 

Lett. 2, 290 (1978); also N. Andrei and D. Gross, Phys. Rev. 

9, 468 (1978); R. Carlltz and C. Lee, Phys. Rev. E, 3238 (1978). 

39. G. Veneziano, Nucl, Phys. x, 519 (1976). 

40. D. Robson 2. cit.; Reference 6. 

41. H. Fritzsch and P. Minkowski, Nuovo Cimento z, 393 (1975). 

42. R. Jaffe and K. Johnson, Phys. Lett. E, 201 (1976). 

43. K. Johnson (private communication) argues that the pressure on the 

bag from the gluon field implies E2 > B2. The modes considered in 

Ref. 42 do not satisfy that constraint. 

44. See References 6 and 39; also, P. Freund and Y. Nambu, Phys. Rev. 

Letters 36, 1646 (1975). 

45. J. Bolzan, K. Geer, W. Palmer, and S. Pinsky, Phys. Rev. Letters 

35, 419 (1975); also J. Bolzan, W. Palmer, and S. Pinsky, Phys. Rev. 

r)14, 3202 (1976). 

46. See for example E. Witten, Nucl. Phys. m, 269 (1979) for a nice 

discussion. 

47. I am grateful to R. Brewer for emphasizing this to me and for very 

useful discussions. 

48. M. Chanowitz, Phys. Rev. s, 918 (1975); S. Brodsky, D. Coyne, 

T. DeGrand, and R. Horgan, Phys. Lett. m, 203 (1978). 

49. R. Barbieri, E. d'Emilio, G. Curchi, and E. Remiddi, Nucl. Phys. 

w, 535 (1979). 

50. M. Kramer, Phys. Letters m, 361 (1978). 

51. A. Billoire, R. Lacaze, A. Morel, and H. Navelet, Phys. Lett. e, 

381 (1979). 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

62. M. Kramer and H. Krasemann, preprint DESY 79120. 

R. Brandeliks&., Phys. Lett. 2, 292 (1978). 

J. Schwinger, Phys. Rev. 125, 1043 (1962); 127, 324 (1962). See 

also Ref. 59. 

The approach discussed here has been independently worked out by 

S. Drell and also D. Stump (private communications). They have 

studied the nature of this term in greater depth. 

This is a consequence of the renormalizability of the theory, a 

fact which is not self-evident in this formalism. A direct check 

that the next term in the expansion behaves properly is at present 

being carried out by S. Drell and R. Hughes (private communication). 

See for example Chapter 19 of Book II. 

The history of renormalizability is traced quite completely by 

M. Veltman, Proceedings of the 6th International Symposium on 

Electron and Photo Interactions at High Energies, ed. H. Rollnik 

and W. Pfeil, North-Holland (Amsterdam), 1974; p. 429. 

D.R.T. Jones, Nucl. Phys. z, 531 (1974). W. Caswell, Phys. Rev. 

Lett. 2. 244 (1974). 

T. Appelquist, M. Dine, and I. Muzinich, Phys. Lett. z, 231 

(1977), also Phys. Rev. D8, 2074 (1978). 

H. Thacker, C. Quigg, and J. Rosner, Phys. Rev. F, 287 (1978). 

J. Richardson, Phys. Lett. e, 272 (1979). See also B. Margolis, 

R. Roskies, and N. de Takacsy, McGill University preprint (1978); 

R. Levine and Y. Tomozawa, Phys. Rev. w, 1572 (1979). 

.: : 

236 



63. 

64. 

65. 

66. 

67. 

68. 

69. 

A. Ore and J. Powell, Phys. Rev. 75, 1696 (1949). 

E. Witten, Harvard preprint HLITP-79/A007 (1979). 

M. Shifraan, A. Vainstein, and V. Sakharov, Nucl. Phys. m, 385, 

448 (1978). 

70. 

71. 

72. 

V. Novikov, M. Shifman. A. Vainstein, and V. Zakharov, ITEP 

preprint (1979). 

J. Bell and R. Jackiw, Nuovo Cimento e, 47 (1969); S. Adler, 

Phys. Rev. 177, 2426 (1969). 

G. 't Hooft, Phys. Rev. Lett. 37, 8 (1976); Phys. Rev. u, 432 

(1976). 

73. This idea seems to have originated with Callan, Dashen, and Gross, 

For a review, see J. Jackson, Proceedings of the 1977 European 

Conference on Particle Physics, Budapest, ed. by L. Jenik and 

I. Montvay (GRIP, Budapest, 1978), p. 601; also K. Gottfried, 

Proceedings of the 1977 International Symposium on Leptons and 

Photons at High Energies, Hamburg, ed. F. Gutbrod (DESY, Hamburg, 

1978), p. 667. 

N. Isgur and G. Karl, Phys. Rev. E, 2653 (1979). 

A recent review is given by C. Quigg, Fermilab preprint FERMILAB- 

CONF 79174 THY, to be published in the Proceedings of the 9th 

International Conference on Leptons and Photons at High Energy, 

Fermilab, Batavia, IL (1979). 

K. Gottfried, Phys. Rev. Lett. 4G, 598 (1978); M. Peskin. Nucl. 

Phys. w, 365 (1979); G. Bhanot and M. Peskin, Nucl. Phys. w, 

391 (1979). 

Ref. 35. 

74. The adiabatic hypothesis is in fact unnecessary. A comprehensive 

study has been made by N. Christ (Columbia University Preprint 

CU-TP-160 (1979)). who relates all this to the work of M. Atiyah 

and I.. Singer on spectral flow and the index theorem [M. Atiyah, 

N..Hitchen, and I. Singer. Proc. Nat. Acad. Sci. USAZ, 2662 (1977); 

M. Atiyah, V. Patodi, and I. Singer, Math. Proc. Camb. Phil. Sot. 

77, 43 (1975); 79, 71 (1976)l. 

75. J. Kiskis [Phys. Rev. g, 3690 (1978)] has explicitly identified 

the levels as they cross zero energy. See also L. Brown, R. Carllts. 

and C. K. Lee, Phys. Rev. u. 417 (1977), A. Schwartz, Phys. Lett. 

m, 172 (1977). R. Jackiw and C. Rebbi, Phys. Rev. z, 1052 (1977); 

N. K. Nielsen and B. Schroer, Nucl. Phys. z, 493 (1977). 

76. M. Baker, K. Johnson, and R. Willey, Phys. Rev. 163, 1699 (1967); 

J. Cornwall and R. Norton, Phys. Rev. D8, 3338 (1973); R. Jackiw 

and K. Johnson, Phys. Rev. D8, 2386 (1973). 

77. C. Callan, R. Dashen, and D. Gross, Phys. Rev. a, 2717 (1978); 

see also D. Caldi, Phys. Rev. Lett. 2, 121 (1977); R. Carlits and 

D. Creamer. Annals of Physics 118, 429 (1979). 

78. H. Quinn and M. Weinstein (private communication). 

79. There is a solid current-algebra calculation connection c with the 

neutron electric dipole moment; R. Crewther, P. diVecchia, 

G. Veneziano, and E. Witten, CERN preprint CERN-TH-2735 (1979); 

see in this connection V. Baluni, Phys. Rev. E, 2227 (1979). 

80. J. Ellis and M. K. Gaillard, Nucl. Phys. w, 141 (1979); B. Morel, 

Harvard preprint HUTP-79/AOO9 (1979). 

287 



81. 

82. 

83. 

a4. 

85. 

86. 

87. 

88. 

89. 

90. 

91. 

92. 

93. 

94. 

F. Wilczek, Phys. Rev. Lett. 3, 279 (1978). 

R. Peccei and H. Quinn, Phys. Rev. Lett. 2, 1440 (1977). 

S. Weinberg, Phys. Rev. Lett. 4& 223 (1978). 

F. Wilczek, Phys. Rev. Lett. 5, 279 (1978). 

T. Donnelly, S. Freedman, R. Lytel, R. Peccei, and M. Schwartz, 

Phy. Rev. z, 1607 (1978). 

The reader is strongly urged to consult the lectures of Sidney 

Coleman, Ref. 36, for a complete and lucid explanation of the 

methodology. 

K. Wilson, Phys. Rev. m, 2445 (1975). 

J. Kogut, R. Pearson, and 3. Shigemitsu, Phys. Rev. Lett. ft2, 484 

(1979). 

M. Creutz, Brookhaven preprint, September 1979. 

P. Hasenfratz and J. Kuti, Phys. Reports 5, 75 (1978). For a 

newer review, see R. Jaffe, MIT preprint MIT-CTP-814 (1979). 

A. Chodos, R. Jaffe, K. Johnson, C. Theme, and V. Weisskopf, 

Phys. Rev. E, 3471 (1974); w, 2599 (1974). 

C. Callan, R. Dashen, and D. Gross, op. cit., Ref. 35; also Lectures 

at La Jolla Institute Workshop on Particle Theory, August 1978 

(Princeton preprint), and Phys. Rev. E, 1826 (1979). 

H. Nielsen and P. Olesen, Nucl. Phys. g, 45 (1972). 

For a review, see S. Mandelstam, UC-Berkeley preprint UCB-PTH-79/9 

(1979), to be published in the Proceedings of the 9th International 

Symposium on Lepton and Photon Interactions at High Energy, 

Fermilab, Batavia, IL (1979). 

95. 

96. 

97. 

98. 

99. 

100. 

R. Anishetty, M. Baker, S. Kim, J. Ball, and F. Zachariasen, Phys. 

Lett. m, 52 (1979); M. Baker, J. Lucht, P. Lucht, and 

F. Zachariasen, Caltech preprint CALT-68-741 (1979); U. Bar-Gadda, 

SLAC preprint SLAC-PUB-2347; S. Mandelstam, Ref. 94 and UC-Berkeley 

preprint UCB-PTH 7918. 

Y. Nambu, Proceedings of the 19th International Conference on High 

Energy Physics, Tokyo, Japan (1978), p. 971, and references therein. 

A recent review is given by J. Pati, University of Maryland preprint 

MDDP-TR-79-066 (1978), to be published in Seoul Symposium on 

Elementary Particle Physics, Seoul, Korea (1978). 

L. B. Okun, M. Voloshin, and V. Zakharov, Moscow preprint ITEP-79 

(1979). 

Our approach roughly follows that of Jackiw and Rebbi (Ref. 32) 

and of K. Bitar and S. J. Chang [Phys. Rev. m, 486 (1978); E 

435 (1978)). 

Again, we recommend the Erice Lectures of S. Coleman (Ref. 36) 

as an excellent introduction. 

101. J. H. Van Vleck. Proc. Nat. Acad. SC+. 14. 178 (1928). ---. ;- . . 

. 

288-289 



Experimental Considerations on the Measurement of the Proton Lifetime 

G. Barbiellini 

CEP.N, Geneva, Switzerland 

The baryon number conservation could be an approximate law of nature. 

The similarity between quarks and leptons suggests the possibility of a new 

interaction, mediated by a high mass particle that violates lepton (L) 

and baryon (B) number consecration, leaving the quantity B-L conserved. 

An example of this possibility is the “grand unification theory,” GUT. 

In the GUT scheme the coupling constants of the known interactions are 

running through a unique value reached at an energy value called the uni- 

fication point: MGvT. At the unification point the symetry of the 

primary interaction is. restored and described by a single group G that 

contains the groups of symetry of the known interactions. W(5) is one 

candidate for G. 

The value of MGUT is closely related to the baryon lifetime. The 

elementary process responsible for the proton decay is graphically represented 

in figure 1. 

: .- 

The graph of figure 1 is similar to that of the )1 decay. 
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Nev - &f 1 
year- ton x 10s & x 6 10's - 

'N (year) 

The order of magnitude of the pKOtOn lifetime due to the process of 

figure 1 can be derived from this similarity and the u lifetime. 

T years 
P w 

for M, = 100 GeV T = 10m6 set M = 101$10"4 GeV. 
P x 

of the proton decay is that the hydrogen atom, the 

An important consequence 

building block of the 

universe, can disappear in photons (uude) + (;de+ude) +ny. A precise 

estimate of the proton lifetime has recently been published by T.J. Goldman 

and Ross. The upper limit in the framework of SU(5) is 1O32 years. 

The nature of the final states of proton decay depends upon the unifying 

group G and on the low energy physics of the recombination of the quarks. 

Most of the experimental setups recently proposed have been studied, taking 

into consideration the decays 

+o p+ev 

+- 
n+en 

suggested by SU(5) and SO(10) and low energy phenomenology. 

Guidelines to design the "proton lifetimer" 

The proton decay is a very rare radioactivity of a very common element. 

The energy released when the proton decays is AE = Ml, 2 1 GeV; half of the 

energy is carried by a positron. Since the individual proton is "long 

lived" an experiment that detects proton decay should have under control a 

large population of protons. 

The following relation between nucleon lifetime and dimension of the appa- 

ratus is valid with the hypothesis that a single decay per year can be detected; 
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It shows that neglecting experimental efficiency, to a lifetime 'c~ = 103* y 

corresponds to a detector of 10' tons. 

If the multi-ton apparatus has to detect an energy release of % 1 GeV 

the detector needs a low threshold sensitivity in the full volume, and should 

be a continuous calorimeter, or a sampled calorimeter, with a very fine granu- 

larity. The detector should operate in a laboratory very well shielded against 

cosmic rays to avoid the background simulated by cosmic ray induced events 

in the apparatus. The apparatus will detect the energy release of Q 1 GeV 

and other positive signatures of proton decay with good accuracy to distinguish 

the very rare radioactivity from many other possible processes. The 

present situation on the experimental limit on the proton lifetime iS 

illustrated in Table 1. 

Table 1 

The record book of proton lifetime 

Experimenters Year 

Goldhaber 

Reines Cowan 

Goldhaber 

1954 

1954 

1957 

Backenstoss et al. 

Giamati Reines 

Kropp Reines 

Reines CKOuch 

Bergamasco Picchi 

1960 

1962 

1964 

1974 

1974 

rP Ton 
(years) _ 

> 1.4 10" 

> 1022 

> 102s 

> 2.8 102s 

> 1027 

> lo** 

3 lo29 20 

1o2g .5 

Technique Shield 
(metre) 

n2’2 0 

Liquid scintillator 0 

D2 

Scintillator + 000 

Scintillator 585 

Scintillator 585 

Scintillator 3200 

Scintillator 4240 

A large fraction of the previous experiments are cosmic ray experiments 

where the proton lifetime was measured as a by-product. The underground 

experiments used the surrounding rock as a source of decay protons, and the 

limit on the decay is amdel dependent. The technique of wing a relatively 



low mass detector and the rock as target is finally limited to a value of 

Tp 2, 1oso y by neutrino induced events, as is clearly shown in a recent 

analysis carried out by the Irvine GKOUP. 

Background 

The cosmic ray flux at sea level or underground consists mainly of two 

components, muons and neutrinos. The muon flux can be attenuated by the 

natural shielding offered by the earth (tunnel inside mountains, OK mines). 

The ultimate background in the proton lifetime experiment is the one induced 

by cosmic ray neutrinos. Table 2 gives the v and ; induced events per ton of 

detector and per year (calculated by E. Fiorini, UniversitP di Milano). 

Table 2 

E GeV V events 10-s ; events (lo-') 

0.4-0.0 33 14 

0.8-2 43 19 

2-4 21 9 

4-10 10 5 

lo-100 14 3 

The neutrino flux is composed of 213 v and l/3 we. 
!J 

The v induced 

events in apparatus of a thousand tons are 'L 100 year with energy % 1 GeV. 

The energy flow of these events is different from that released by the 

proton decay. To discriminate against v induced events the calorimeter has 

to distinguish events with different topology. 

The main figures of merit of a good proton lifetime.setup are: 

1) Good energy resolution for E % 1 GeV 

7.) The detection of the energy flow has to be matched to the collinearity 

of the proton decay and has to differentiate between the energy released 

by a proton at rest and that produced by a v induced event. 

The existing proposals for multi-ton proton lifetime setup can be 

divided into two main categories. 

1) Calorimeter of fully sensitive "target"-detector (eerenkov light 

emitted from a particle transversing the water). 

2) Sampling calorimeter, alternating "target" and sensitive elements. 

Two proposalsof the first category have been submitted for approval in the 

U.S.A. by two groups. 

The first one (Brookhaven. Irvine, Michigan) was illustrated by L. Sulak 

at the v 79 Conference in Bergen. 

The proposed apparatus is a cube of % 20 m side filled with water. 

The walls of the cube contain % 2000 photomultipliers to detect the 

Eerenkov light produced by relativistic particles crossing the water. The 

performances of the apparatus for the decay channel p + e+n" are: +b 10% 

and a rejection factor against the main background vep + eps' % 10'. 

With a fiducial volume of % 5 . 10' tons this apparatus will, after one 

year of running, put an upper limit on the proton lifetime of 10"2-10'* years 

depending on the model assumed for the decay. 

The second proposal for a water calorimeter was presented by a Harvard- 

Purdue-Wisconsin Collaboration. The characteristic of this proposal is the 

disposition of the sensitive elements, the photomultipliers, inside the water 

producing a periodic lattice; the distance between elements is of the order 

of the light attenuation length in clean water. This technique is suitable 

fOK the future development of the apparatus and it can push the limit on T 
P 

far behind 10" years, if needed. 

A 106 ton water calorimeter which is sensitiive to low energy deposition 

could also open interesting-possibilities for v astrophysics. 

The other category of proposal for proton decay detection is based on 

the extension of the present well established techniques of fine grained 

calorimeters. The sampling material and the granularity are chosen to 

OUtiUIiZe the energy resolution for 1 GeV electromagnetic showers. The 
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sensitive elements are plastic scintillators or gas detectors. The 

information on the geometry and the pattern of the energy flow are obtained 

in the scintillator calorimeter, by segmentation of the scintillators, 

time of flight of the light emitted in the scintillator and by insertion 

of a plexiglass element to detect the direction of the Eerenkov light. The 

calorimeter with gas sampling will have a precise geometrical reconstruction 

of the shower produced by the decay product of the proton. 

In conclusion the idea of the running coupling constants and the 

hypothesis of a single unifying interaction has revived the interest in 

the verification of the baryon number conservation law, and it seems that 

in the near future different dedicated experiments will be able to test this 

very important consequence of the grand unified theory, "the proton instability," 

up to proton lifetimes of the order of 103s years. 
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ABSTRACT 

Dimuon data provided by rrN interactions were analysed 

in the framework of the Drell-Yan quark fusion model in order 

to extract the pion and nucleon structure functions. Our 

results are compared to the structure functions obtained in 

other experiments. 

I - INTRODUCTION 

Systematic work on the determination of the nucleon 

structure functions has been done by 3 types of experiments: 

eN, UN, vN. In these cases, one uses a fundamental probe like 

e, u, v to investigate the structure of the nucleon. The study 

of the reactions: hN +n’n-X (h is an incident hadron) allows one 

to determine in principle the structure functions of the 

nucleon (target) and of the incident projectile (n’, K’, p, 

PI * In order to reach this goal, we have performed a series 

of experiments to measure the production of massive muon 

pairs in hadron-hadron collisions at CERN SPS. From these 

data, one of the aims of our analysis was to obtain the 

structure functions of unstable hadrons like 71 or K, diffi- 

cult to probe by lepton scattering. The way in which this 

is possible should be the use of the Drell-Yan mechanism of 

quark annihilation. In this paper, detailed results on the 

pion and the nucleon structure functions are presented. 

II - BRIEF EXPERIMENTAL DESCRIPTION 

The general layout of the experiment is shown in 

Fig. la).More details on the apparatus and trigger system, 

together with other results of dimuon production by 

NA 3 SPECTROMETER 

.. 
: 

General layout of the NA3 spectrometer for the study of dimuon 

production in hadronic collision. (Side view). 

b) 
40 - 

30- 

20- 

IO - 

260 GeV/c 

z 
Me-------- 

::, 
8 
z 
E 
::- 

:: 
ii 

-08 -0.4 0 0.4 0.6 0 2 4 6 6 IO 
1 M,,,, (GeV/c’) 

The acceptance of the apparatus as a function of x and M as 

calculated by a Monte Carlo method. 

FIG. 1 
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kaons, protons and antiprotons are given elsewhere [ll. 

Nevertheless,1 have summarized the main features of the 

apparatus: 

. The “LEZARD” is a large acceptance spectrometer espe- 

cially designed for the study of particles produced at high 

transverse momentum and used in a beam dump configuration. 

. Two targets (one of platinum, the other of liquid hydro- 

gen) have been used. 

. The beam dump and secondary hadron absorber is a 1.50 m 

long block of stainless steel situated 40 cm downstream of 

the platinum target. 

. The large acceptance superconducting dipole magnet has 

a vertical field in a cylindrical airgap of horizontal axis 

of 1.6 m diameter (jBd1 = 4.0 Tm). 

. Additional muon filtering is provided by a 1.8 m 

iron wall placed at the end of the apparatus. 

. 31 planes of multiwire proportional chambers are used 

to reconstruct the trajectory and therefore to get the 

momentum of the charged particles. 

. The identification of the incident particle is made by 

a set of 4 Eerenkov counters. 

. The fast trigger is based on a coincidence of three 

(Tl, T2, T3) hodoscopes with two of them divided (TZ, T3) 

into horizontal strips. The second stage of the trigger is 

provided by a coincidence between two special checker-board 

proportional chambers Ml and M2 which allow a selection on 

the transverse momenta of the particles. 

The over-all acceptance of the apparatus is shown in 

Fig. lb); for the mass resolution see reference [I]. 

III - EXPERIMENTAL CONDITIONS 

From September 1978 to April 1979, we ran with three 

different hadron beams: 

i) a negative pion beam of 280 GeV/c without any identi- 

fication (in fact, only a few percent of incident particles 

are not n-). During this run, we had only anll.1 cm long 

platinum target. 

ii) a negative beam of 200 GeV/c with the following com- 

position: 96.3 % IT-, 3.1 % K-, 0.62 % ;. 

iii) a positive beam of 200 GeV/c with 36 % TI+, 4.6 % K+, 

59.4 “5 p. 

The particle fluxes were in the range (1 - 3)107 

particle/pulse. 

In the 200 GeV/c runs(positive and negative), we 

used a 6 cm lonp nlatinum target si.mn3.tnnnolr.sl.v wj.th 

a 30 cm long liquid hydrogen target placed 40 cm upstream 

of the platinum target. For dimuon masses above 4 GeV/c’, 

the distance between the two targets and between the plati- 

num target and the beam dump were large enough to allow an 

unambiguous determination of the origin of the event [l]. 

The number of recorded events with a dimuon mass 

greater than 4 GeV/c ’ is reported in the following Table I: 

297 



Table I 

Recorded events with M + - > 4 GeV/c' 
lJ P 

K+ 

215 

Two remarks can be made: 

i) The large statisticsof dimuons induced by TI+ and s- 

allow us to measure the structure function of the pion. 

ii) SO far the number of dimuons produced by kaons and 

5’s are not sufficient to obtain the structure functions of 

these particles. Therefore, we are now taking data in order 

to perform such an analysis in the near future. 

In order to analyse the data in the framework of the 

Drell-Yan mechanism, we have excluded the resonance mass 

regions (lr, 

events. We 

in the Tab 

$‘, T family) to get a clean sample of dimuon 

then are reduced to the following number of events 

e II: 

Table II 

Number of events used to measure the structure functions 

Number of events Range in mass cut 

+ 
71 2073 

200 GeV/c 4 < Mu+U- < 8.5 
n- 5607 GeV/c2 

280 GeV/c n- 3441 4.5 < Mu+U- < 8.5 
GeV/c2 

Because of our worse resolution in mass at 280 GeV/c, due 

to the fact that we had a platinum target of 11.1 cm instead 

of 6 cm at 200 GeV/c, we have made a different cut in 

mass at low masses. 

IV - DATA ANALYSIS 
. ... 

A. Drell-Yan formalism 

The parton-antiparton annihilation model proposed by 

Drell and Yan is described by the now well-known following 

diagram: 

hl fy~=- + 

In this graph, one assumes that an antiquark 4 (or quark q) 

of the hadron h, (incident particle) annihilates with a 

quark q (or antiquark 6) of the target h2 which has the 

same flavour, into a virtual photon which finally decays 

into a muon pair. 

If transverse momentum of the dimuon is neglected, 

the kinematical variables of the colliding {q pair are 

defined by the muon pair momentum and the invariant mass M 

as: 

M2 , x2 s = x 
--3.x =- 

x = x, - x 2 

. . .. 
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where x, and x2 are the fractional momenta of the quarks in 

the beam and target particle respectively; x = 2 p;/&-, 

where pf is the longitudinal momentum of the dimuon in the 

overall c.m. system and 6the total energy. 

The- Drell-Yan model enables one to express the double 

differential cross section of the produced dimuons as a 

factored product of structure functions referring to the 

beam and the target hadrons in the following way: 

where u. = 4 nap (hc)‘/3s. (a = l/137). 

and the structure functions fi for quarks of flavour i and 

charge Qi have a valence and a sea contribution 

fi = fiv * fi sea. 

Note that the factor of 3 is due to the color hypo- 

thesis. 

B. Application to pion-nucleon interaction 

In our case, where h, is a pion and h2 is a nucleon 

(proton or neutron) the definitions and hypothesis for the 

valence and sea functions are the following: 

i) Valence functions ------v-_-e -----_ 

. For the pion, due to isospin invariance and charge 

conjugation conservation, we have only one single valence 

function V(x,) defined by: 

v(x,) = ii;- = d;-(x,) = u;+(x,) = a;+(~~) 

. For the nucleon, due to isospin invariance there 

are only two independent valence functions, that we define 

for the proton as u(x2) and d(x2) for the up and down quarks 

respectively: 

u(5) = &x2) = dn(x2) d(x2) 7 dP(x2) = un(x2) 

In addition, we have normalized all the valence distribution 

functions to the corresponding number of valence quarks,i.e., 

I 
’ V(x,l 1 

u(x21 
- dx, = 1 - dx2 = 2 

0 x1 R x2 I 

' d(x21 
- dx2 = 1 

0 x2 

ii) Sea functions __----____--- 

The sea distributions are taken to be SU3 symmetric. 

For each flavour, we define SN(x2) for the nucleon and 

Sn(x,) for the pion. 

The basic idea of the analysis of our data is to 

compare the experimentally determined cross section to the 

one calculated by the Drell-Yan formula using: 

b$Jexp = K(&)D y C2) . . 

where K is a scale factor, related either to our experimental 

normalization error and/or to a multiplicative correction 

factor due to QCD effects. [Z, 31. 

We can now give the general form of the cross section 

for a pion-nucleon interaction: 

dLo 00 -=K- 
dxl dx2 3x2x2 ( V(x,) G(x2) + Sa(x,) H(x2)) (3) 

12 
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where G(x2) and H(x2) are nucleon functions which can 

be developed into terms of the structure functions u(x2) 

d(x2) and SN(x2) of the nucleon as shown in the appendix A. 

For a platinum target (where Z/A = 0.40) these func- 

tions can be written in the following way: 

G(x,) = ; Cl;6 u(x21 + 2.4 d(x2) + 5 SN(x2)) for 71- 

G(x2) = 4 (0.6 u(x2) + 0.4 d(x2) + 5 SN(x2)) for 71+ (4) 

H(x2) = $ (2.2 u(x2) + 2.8 d(x2) + 12 SN(x2)) for rr* 

The raw data of the experiment come in the form of 

u u + - events for which we know the mass and the longitudinal 

momentum. From these we extract values of x, and x2 for each 

event and we obtain a two-dimensional plot (Fig. 2). 

We have calculated by Monte Carlo method the acceptance 

at each value of x , and x2, by integrating over the observed 

Pt distribution and over the cos0 and 0 distribution [l] 

which was taken to be P(e, e) = (1 + cos'tl). The experimental 

errors (Ap/p, multiple scattering) and the Fermi motion of 

the nuclear target distort slightly the distribution of 

events in the [x,, x2] array. The main effects are that the 

Ap/p error produces a Ax,/x, of about 3% at high x,, while 

Fermi motion and multiple scattering induce Ax2/x2 of about 

10% and 6% respectively. The resulting effects on dN/dx, are 

sizeable only at high xl or x2 and in any case do not exceed 

10%. 

0.8 

0,6 

0#4 

0.2 

0 

7T - 200 GeV/c 

0.2 0.4 0,6 0,8 1.0 

xI 

Two-dimensional plot in the x,, x2 plane of the 200 GeV/c 

1~~ Pt dimuon events. A cut was applied at M = 4 GeV/c2 and 

M = 8.5 GeV/c'. 

FIG. 2 

From the [x,, x21 array, corrected for acceptance, we 

extract the pion and nucleon structure functions by three 

different methods which are discussed in detail in the 
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following sections. In the two first methods (called facto- 

rization and parametrization methods) we only get results 

on the shape of the structure functions. The third one (called 

projection method) combined with results of the parame- 

trization method allows us to make an absolute normalization 

of our data-and therefore to evaluate the scale factor K as 

defined in equation (2). 

V - EXPERIMENTAL RESULTS 

Before going into the details of the determination of 

the structure functions, we have to calculate our A-depend- 

ence of the differential cross section. This result is 

needed in the projection method (see section (V, D)). 

A. Measurement of the A-dependence 

The analysis of the behaviour of the differential 

cross section do/dM with the atomic number A” is a good way 

to check if the collisions between quarks are hard or not. 

(A is the atomic mass number of the target material, a is a 

constant which may depend on the kinematical region under 

consideration,) 

A comparison between our hydrogen and platinum data 

allows us to determine the A-dependence of our Drell-Yan 

cross section parametrized as Ao. Due to the fact that we 

have vi+ and r- induced dimuons, we are able to correct the 

cross sections for the I-spin asymmetry of the platinum 

nucleus. This is made in computing the difference between 

the cross sections of dimuons produced by T- and IT+ incident 

particles. In addition, this method also eliminates sea 

quark effects. 

We then measure the experimental ratio of (a- - 8’) cross 

sections of dimuon production on hydrogen and platinum, 

multiplied by the factor A: 

A '(a--r+) H2 + u+u-X = 1.5, + o.28 
- 

*(a- -s+) Pt -f p+n-x 

If u and d are the up and down quarks in the proton, we can .“- 

calculate the expected ratio from equation (3): (see also 

appendix B) 

A ‘(n- - IT+) H2 + u+u-X = Alma 
~4 u -d> 

(51 
IJ (n- -a’) Pt -+ u+u-x <u + 2d> 

Since u = 2d, we have: 

< 4u- d> 
c = = 1.75 

< u + 2d > 

This expression has been evaluated at the average x2 of our 

data because we have to take into account that the ratio of 

d u 1s dependent on x2. If we use the Field-Feynmann hypothesis 

141 (see appendix C) where d = ‘.‘:5 u ~ - (1 - 51, and a mean 

value of x2 = 0.15 corresponding to our data, we get for C 

the value 1.80. We thus obtain*: 

Al-a = 0.84 + 0.16 - 

and for the Drell-Yan process, CL becomes: 

a = 1.03 + 0.03 

This result supports the hypothesis of incoherent proton 

interactions. Previous experiments have measured this para- 

meter [S, 6). 

x Re-interactions in the 6 cm plntinum target accounted for 
(10 + S)", of the cross section at the J/Q mass; 
this-effect to be % 58 

we estimate 
for the Drell-Yan data. We do not 

correct for this effect. 
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B. Factorization method 

In this method we perform a first analysis of our TI- 

data by assuming that for the range of x, values explored 

by this experiment, the sea of the pion can be neglected in 

comparison to the valence. In that case,the observed cross 

section for incident nTI- can be written as (see equation (3)) 

d20 1 
- = - V(x,) G(x21 (6) 
dxl dx2 x; x; 

The technical way in which we use this method is the 

following: in the Ix,, x21 plane, reduced by the mass cuts 

(see Figure 2), the TT- data are binned into rectangular arrays 

of x, and x2. We divided the range of x1 (0.1 < x1 < 1.) 

into N, bins (Nl = 18 in our case), the range of x2 (0.07 < 

x2 < 0.50) into N2 bins (N2 = 9). For each bin of given xl, 

we have an unknown value of V(x,), for each bin of given xi, 

we have an unknown value of G(x,). We thus have Nl + N2 un- 

knowns and N, . N2 populated independent cells which are fit- 

ted to the form of equation (6). We exclude’from the analysis 

the cells where the acceptance is less than 3%. By minimizing 

the global x2, we obtain the numerical value of the function 

V(x,) for N, different values of x1 and the numerical value 

of G(x2) for N2 values of x2. 

The results of this analysis are shown for the 200 

GeV 1~~ run in Fig. 3a together with results from a similar 

analysis by Newman et al. 171 on their 225 GeV n- data*. The 

x Notice that in the comparison with the results of ref. [71 
the two sets of data are arbitrarily normalized. 

a) 7r- dolo 

0 F YAL CP (225 G&l/c) 

. nils enpuiment c?oaGev 

---- vakmmce 
-- bkdmce +seo 

NUCLEON 

ICI- 

PION 0 

, I I 1 1 

0 0.2 0.4 0.6 0.8 1.0 

X, 

The data points are the result of the factorization method 

(section V,B) applied on the TI- data at 200 GeV/c. Data 

noints from ref. [7] are also nlotted with arbitrary relative 

normalization. The shape of the structure functions obtained 

by the parametrization method (section V,C) is also shown. 
-: 

FIG. 3a) 
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X2 of our fit is 95 for 67 degrees of freedom. This value 

of x2 indicates that in our kinematical range of the 

variables X 1 and X2, the factorization hypothesis may not be 

adequate, whereas it seems to better fit the data of ref. 

[71 in which the range of x, (0.25 < x, < 1. ) allows us 

clearlv to neglect the sea contribution of the pion. 

I I I ! I , 

1 b) JT-- 7~’ data 

We can also perform a simultaneous analysis of our 

n- and 1~+ data without any assumptions on the pion sea. In 

fact,the subtraction of the TI+ induced Drell-Yan cross sec- 

tion from the ?I- induced cross section, allows us to eliminate 

the terms involving the sea of the pion and those involving 

the sea of the nucleon, which are the same for incident TI 
+ 

and n-. For the Pt target (Z/A = 0.40), the combination of 

up and down valence quark that we obtain is u + 2d (see 

appendix B) 

1 1 

(n-Pt) - (*‘Pt) 
= - V(x,) v lu(x2) + Zd(x2)l 

x1” x; 

The analysis was done by subtracting in each x,, x2 cell 

the r+ events from the r- events, both normalized to the 

same number of incident pions. This normalization was 

obtained by using the observed number of J/J, events and 

the measured equality (within + 2%) of the production cross 

section for J/J, on Pt by incident TI+ and n- [ll. The results 

are presented in Fig. 3b. The X2 of this nTT- -IT+ difference 

fit is 43 for 59 degrees of freedom. In the present analysis 

by the factorization method we have made no attempt at nor- 

malizating our data; only the shapes of the structure 

functions are determined. 

NUCLEON 

I x2 I I I I 

PION 

0.4 0.6 

xl 

The data points are the result of the factorization method 

(section V,B) applied to the TI- - TI+ data at 200 GeV/c. The 

shape of the structure functions obtained by the parametri- 

zation method (section V,C) is also shown. 

FIG. 3b) 

,. 
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C. Parametrization method 

We assume the following simple x-dependence for the 

various structure functions [81. 

V(x) = Axo(l - x)~ 

S,(x) = B(1 -x)~ 

u(x) = A; xo’ (1 - x)~’ 

d(x) = A; xo’(1 -x)8’+’ 

SN(x) = B’(1 - x)~’ 

The choice of ai = ad and 6; = 6: + 1 is the result of theo- 

retical prejudices 141. 

As explained in section (IV,B), the parametersA, AA, 

Ad are fixed in terms of a and B by the normalization condi- 

tion to the number of valence quarks. 

If we use simultaneously the information from our 7~~ 

and IT+ data,it is possible to determine the parametersof the 

sea in addition to the valence. In fact the T+/IT- ratio gives 

the relative importance of the sea and the valence contribu- 

tion, the variation of this ratio as a function of x, and x2 

fixes the relative importance of the pion sea and the nucleon 

sea.. 

The results of this global fit, done by a maximum 

likelihood method, on the 200 GeV data are given below 

a = 0.40 + 0.06 a' = 1.02 + 0.15 - - 

8 = 0.90 + 0.06 8' = 4.04 + 0.40 

B = 0.09 + 0.06 B’ = 0.35 - + 0.07 

n = 4.4 + 1.9 n’ = 6.0 + 1.3 - 

A = 0.55 A' = 10.5 U Ai = 6.31 

Only the relative normalisation of the IT’ to the IT- data 

(known within + 2%) is used in this fitting procedure. The - 

absolute normalisation, which is however affected by a 

larger error, will be exploited in the projection method to 

evaluate the factor K as defined by equation (2). 

Using the parameters obtained from our fit we find: 

I 

1 
MF; = 2 = 0.34 + 0.07 

MF; = 6 
s 

V(x,) dx, 

I 0 
Sn(x,) dx, = 0.10 + 0.02 

MFG and MF; are the fractions of the n momentum carried re- 

Fectively by the valence and the sea quarks; these fractions 

agree with general expectation. 

In the Table III, we compare our results of the pion 

structure function with previous experiments: 

Table III: Comparison of the results of NA3 
with other experiments (for 71 
structure function). 

Valence 
quarks NA3 CIP (ref. [7]) GOLIATH (ref.[lo]) 

all 0.40 + 0.06 0.5 (fixed) - 0.5 (fixed) 

%I 0.90 + 0.06 1.27 + 0.06 - - 1.56 + 0.18 

MF"V 0.34 + 0.07 0.40 + 0.07 0.49 - - 

For the nucleon, using the parameters from the same 

fit, we find: 

1 

I( 
u&l 

0 
+ d(x2)) dx2 = 0.47 + 0.09 

61o(S,;Cxz) dX2 = 0.30 + 0.06 - 
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Concerning the nucleon structure function (and its 

integral) we find an average momentum carried by valence 

quarks bigger than the one obtained in the CDHS parameterization 

(47% instead of 34%) 191. It should be noticed however that 

in our fit we are very sensitive to extrapolation of the 

structure function to x2 = 0 and hence the values given above, 

both for the’sea and valence quarks, depend on the choice of 

the analytical representation of FN(x2) at small x2 (see 

section (V,D)). 

D. Projection method 

By projecting the content of the x,, x2 array on the 

two axes we get the distribution dN/dx, and dN/dx2. If L is 

the integrated luminosity calculated from the integrated beam 

intensity and from the useful number of target nucleons assum- 

ing a linear A-dependence of the cross section, as found in 

section (V,A), we can get from eq. (3) and (4) an expression 

where only the variable x, appears: 

Fa(x,l = 
J(Xl) 

+ - Sn(x,) 
I 

(7) 
I(q) 

The quantities 1(x,) and J(x,) are integrals involving G(x2) 

and H(xZ) and the calculated acceptance of the apparatus A(x, , x2) 

1(x,) = G(x2) - A(x,, 2 x21 dx2, A(x, t x2) dx2 
X.. J L J ‘ 

These integrals have been evaluated in two different ways: 

(i) Using for G(X2) and ti(X2) the results Of t;ie fit to OUT 

data discussed in section (V,C); 

(ii) using the results of the CDHS parametrization [9, 111. 

The quantity J(x,)/I(x,) is nearly constant (2 7%) in the 

relevant xl range and is Q 1.4 for the TI- data and ‘L 3.7 

for the TI+ data. 

The numerical values of K are obtained from the inte- 

gration of equation (7). 

K= / 5,(x,) dx, 

I( 
V(x,l Jb) + - 

1 (x,1 
Sa(xll dx, > 

where V(x,) and S,,(x,) are the normalized valence and the 

sea structure functions as determined in section (V,C). 

The results of the pion structure function are displayed in 

Figure 4(a) in the following way: 

i) The solid points correspond to our data as determined by 

the equation : 

Fy’(x,) = 
dN/dx, 

2 ;;“z INA3(x,) 

1 

where INA (x,) is calculated using our data from the parame- 

trization method (section (V,C)). 

ii) The fit corresponding to these points is adjusted to the 

form of equation (7) in which V(x,) and Sn(x,) are the normal- 

ized valence and sea structure functions as determined in 

section (V,(Z). We then got for K a value equal to 1.4 - 1.5. 

iii) Using now the results of CDHS parametrization we get a 

second set of data corresponding to the open circle points: 

F;““” (x, ) = 
dN/dx, 

0 4 py,,) 
3 xf 

‘.. 

._ 
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a) PION 

1.0 
t- 

,T - 200 GeV 

r+ 200 GeV -I 

b) NUCLEON 

IO 

t 

,r- 200 GeV 

(a) The data points represent Fa(xl) as defined by eq. (7)) 

using: 

- nucleon structure function of our fit (1) (solid points) 

- nucleon structure function from CDHS fit (2) (open circle 
points). 

(i) dashed curves represent the valence structure function 

of the pion obtained from our fit; 

(ii) solid 

ture functi 

curves represent the (valence + sea) pion struc- 

on as defined by eq. (7). 

have been scaled up by a factor K: 

= 1.4 for (l), K = 2.5 for (2)). 
The curves 

(K 

(b) The data points represent FN(x2), as defined in section 

(V,D) using the pion structure function from our fit: 

- dashed curves represent the valence part of the nucleon 

structure function: 1.6u(x2) + 2.4d(x2) for nil- 

0.4d(X2) + O.~U(X~) for IT+ ; 

- solid curves represent (valence + sea) nucleon structure 

function as defined in section (V,D). 

., . . 
. . . 

The curves have been scaled up by a factor K: 

(K = 1.4 using our fit ; K = 2.5 using CDHS fit). 

FIG. 4 
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iv) In order to reproduce this new set of points, we compute 

another value of K equal to about 2.4 in the same way as ii) . 

The results for K are summarized in the Table IV. 

Table IV: K scale factor 

A procedure similar to the one which leads to equa- 

tion (7) can be used to derive the nucleon structure function 

using as input the pion structure function from our fit. Only 

one calculation of 1(x2) and J(x2) can be made from our pion 

structure function as determined in section (V,C). The inte- 

grals are : 

1(x2) = I V(Xll - A&, xf x2) dxl J(x2) = 
sTI (x,1 
___ x; Ah,, x2) dxl 

In this case for the IT- the valence part is 

1.6~ + 2.4d and J/I Q 5.3, for the pi+ the valence part is 

0.6~ + 0.4d and J/I % 4.5. The results are given in Fig. 4(b). 

We now have only one set of data: 

_ . (dWdx2) 
Q(X2) = o. L 

- 7 1(x2) 3 
x2 

Two values of K can be evaluated, using either our 

structure function for the nucleon (see section (V,C)) or 

CDHS parametrization: 

(dN/dx2) / KNA3 L ’ GNA3 (5) 
FN(X2) = o. L = \A 

+ $+ HNA3(x2) 
2 > 

- 3 ICx2) 
3 KCDHS GCDHS (x2) + +$ HCDHS (x2) 

2 > 

/ 2O~~eV/c / 2OlGeV/c / 28D71GeV/c / 

The different possible sources of errors which 

affected the scale factor K are given in Table V. 

Table V: Sources of errors on K 

K obtained using K obtained using 
for the nucleon for the nucleon 
G(x2) and H(x2) G(x2) and H(x2) 
from CDHS from our fit 

Luminosity error 
of our experiment 

Statistical error 

+ 15% + 15% - 

+ 10% + 15% - - 

Systematic error 
from the acceptance 
uncertainty 

+ 10% + 15% - - 

CDHS normalization 
error 

+ 5% - 
I i 

We estimate an overall error of + 30% on K (from CDHS fit) - 

and 35% on K (from our fit)x. 

In conclusion, the errors are + 0.5 for KNA3 and 

+ 0.8 for KCDHS. - 

x The large acceptance error in the case of the fit with 
our data alone is due to the strong dependence of the 

integral 
I (FN(X~)/X~)~X~ on the acceptance at small x2. 
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VI - DISCUSSION AND CONCLUSION 

First we should note that the shape of the pion struc- 

ture function is rather insensitive to the choice of the nu- 

cleon structure function used in the projection method of 

section (V,D). Furthermore, the pion and nucleon valence 

structure function curves obtained from our fit fall nicely 

on the values obtained from the factorization method (section 

(V,B)), using the (T- - a+) data (Fig. 3(b)); this checks the 

consistency of the two methods. The TT- structure function 

which we derive from the factorization method agrees in shape 

with the result of Newman et al. 171. However the nucleon 

structure functions, derived by the same methods, are incom- 

patible (Fig. 3(a)). 

In the parametrization method, the global fit of our 

n- and TT+ data fixes the shape of the structure functions. 

The shape of the pion structure function is insensitive to 

the choice of the nucleon structure functions. For the nucleon 

shape, it is found to be low at small x2 with respect to CDHS 

fit, whereas the fractional momentum of valence and sea quarks 

is higher than the results of CDHS, but we have to dwell again 

on our limited x2 range. 

An absolute normalization was possible in our projec- 

tion method which allows us to determine the scale factor K. 

The assumption of K = 1, i.e.,“naive Drell-Yan model” is then 

excluded by the data if CDHS fit is used for the nucleon 

structure functions. 

Instead of the nafve quark annihilation model, we now 

consider the introduction of gluon radiative processes in the 

framework of QCD theory. In this case, the simple Drell-Yan 

formula of equation (1) must be replaced in order to take 

into account the contributions (to the cross section) of 

gluon interactions. Their contribution may be calculated 

to be proportional to (as log 4’)” where as is the strong 

coupling constant [3]. The Drell-Yan formula then remains 

valid if we replace the structure functions f(x) depending 

only on x by new ones f(x, Q’) depending on x and Q2 (which 

are called ” renormalization group improved structure functions”). 

This replacement takes into account the contributions of the 

leading logarithmic terms (i.e., leading order terms in log Q2). 

In addition, these new Drell-Yan structure functions f(x, Q2) 

should be identical to these measured in deep-inelastic elec- 

troproduction and neutrino scattering [3]. 

In our analysis, we have taken CDHS results at Q2 = 

-20 GeV2/c2 because most of our data are closed to this value 

However the change in a and (3 in the CDHS structure function 

in the range of Q2 from 20 to 70 GeV2/c2 is less than 10%. 

The log Q2 dependence of the structure functions on M2 observed 

in deep inelastic neutrino scattering (ref. [9]) and predicted 

by QCD produces only a very small effect in the Q2 = -M2 range 

we explored. In conclusion, our comment on the scale factor K 

made above remains valid even when we introduce in the naive 

Drell-Yan formula the leading terms in log Q2. 

We can now do a further step. We take into account the 

.contributions to the cross section of the non-leading terms 

in log Q2. These QCD corrections to the Drell-Yan prediction 

are proportional to l/log Q2 and are expected even when 

f(x, Q2) isused. The order of magnitude of the corrections 
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in the case of a reaction hl h2 + uuX is estimated to intro- 

duce effects as large as 100% and of the same shape in the 

r = M’/s range of the present experiments [2, 31. The inter- 

pretation of our results on the scale factor K might be 

related to these QCD corrections. 

In order to draw conclusions about K and to settle 

how much of the value of K is due to a multiplicative correc- 

tion proceeding from QCD effects as discussed above, a more 

precise knowledge of the nucleon structure function is needed. 

Actually, the determinations of aN and BN (a and B of the 

nucleon: see section (V,C)) are not precisely known because 

of the lack of sensitivity of the experiments at small x2 

(for ah’) and x2 close to 1 (for BN). We hope that our next 

data on 6 - nucleon interactions will be relevant to a 

better determination of the nucleon structure function. 

In conclusion, whether or not our results on the scale 

factor K could be explained either by experimental acceptance 

problems or by the introduction of important QCD corrections 

is still an open question. The data have to be analyzed in 

more detail in order to shed more light on the normalization 

problem. 
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Appendix A 

In order to illustrate how to get the nucleon func- 

tions G(x2) and H(x2), I give in detail the calculation. 

Due to isospin invariance and charge conjugation conserva- 

tion, we have the following set of hypotheses (see section 

(IV,B)): 

For the pion : - 

Valence: . V(x,) E ;;-(x,) = d;-(x,) = u;+(x,) = a;,+(~~) 

Sea: . sn (x, 1 = S,(q) 

. Sn(x,) = us = dS = ss = us = ds = :S 

(u s, dS, ss> us, “s, ss are the sea quarks) 

For the nucleon: 

Valence: . u(x,) = $(x2) = d;(x2) 

. d(x2) = d$(x2) = +(x2) 

Sea: . $.4(x2) = SN(X2) 

. SN(x2) = us = dS = SS = I& = a, = ss 

Notation: p for proton, n for neutron, N for nucleon. 

In order to simplify the notation when no confusion 

is possible, I do not always mention explicitly the x, or 

x2 dependence of the structure functions in the relations 

below. 

We now can calculate the different terms of equation 

(1) (section (IV,B)) : 
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F(x, ,x2) 5 fi(X,) - fi(Xz) + f;(x,) * fi(X2) = 

4 $.g+ 1 dN.rp + 1 s .s 4 -N T + 1 aN.dT ’ - 
9 9 ~NII+;~- g + 3 SN’S, 

N 
where: UN (x2) = bN)valence + (UN)sea = uV + sN 

dN(xZ) = (dNIValence + (dNISea = 4 + sN 

N UV and dz are the valence structure functions of the nucleon 

defined as follows : 

and dN = ? dp 
V A v 

where 2, A, B refer to the composition of the target: 

2 protons and (A - Z) = B neutrons. 

Assuming that for a platinum target 2 = 0.40 and 

B - = 0.60, we then obtain: 
A 

F(x,,x2) = V(x,) [; (1.6u(x2) + 2.4d(x2) + 5 SN(x2)] 

+ $$x,l I 
; (2.2u(x2) + 2.8d(x2) + 12 $(x2) I 

The same calculation can be made for a 7’ - platinum 

interaction. 

In order to get equation (3) (section IV,B), we define: 

G(x2) = + [1.6u(x2) + 2.4d(x2) + 5 SN(x2)] (for n-) 

G(X2) = ; [0.6u(x2) + 0.4d(x2) + 5 SN(‘2)] (for n’) 

H(x2) = $ [2.Zu(x2) + 2.8d(x2) + 12 SN(x2)] (for IT- or IT+) 

Application: 71 - Nucleon interaction 

As an example, we can calculate these 6 terms for a 

n- - nucleon interaction, 
Appendix B 

4 u*.gf- z 4 
9 

g cu; + SN) &; - + Sal 

= 4 p- ($ 
9 v V + +,J) + s,(“V N + sN) 

=pyJ$ + ;.;+ SN) + s,(~u;+;u;+sNl 

From the hypothesis mentioned above, we get: 

. 4 $.Gn- = 4 
9 9 

V(+,+;d +SN) + S&Au + ; d + SN) 

If we play the same game for the other terms, we 

obtain: 

l ; d* dTT- = + S&i d + B u + S*) 
A 

. ‘ss-=Jss ’ 
9 N n 9 N 7~ 

f dN d”- = ; (V SN + SN ST) 

. 4 u* uf- =4ss . 
9 9 * n 

sTI- = ; SN s, 

The calculation made in appendix A allows us to deter- 

mine the CTOSS section ratio of equation (5). We have: 

Pt 
=+ = a(*+ pt + lJ+ll-x) 0: [V(x,) l G 

‘+ (x2) + Ss 0,) - H(x2)] 

a_P’ = a(n- Pt -t u+u-X) c’ [V(x,) * GR- (x21 + Sr(x,) - H(x2)] 

Then, apt _ 0:’ a V(x,) [GT-(xzl - G”+(x211 

cc v(x,) $ (u ‘+ 2d) . 

If we do the same calculation for a hydrogen target, 

where Z = A = 1 and B = 0, we obtain: (see Appendix A) 

oH2 - “Y2 = V(x,) $ (4~ -d) . 

: 
:-. ., 

.I_ 
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their nucleon structure function which is a combination 

of (u+d) valence quarks is (u+d) = AU,d x”u+d (l-x) ‘u+d. 

In the projection method, we want to determine the 

normalization factor K; therefore we have to evaluate 

the 1(x1) and J(x1) integrals in which the functions 

G(x2) and H(x2) depending on u and d structure functions 

of the nucleon are needed (see appendix A). 

In order to use CDHS nucleon structure function, we 

have to extract from their result the u and d structure 

functions separately. The way in which this is done is 

the following : u and d are parametrized as 

u = A, x au (l-xpu and d = Ad xcd (l-x) ‘d. We assume the 

normalization of the valence distribution functions to 

’ (u+d) dx = 3 the number of valence quarks, i.e., - 

I 

1 I 

and gdx = 2, 
ox I 

'I!& = 1 
0 x 

; we now can write [91 : 
ox 

M u+d(2) = MU(Z) + Md(2) 

M u+d(3) =.Mu(3) + Md(3) 

where Mf(2) and Mf(3) are the second and third moments 

of the structure functions f. The moment of order n of 
1 

the function f is defined as: Mf (n) = 
I 

xn-’ fdx. 
0 

Besides we assume that a, = ad and sd = &+l [a]. 

The resolution of the above system of two equations allows 

us to determine cyu, crd, Bu and Bd from e,+d and 

@u+d* 

In our case, the choice of the results of CDHS for 

Q2 = 20 GeV2/c2 (justified in section VI), leads to the 

following results: for eu+d = 0.51 and Su+d = 3.03 [91, 

we obtain au = ad = 0.51 and 6, = 2.8, Bd = 3.8. From 

these values and from the normalization of the valence 

distributions to the number of valence quarks, we get 

A, and Ad. The u and d structure functions determined 

from CDHS results on (u+d) combination of valence quarks 

are then used in our fit to get KCDHS. 

_.- 
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PRODUCTION OF CHARMED MESONS AND CHARMED BARYONS AT THE ISR 

W.M. Geist 

CERN, Geneva, Switzerland 
. . :_ 

1. INTRODUCTION 

Although many experiments were dedicated to charm search in hadronic 

interactions no significant signals were found [ll until recently. This 

is why no consistent picture for charmed particle production could be 

extracted from the data so far [Z]. After the first observation of 

D+ production by the CCBK-Collaboration [31, the obvious aim is to learn 

more details about the dominant production mechanisms of this new flavour. 

The observation of charmed baryon production at the ISR by the CCHK 

[4] and two other collaborations [5,61 constitutes another major step 

forward in this field. 

Here, the two experiments performed by CCHK with the Split Field 

Magnet (SFM) will be described, in which charmed meson production and 

charmed (anti)-baryon production were observed. Cross sections will be 

presented and consequences of the results will be discussed. 

:. 
:- 

314 



2. INCLUSIVE D+-PRODUCTION AT /: = 53 GeV 

2.1 .Apparatus and trigger 

The experiment was performed at the CERN-ISR using the SFM detector 

at a c.m. energy h = 52.5 C&V. The experimental setup (Fig. 1) and 

procedures of data acquisition and analysis have been described in 

previous publications [7]. The results presented here are based on events 

obtained by triggering on a negative particle emitted at a c.m. polar 

angie 8 ?, 8' with a transverse momentum larger than 0.5 GeV/c (see 

Table 1 for the phase space region covered by the trigger). A threshold 

&renkov counter covering the acceptance of the trigger allowed a 

separation into "pion" and "non-pion" samples. In the non-pion sample 

($ 100 000 events) about 80% of the triggering particles are K-, 20% are 

p and the pion contamination is negligible. In the following all triggering 

particles are treated as kaons and all other particles are assumed to 

be pions. 

2.2 Selection of events 

In order to search for resonances in the K-n+ 
-++ 

and K II TI systems 

low multiplicity events with the following structure were selected 

(Fig. 2): a fast (system of) particle(s) was required opposite in 

rapidity to the K-nn+-system (n = 1, 2) whose transverse momentum is 

partially balanced locally in rapidity by other particles. Further 

details and references can be found in [31. 

2.3 Mass spectra 

In the K-n+ mass distribution from the selected events no structure 
* 

at the D mass is found, but there is a strong K (890) peak (not shown, [3]). 

No significant enhancement is found in the K-n+n+ mass distribution 

at the D mass (Fig. 3). To suppress combinatorial background and since 

it is conceivable that there is a contribution of K" (890)n+ to the 
-++ 

K 71 TI final states from D+ decays the K?r+v+ mass distribution is 

replotted in pig. 4 for K-n+ systems inside the K*(890) mass region 

TABLE 1 

Acceptance regions for K-, D+, hc 

0.3 - 0.6 

2.0 - 3.0 

> 0.5 

'Ir 70° 

D+ I *c 
0.2 - 0.8 0.4 - 0.8 

l-----l 

1.7 - 3.2 2.0 - 2.9 

> 0.2 > 1.0 

1200 loo0 

-. ‘. : .- 

.-: 
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(of full width 60 MeV). A pronounced signal is seen in the D mass region; 

since the K-n+n+ quantun numbers are exotic the signal is not compatible 

with any non-charmed resonances. In addition, it is concluded from a 

Xonte Carlo study of position and width of the enhancement that the peak 

is not a reflection of a known resonance whose decay products have been 

misidentified. 

In order to estimate the significance of the signal and to verify that 

the signal is not due to kinematics and/or acceptance, three different 

background spectra have been considered, all obtained from the data with 

the same selection criteria as used for the K-n+n+ spectrum of Fig. 4: 

(a) K-a-n- and K-~+T- mass distributions. 

(b) K-z+n+ mass distributions obtained by combining the K- from one 

event wit'? pions from different events ("event mixing"). 

The background shown in Eig. 4 is obtained by adding the background 

spectra (a), and (b), and by normalizing to the number of KNIT combinations 

outside the D region. 

There are 92 ? 18 events above background in the signal. The D+ mass 

was estimated to be 1.91 CeV. The difference of 40 XeV between our 

estimation and published results is compatible with 1ocaJ systematic 

errors added to the statistical uncertainty of about 20 MeV. The width 

of the signal corresponds to the expected mass resolution due to the 

experirxmtal momentum resolution and to multiple scattering in the beam 

pipe. 

From the number of D+ events fowd and assuming equal cross sections 

for II+ and D" production no significant Do signal is expected in the K-r;+ 

mass distribution mentioned above. 

From D+ decays into ?v' one expects about 45% of the K"" outside 

the F mass cut defined above because of detector resolution. Also from 
--++ 

isotropic D+ decays into K 3 pi there should be K-?r+ mass combinations 

outside the region 0.866 t 0.926 CeV. In fact D+ decays with both K-v+ 
* 

inass combinations outside the K region have been found. 

2.4 Cross sections 

-Because of the small number of observed D+ decays and the sizable 

D+ acceptance region (Table 1) the inclusive DC production cross section 

inside the acceptance region is model dependent. Cross sections have 

been calculated with a Monte Carlo method [3]. With an exponential and 

a slope parmeter of 2 (GeV/c)-' for the transverse momentum dependence 

of D+ production the following range of cross sections for the acceptance 

region R was obtained from the measured number of events (") 

B.o n = 1.44 Fib (2 (D+) = cons,.> + 2.81 $.$$ ,I, (1 - x)?), 

-+ 
with errors of 40%; B is the branching ratio for the decay D+ -f K*'ii . 

Consequently (sect. 2.3) the cross section for the decay D+ - + + +K n ?l 
- + 

with one K II combination in the K *' mass region (0.866 + 0.926 GeV) is 

B' . UR = 0.76 f 1.48 p-lb. 

Assuming a 60% ;;"" contribution to D+ decays into K-v+n+ final states 

(this is equivalent to assuming that in Q 32X of 311 events there is one K-n' 
A 

combination in the above K region) one obtains 

un = 53 + 104 pb. 

To extrapolate to fuil phase space it was tried to deduce the longitudinal 

dependence of the differential D+ production cross section from published 

data (Fig. 5, see [ll for details). 

From ISR measurements of the e/n ratio (e/n % 2 . lo-', [8]) at 

small Feynman x one gets 

$ (D)jy,o ?i 15 t 30 Ub 

for D production assuming all direct electrons are due to semileptonic 

Ij decays. The D+ data correspond to 

(*) At most 28 events with D+ production have been removed from the data 
by the particular event selection applied. They have been included 
for the calculation of the cross section. 

: 
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dy iP2 Q 35 + 66 pb. 
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These observations suggest that the differential cross section for 

D production is rather independent of y. A central production mechanism 

would give 

g CD+), 
e 

,y=o ; 200 pb or ; > 15 * 10 -+ (from D+ only) 

if used to extrapolate from the Df data at y Q 2. 

Data on inclusive single prompt p production 191 support this picture: 

in Fig. 6 a prediction from a central production mechanism for the u/ii 

ratio (curve a) is compared with the data; better agreement with the 

data is found when using do/dy = const. for D production (curve b). 

This is certainly a rather unexpected shape of the differential cross 

section for D production and very different from what one could guess from 

analogy to strangeness production. It therefore needs further experimental 

confirmation. 

The obvious question is now which production mechanism gives rise to 

such a differential cross section. TWO exmples are given in Fig. 7: 

In the framework of Model I, i are produced centrally and fast forward 

D mesons originate from decays of fast heavy objects (consisting of two 

valence quarks and a charmed quark) such that du/dy(D) + du/dy(D) is 

rather independent of y. 

Model II incorporates contributions from central DE production and 

from diffractive N* production with subsequent N* decay into ND;. 

For definiteness, Hodal I was used to extrapolate our measurements 

to full phase space. The following integrated inclusive D+ cross section 

was found 

B * o(D+) = 6.49 I.lb, or 

Fig. 5 

O(D+) = 240 ub. 

Probably o(D)% 2 * a(D+) = 480 ub, 
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2.5 Comparison with other experiments 

.To compare the above cross section with results from other measurements 

all published data have been used to recalculate the corresponding 

inclusive D cross sections in the framework of Model I [l]. The results 

are given in Fig. 8. Inclusive D cross sections are in the range of 8 

to 80 ub in the FNAL/SPS energy range, and in the order of 150 to 480 pb 

at the ISR, "5th an average of about 300 u-lb. If a central production 

mechanism is used to calculate cross sections from the data the resulting 

values span the range from % 20 ub to > 4 mb at the ISR! 

3. INCLUSIVE AC PRODUCTION AT & = 53 GeV 

3.1 Experimental procedure 

Continuing the analysis of the data described in sect. 2.3, K-PIT+ 

mass distributions were studied to find evidence for AC production [4]. 

Again, only the triggering K- was positively identified. Since a probable 

diffractive contribution to AC production is even more enhanced by the 

forward K- trigger the following cuts were imposed on the events: 

(A) Events are accepted when n obs L 11 (n obs = number of reconstructed 

tracks, n obs J 8). 

(B) Events are accepted only if lxopp/ > 0.5 or lx 
OPP 

1 < 0.1 where x 
OPP 

is the total reduced longitudinal momentum measured in the hemisphere 

opposite to the longitudinal direction of the trigger. This cut selects 

those events in which a leading system is observed opposite in x to the 

trigger (jxoppj > .5) or escapes detection (\xoppl < .l), i.e.,if a very 

fast proton stays inside the beam tube or if a fast neutron was produced. 

(C) The triggering K- is required to have reduced longitudinal momentum 

"K > .3; this is equivalent to a pT-cut since K- are only accepted in a 

small 0 range. 

(D) Part of the transverse momentum of the AC is required to be compensated 

locally in rapidity by a "recoiling system." The recoiling system is 
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defined as the set of particles emitted in the same longitudinal direction 

as the triggering K , but with transverse momentum components kTi anti- 

parailel to the transverse mxwntum of the K-. Events are accepted if 

pR= rzc. kTi > 0.2 GeV/c. 

(E) The transverse momentum of the K-r+p system has to be larger than 

1 GeVlc. 

3.2 Mass spectra 

Fig. 9 shows the K-n'p mass distribution for K-R+ systems in the 

K*(890) mass region (.896 C .040 GeV); the prominent feature is a narrow 

peak around the AC mass (% 2.26 GeV, [lo]). To rule out that the signal 

is due to kinematics and/or acceptance asmoothbackground obtained by 

event mixing (sect. 2.2) is also shown. Although the K-a+p system has 

non-exotic quantumnumbersthe narrow width of the signal which is consistent 
* 

with the experimental resolution renders a possible interpretation as Y 

unlikely. The fact that the width of AC is much smaller than the width of 

D+ (sect. 2.3) where the particle taken to be a proton here was assumed 

to be a pion can be understood as follows: because of the different decay 

kinematics in the AC and D+ case the proton from the AC decay is being 

produced at larger rapidities than the pion from the decay D+ + K"OT~+. 

At larger rapidities the momentum resolution (i.e.,the resonance mass 

resolution) is much better in the SFM due to the particular configuration 

of its magnetic field. 

In Fig. 10 the K-n+p mass distribution is displayed for a p7ic system 

in the A ++ mass region (1.236 ? 0.1 GeV). Cut (c) (sect. 3.1) is not used 

here, but only particles with x > 0.3 are taken to be protons; cut D was 

modified so that only events with p R < 0.1 were removed. A peak in the 

K-ir+p mass distribution at the h c mass is evident above a smooth background 

obtained as above by event mixing. This time, however, the background 

does not seem to describe the mass distribution outside the AC mass vary 

well. In fact, another structure seems to be present. 

The width of the K-A++ signal is different from that measured in 
--r- 

the K-Op case, since due to modified cuts, the decay products populate 

different regions of phase space. 

25 

PP - p K- rTT+ X with K-T+ in K*at ,/6 = 52.5 GeV 

2.20 2.40 

M ( p K-T+) , GeV 

2.60 2.80 

. . : 
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It was checked that there are no events contributing to the D+, 
*D K p and K-A++ signals simultaneously. 

A preliminary analysis shows that both the K *O p and K-A++ final 

states contribute about 30% to the AC decays into K-li'p. 

3.3 Cross sections 

The determination of the inclusive AC cross section is model-dependent 

since the acceptance region (Table 1) does not cover full phase space. 

For simplicity and in analogy to differential cross sections measured 

for p, n, A, X+ production [III at x ,$ 0.6 it was assumed that do/dx(Ac) = 

const.; an exponential with a slope parameter of 2 (GeV/c)-l was used 

for the transverse momentum dependence. A Monte Carlo calculation gives 

the following cross sections: 

PP + AcK B - a(Ac) = 3 pb 

I, K"o. P 

PP'hX 

i K-A++ 

B * u(Ac) = 3.3 pb, 

(with an error of s 40%) not too different from other experiments [5,6]. 

These cross sections have been corrected for p and A 
++ 

outside the 

resonance mass regions defined above (sect. 3.2); they have also been 

increased by 30% since this is the estimated upper limit of genuine Ac 

events suppressed by cuts A, B, D. With estimated branching ratios 

B FJ 7% [121 a AC cross section of about 45 pb is obtained. This seems to 

be a reasonable value if compared to o(D+) = 240 ub. 

4. PRODUCTION OF (;i' IN EVENTS WITH AN ELECTRON TRIGGER AT & = 63 GeV 
c I 

Since the semileptonic branching ratios for the lightest charmed 

-particles are expected to be fairly large, a' triggers should enrich 

events with charmed particles produced in pairs, e.g.,in the reaction 



pp -t AC -ix 
1 e- 

1 K-ir+p 

note that for pair production the charges of the lepton (here e- from 

the decay of an anticharmed particle E) and the charged kaon (here K- 

from the Ac decay) have the same sign. 

4.1 Apparatus and experimental procedure 

Also this experiment was performed at the ISR with the upgraded 

SFM (Fig. 11). By rearranging and adding Multiwire Propotional Chambers 

(MWPC) both acceptance and pattern recognition were improved. The SFM 

was furthermore equipped with threshold Eerenkov counters, a MWPC with 

analogue readout (dE/dx chamber) and a time-of-flight system (TOF) to 

identify particles. 

The events were obtained by triggering on eC produced at 8 = 90". 

This was achieved by requiring a coincidence of signals from two 
.a 

consecutive Cerenkov counters with signals from a road system in the 

MWPC selecting particle trajectory candidates. Table 2 gives the regions 

of phase space covered by the trigger. 

After track reconstruction the corrected pulse height from the 

dE/dx chamber was used to separate single electrons from unresolved 

narrow electron pairs. To further reduce background from non-direct 

electrons only events with pT(ef) > 0.4 CeV/c were retained. In the 

pT(e+) range of 0.4 + 0.6 GeQfc most of the electrons from semileptonic 

D decays are expected. 

The pion contribution to the trigger tracks was estimated to be 

< 10% on the average and the contamination from non-direct e ' (not due 

to chanced particle decays) was calculated to be less than 40%. The 

present analysis is based on a subsample of the data taken. 

. 

E 

-- -3 

-- 0 

-- N 

-0 
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TABLE 2 

Kinematic range of e' trigger 

Variable Variable Range e- Range e- Range e+ Range e+ Mean e- Mean e- Mean e+ Mean e+ 

x x + 0.012 + 0.012 + 0.012 + 0.012 0 0 0 0 

Y Y * 0.3 * 0.3 + 0.4 + 0.4 0 0 0 0 

pT(GeV/c) pT(GeV/c) 0.3 - 2.0 0.3 - 2.0 0.3 - 2.0 0.3 - 2.0 0.695 0.695 0.672 0.672 

4.2 Mass spectra 

(a) The event sample with e- triggers selected according to the procedure 

outlined above was used to search for resonances in the K-pa 
+ 

system. 

For this study no hadron identification was attempted; the various masses 

were tentatively assigned to the tracks. 

To suppress background some further cuts were applied (see also 

sect. 3.1) 

A': nabs ,< 14 (Gobs = 15) 

B: as before 

G: I$(Knp) - @(e)] > ~r/2 and ly(Knp)/ > 0.5. 

The resulting K?rp mass distribution is displayed in Fig. 12, a peak at the 

AC mass is seen above a structureless background from event mixing 

(sect. 2.3). The insert shows another background obtained from KWnr+p 

combinations in e 
+ 

trigger events after imposing the above cuts. 

Since in this case the signs of the lepton and kaon charges are 

different, no charm signal should be observed. The absence of a resonance 

signal in the latter event sample and the fact that the width of the AC 

resonance in the e trigger events is consistent with what is calculated 

from the detector resolution proves that the enhancement in the non-exotic 

K-n+p system is due to a charmed baryon. The contribution of K* and A 
++ 

resonances to the AC decay into K-n'p is estimated to be (15 f lo)% and 

(25 ? lo)% (preliminary, uncorrected for eventual differences of acceptances). 

An identical analysis of the K+n-p system produced in events with e+ 

triggers does not show any significant signal, i.e.,no xc production is 

observed in e 
+ 

trigger events. 

(b) For a fraction of the events used for the preceding analysis both 

K' and (p) could be identified by TOF. No further kinematic cuts were 

@plied to the data in addition to implicit cuts due to TOF acceptance 

and TOF resolution. As a consequence the rapidity of the Knp systems 

is confined to /y(K~p)l < 1.0. 

325 



I’. 

::* 
., 

~apj 
0~ 

/ 
suoy3u~qw

o3 
p 

Aaqum
N

 



PP- e’K+p-rr-X at 4 = 62.8 GeV 
I I I 

- ) K+T-p -- -- 
x0 - 

-w P -_-- 

Even more recently inclusive production of charmed baryons Ac has 

been treasured by our collaboration (and in two other experiments). With 

a reasonable asssumption for the branching ratios for the decays 

A c + K*' p/K-A++ (B w 7%) and a differential cross section which is 

independent of Feynman x,an inclusive cross section of s 45 ub is estimated, a 

reasonable value if compared to o(D+) = 240 lib. This value of the AC 

cross section, a constant differential cross section du/dx and a semi- 

leptonic branching ratio of 10% (like for D mesons) would give a 
--', 

contribution of s 0.3 * 10 to the e/X ratio at small x and p T I, 0.5 GeV/c. 

Preliminary data from SLAC [131 seem to indicate that the branching 
.x0 ratios for Ac + I( - ++ p and A + K A 

c are only of the order of 0.5%, which 

would imply a much larger AC cross section. On the other hand a larger 

A cross section would have at least one o c f the following consequences: 

(a) either the semileptonic branching ratio is much smaller than lo%, or 

(b) dU/dx has a minimum at small X. 

Otherwise the e/irratio measured at & = 53 GeQ to be of the order 
-4 

of 2 . 10 is saturated by AC production alone leaving no room for central 

D-meson production. 

The CCHK data on (3) c produced in association with triggering leptoxs 

open the field for studies of correlations between charmed particles. 

Already the pattern of observation and non-observation of charmed (anti)- 

baryons emerging from the above analysis seem to give some hints for 

particular production mechanisms. 

As can be deduced from the procedures by which the signal to background 

ratios were improved detailed studies of charm production call for a 47 

4 detector,, like,e.g., the SFM. 

I I I I I, 

I ,85 2,o 283 2.6 

M( K+i;j-rr-) GeV 

,I would like to thank all my colleagues from the CCHK (now ACCDHW) 

Collaboration for their contributions. 

Fig. I3 
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FIGURE CAPTIONS 

Fig., 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

Fig. 10 

Fig. 11 

Top view of the Split Field Magnet detector. The shaded area 

represents the geometrical trigger acceptance, covered by 

threshold Eerenkov counters. 

Sketch of the event structure (in the rapidity transverse 

momentum plane) of the selected low multiplicity events. 

K-nr+n- mass distribution for the selected events. 

K-n+lI+ mass distributions under the condition that at least one 

of the two K-71 combinations (independent of their charge) has 
* 

a mass in the K region. The broken line represents the 

background discussed in the text. 

Measured values of the differential cross section dU/dy for D 

production as derived from measured e/n ratios (y ?J 0) and DC 

data (y 'L 2). The dashed line shows the extrapolation to y = 0 

from the D* data for a typical central production model. 

Experimental and calculated p/a ratio as function of Feynman x; 

contributions fromp pair production were subtracted. CUJST 

(a) gives the prediction from a central production model; 

curve (b) corresponds to da/dy (D) = const. 

Diagrams for two models for D production giving rise to a differential 

cross section do/dy (D) which is only weakly dependent on y. 

A compilation of cross sections and upper limits for D production 

calculated with model I (this figure is taken fromref. [II). 
K-pll+ mass distribution under the condition that the combination 

K-v+ has a mass in the K*(890) region. The broken line represents 

an estimate of the background. 

l-he K-pri+ mass distribution with pi 
+ 

in the A++(1236) region. 

The line is an estimate of the background normalized to the 

histogram for mass values > 2.5 GeV/c'. 

Top view of the upgraded SFM, equipped with a TOF system, 
* 

threshold Cerenkov counters, dE/dx chamber and a LAR calorimeter. 

. . . -. 
-: 

- 
: 
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FIGURE CAPTIONS (Cont'd) 

Fig. 12 The K-p"+ mass distribution from events with an electron trigger. 

The broken line is an estimate of the background. The insert 
- + 

shows the K ~71. mass distribution from events with a positron 

trigger. 

Fig. 13 
-+- - 

The Kplr mass distribution for positron triggered events with 

the K+ and i identified in the time-of-flight system. The 

broken line represents an estimate of the background. The 

subset K*'p is represented separately. 
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DIFFRACTIVE PRODUCTION OF CHAFJIED BARYONS AT THE CERN ISR" 

A. Kernan 
Department of Physics 

University of California, Riverside 

I. INTRODUCTION 

Production of the charmed baryon AZ in pp interactions at cm 

energy of 63 GeV has recently been observed by the Aachen-CERN-Harvard- 

Munich-Northwestern-Riverside collaboration. 1) The charmed baryon is 

diffractively produced with Feynman x > 0.3, and decays in the hitherto 

unobserved mode A; + K-pn + . For this decay mode o-B for 0.3 i 1x1 < 0.8 

is estimated to lie in the range 0.7-1.8 pb. The experiment described 

below was designed to look for charmed baryon production via leading 

particle fragmentation, since the cross section for strange baryon pro- 

duction is known to be substantial at large x 2) . 

II. APPARATUS 

The experimental setup (Fig. 1) was designed to detect the single 

diffraction dissociation process: p + p -+ X + p, and to study the de- 

cay of the excited baryon X. A large acceptance multiparticle detector 

in Arm 1, Sl, intercepted decay products of X within 40° of beam 1. 

A precision spectrometer in Arm 2 detected the quasi-electric proton 

recoiling against X at lo-21 mrad from beam 2. 

The Arm 1 detector consisted of two magnetic spectrometers cover- 

ing the angular intervals 14'-40' and lo-6' with respect to the beam 1 

direction. For the outer spectrameter, Sla, magnetic analysis was pro- 

vided by a toroidal air-cored magnet with lBd9. E 1.6 kG-m. The magnet 

is 1.2 m long with a maximum outer radius of 2.2 m. The 12 coils are 

symmetrically distributed in azimuth, (Fig. 2), hence the name Lampshade 

*Work supported by the U.S. Department of Energy. 
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Magnet (LSM). Ten gas Cerenkov counters containing CO2 at atmospheric 

pressure filled the areas between adjacent "spokes" of the magnet. The 

primary purpose of these counters was electron identification--their 

pion threshold was 5 GeV/c. 

Particle trajectories through the LSM were determined by a 3360- 

channel.drift chamber system consisting of two drift chambers in front 

of the magnet and one behind 3)(Fig. 3a). The basic drift chamber cell 

(Fig. 3b) is designed to eliminate left-right ambiguity and provide 

position and slope information for ionizing particles with angles up to 

45'. Each drift chamber contains three planes (v,y and u) oriented at 

GO0 with respect to one another. The planes v, y, u are matched using 

the constraints: v+u = y and dv/dz + du/dz = dy/dz. The effective 

single wire resolution is 0.5 mm over 50 mm drift length for the front 

chambers and 1 mm over 100 mm for the back chamber. 

The inner arm 1 spectrometer, Slb consisted of two identical sep- 

tum magnets with ]BdP. of 12.9 kG-m placed above and below the beam pipe. 

Particle trajectories were recorded with proportional wire chambers. 

This spectrometer has been described in a previous communication. 4) 

The parameters of all three spectrameters are given in Table 1. 

zerenkov counters in the inner arm 1 spectrometer, Sla provided 

x/K/p discrimination. Each septum magnet contained a 4-element gas 

&renkov counter, filled with freon 114 at atmospheric pressure, with 

threshold moments of 2.7, 9.9 and 18.8 GeV/c for n/K/p. Kaons and pro- 

tons were identified by the absence of a pulse in the Eerenkov cell 

which they traversed. This condition provided identification over the 

momentum range from pion threshold to 11 GeV/c for kaons and to 20 GeV/c 

for protons and antiprotons. To remove pion background the minimum 

momentum for kaons and pions was set at 4.5 GeVfc. The K- and proton 

identification capability is verified by the K-p invariant mass plot 

(Fig. 4) in which a clear A'(1520) signal is evident. 

( 1 a 

: 

ib) DRIFT - CELL OF CHAMBER 

Voltage 
dwider 

Ground 
&-,-,-+-+-+~ 

+-+- +-+-+-a i----I 
,cm 0 

Fig. 3. (a) Perspective drawing of the LSI? drift chamber 
spectrometer. 

(b) Detailed view of a drift cell. 
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TABLE 1. SPECTROMETER CHARACTERISTICS 

Magnet- 
construction 

-IB.dL 

Detector 

Acceptance 

Momentum 
Resolution(o) 
*P/P 

Single 
Track 
Reconstruction 
Efficiency 

&renkov 

LSM(S1,) Double Septum(Slb) 

Air Core Toroid Double Dipole Septum 

lkG-M 
sin0 

12.9 kG - m 29.7 kG - m 

1.11 sinO x ~~.oo2p~2+(.o15)21~'~ 

[p4co.4*l'2 

70% 70% 

co2 ' Freon 114 (CrC12F4) 
Used for elec- ' 71 Threshold 
trons 2.6 GeV/c 
(n threshold 

5 G&J/c) 

, 

- 

Arm 2(52) 

Dipole Septum 

12c 

MWPC’S, 1 mm 
pitch 

lOmad < 0 i 
21 mad 

A# c .14 x 277 

0.6 x lo-jp 

72% 

4( 

NOIll? 

1 

I- 

I- 

I- 

K-P 

J I I I I I 

1.45 1.50 1.55 1.60 

M (GeV/c2) 

1.65 1.70 

Fig. 4. Invariant mass distribution for K-p. 
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III. TRIGGER 

The aim of the experiment was to look for charmed baryon production 

in the fragmentation region. We triggered on the single diffraction dis- 

sociation reaction: ptp -+ X+p, which has the possibility of AZ produc- 

tion in the fragmentation process X + h)IUnn. The requirement of 

single diffraction dissociation was imposed with the high precision for- 

ward spectrometer in Arm 2. Only positive particles of momentum exceed- 

ing 11 GeV/c could traverse this spectrometer and associated trigger 

counters. In this momentum interval pion contamination is negligible. 

To further purify the single diffractive trigger a veto counter consist- 

ing of lead fronted scintillator covered the angular range 21 i Obeam2 < 

100 mr, imposing a rapidity gap AY c: 1.5 units between the proton and 

other particles. On the Arm 1 side we required hits in at least 3 dis- 

tinct trigger counters in each of Sla and Slb. This multiplicity condi- 

tion of at least six particles was imposed to favor a inass above 

the charmed particle production threshold (4.2 GeV/c2) for the ex- 

cited system X decaying in Arm 1. On the average this multiplicity of 

six or more corresponds to a mass M % 7 - 8 GeVjc' for the system X 5) . 

In fact we expect a higher threshold because of the gap in acceptance 

between 6' and 14O. 

To determine the actual mass threshold MT corresponding to the trig- 

ger T l'T2 E (nc ? 6 in Sl)*(particle through S2) we compared the rates 

@N/c-X2) 
T2 

and (dN'dM2) 

(dN/dM2) /@N/d 
T1'T2 

for the triggers T2 and T1'T2. The ratio 

T2 
in Fig. 5a shows a sharp threshold at 

I-$ = 10 GeVjc', 
T1'T2 

and is essentially constant at higher masses. (M is re- 

lated to the measured proton momentum in 52 according to M2 = W-X2)). 

We also used the trigger T2, (minus veto counters) to measure 

d‘o/&dt for inclusive proton production: pp + pX. We find a total 

cross section of 8.8 ? 1.8 mb for M2/s < 0.2, (x2 > 0.8), consistent 

1.5 

1.0 

0.5 

30 

20 

IO 

(a) 

du- 
~2 (p b/Gev*) 

I 

(b) 

-500 100 400 700 1000 1300 

M2(GeV/c2) 

Fig. 5. (a) Ratio of the rates dN/dM2 for triggers T and Tl*T2, 
normalized to equal rates for both triggzrs. 

(b) do/dM2 for trigger T2 (single diffraction dissociation). 
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within 20% with extrapolation to & of 63 GeV of previous measurements 

at lower energy.Q We also verified that the observed M2 and t dependence 

agreed with the results of Ref. 6. 

Figure 5b shows the do/dM' measured with the trigger T2 alone. 

Combining this data with the ratio (dN/dM2) 
T2 

/(dN/dH2)T T 
1' 2 

gives a 

cross section of 2.8 f 0.6 mb for production of diffractive masses M in 

the range lo-28 CeV/c‘ in this experiment. The actual triggering cross 

section, i.e.,rate/luminosity, is 0.62 Fib. Thus the efficiency ET to 

trigger on pp + pX with the mass of X in the range lo-28 GeV/c2 is 

(0.22 2 0.04) x 10-3. 

IV. DATA 

The results reported here are based on a total of 9.4 x lo6 trig- 

gers recorded in 270 hours of ISR running at c.m. energy of 63 GeV and 

average luminosity 0.8 x 10 31 -1 cm . The integrated luminosity, (correc- 

ted for dead time), "as 0.78 x 10 37 -2 cm . After data processing there 

remained a total of 1.16 x lo6 events with tracks reconstructed as 

follows: 

(i) 1 positive particle with mamentum>ll GeV/c in spectrometer S2, 

(ii) ~2 tracks through the LSM spectrometer, Sla, 

(iii) 22 tracks in the septum magnet spectrometer, Sib. 

To search for production of baryons decaying in the channel K-pn 
+ 

events were selected which met the following criteria: 

(1) an identified proton and K--meson in the Arm 1 septum spectro- 

meter, (Sl,). 

(2) at least one additional positive particle in Arm 1. For this 

particle the zerenkov pulse-height information in whichever 

spectrweter it traversed had to be consistent with r 
+ identi- 

fication. In the LSM this implies simply that electron back- 

ground is excluded. 

(3) the three-particle K-pa + system must fprm a "good vertex" with 

the recoiling proton in Arm 2. A good vertex is defined as 

one in which the minimum root-mean-square distance of the four 

tracks from a common vertex in the beam crossing region is 

less than 12 mm. 

Figure 6a shows the distribution in invariant mass M(K-~T+) for 

18600 events satisfying criteria (1) through (3): A peak is seen cen- 

tered at 2261 ? 8 MeV, (the error includes systematic uncertainties), 

and having a width (FWHM) around 20 KeV. The number of events in the 

mass range 2250 - 2270 MeV is 446 compared to an expected background 

of 348, calculated by fitting a polynomial background through the 

events on either side of the peak. The peak is thus 5.3 standard de- 

viations above background. Since S = -1 baryon states in the same mass 

range have natural widths r t 100 MeV one is led to identify this 

structure with the charmed baryon A,(2.255), previously observed in 

weak 7) and EM 8) interactions. As a check on this hypothesis Fig. 6b 

shows the invariant mass of K-pn- systems selected in identical fashion 

to K-prr 
+ 

. No structure is seen at 2260 GeV as expected if the peak in 

Fig. 6a is due to a charmed baryon; for strange baryon states (Y) on 

the other hand the existence of Y + 
implies also the existence of Y-. 

The continuous line in Fig. 6a is the smoothed K-pn- distribution normal- 

ized to the number of K-pn + events. 

A series of cuts were applied to the data to obtain the invariant 

mass plots for o++- A il n TI 
Cl+-- and A 1~ II il shown in Fig. 7. A narrow struc- 

o++- 
ture (r = 30 MeV) is seen at 2.25 GeV/c2 in the A 71 TI TI channel with 

statistical significance 530. 9) 
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V. CROSS SECTION -- 

The cross section oc for charmed baryon production in this experi- 

ment is given by: 
N 

oc*B = = .l 
eTERC"l(X'PT) Jiz 

where: 

- + B is the branching ratio for A + K PII 
c 

N c, numberofcharmed baryons observed for M2/s < 0.2, 
0.3 < x < 0.8, and pT < 1 GeV = 79 

cT, the detector triggering efficiency = 0.22~10 -3 

sRC' the combined track reconstruction and Eerenkov efficiencies = 0.20 

El (x,P’f), the probability, (averaged over x, pT of AL), that in 

a triggering event the AZ decay products K-,~,a+ are detected 

in Sl = 0.20 

The acceptance of the detector for AC + K-p,' covered the kinematic 

range 0.3 < x < 1 and pT < 1 GeV/c'. A Monte Carlo calculation was made 

to evaluate el(x,pT) over this range. In the Monte Carlo calculation we 

assumed phase space kinematics for AC + K-pm+, and an x,pT distribution 

for Ac similar to the background at the same mass. 

The resulting estimate for o*B is 1.2 + 0.3 pb for AC produced with 

0.3 < 1x1 < 0.8 and corrected (by eT) for missing pT. No events were 

observed for x > 0.8; the suppression of large x events is presumably 

due to the mass threshold MT t 10 GeV/c' associated with the multiplicity 

condition in the trigger. Taking into account uncertainties in the above 

efficiencies we estimate that o.B lies in the range 0.7-1.8 pb for Ac 

produced at 0.3 < 1x1 < 0.8 in the single diffraction dissociation process. 
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The CERN High Energy Deep Inelastic Muon Experiments 

Talk given by V. Korbel, DESY 

Abstract 

The two high energy muon experiments at the 280 GeV CERN SPS muon beam 

are shortly described. Preliminary results on the nucleon structure 

function F2 as a function of x and Q2 are presented, discussed and 

compared with other experiments in the region where they overlap. Also 

some results on electromagnetic multimuon production are discussed. 

1. The CERN Muon Beam 

A high intensity high energy muon beam-- produced via the weak decay of 

pions and kaons--supplies the experiments with up to 3~10~ muons per 

burst. The energy range of the beam can be varied between 50 and 280 GeV. 

The momenta of the incoming muons are measured with special scintillation 

counter hodoscopes with an accuracy of 0.3%, the lateral spread of the 

beam at the targets is about 4 - 10 cm FWHM depending on the selected 

energy. The trajectory of the incoming muons at the target is also 

measured with small scintillation counter hodoscopes to an accuracy of 

0.4 mm. This muon beam was specially designed for minimal halo fluxes 

around the beam and minimal hadron contamination in the beam. A more 

complete description of the muon beam, its design, parameters, fluxes 

and polarisation is given in ref. 1 and 2. 

2. The Physics Program 

Two experiments are on the floor in the CERN experimental hall nord 2 

(EHN2), sitting behind each other with respect to the beam. The first 

one is the spectrometer system of the European muon collaboration (EMC) 

or NA2. The collaborating institutes are listed in Table I. 

.- 
:- 
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Table I: The Institutes of the Two Experiments 

EMC = European Muon Collaboration 

CERN 

FRANCE: LAPP, Annecy 

GERMANY: DESY, Hamburg 

Freiburg University 

Kiel University 

Wuppertal University 

ITALY: Turin University 

UNITED KINGDOM: Rutherford Laboratory 

Lancaster University 

Liverpool University 

Oxford University 

Sheffield University 

B C DM S 
========zz 

= Bologna 

CERN 

Dubna 

Munich 

Saclay 

.Tne second is the Bologna-CERN-Dubna-Munich-Saclay experiment 

(BCDMS) or NA4. The present main aim of both groups is the study of 

deep inelastic muon nucleon scattering up to the highest possible 

momentum transfer +. In this region the nucleon structure function is 

expected to show substantial deviations from the scaling behaviour at 

low values of Q2. The experimental results in the extreme large Q2 

region have to be compared with predictions of the theory of quantum 

chromodynamics in order to test its validity and to measure the strong 

coupling of quarks and gluons. 

The EMC covers a range in Q2 between 1 and about 150 GeV2 on a hydrogen 

target and up to 250 GeV2 on their heavy target. The BCDMS collaboration 

covers a Q2 range between 25 and 300 GeV2 with their carbon target. 

Both experiments look also for Di-, Tri- and more- muon final states 

using special sophisticated triggers. 

The EMC has in addition a large program for measurements of the hadro- 

nit final state in order to study as completely as possible the distri- 

bution- and fragmentation-functions of all constituentsof the nucleon. 

3. The Experimental Set Ups 

1. The EMC Forward Spectrometer System 

The incoming muon momentum and trajectory is measured with scintilla- 

tion hodoscopes in the beam. The beam hits a target where some muon$ 

scatter on the target nucleons with sufficiently large momentum 

transfer. The momentum of the scattered muons is then measured in 

the EMC magnetic forward spectrometer (Fig. 1). It consists of a 

large aperture iron magnet, a 2 m thick magnetised iron absorber 

for muon filtering, large scintillation counter hodoscopes HI, H3, 

H4 for triggering and 77 planes of multiwire proportional 
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(PO, Pl, P2, P3) and drift chambers (Wl-W7) for the measurement of 

particle trajectories. 

The momentum resolution for the reconstructed particle trajectory 

is &p/p= 1.1O-4 p (GeV), the angle resolution is about 0.2 mrad. 

A large aperture multicell threshold Ferenkov counter (C2) and a 

scintillator/lead, scintillator/iron calorimeter (H2) are used for 

identification of the particles in the hadronic final state. Up to' 

now the EMC has used targets filled with liquid hydrogen or deuterium 

and a sandwich total absorption counter (STAC). 

The STAC target (Fig. 2) is made of scintillator and iron plates of 

about 2 cm mean thickness. It measures the energy of the generated 

virtual photon and the vertex of the interaction. A total of 36 

elements (Fig. 2) is observed by one phototube each; the first 30 

elements are used as active target and are included in the trigger. 

The last 6 elements together with additional iron plates in between 

absorb the outgoing showers. The electromagnetic shower length in 

iron is about ten times shorter than the hadronic one, thus a sepa- 

ration between electromagnetic and hadronic showers in the final 

state will be possible. The measured vertex resolution is about 5 cm, 

the energy resolution is sE/E = 0.41/E"'4. 

The liquid hydrogen target cell has a length of 6 m and can also be 

filled with liquid deuterium. The total length of the hydrogen target 

is used for single arm measurements, where only the scattered mUon 

is analysed. For the study of the hadronic final states only the 

last part of the target is used in order that hadrons of the final 

state not generate secondary interactions. 

The trigger is made of large scintillation counter hodoscopes Hl, H3 

and H4 (see Fig. 1 and also Fig. 3). 

Signals of the vertical and horizontal hodoscope elements are fed to 
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a fast progranunable coincidence logic system (ref. 3). Only such 

muon trajectories lead to a trigger which have momenta larger than 

15 GeV, point to the target and have scattering angles larger than 

a selected value, A large wall of scintillation counters in front 

of the spectrometer is used for vetoing halo muons coming along the 

beam line (V2,..V3). A special trigger for multi-muons requests at 

least two hits in the hodoscope planes H3 (vertical) and H4 behind the 

magnetised iron absorber and a minimum vertical opening angle of 

the two tracks. 

2. The Experimental Set upof the BCDMS Collaboration 

The muon beam deflected by the EMC spectrometer magnet is sent back 

to its original direction by an additional dipole magnet installed 

between both experiments. Thus both experiments can run simultane- 

ously, The BCDMS spectrometer is built up of ten identical magnetised 

iron toroids, the so-called supermodules SIill- SMlO with circular 

magnetic field (pig. 4). The target is a 40 m long segmented carbon/ 

boron cylinder with a density of 2 g/cm 3 in the central hole of the 

toroids. Muons scattered in this target oscillate around the beam 

with amplitudes proportional to the momentum transfer squared Q2 

(Fig. 5a). The hadronic shower is absorbed in the high density 

material downstream of the vertex. 

The trigger system is built up of segmented half-cylindrical scintil- 

lation counters filled with liquid scintillator (Fig, 5b). Two such 

planes per toroid are used to define a minimum oscillation amplitude 

l.e.,a minimum 0'. For example,the suppression of events which fire 

only the inner trigger element leads to a cut in Q2 of about 50 GeV' 

for 280 GeV primary muon energy. 

This trigger strobes multiwire proportional chambers, 8 per toroid, 

which are placed in gaps in the toroids. A detailed description of 
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this experiment is given in ref.4 . 

The momentum resolution of the scattered muon is dominated by multiple 

scattering and energy loss fluctuations in the magnetized iron and 

measured to be 8% . The resolution in Q2 is typically 10% at 50 GeV2 

and 7% at 250 GeV'. 

Downstream of this toroid system the BCDMS collaboration has installed 

an additional small angle spectrometer consisting of a scintillation 

beam hodoscope, a dipole magnet, a multiwire proportional chamber 

and an iron absorber surrounded by scintillation hodoscopes (Fig. 4). 

This end detector system is used to detect the scattered muon for 

multi-muon events. 

4. The Accepted Kinematical Range 

TheQ2 range as a function of the virtual photon energy for the EMC set 

up is shown in Fig. 6 for 280 GeV muon energy. Shown are the lines of 

constant muon scattering angle, constant virtual photon angle and of 

constant center of mass energy W. The maximum W is about 22 GeV, defined 

by the minimum momentum cut for the scattered muon. At low values of W, 

in the elastic scattering and resonance region the W resolution is too 

poor for separation. 

The momentum of the scattered muon can only be measured when it is out- 

side the beam dead regions of the wire chambers downstream of tne meBnet* 

This limits the accepted angle to a minimum of about0.5 degree. The 

magnet yokes limit the accepted scattering angle to 8 degrees(Fig. 6). 

Wadrons around the virtual photon direction have a large acceptance 

in the EMC spectrometer for high values of W at all values ofQ2 . The 

BCDMS collaboration has a larger acceptance at large scattering angles 

resulting in a higherQ2 limit of about 350 GeV2. Also their lumino- 

sity is larger, the useful target is about 6.5 kg/cm2 compared with 

: -: 
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1.5 kg/cm2 for the EMC STAC target. 

The apparatus acceptance calculated by Monte Carlo simulation of the 

total set up is shown in Fig. 7a) for EMC and in Fig. 7b) for the BCDMS 

collaboration. The EMC acceptance shows less variation over large ranges 

in dL and v. 

The BCDMS and detector measures muon momenta between 30 and 130 GeV/c 

with Q2 smaller than 4 GeV2. 

5. The Measurements 

Both experiments started their measurements in summer 1978. The EMC first 

used the STAC target at 280 GeV muon energy, the second STAC target run 

was in December 1978 at 280 GeV. All other EMC measurements in that year 

were on the 6 meter liquid H2 target at 280 GeV. The BCDMS collaboration 

took data with the carbon/boron target at 280 GeV only. These data are 

now being analysed and I will present some results later. 

In 1979 both groups have taken data again at a muon energy of 280 GeV, 

but at higher beam intensities and with improved apparatus. Also, in 

order to measure the ratio R between the longitudinal and transverse 

polarized photon cross section, measurements with lower beam energies 

of 120,200 and 240 GeV were made. EMC has also taken data with a deu- 

terium target at 280 GeV. 

The run parameters, beam intensities and event rates are listed in 

Table II. 

The EMC has analysed about 15% of their data on the iron- and about 

10% .on hydrogen-target. BCDMS has analysed about 20% of the 1978 data 

with about 10000 events above a Q2 of 50 GeV2. 

Radiative corrections are applied to the results of both experiments, 

but results will be presented only for such regions wherethese cor- 

rections are small ( < 10 9; 1. 
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Table II: The different E M C runs 

lerw 

:GeV) 

280 STAC 

250 STAC 

280 

280 

Target Eerenkov total number o 

filling gated muons 

1011 

5.1011 

8.3*1011 

10~1011 

5.1011 

5.1011 

5 ’ 1011 

nuons per 

burst 

6.106 

1.2.107 

0.6-1.107 

1.5.107 

1.2*107 

1.2910’ 

1.4*107 

L 

number of events 

. greater 

10 GeV2 50 GeV2 

130 K 28 K 

600 K 40 K 

220 K 12 K 

500 K 28 K 

-0 50 100 150 
v (GeV) 
Fig.7a 

200 250 

ACCEPTANCE 
300- 

0 50 100 150 200 250 
v(GeV) 

Fig.7b. 
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Corrections are also applied for: 

reconstruction inefficiencies 

trigger contamination by muons from hadronic decay 

multiple scattering in the heavy targets and 

fermi motion of the nucleons in the nucleus, 

The estimated systematic errors for both experiments are in the present 

status of analysis about 15%.. 

6. The First Results 

The first result of the EMC came out of the heavy target analysis where 

the single events are cleaner; 80% of the triggers are reconstructed, 

whereas in the hydrogen measurements only about 15 0 of the events 

led to a good muon track. 

Figure 8 shows the nucleon structure function F2 averaged for the pro- 

tons and neutrons in the iron. Plotted is the Q* dependence for 7 

different bins in x between x = 0.06 and x = 0.7. The results are 

preliminary. The error bars contain statistical errors only, The data 

points show a remarkably flat behaviour in Q2 for the whole observed 

range in x. 

Figure 9 shows the nucleon structure function F2 measured by the BCDMS 

~011. with the carbon/boron target for five different x bins between 

x = 0.2 and 0.7. Also, the results here are preliminary, and the syste- 

matic error is not included in the error bars. The range in Q* goes 

from 50 to 220 GeV*. 

In the low x range there are some strange fluctuations of the data- 

points with Q*,but above x = 0.4tJe observed structure function is flat 

again at Q’. The measurements are compared with the published results 

from a CERN neutrino iron scattering experiment (ref. 5). Within the 

estimated systematic error the agreement is good, at least for the high 

x range. 
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Figure 10 shows a comparison between the EMC results and the neutrino 

data of ref. 5. The agreement is good,and deviations between both data 

sets can be explained by statistical fluctuations. For the time being 

the statistical error bars of both experiments have approximately the 

same size. The EMC statistic errors will decrease by a factor of 2.5 

when all 1978 iron data are analysed. Up to now the analysis of the 

small angle triggers is missing. Such an analysis will extend the range 

in Q2 to values of about 5 GeV* for x < 0.3. 

Figure 11 compares the EMC result with published data from a Michigan 

State University / FNAL experiment (ref. 6) and earlier CID results 

(ref. 7). The lines are fit to the data of ref. 6 with the parametri- 

sation of Buras and Gaemers (ref. 8) with A = 0.4 and 0.5. The EMC data 

show a substantial deviation from the Michigan / FNAL data for x 

smaller than 0.38 and small values of Q*. The authors of ref. 6 observe 

a threshold in their data for fixed W* at W2 = 80 GeV'. This region is 

flagged in each x bin by the black arrow. 

Such a behaviour is not found in the EMC data. Nevertheless,for large 

values of QL the agreement between both data sets is good. 

Figure 12 shows the structure function on hydrogen measured by the 

EMC. The Q* dependence is given for 6 differentbins in x between 

x = 0.006 and 0.50. The error bars,again statistical only, are large, 

but the presented sample contains only 10 % of all data taken at 280 

GeV. Nevertheless one can see an increase of F2 with Q2 for small values of 

x and a decrease of F2 with Q2 for large x values as predicted by the 

QCD theory. The turnover between positive and negative slopes isabout 

0.2 at x. 

This result confirm s that QCD effects are much easier to observe in 

the lower Q* range where the relative changes in Q* are larger. 

The study of the hadronic final state of the electromagnetic interac- 

.~ 
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tion is an additional tool for the measurement of the strong inter- 

actions between the components of the nucleon. Figure 13 shows a 

typical event as seen with the EMC spectrometer. Together with the 

mLlOn which is filtered by the iron absorber and fires the trigger 

hodoscope,four hadrons are boosted in the direction of the virtual 

Photon and accepted and measured in the spectrometer. The Ferenkov 

particle identification is not yet applied. But soon the EMC will have 

first results on the transverse and longitudinal momentum distributions 

of the hadrons as a function of Q2 and W. 

Multimuon final states are observed in both CERN muon experiments. 

The EMC has done an analysis of the observed trimuon,events for 15% 

of their heavy target data. The fastest positive muon is assumed to be 

the scattered one. In order to minimize acceptance corrections such 

events are rejected where one of the three measured muon momenta was 

smaller than 10 GeV. The invariant mass distribution for the produced 

muon pair is shown in Fig. 14. The decrease of the distribution at 

low masses is caused by the acceptance for the special multimuon trigger. 

The distribution covers a range between 0.5 and 4 GeV. A clear enhance- 

ment at the J/e mass is seen.It centers at 3.C8+ 0.02 GeV, and the width 

is in good agreement with the experimental mass resolution of 0.22 GeV. 

Selecting a mass range between 2.6 and 3.6 GeV and subtracting the 

interpolated background gives a total sample of 315 J/J, events. 

About 50% of them have an interaction energy deposed in the calori- 

meter target of more than 5 GeV. This large fraction of inelastic J/Q 

, events is submitted to a more sophisticated shower analysis in the 

calorimeter target being done presently. 

It seems that such inelastic events are not simulated by elastic J/9 

production with internal or external bremsstrahlung of the incoming 

and outgoing muons. The observed showers are mostly longer than electro- 

Fig.12 
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magnetic ones and of hadronic nature. Such inelastic J/$ production -is 

of considerable interest for tests of QCD predictions (ref. 9 and lo).. 

The fraction of the elastic J/lr, sample with electromagnetic bremsstrah- 

lung misinterpreted as inelastic events is estimated to be about 

15 %.. 
n 

Figure 15 shows the QL dependence of the selected elastic sample, 

corrected for acceptance, integrated over all photon energies and nor- 

malised to the lowest bin in Q*. The naive vector dominance model for 

elastic vector meson production by transverse polarized photons pre- 

diets a QL dependence of the cross section of the form: 

A (1 + Q*/r;r*) 3 M being the mass of the vector meson. The two lines 

show such a dependence for M= 1 GeV (dashed line) and M = MJ,+ (solid 

line). A fit to M gives M = 2.4 + 0.3 GeV. 

The observed Q2 dependence and the measured t dependence which is do- 

minated by the experimental resolution, have been used to calculate 

elastic forward production cross section do/dt at t = 0 and Q* = 0. 

Figure 16a shows this cross section as a function of the virtual 

photon energy V. The measurements cover a range of 40 to 180 GeV. The 

estimated systematic error is 20% and not included in the error bars. 

The data are consistent with a constant cross section for elastic J/$ 

production of 52 + 5 nbl(GeV*) per nucleon. For comparison other muon- 

production results (ref. 11) and a collection of real photoproduction 

data at lower energies taken from ref. 12 are shown. 

Figure 16b shows the total elastic J/J, production cross section on 

iron extrapolated to Q2 = 0 and integrated over t as a function of 

the photon energy. This cross section seems to increase slightly over 

the observed energy range. A more detailed description of the analysis 

of the elastic J/+ production is given in ref. 13. 
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The BCDMS collaboration observes also electromagnetic J/J, production 
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but unfortunately their acceptance is changing strongly in this mass 

region. 

The EMC has also selected a clean dimuon sample -374 P+U+ and 286 P+p-- 

where no third muon is lost in the beam or found in the spectrometer. 

A more detailed description is given in ref. 14. This dimuon sample 

shows the following signatures: 

a) A large inelastic hadronic signal in the STAC target. 

b) A mean transverse momentum with respect to the virtual 

photon direction larger than observed in hadronic 

experiments. 

c) Missing energy in the energy balance between the in- 

coming muon, the observed outgoing muons and the 

measured hadronic shower. The mean missing energy is 

about 10 GeV. 

A Monte Carlo simulation for the decay of pions and kaons in the normal 

hadronic shower shows that accepted decay muons are peaked at smaller 

transverse momenta andare much less frequent. Presently investigations 

are done in order to test whether these observed dimuons could be 

produced by the semileptonic decay of charmed mesons. Clearly EMChere 

needs the full statistics and must analyse all the data. 

7. Conclusions 

The two CERN high energy muon experiments have built up their analysis 

chain and analysed small subsets of their data of 1978. Preliminary 

results of the nucleon structure function F2 are given for measurements 

on hydrogen, iron and carbon targets. The heavy target data are within 

the still large systematic errors of about 15% in agreement with neu- 

trino scattering results. Little scaling violation effect is seen in 

the large Q2 region. 

The electromagnetic production of J/$ mesons is observed and the Q2 

:_ : 
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dependence is in agreement with naive vector dominance model predicti- 

ons for transverse polarized photons. 

A dimuon sample is found in the EMC iron calorimeter measurements 

showing large mean transverse momentum for the second muon and missing 

energy in the hadronic shouer. 

8. The Future Program 

The future plans of both experiments are listed in Table III. EMC plans 

to measure the ratio R of longitudinal to transverse polarised cross 

sections for light and heavy targets,to study virtual compton scattering 

by detecting the final state photons in a special lead glass calorimeter, 

and to measure the spin dependent structure functions with the polarized 

muon beam and a polarized butanol target. 

In 1981, after the long SPS shutdown, EMC will study the final state 

hadron distributions also in the target fragmentation region using a 

vertex detector system with additional particle identification by time 

of flight, three more cerenkov counters and a large streamer chamber. 

The BCDHS collaboration plans to take more data at the largest muon 

energies in order to get small statistical errors at large Q2. 

They also want to separate the longitudinal and transverse virtual 

photon cross section over a large range in Q2 and v.. 

For 1980 the plans are to measure the interference between the electro- 

magnetic and weak scattering amplitude using forward and backward 

polarised muon beams at 200 GeV. 

Table III: The future program: a) E M C, b) B c cl M s 

Subject Target Muon Energy Time 
(GeV) 

a) 1. a - L aT separation _ 6mH2 120, 160, IV-X 1979 
200, 240, 
280 

2. Single photon dectection with the 

EMC forward spectrometer 6 m H2 200 

130x260 cm lead glass wall gives 
large acceptance in forward di- 
rection, 570 phototubes 

6 ! 
hoton energy resolution 
'/E = 0.071 JE 

XI 1979 
- I 1980 

preshower measurement for spatial re- 
solution of about 4 cm 

2-photon exchange effects 6 m H2 280 u- 

Measurement of the spin dependent 2x50 cm 280 
strucutre functions with a pola- Butanol 
rized target 

Muon beam polarized to about 75 %. 
Target polarization about 80 % 
of free protons (11% total) and 
opposite in both target parts. 

Extension of the EMC spectrometer 1 m H2 280 

Vertex detector: additional 
superconducting magnet, streamer 
chamber, additional drift; and 
proportional chambers, 3 Cerenkov 
counters and TOF measurements 

II-VI 1980 

1981 

b) 1. More-data at large Q2 

2. UL - oT separation 

3. Electromagnetic/weak interference 
using the polarized muon beam 

. . 
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Figure Captions 

Fig. 1 The experimental set up of the EMC. 

Fig. 2 The iron/scintillator calorimeter target STAC of the EMC. 

51-54 are large area scintillation trigger counters used for 

calibration. 

Fig. 3 Schematic view of the EMC trigger system. 

Fig. 4 The experimental set up of the BCDMS collaboration. 

Fig. 5 a) Positive scattered muon trajectory in the BCDMS spectro- 

meter. The oscillation amplitude A is proportional to Q2. 

b) Trigger plane with half-circular trigger elements. The 

elements are filled with liquid scintillator, the light 

guides with mineral oil. 

Fig. 6 The kinematical range of the CERN muon experiments in Q2 

and v. Shown are the lines of constant scattering angle of 

the scattered muon,the lines for constant CMS energy W 

and the lines of constant photon angle eY. 

Fig. 7 a) The geometrical acceptance of the EMC experiment. 

d) The geometrical acceptance of the BCDMS experiment. 

Fig. 8 Structure function F2 (x, Q*) for muon nucleon scattering. 

The data are from the EMC heavy target experiment. The errors 

shown are statistical errors only. The overall systematic 

error is about 15 %. The data are preliminary. 

Fig. 9 The structure function F2 (x, Q2) as the BCDMS collaboration 

has measured on their carbon/boron target. The errors are 

statistical only, the systematic error is estimated to be on 

the order of 2&. The results have to be taken as preliminary. 

The open squares are results from neutrino scattering of 

CDHS (ref. 5). 

Fig. 10 The structure function F2 (x, Q2) of the EMC heavy target 

measurements compared with F2 (x, Q2) measured with neutrinos. 

The data are from the CDHS collaboration (ref. 5). 

Fig. 11 The structure function F2 (x, Q2) of the EMC heavy target mea- 

surements compared with results of a Michigan State University 

- FNAL experiment (ref. 6) and of CHIO (ref. 7). 

Fig. 12 The structure function F2 (x, Q2) of the EMC on the 6 m hydro- 

gen target. The errors are statistical only, the systematical 

error is estimated to be on the order of 2@.. 

Fig. 13 A muon scattering event as observed with the EMC spectrometer. 

Together with the scattered muon which passes through the iron 

absorber,3 hadron tracks are identified and the momentum is 

analysed. Shown is a top and side view of the event. 

Fig. 14 Dimuon mass spectrum for the EMC multimuon events taken in the 

heavy target run. The fastest positive muon is taken as the 

scattered one. Plotted is the mass of the two slow, opposite 

charged muons. 

Fig. 15 The differential cross section do/dQ* for electromagnetic J/JI 

production. The curves show the behaviour predicted from 

general VDM models with a propagator of 1 GeV (dashed line) 

and 3.1 GeV (full line). 

Fig. 16 a) The differential cross section do/dt extrapolated to t=O 
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and Q2=0 GeV2. The black circles are the EMC results. They 

are compared with the muoproduction data of ref. 11 and 

other real photoproduction data of SLAC and FNAL experi- 

ments listed in ref. 12. 
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DEEP INELASTIC MUON SCATTERING AT FERMILAB” 

M. Mugge 
Fermi National Accelerator Laboratoryt 
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Introduction 

As a second-generation Fermilab muon experiment, E203/391 

was designed to have high sensitivity to any number of muons in the 

final state. This allowed a broad range of lepto-induced physics to be 

studied ranging from exotic 4- and 5-muon final states to deeply funda- 

mental inelastic structure function measurements. I shall describe 

the experimental apparatus and triggers along with the general scheme 

of the analysis. Next, a brief outline of some of the rich results of the 

multimuon final states to give a feeling for the apparatus performance 

and also a feeling for what to look forward to in the coming year. And, 

finally, a more detailed discussion of the early work on deep inelastic 

structure functions. 

“Research performed by A. R. Clark, K. J. Johnson, L. T. Kerth, 
S. C. Loken, T. W. Markiewicz, P. D. Meyers, W. B. Smith, 
M. Strovink, and W. A. Wenzel (Berkeley); R. P. Johnson, C. Moore, 
M. Mugge, and R. E. Shafer (Fermilab); G. D, Gollin, 
F. C. Shoemaker, and P. Surko (Princeton). 

Ioperated by Universities Research Association Inc. under contract 
with the United States Department of Energy. 
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Apparatus 

The spectrometer was designed to look at exotic and rare muon- 

induced physics with high sensitivity which implied the use of a massive 

target. In order to achieve high and uniform acceptance over the 

entire length, a magnet integral with the target was needed. Thorough 

multi- muon physics work demanded full acceptance with no blind beam 

hole. These considerations went into the design and construction shown 

schematically in Pig. 1. 

The spectrometer consisted of 18 modules each containing five 

8-foot square four-inch thick iron slabs. A dipole-like magnetic field 

was achieved with two coils running the length of the spectrometer 

giving a 19.7 kG field uniform in a 1.1x1.8 m2 region to 3% and meas- 

ured to 0.2%. Three planes of multi-wire proportional chambers with 

x, y, and u readout, plus one drift chamber with x readout were placed 

both upstream of module one, downstream of module 18, and in all 17 

gaps. These chambers gave high-efficiency detection while sustaining 

a combined beam plus halo muon rate of nearly IO7 muons/l set spill. 

The drift chambers gave redundancy and high resolution in the hori- 

Fig. 1. Schematic view of the apparatus. Si-Si2 are trigger scintilla- 
tors. PC and DC are proportional and drift chambers. The scintil- 
lators labeled 5C form a hadron calorimeter. 

MULTI-MUON SPECTROMETER 
BERKELEY-FERMILAB-PRINCETON 

S,-,2 in modules 4,6,8,10,12,14,16,18 
PC+DC inl-18 5C in 1-15 

XBL 795-9605 

zontal bend plane. Calorimeter scintillators were placed downstream 

of the first seventy five iron plates of the first 15 modules. These 

i 
gave an rms hadronic energy resolution of 1.5 sadron (GeV) and are 

shown schematically in module 12 of Pig. 1. Twelve trigger counters 

were placed after every other module starting after module 4. 
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The bank after module 6 is shown in Fig. 1. The beam determining 

system was upstream of Fig. 1 and consisted of two magnetic bends, 8 

beam proportional chambers, 63 beam scintillators. and 94 scintilla- 

tors sensitive to accidental beam and halo muons. 

Trigger 

There were three parallel triggers in the experiment. Figure 2 

shows schematically the types of events seen with each of the three 

triggers. Each trigger looked at all 6 combinations of 3 consecutive 

banks. Only the two muon trigger made any additional requirement. 

That was that there be a 2 20 GeV shower in the calorimeter at least 2 

modules upstream of the trigger combination. The requirement for the 

single muon trigger was at least 1 hit in any of counters St, S2, Sil. 

Si2 in each of the consecutive banks with no hits in the center counters 

S3 - Sio of those banks (see Fig. 1 for counter names). The multimuon 

triggers are easily described if the word “adjacent” is defined as 

follows: S1, S2, SI1, and Si2 are not adjacent to any other counter 

and S3 - S 1. have the obvious physical meaning of adjacent. The 2- 

muon trigger is then simply at least 2 counters in the first bank and 

at least 2 non-adjacent counters in the next two banks (plus the calorim- 

eter energy requirement as above). The 3-muon trigger is at least 2 

non-adjacent counters in the first bank and at least 3 hits in the next 2 

banks with at least 1 hit non-adjacent to either of the other 2. 

Ii 
I I 

1 Muon Trigger 

St, S2, Sgl. or Si2 hit in 
3 consecutive banks with 
no hits in corresponding 

S3-Sio. No shower 
requirement. 

xdi required 2 20 GeV. 

3 Muon Trigger 

2 non-adjacent hits in a 
bank followed by 2 banks 
with 3 hits, 1 of which is 

Fig. 2. Schematic view of 3 parallel triggers. Si-S12 refer to count- 
ers within a bank as in Fig. 1. The Y views above are in the non- 
bending plane with vertical lines representing hit counters. The X 
views are in the bending plane. 
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Note that each trigger made some vertical, non-bending plane 

requirements on the muon(s) resulting from the interaction. This cut 

sharply into the inelastic scattering events with the 214 GeV/c beam 

below a q2 of -15 (GeV/c)2, although events down to -6 (GeV/c)’ were 

recorded. Because of the low q2 cutoff, a small sample of 9i GeV/c 

data was collected in order that a connection with lower q‘ measure- 

ments could be made. In the multimuon data, the vertical requirement 

made a strong cut on the large background of electromagnetic tridents 

which had very little opening angle and would remain in the bending 

plane contained in one or two horizontal counters. 

Event Reconstruction 

Beam muons were reconstructed using information from 6 bend 

plane proportional chambers with two magnetic bends. The final two 

proportional chambers before the spectrometer gave both x and y infor- 

mation, and with the fitted momentum and position, the track was traced 

into the spectrometer up to the tentative vertex z position. The tenta- 

tive vertex was found using calorimeter information with a trigger 

dependent algorithm. Downstream tracks in the spectrometer were 

searched for in 3 dimensions and traced upstream to or past the tenta- 

tive vertex. At least 4 PC hits in two views and 3 hits in the third 

view were required for each track. In order to get a consistent event 

of beam plus downstream tracks, the vertex was moved in three dimen- 

sions to get a minimum x2 for all included tracks. With a best vertex 

point chosen, the entire event was refit. 

Monte Carlo 

In addition to the 3 triggers, regular sampling of the’ beam 

throughout each spill yielded a detailed mapping of the phase space of 

the beam. These sampled beams were used as input in generating all 

Monte Carlo events so that changes in beam tune and shape would be 

properly reflected in the analysis. All muon propagation, for both 

beam and resultant muons, was done with a detailed field map and 

included the effects of single and multiple coulomb scattering. Energy 

loss was calculated in detail including the effects of straggling due to 

ionization, direct pair production, and bremsstrahlung. Beam tracks 

were propagated to a vertex, interacted, and resultant muons were 

propagated until they exited the spectrometer. Beam, chamber, 

calorimeter, and trigger information were written on tape in the same 

format as the raw data. Analysis of Monte Carlo events went through 

the same unpacking, trackfinding, reconstruction, and analysis pro- 

grams as the raw data. 

Analysis Status 

Data were accumulated during the first half of I9 78 using -4 x 10 i-3 

(gated) 214 GeV muons, of which 90% were IL+. Approximately 5x i09 

.91-GeV 2 also were used. A first generation analysis run on 10% of 

the data was completed in January this year. This run gave us a clear 

idea of the event yield in the total data sample, and this yield is sum- 

marized in Table I on the next page. The copious yield of 1, 2, and 3 

. . 
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Final State 

+ 

Table I. Extent of Data. 

cuts Total On Tape 

Q2 > 10 IO6 

Q2 > 50 IO5 

Q2 > 100 i04 

E slow 
2 10 GeV 2xio5 

E 
3EL slow >*oGev 2xio5 

L/J (background subtracted) IO4 

muon final states led us to define another sample of events as “rare, II 

which meant events with 24 muons or 2 missing leptons in the final 

state. An additional 10% of the data were run through the first gener- 

ation analysis and the next six months of work brought the results to be 

discussed next. 

Rare Events 

Potentially rare events were set aside on microfilm during the 

regular analysis and later hand scanned by two different physicists. 

The resulting small sample of candidates had - 1 m‘ pictures generated 

including all raw wire chamber information resolved to 1 mm. A fit 

by hand of the vertex position and tracks was fed through the analysis 

program and required to agree with the original reconstruction. Suf- 

ficient information was available in the highly redundant drift chamber 

and proportional chamber systems to rule out the potential problem of 

having two muon interactions superimposed. Table II on the next page 

Event 
851-5726 
u-w-u+u' 
1234 

1191-5809 
U+-U+U+Y-U- 
12345 

1208-3386 
U*+U+U-U-U+U’ 
123456 

851-11418 
u-+u-u-u+u+u- 
123456 

Scattered 
Muon 

&*0.* 
v =160+6 

Q'=k3tO.2 
" =158?7 

Q'=kZtO.Z 
" -149c9 

Q2=:.st0.6 
v -61212 

Energies 
(GeV) 
E3= 19t 2 
E4' 112 2 

Eh,d-l03+1s 
E,iss= 27t17 

E3= 26* 3 
Eq= 18t 2 
ES- 25' 4 

!&d' 57t11 
E,iss< 31*14 

E3' 50-c 5 
E4= 27t 3 
ES- 61? 6 
E6= lo* 2 

Ehad' 6? 3 
Emiss= -4+13 

83' 13r 2 
E4= 19* 2 
Es= 1P 2 
Eg- 1OC 2 

&d‘ S* 3 
E,iss= -1~13 

M34=3.0+0.3 
M3S=3.2i0.3 

M34S'4.6'0.3 

MSS-1.3i0.2 
M36=0.3+0.1 
M4S-0.4*0.1 
M46=0.5k0.1 

M34S6'2.0'0.2 

M34-2.3'0.2 
M3g=2.0i0.2 
M46=0.5t0.1 
M36=0.3'0.1 

M3456=3.5'0.3 

2.oto.2 

0.120.3 

1.8t0.4 

presents the properties of four rare events found in an initial scan of 

20% of the data. Although detection efficiency is model dependent, we 

estimate it might lie in a iO-20% range. Thus each event represents a 

cross section of order 3 x 10 -38 2 
cm /nucleon. Figure 3 shows the gen- 

eral quality of the data taken in the experiment and is the four muon 

event seen. 

Dimuon Final State 

Early work here gives no solid conclusions quite yet. In the 

PFe + (2p)X data with v > 110 GeV, an average missing energy of 18 

GeV is seen. We believe this to be due to missing neutrinos and expect 

to be able to derive cross sections for the production of charmed 

particles by virtual photons. A thorough understanding of the 
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contribution of pion and kaon decay to the 2~ data will be needed before 

a charm signal can be sorted out. We hope for some results before the 

RUN 1191 
I 

FVNT 5809 

.LI- 
2 

Fig. 3. Computer-generated picture of proportional-chamber hits in 
event 119i-5809. Top frame: elevation view; bottom frame: plan 
view. Short vertical lines at the top are calorimeter counter pulse 
heights. Long vertical lines are projections of trigger counters 
which were tagged. Heavy broken lines are tracings of the computer- 
reconstructed trajectories. Large (typed) numbers identify each 
track. 

end of the year. 

Trimuon Final State 

Previous experiments at Fermilab,‘. 2 SLAC, 
3 

and Cornell4 have 

measured + production by real photons. This experiment made the 

first reported observation of 4 production by space-like photons. The 

next three figures are taken from Physical Review Letters, 5 
where 

these results have been discussed in some detail. Figure 4 is an 

invariant mass plot before and after continuum subtraction. For the 

12% of the data sample represented, we found 1000+80 muoproduced 

$‘S. Figures 5 and 6 show the dependence of $ production on photon 

energy (Ey) and Q2. Each of the muon data points is the result of a 

mass-continuum subtraction as in Fig. 4. The calorimeter energy 

was required to be consistent with elastic #-production in order to 

eliminate contamination from inelastic processes such as +’ -c 9 

i- hadrons. Muon cross sections are converted to photon cross sec- 

tions by extracting the equivalent flux of transversely polarized photons. 

Neglect of any longitudinally polarized photon cross section is con- 

’ sistent with the observed ~‘L+JI- angular distribution in the + center of 

mass. Note that above 30 GeV, the cross section varies less steeply 

with Ey than is predicted by a photon-gluon-fusion calculation. 6 
The 

shallow Q2 dependence of Fig. 5 is best fit with M = 2.7*0.5 GeV. 
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lj 1.9 2.5 3.1 3.1 43 49 5561 
rnp+g (GeV) 

/ I , I I Ii,,, I / 
/ ’ m This excknent. Ref.5 

Fig. 4. (a) Invariant mass spectrum of 
muoproduced pip-. The curve is a 
representative fit to the continuum. 
Variations in the continuum parame- 
terization contribute to the quoted 
errors on + yields. (b) $ mass peak 
after continuum subtraction. 

Fig. 5. Energy dependence of 9 photo- 
production at t = 0. The muo- 
production points (squares) use an 
equivalent-photon approximation. Not 
indicated is their &30% normalization 
error. 

Fig. 6. Q2 dependence of L/J production 
by the equivalent-photon flux. The 
data are normalized to 1.0 at the 
lowest Q2 point. Fiorizontal error 
flags show typical Q2 resolution. 

This is interpreted in VMD as the mass of the + -- the heaviest hadron 

propagator yet observed. If the charmed quark mass is approximately 

half of the + mass, the kinematics of photon-gluon-fusion6 produce a 

QL dependence similar to that in VMD. Data like these might prove to 

be a critical test of QCD calculations. 

Single Muon Final State 

The spectrometer acceptance at an average energy of 209 GeV/c 
7 

over the full target length of 7 m of iron is shown in Fig, 7. In a Q‘ 

range from about 20 to over 200 (GeV/c)‘, except for very high Y, the 

acceptance varies between 0.10 - 0.30 in a very uniform manner. Very 

little background could fake this trigger and over 80% of the raw trig- 

gers were fully reconstructed and passed all final cuts. The beam 

track plus shower information allowed good vertex localization of about 

one millimeter in x and y and 10 cm in z. With typically 10 chambers 
L 

measuring track position, the scattered energy was determined to 7-100/O. 

This measurement resulted in a Q2 error of 8-1470, typically 11%. 

For the Monte Carlo, the muon propagation of beam and scattered 

muon was discussed earlier. The events were generated using an F2 

parametrization of the Chicago-Harvard-Illinois-Oxford ’ experiment. 

Radiative corrections were taken into account using the method of two 

equivalent radiators. Extra events were generated to simulate the 

effect of wide angle bremsstrahlung. Fermi motion was explicitly 

taken into account as was a correction for the neutron excess of iron. 

C? (GeVkj” 
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0 .I .2 .3 .4 .5 6 .7 .8 .9 1.0 

V/E 
XBL 795- 1597 

Fig. 7. Calculated efficiency for inelastic muon scattering vs. Q2 and 
Y, averaged over the full target length. 

Thus these results have nuclear effects removed and refer to an 

average of neutron plus proton. 

The ratio R(Q2, x) = cL/oT is taken from some SLAC-MIT ed 

results. 
8 

They try fitting their data with a number of forms. Their 

best fit has the form R = cQ2/( 1.1 + Q2)’ where <c(x)> = 1.3. A ruler 

fit to c(x) vs. x from their Fig. 31(f) yields R = (1.6 - 0.7x)Q2/(i. i+Q2)2. 

Note that in the x range of this experiment, this parametrization has 

R -0.2 at Q2 = 5, falling to R-0.05 at Q2 = 25, and falling to R -0.01 at 

Q2 = 125. Had R been chosen to be a constant equal to 0.2, then F2 for 

our plotted data would rise slightly for each point, with the maximum 

rise at large v and QL where the effect is a 5-100/o increase. 

Before discussing the data it is important to note that values of 

F2 are extracted at some true x and Q2 as determined by Monte Carlo 

and then corrected to bin centers using the CHIO generating function. 
7 

It is intended that the values of F2(x,Q2) are correct for a point at the 

center of the bin. For example, F2 at x = 0.35 and some Q2 is not the 

same as the average F2 over the bin 0.3 < x < 0.4 and some Q2 region. 

Figure 8 shows the best values of F2 available at this time. The 

open points represent the 209 GeV/c data and solid points represent the 

40 GeV/c running. The two sets of data provide an excellent basis on 

which to study the systematics of the experiment. The 90 GeV/c data 

has the advantage that the calorimeter information has been incorpo- 

rated into the fit making it a Ic fit. The 209 GeV/c data is still a Oc 
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Q.! 

x=0.045 

x=0.08 
x=0.15 

x=0.25 

0.: 

x.=0.35 

x=0.45 

0. 

2 

x=0.55 
0.0! 

0.0; 
x=0.65 

0.0 

AaVOO BFP 209 GeV 

A mv4a BFP 90 GeV 

-I- 
I0 

Fig. 8. Preliminary &I F2(x, q2) vs. In(Pn Q2) as measured by the 
Berkeley-Fermilab-Princeton Multi Muon Spectrometer using muon 
beams of 90 and 209 GeV/c. Errors are statistical only. At this 
time there is an overall normalization uncertainty of 15%. Syste- 
matic error study is in progress. The lines in Figs. 8 and 9 have 
the same slopes for their respective x regions, though they do have 
different x dependent intercepts. 

fit. Note that these two sets have considerable overlap in some x 

regions. The amount of agreement of the two sets of data offer a glim- 

mer of what the level of systematic errors of the two sets might be. 

For example, the overall normalization of the two sets agree at the 

3 -4% level. This was felt to be good in view of the early nature of the 

data. Yet there are a number of points of disagreement, most notably 

the two lowest q2 points of the x = 0.35 region for the 209 GeV/c data. 

Despite the early nature of this analysis and the need for a 

thorough study of systematics before any quantitative conclusions can 

be drawn, qualitative comparisons with other measurements are in 

order. Figure 9 shows the neutrino iron results of the CDHS group. 9 

The factor 5/18 is multiplied times the CDHS data to account for the 

differences in muon and neutrino scattering due to the inequality of the 

electromagnetic and weak charge. Note that the lines drawn on both 

Figs. 8 and 9 are not fits to either but instead have the same slope,on 

both figures for their respective x regions. The two sets differ in 

overall normalization by about 8%. Also the x dependence of the two 

sets is somewhat different. But the qualitative agreement is excellent. 

As a final comparison, Fig. 10 represents a compilation by 

Atwood of all SUC ed measurements. 
10 

The lines in this case have 

somewhat different slopes than in Figs. 7 and 8 except for the x = 0.65 

data, which is quite a bit steeper in the SLAC data than that observed 

either in CDHS or our data. The relative normalization difference of 



x=0.045 
x=0.08 
x=.0.15 

x=0.25 

k0.Y 

x=0.45 

0.1 

x=0.5!, 

if? 

0.05 

x=0.65 

0.02 

0.01 L 

CDHS “5/i%“•-5/18(1 - O.Oi(i-~)~/fi ) 

Fig. 9. CERN, Dortmund. Heidelberg, Saclay (CDHS) structure 
function In ( 115/i811 FZ(x, q’)) vs. Pn (Pn q2). FZ(x, q2) is taken from 
Ref. 9 with the “5/18” term multiplying it to account for the differ- 
ences in muon and neutrino scattering due to the inequality of the 
electromagnetic and weak charge. The lines in Figs. 8 and 9 have 
the same slopes for their respective x regions, though they do have 
different x dependent intercepts. 

0.1 

x=0.045 
x=0.08 
x=0.15 
x=0.25 

x=0.35 
a.2 

x=0.45 

x=0.55 
0.1 

2 
x=0.65 

a.05 

0.02 

0.01 

,- 

=: 

1, 

i- 

,- 

=h=-* 
V v- 

9 

I I ‘,,,I I I I 1111111 I I 
5 10 .a3 60 100 200 

Q=*2 

Fig. 10. SLAC-MIT ed data (see Ref. 10) for Pn F2(x,q2) vs. Pn (1nq2). 
, The lines have slightly different slopes from the slopes in Figs. 8 and 

9, except for the x = 0.65 region which is much steeper in this figure. 
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the SLAC data with our data is around 18%. And as with the CDHS com- 

parison, the x dependence is different in the comparisons of Figs. 7 

and 9. 

Because of the early nature of this analysis, more detailed com- 

parisons of this measurement with the completed SLAC and CDHS 

analysis seem somewhat premature, The similarities of features are 

pleasing but must not cut short the study of systematics. The differ- 

ences will stimulate a great deal of systematic study. 

One other trend of the data in Fig. 8 is worthy of note. Above a 

Q2 of 40 (GeV/c)2, the data at x = 0.35 and x = 0.45 are flatter than one 

might expect from QCD theory. 
11 

In fact, taken by themselves, these 

data show no scale violation at all. However, the data from Q2 of 40- 

150 cover a very small range in &I (.&I Q2) and only a few per cent drop 

would be expected in those x regions. 
12 

Without a thorough study of 

systematic errors, it is not possible to conclude at this time that this 

flatness is a significant result. Certainly in the context of the Q2 

range covered by the 90 and 209 GeV/c data together, the data present 

a “typical” picture of scaling violation as seen in earlier experi- 

remaining data sample. Coming with our understanding of TT and K 

decay in our apparatus will come cross sections for open charm pro- 

duction. Also we intend to search for and be able to place limits on 

heavy lepton production with a subsequent decay to 2 muons. The early 

LJ analysis, based on only 12% of the data, gives a picture of closed 

charm production with possibilities for checks of QCD as models for 4 

production are developed by theorists. Finally, the deep inelastic data 

hold promise of making an excellent contribution toward measuring the 

charge structure of the nucleon. 

On behalf of my colleagues, I want to acknowledge the excellent 

support of Fermilab and its Neutrino Department, The outstanding 

support groups at the collaborating institutions made fundamental con- 

tributions. This work was supported by the High Energy Division of 

the LJ. S. Department of Energy under contract Nos. W-7405-Eng-48, 

EY-76-C-02-3072, and EY-76-C-02-3000. 

ments. 
7,9,10 

Summary--Things To Come 

The Berkeley-Fermilab-Princeton multimuon spectrometer is 

offering a broad array of results. With only 20% of the data analyzed, 

there is the hope of more four- and five-muon events being found in the 
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We have used a compilation of the following data made by 
W. B. Atwood with our very slight interpolation to our x-region 
centers: M. D. Mestayer, SLAC-Report No. 214 (Aug. 1978) 
(Ph.D. Dissertation); J. S. Poucher et al., Phys. Rev. Lett. 32, 
118 (1974), and SLAC-PUB-1309 (unpublished); E. M. Riordanyt al., 
Phys. Rev. Lett. 33, 561 (1974); E. M. Riordan, MIT LNS Report 
No. COO-3069-176,MIT Ph. D. Thesis (unpublished); W. B. Atwood 
et al. , Phys. Lett. 64B. 497 (1976); W. B. Atwood, SLAC Report 
No. SLAC-185, Stan?> Ph.D. Thesis, 1975 (unpublished); A. Bodek 
et al. , &AC-PUB-2248 (1979), submitted to Phys. Rev. D; 
A. Bodek. MIT LNS Report No. COO-3069-116, MIT Ph. D. Thesis 
(unpublished). 

“A. J. Buras and K. J. F. Gaemers, Nucl. Phys. e, 249 (1979). 

12 
An expected log log Q2 dependence as expected from Ref. ii is a 
very slowly varying function. 
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FIRST RESULTS FROM A NEW ELECTRONIC DETECTOR IN THE 

CERN NEUTRINO BEAMS* 

J. Meyer 

CERN 

: 
Abstract 

In the second half of 1978 a new electronic detector for neutrino 

physics came into operation at the CERN SPS. The apparatus consists of 

a fine grain target calorimeter surrounded by a magnetized iron shell. 

Preliminary results concerning four topics are presented: 

1. Inclusive neutral current neutrino interactions 

2. Elastic scattering of neutrinos on electrons 

3. Search for prompt neutrinos in a beam dump experiment 

4. Polarization of positive muons produced in antineutrino interactions. 
+ 

* 
The results presented in this talk were obtained by the CHARM 
Collaboration composed of: 

M. Jonker, J. Panman, F. Udo (Amsterdam); J.V. Allaby, U. Amaldi, 
G. Barbiellini, A. Baroncelli, G. Cocconi, W. Flegel, P.D. Gall, 
W. Kozanecki, E. Longo, K.H. Mess, M. Metcalf, J. Meyer, R.S. Orr, 
F. Schneider, A.M. Wetherell, K. Winter (CERN); F.W. Biisser, 
H. Grate, P. Heine, B. Krijger, F. Niebergall, K.H. Ranitzsch, 
P. Stihelin (Hamburg); P. Gorbunov, E. Grigoriev, V. Kaftanov, 
V. Khovansky, A. Rosanov (Moscow); R. Biancastelli, B. Borgia, 
C. Bosio, A. Capone, F. Ferroni, P. Monacelli, F. de Notaristefani, 
P. Pistilli, C. Santoni, V. Valente (Rome). 

+ 
In collaboration with CDHS: F.L. Navarria, J.G.H. de Groat, 
A. Savoy-Navarro. 
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1. The apparatus 

1.1 Design criteria 

The principal aim of this experiment, the study of neutral current 

(NC) induced neutrino interactions,defined the basic design criteria of the 

apparatus. To determine the kinematics of the NC interaction it is 

necessary to measure: 

i) the total energy of the neutral and charged particles in the 

hadronic final state; 

ii) the direction of the hadronic shower; 

iii) the vertex position to determine the incident neutrino energy 

using the known energy-radius correlation in the narrow band 

beam. 

To separate neutral (NC) from charged (CC) current interactions final 

state muons have to be detected and their momentum measured. 

In order to achieve these goals a detector" has been constructed 

which consists of a heaviIy instrumented, fine grain and low density 

target calorimeter enclosed in a magnetized iron shell and backed up by 

an end magnet system. This design combines many of the advantages of 

bubble chambers and high mass coarse grain iron calorimeters. 

1.2 The target calorimeter 

In order to measure the direction of hadronic showers it is necessary 

to minimize the longitudinal fluctuations in the shower development pro- 

duced by the varying electromagnetic components within the shower. Thus 

a low 2 and low density target material, marble, is used in the calorimeter 

so that the hadronic and electromagnetic showers are of comparable length. 

Figure 1 shows a perspective view of part of the apparatus. The 

target calorimeter consists of 78 marble plates, each one 8 cm thick with 

a cross section of 3 x 3 m2. Marble (CaC03) is an isoscalar target with 

the same density, radiation length and interaction length as aluminium. 

The total target mass amounts to 150 tons. In between successive marble 

plates two kinds of detector elements are interspersed: 

i) A plane of 20 plastic scintillators, each 15 x 300 cm* and 3 cm 

thick. The scintillators provide the trigger and measure the 

total shower energy. They sample the transverse shower 

development and in this way determine the shower angle. The 

scintillator system amounts to an additional live target mass 

of 20 tons. 

ii) A plane of 128 proportional drift tubes 2) of 3 x 3 cm2 cross 

section and 4 m length. The tubes are used to determine the 

transverse vertex position of a neutrino induced event. They 

are also used to reconstruct muon tracks produced in the neutrino 

interaction. 

1.3 The magnet system 

Each marble plate is surrounded by a magnetized iron frame 45 cm 

wide and 8 cm thick. The proportional drift tubes, which also cover the 

iron frame region, track the muons for momentum analysis and sample 

residual shower energy leaking from the marble into the iron. 

The marble calorimeter is backed up by a system of four magnetized 

iron toroids. The toroids are segmented in thin (5 and 15 cm) iron 

.plates (3 m Fe in total) and the proportional drift tubes between them 

track muons and sample shower energy leaking downstream out of the marble 

calorimeter. 
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Data taking with a partially equipped apparatus started in summer 1978 

and the detector was completed ‘by December 1978. 

In the following chapters the first results from the data obtained 

in 1978 are described. 

2. Inclusive neutral current neutrino interactions 

2.1 Introduction 

The special features of this apparatus concerning the measurement 

of the reactions k)N + u'X and (;)N + (7)X are 
11 P 1-I 

a) A low cut off (EX > 2 GeV) in the hadronic energy with good energy 

resolution given by 

uE /Ex = (I + A)% 
x JEIGeV 

b) The fine spatial resolution of the target calorimeter allows a 

detailed pattern recognition to detect the presence of a muon. The 

cut off in muon momentum is 1.5 GeV/c. 

d As emphasized above, the essential aspect of the apparatus is its 

ability to measure the direction of the hadronic shower. Hence it is 

possible to measure Bjorken X-distributions in neutral current inter- 

actions. 

d) The target material is isoscalar. 

All these properties minimize corrections to be applied to the data. 

The separation between neutral and charged current events is achieved 

by the following criteria: A charged current event is defined as an event with 

a non-interacting track which extrapolates back to the vertex and has a 

range of at least 430 g/cm' (corresponding to a momentum cut off of 1.5 

GeV/c). Neutral current events are all other events except cosmic ray 

events which are identified as tracks entering from the sides of the 

.’ 

: _ 
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calorimeter. The NC-CC classification based on these criteria has been 

done by computer pro&Ta~~s. A visual scan of a subsample of events re- 

sulted in an identification efficiency greater than 98%. 

2.2 Preliminary results on y-distributions 

1n the fallowing we present preliminary results obtained from data 

taken in neutrino and antineutrino narrow band beams. In a neutrino 

beam exposure 9200 events were analyzed and in an antineutrino exposure 

2700 events. The events were selected in a fiducial target volume 

corresponding to a mass of 61 tons. 

Due to the dichromatic character of the narrow band beam the neutrino 

energy corresponding to a neutral current event measured with a shower 

-=gy EX, at a radial vertex position R. is in principle ambiguous. The 

event could have been induced by a neutrino from n-decay with an energy 

Ey (R) or a neutrino from K-decay with an energy EV CR). There are two 
Tr K 

methods of solving this ambiguity. 

i) Only events with energy EX bigger than the highest possible energy 

of neutrinos from n-decay are considered. In this way one accepts 

only events produced by neutrinos from K-decays. This method 

reduces the event rates and more seriously implies an effective 

cut in the y-distribution above y = 0.4. 

ii) One takes all events and uses the known radius-energy neutrino 

flux distribution to calculate for each event the probability 

of being induced by a neutrino with energy Ey > EX. This 

procedure is illustrated in Fig. 2. Figures 2a and 2c show 

the ‘;) flux distributions at a radial position of 80 cm. 

Assuming, initially, J%? = const and g * 
dy dy 

(l-~)~ for the 

/WOS=“3 HllM lN3A3 3N0 JO NOlln~I~lSIO lH313M 

lj ONlM..fl3N( I (31 d xn. INV) 
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y-distributions of v and ; respectively, one obtains the weight 

distributions shown in Figs. 2b and 2d. Each event is entered 

with these weight distributions in an ideogram for the y distri- 

bution. The resulting y distribution is used in a second step 

to calculate a new weight function and a new y distribution. 

After a few iterations the resulting yrdistribution is found to 

be independent of the initial assumption. The statistical 

method implies rather strong correlations of adjacent bins in 

the y distribution. 

Figure 3 and Figure 4 show the y distributions obtained in this way 

for CC and NC events in V and ; interactions. The dots in these figures 

represent results of a Monte Carlo calculation with the quark distribution 

as measured by CDHS 3) and a Weinberg angle of sin28W = k. In this 

analysis both classes of events (NC and CC) are analysed in the same way, 

l.e.,for CC no use has been made of the kinematical parameters of the muon. 

The resolution in y achieved in the statistical method has been 

determined using the muon momentum to determine y for CC events. 
IJ 

Figure 5 

shows an ideogram of the difference Ay = yu-y. The resolution is in good 

agreement with Monte Carlo calculations. 

Fystematic uncertainties due to acceptances are minimized in deter- 

mining the ratios R(y) = -$$ of y-distributions for NC and CC, as shown 

in Fig. 6. The error bars are statistical only, neglecting correlations 

between adjacent bins. The Monte Carlo predictions are shown as well. 

Integrating the y-distributions results in the following ratios of 

NC to CC cross sections 

R = 0.30 + 0.006 f. 0.02 

ii = 0.39 ?r 0.014 ? 0.02 
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The first errors denote the statistical errors whereas the second errors 

quoted are estimations of the systematic errors. 

Figure 7 shows first results on ratios of x-distributions between 

CC and NC interactions. 

2.3 Conclusion 

The measured y-distribution for NC interactions is compatible with 

sin'6 W = i. The x distributions show that within the errors of this first 

analysis the NC seems to see a structure in the nucleon similar to the CC. 

Further analysis of the present data is in progress to determine, from 

fits to the data, the neutral current coupling constants and the x dependences 

of the structure functions F 2 and F 3' 

3. Measurement of the process vpe + vve 

3.1 Introduction 

The motivation of this experiment is a determination of the coupling 

constants of the leptonic weak neutral current. The theoretical interpre- 

tation of this process is simple but the experiment is very difficult due to 

the extremely low cross section expected. To be able to detect the process 

the experiment has to have the following characteristics: 

1. High target mass 

2. Ability to separate electromagnetic from hadronic showers 

3. Good shower angular resolution to make use of the fact that the 

electron shower in the v,,e + vue reaction is produced at very 
2m 

small angles (ee < /- $ , e.g. 7 mr at 20 GeV). 

3.2 Performance of the apparatus in detecting electromagnetic showers 

The data were taken in the 350 GeV neutrino wide band beam (<EV> s 25 GeV) 

with 3 * 10r7 protons on target during the setting up period of the apparatus 

with only one third of the calorimeter equipped. 
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The performance of the apparatus in measuring electromagnetic showers 

has been tested with beams of 6, 15 and 50 GeV electrons. The electron 

0.20 energy resolution was found to be Ug/E = - . The resolution in 
JEIGeV 

the projected shower angle is 

1 . 1o-3 + 4 * lc+ 

I 

4 
A6proj = E/G&' E/G&' mrad, 

(In - 0.05 + 0.4) 

e.g., llmrad at 20 GeV electron energy. The expected angles for the 

reaction v e + vUe are smaller than this angular resolution. 
?J 

To separate 

electromagnetic and hadronic showers a method has been developed based 

on the characteristic difference of the transverse energy distributions 

of the showers. From the horizontal and vertical shower profiles sampled 

by the scintillators a parameter W characterizing the transverse width of the 

shower has been calculated. For each event an energy independent esti- 

mator AW = W - <W> H is determined, AW measures the similarity between the 

shower under consideration and an average hadronic shower. The distributions 

of AW measured using beams of pions and electrons of 6, 15 and 50 GeV 

are shown in Fig. 8. This figure shows in addition the transverse shower 

width u as measured by the proportional tube system. 

3.3 Event selection and results 

To select single electrons due to neutrino scattering out of the sample 

of 73000 neutrino interactions, the following conditions are applied: 

1. The event should not contain single tracks longer than 8 

radiation lengths; this condition eliminates charged current 

semileptonic events. 

2. The events should have a shower direction equal to the v beam 

direction with an angle that satisfies the relation 6'/A6' < 10. 
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3. No more than 2 hits should be found in the first proportional 

tube plane following the shower vertex and the energy deposited 

in the first scintillator plane following the shower vertex 

should be less than the energy deposited by 8 minimum ionizing 

particles. 

4. The estimator AW is required to satisfy AW ( - 6 cm and the r.m.s. 

width of the shower, as measured by the proportional tubes, 

should be U < 9 cm. 

The distribution in 62/A02 of the 21 events fulfilling these requirements 

is shown in Fig. 9a. The figure also shows background contributions expected 

from 

i) hadronic events with a large electromagnetic component 

(VW + dN) 

ii) elastic and quasielastic charged current events induced by the 

ve and ;e component in the beam. 

Because of the large mass of the target nucleon background i) has a flat 

angular distribution while events due to background ii) have an angular 

distribution which is determined by the proton form factor. 

Considering the region 6'/Ae2 < 2.25 we observe 11 events with a 

background of 4.5 + 1.4 events. The signal attributed to the reaction 

vue + vpe is thus 6.5 ?: 2.5 events. The distribution of the 11 events in 

electron energy is shown in Fig. 9b. 

Normalizing to a total (CC + NC) neutrino nucleon cross section of 
2 

CJ =.0.85 - 1O-3s G * EV, taking into account the overall efficiency of 

58 ? 17% and assuming that the cross section for Vue -C Vue rises linearly 

with neutrino energy, we obtain: 

- ELECTRONS 

----- PIONS 

8OOc E q 15 GeV 

AW (cm) 

(bl 

J 

E = 50 GeV 

1 

4 8 12 16 20 24 28 

0 (cm) 

Fig. 8 (a) Distributions of the difference AW between the width of an 
electron and a hadron shower and that expected for a hadron shower 
as measured by the scintillators for beams of 6, 15 and 50 GeV. The 
arrow indicates the cut at AW = -6 cm. 

(b) Distributions of the normalized r.m.s. width of the energy 
deposited in the proportional tubes by electrons and pions of 
15 and 50 GeV. The arrow indicates the cut at U = 9 cm. 

331 



E 

CLc 4 
i- 
Z 
w 
> 
W 

2 

0 

I I , I I 1 

(a) 
1 

I I 1 I 

(b) I 

20 40 

Ee ( GeV) 

Fig. 9 (a) Distribution of the candidates as a function of the variable 
a2/m2. The dashed 1ir.e represents the background due to hadronic 
events initiated by v~'s. The shaded area is the computed 
yo:tribution of elastic and quasi-elastic events induced by the 

uf contamination of the beam. 

(b) Energy distribution for the events vith g2/Ae2 $ 2.25. The 
line is the expected distribution for sin'8 = 0.23. 

w 

This result is in good agreement with earlier experiments 4) and with the 

Weinberg Salam model. It is concluded that a fully digitized calorimeter 

can measure the process V e + vue. In summer 1979 the full detector 
1-I 

will be exposed to neutrino and antineutrino wide band beams for 2 * 10's 

protons on target. 

4. Search for prompt neutrinos in a beam dump experiment 

4.1 Experimental method 

To search for the production of prompt neutrinos an experiment has 

been performed in which a 400 GeV proton beam was dumped in thick copper 

targets of two different densities. The prompt neutrino flux was derived 

by extrapolating the event rates obtained in both densities to infinite 

density. 

4.2 Results 

The selection criteria for events with (1~) and without (0~) a muon 

are the same as described in section 2.1. Table 1 shows the Ou and 1P 

rates obtained for events with a shower energy bigger than 10 GeV. 

Table 1 

Run Statistics 
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Table 2 

Event rates normalized to 1Ol7 protons on target, 

100 tons detector weight at the position of BEBC 

5. Measurement of the polarization of U+ from ;,,N -+ p+X interactions 

i 
Oli lli RA$ (OlJ) - 0.3 * (lu) 

I 

p = l/3 65 i- 6 106 + 7 0.61 
i 

0.07 
1 

2 0.04 33 ? 6 / I 

23 t 3 I 

/P=" 1 25~~5 1 19+6 /1.3+0.5 / 19 + 5 I 

Normalizing these event rates to 100 tons, lOI protons on target and 

the neutrino flux distribution at the position of BEBC leads to the event 

rates shown in columns 1 and 2 of table 2. In column 4 the number of 

- events not originating from V or v 
li u 

interactions is derived by subtracting 

(-) the expected number of VF; NC events (0.3 * (1~)) from the measured 0~ 

rate. Row 3 contains the event rates extrapolated to infinite density. 

This table shows evidence for a prompt production of events with and 

without a muon. - The prompt event rate produced by v and or amounts to 
lJ 1-1 

25 rt 8 (-) events whereas the non vii originated event rate is 19 2 5. The 

latter may be attributed to ve and Ge prompt neutrinos. 

Within the errors the source of prompt neutrinos is consistent with 

equal V + U andu +I) 
UlJ e 

e fluxes. - For a source synunetric in \) 
e' v',, v , !J 

Gu fl uxes one expects the value of R to be 1.G consistent with the experi- 

mental result of R = 1.3 ?r 0.5. Further analysis is in progress to 

determine the ~+./li- ratio and to provide a positive identification of (;) 
e 

interactions by detecting the electromagnetic component in the 0~ events, 

5.1 Motivation 

Particle decays 5) at low momentum transfer show evidence that the 

Lorentz structure of weak CC interactions is of the V-A form. In high 

energy neutrino interactions y-distributions 6) were measured which are 

consistent with the assumption that the V-A structure is still valid at 

high momentum transfer. However, y-distributions are not decisive in 

discrimination between a V, A structure or an S,P,T structure of the 

interaction, since any decreasing y-distribution which is consistent with 

a V, A mixture can as well be described by an appropriate S, P, T 

mixture.7' The measurement of the polarization 8) of the final state muon 

solves this ambiguity since V and A current preserve the helicity of the 

leading lepton whereas S, P and T interactions flip the lepton helicity. 

5.2 Experimental method 

The experiment is performed combining both CERN electronic neutrino 

detectors (CDRS 9) and CHARM) to form a single experimental apparatus. The 

CDHS detector is used as an instrumented target for ; interactions and 
P 

the CHARM detector serves as a polarimeter. Figure 10 shows schematically 

the combined experimental set up. 

Positive muons produced in cpN + u'X interactions in the target detec- 

tor are focussed by its toroidal field towards the polarimeter and come to rest 

in it. The magnetized iron frames around the marble structure provide a 

uniform magnetic field of 58 Gauss, transverse to the beam line, inside 

the marbie. This field causes the muon spin to precess. Positrons from 

u+ decays are detected in either the backward or the forward scintillator 

plane relative to the marble plate in which the muon had stopped. This is 

iilustrared schematicaily in Fig. il. 
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5.3 Results 

The experiment was performed in the 330 GeV horn focussed ; wide 
11 

band beam with one third of the polarimeter active during the setting up 

period of the CHARM detector. In this exposure 13 000 U+ were found to 

stop inside the polarimeter. Average values of some kinematical quantities 

of these vu events are shown in Table 3. 

Table 3 

<Pv> = 16.1 + 0.35 GeVfc 
I 

In 3400 events the decay positron was recorded. The polarization 

is derived from the time dependence of the quantity 

NBC0 - $(t) 

R(t) = NB(t) + NF(t) 

shown in Fig. 12.together with a fit of the form 

R(t) = R 
0 

* cos(wt + I$) + R1 (1) 

The phase I$ determines the sign of the helicity and is expected to be 0 

for Negative helicity and -‘TI for positive helicity. The oscillation- 

amplitude R. is proportional to the magnitude of the polarization whereas 

the offset RI is due to positrons emerging from muons which had stopped 

inside a scintillator. 

0.6 
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Fig. 12: Observed time dependence of the relative ha&ward-forward positron 
asymetry. The sinusoidal function is the best fit of eq. (1) to 
the experimental points corresponding to the results given in the 
text 
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The fit results are R. = 0.14 + 0.02 and $ = - 3.1 * 0.2. These results 

show that the helicity is positive. Normalizing the measured R. to the 

value predicted by a Monte Carlo calculation of the polarimeter analyzing 

power leads to the result that the longitudinal polarization of D+ from 

vlr 
interactions is 

P = + 1.09 * 0.22 

This result is in good agreement with pure V, A interaction type and puts 

an upper limit of 'S,P,T 

'TOT 
< la%, with 95% CL, on S, P or T contributions 

to the interaction. 

In summer 1979 this experiment will measure the polarization as a 

function of the inelasticity y of the neutrino interaction and in this 

way be able to increase the sensitivity to detect possible S, P, T con- 

tributions. 
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I. INTRODUCTION 

We have carried out a series of experiments studying 

the interactions of neutrinos both at the Fermi National 

Accelerator Laboratory and at Brookhaven National Laboratory, 

using the 15-ft bubble chamber at Fermilab and the 7-ft 

bubble.chamber at BNL as detectors. In all of these experi- 

ments, the chambers were filled with a heavy neon-hydrogen 

mixture containing approximately 64 atomic % of neon. The 

neutrino beams used at Fermilab were the double horn focused 

wideband beam and the dichromatic narrow band beam. At 

Brookhaven we used the double horn focused wideband beam 

as well as a narrow band beam utilizing two pulsed magnetic 

horns that we especially designed for this experiment. The 

neutrino spectra in the wideband beams peaked at 2 GeV and 

25 GeV, respectively, at BNL and Fermilab, and had usable 

flux going out to - 20 GeV and - 200 GeV, respectively. 

The narrow band beam at BNL focused 10 GeV/c positive mesons 

with a momentum bite of + 12% and had neutrinos from 2 to 5 

GeV from TT + decays and from 8 to 10 GeV from K+ decays. 

The Fermilab narrow band beam was set to focus 200 GeV/c 

and 300 GeV/c positive mesons with a momentum bite of + lo%, 

with neutrinos from 30 to 150 GeV from 7~ 
+ decays and from 

150 to 300 GeV from K+ decays. 

The heavy neon mix used in these experiments had a 

40 cm radiation length and a 125 cm hadronic interaction 

length. The magnetic field was 30 kG in the 15-ft chamber 

and 25 kG in the 7-ft chamber. 'Electrons can be identified 

with high efficiency and reliability by their characteristic 

electromagnetic shower and ionization loss. Hadrons 

typically interact in the liquid, and muons leave the chamber 

without interactions. Photons (and thus TO'S) can be detected 
+- via their conversion into e e pairs, and strange particles 

can be detected via their decays K 0 f 
4 s + T- and A 0 4 p + lr-. 

A summary of the experiments is as follows: 

1. The Wideband v Run at Fermilab, Expt. No. 53 (Columbia- 

Brookhaven Collaboration), used 400 GeV protons on target, 

about 1 x 10 13 protons/pulse. The ratio of the four kinds 

of neutrinos in this run was approximately 

v,/~,/ve/~, u 100/3/l/0.2 . 

The exposure so far consists of 134,000 photographs. Most 

of the data presented from this experiment in this talk 

are based on an analysis of all of these pictures. The 

total number of charged current v interactions in this 

run is - 100,000. The experiment is approved for an 

additional run of 300,000 pictures, scheduled for the 

summer of 1980, which should about quadruple the number of 

events obtained so far. 

2. The Fermilab Narrow Band Run, Expt. No. 380 (Columbia- 

BNL-Rutgers-Stevens Collaboration). The first run of this 

'experiment in the summer of 1978 took - 100,000 pictures, 

about one quarter with 200 GeV/c mesons and three quarters 
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with 300 GeV/c mesons. This run had a total of - 1000 

neutrino interactions. The experiment is scheduled to take 

more data in the fall of 1979. 

3. The Brookhaven Expt. No. 693 (Columbia-Rutgers-Stevens 

Collaboration) consisted of four runs: a) Narrow band v - 

- 150,000 pictures; b) Wide band v - - 200,000 pictures: 

c) Wide band v - - 300,000 pictures; d) Beam dump - 

- 600,000 pictures. The scanning and measuring of the 

events in these runs are still in progress so that the 

data presented from this experiment are preliminary. 

The participants in the groups that collaborated in these 

experiments are: a) The Brookhaven Group: A.M. Cnops, P.L. 

Connolly, S.A. Kahn, H.G. Kirk, M.J. Murtagh, R.B. Palmer, 

N.P. Samios, and M. Tanaka. b) The Columbia group: C. Baltay, 

D. Caroumbalis, H. French, M. Hibbs, R. Hylton, K. Shastri, 

A. Vogel, L. Chen, J. Liu, and G. Ormazabal. c) The Rutgers- 

Stevens Group: P. Jaques, M. Kalelkar, P. Miller, R. Plano, 

P. Stamer, B. Brucker, L. Koller, and S. Taylor. 

II. RESULTS ON NEUTRAL CURRENT INTERACTIONS 

A.v +e--vU.+e- 

Our results on this purely leptonic neutral current 

process have not changed since we published' our final results 

based on the 134,000 pictures we have taken so far. We found 

a very clean sample of 11 events of this reaction in a total 

of 106,000 charged current v interactions. The background, 

primarily due to the process, ve + n - e- + p, is estimated 

to be 6% of the signal. The distribution in Ee2 of the 

single recoil e- from these 11 events, as well as a sample 
+ 

of single e and single y events, are shown in Fig. 1. This 

variable is kinematically limited by twice the target mass 

in this reaction, ES2 i 2m,. The fact that most of the 

signal is below 1 MeV in ESL is evidence that these events 

are v LJ 
scattering on electrons. The absence of events at 

higher Ee2 for the e- events indicates the cleanness of the 

sample. The cross section for this process is determined 

to be 

O(vpe- - vpe-) = (1.8 2 0.8) x 10 -42 Ev cm2 , 

which is in good agreement with the prediction of the 

Weinberg-Salam model, and yields a value of the mixing angle 

2 sin 0 
W 

= 0.20 ';-g . 

B. X Distribution for Inclusive Neutral Currents - 

The X distribution for the inclusive neutral current 

process 

vw 
+N-.v +... 

IJ 

has eluded experimental measurement in the past since it 

requires the measurement of both the energy and the direction 

(i.e., the vector momentum) of the outgoing v PL' 
which is hard 

to detect even in the large counter-spark chamber detectors. 

We have used a sample of - 50 neutral current events in the 

Brookhaven narrow band run to measure this distribution. 

‘_ 

.’ 

-7. 
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The outgoing v was not detected but its vector momentum 
CL 

was reconstructed using energy and momentum conservation. 

The geometry of the narrow band beam was used to give an 

estimate of the incident v !J energy and direction, i.e.,E v in 
and F v in' The vector momenta of the charged and neutral 

hadrons in the final state were measured in the heavy neon 

chamber, and added vectorially to obtain E hadron and F hadron' 
The variables of the outgoing neutrino could then be 

reconstructed: 

IO- c) SINGLE y 

0 
I n I Ill 

5 IO 15 20 25 
. Ee2 (MeV) 

FIG, i 

E v out =E v in - Ehadrons 

I; zz 
v out P v in - 'hadrons 

and X = q2/2mv could be 

calculated for each event. The distribution in x is shown 

in Fig. 2. The dashed curve on this figure is the x distri- 

bution for the charged current events. Within the poor 

statistics of the neutral current sample the indication is 

that the x distributions as seen by neutral and charged 

currents are similar. As a consistency check the measurement 

of the outgoing pL- was ignored in the charged current sample 

and the x distribution was calculated using the same method 

as was used for the neutral current sample. No significant 

distortion was introduced, indicating that this method works 

well at the level of statistics available here. A similar 
_.. 

result but with much better statistics has been obtained by 

the CHARM Collaboration2 at the CERN SPS. 



111. SCALING VIOLATIONS IN CHARGED CURRENT INTEPACTI~NS 

We have combined data from the narrow band runs from 

the BNL and the Fermilab runs, augmented by some wideband 

data, to look for deviations from scale invariance in the 

charged current interactions. Since the scaling violations 

are expected to depend on logarithms of the variables, it is 

important to note that this data spans neutrino energies 

from 1 GeV up to 3OO GeV. 

A. X Distributions 

Figure 3 shows the x distributions obtained in the runs 

at Brookhaven and Fermilab, normalized to the same area. 

The average neutrino energy is 2.5 GeV and 30 GeV, respectively, 

in the two samples. The two distributions are significantly 

different, which is a clear violation of scale invariance, 

which implies that the x distributions be independent of the 

incident neutrino energy. This effect of the x distribution 

becoming narrower as Ev increases has also been seen previously 

in the CDHS data. 3 

B. 2 L-J /E Plot 

The plot of the average value of qL/E vs. the incident 

neutrino energy Ev is shown in Fig. 4. From the definitions 

x = q2/2mv and y = v/E, we see that 

<92>= 2m<xp. E . 

Scale invariance requires that the x and y distributions, and 

thus the average value of xy, are independent of Ev. Thus 
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the significant change in <q2>/E as a function of Ev shown 

in Fig. 4 is a clear violation of scale invariance. It 

should be pointed out that this variable, <q2>/E, is 

experimenta1l.y very reliable since q2 = 2EvEU(1-cosS& 

and q2/E = ZEU(L-cos9U) depends only on the measurement 

of E u and e u' which are very reliable in the bubble chamber, 

and is independent of the measurement of the total neutrino 

energy or the hadronic energy, and is also independent of 

the incident neutrino flux or the shape of the incident 

v energy spectrum. 

As can be seen from Fig. 4 the large range of Ev in 

these experiments is very important here: for example, if 

only data above E 
V 

= 30 GeV were available, the variation 
2 of <q p/E would be much more difficult to see. However, 

much of the data with E v below 10 GeV has qL of a few GeV 

only. and thus the theoretical interpretation of this low 

energy data (i.e., relevance to QCD) is not clear. Similar 

results have previously been obtained in a combination of 

Gargamelle and BEBC data. 4 

IV. CHARM PRODUCTION 

We have observed the production of particles with the 

new hadronic quantum number, charm, both via the semileptonic 

and hadronic decays 6'7 of the charmed particles (c): 

vU + Ne -t CL- + C + . . . 

L e+ f (v,) + . . . 

L Kr-ir, AT, K"p, etc. 

The signature of the first process is the presence of 

two oppositely charged leptons (U-e+) in the final state. 

The signature of the second process is a U- and a visible 

strange particle decay in the final state. In the first 

case there is an undetected v in the final state so that 

the mass of the charmed particle cannot be reconstructed 

from its decay products. The evidence that these dilepton 

events come from charm production is the correlation of 

these events with strange particles and the consistency of 

the rate and other properties of these events with the GIM . 
scheme. In the case of the hadronic decays, all of the 

decay products are seen and the charmed particle can thus 

be directly observed as a peak in a mass distribution. So 

far we have seen four charmed particles in this way: 

the D"(1860), the D*+(2010), the Ac+(2260), and the x:(2426). 

A. Semileptonic Decays 

1. U-e+ Events 

In the 134,000 pictures of the Fermilab wideband run 

we now have a final sample of 249 events of the type 

% 
+ Ne - pm f e+ + . . . 249 events 

with a Pe+ 2 300 Rev/c cut on the e 
+ and no cut on P - u-- We 

estimate the background to be 12% due to Ye interactions 

with a fake UL- (24 + 13 events) and charged current VU 

interactions with an e 
+ 

from an asymmetric Dalitz pair 

(7 + 4 events). The distributions in the momenta of the e+, 

the U-, and the visible neutrino energy Evis is shown in 

Fig. 5. 

. 
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production: -f it is this correlation of the CL e events with 

strange particle production that implies that the source 

of these events is the semileptonic decays of charmed 

particles. Subtracting the associated production background 

and correcting for the vee branching ratios and detection 

effic.iencies we get 

Vees Assoc. Prod. Corrected 
Observed Backqround Excess 

K0 37 9 110 + 25 

A 20 7 245 9 

x 1 l/2 

Total 58 17 134 2 27 

Comparing these corrected numbers with the number of W-e+ 

events (subtracting the fake IJ-- and asymmetric Dalitz 

pair backgrounds), we obtain the rate 
- i (excess of neutral strange particles)/(P e event) = 0.6+0.15. - 

If we assume that charged strange particle production 

equals neutral strange particle production, this ratio 

impiies a total of - $- 1.2 strange particles per p e event. 
-+o We note that the existence of 1: e ;? events ( 20 events 

seen where the associated production background ia ?j is an 

indication of charmed baryon production and decay, since 

these ::"'s cannot come from D decay nor from s c;-Jarks from 

the sea in events w‘nere charm is made from an s quar?c in the 

sea [S make T, not A). However, it is not clear how to 

extract the ,qc ' to D prcduction ratio from ~-e+,q/W-e+K = 

24/110 since the branching ratios of the hci into A0 and 

K" is not known. 

The A0 and K" production in the I-L-e+ events is shown 

as a function of Evis in Fig. 8. No strong variation is 

evident. 

We now summarize the arguments that indicate the 

oppositely charged dilepton production by neutrinos is due 

to semileptonic charmed particle decays. The observed 

dilepton events are not consistent with being single FL- 
+ + events with the second lepton, the CL , or e , coming from 

T or K decay. The cross section for the dilepton events 

is too high by a factor of 10 3 to be due to the four fermion 

process v * Il-c+v, or v w - G-e+v, in the coulomb fieid of 
1-L 

the target nucleus. These events, therefore, must be due 

to some new effect. such as the production and decay of a 

heavy lepton, an intermediate boson, or charmed particles. 

The interpretation as heavy iepton production followed by 
-+ decay into 5 P or p-eT was ruled oilt by the observation That 

the u- carried much more energy on the average t‘nan the Ll + 

7 
or e (see Fig. 5), which is not what is expected for heavy 

Leoton decay as pointed out by Pais and Treiman. 8 The 

interpretation as prcd,;ction ai:d decay of an intermediate 

boson is inconsistent with the energy dependence of t:le 

cross section (see Fig. 9j and :he high inelasticitv of the 

dilepton events. The interpretation of these events as the 

production and senileptonic decay of charmed particles is 

.: 
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consistent with all aspects of the data, as will now be 

discussed in more detail. 

a) The rate of l/2 to 1% of the total charged current 

cross section, with a semileptonic branching ratio around 

l/10, indicates 5 to 10% charm production as expected from 

sin20 
C‘ 

b) The x and y distributions are consistent with the 

dominant charm production mechanisms: 

1. ' For incident v : P 

On valence quarks: 

Rate - d(x)sin'Sc 

1 strange particle/event 

broad x distribution 

On sea quarks: 

Rate - s (x) cos2ec 

2 strange particles/event 

narrow x distribution 

ii. For incident ; I-L 
charm can be produced only on 

sea quarks: 

?‘r------.~r -4 On 5 sea quarks: 

We thus expect the x distribution for v 
v 

+ N - p- + Jf + . . . 

to be a combination of the valence and sea x distribution, 

while for v + 
w 

f N - w + A- + . . . to be narrow like the sea 

x distribution, as observed. -+ For example in our CL e 

sample, a fit to the x distribution to (a) (sea)+(l-a) (valence) 

produced a good fit with a = 0.37 2 0.10 implying that charm 

production occurs about l/3 of the time off sea s quarks and 

2/3 of the time off valence quarks. 

c) Strange particle production. As discussed above, we 

see 0.6 f- 0.15 neutral strange particles or - 1.2 total 
-+ strange particles per iJ- e event. This agrees well with what 

we would expect from the GIM scheme, keeping in mind that 

from the fit to the x distribution we have 2/3 of the events 

on valence quarks with 1 strange particle per event plus l/3 

on sea quarks with 2 strange particles per event for a total 

expectation of 1 l/3 strange particles per event. 

d) The detailed distributions of the dilepton events, 

such as the azimuthal angular distributions of the transverse 

momenta of the CL-. the CL + + or e , and the hadrons (Fig. lo), 

the distributions in P and PI of the leptons, and the total 

hadronic energies, etc., are all in good agreement with what 

is expected from charm production. The o+ K e 0+ and the h e 

mass distributions from the v + Ne + LL- + e + 
IJ. + (K" or no) 

'+ . . . events, shown in Fig. 11, are in good agreement with 
+ the semileptonic decays of a D or a iic . 
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- - 
2. pe Events 

Same sign dileptons like FL-e- events cannot come from 

single charmed particle production since in v 
F 

reactions 

a c quark is made singly (not a c) which decays into an e + 

and not an e-. However FL-e- events could come from 

associated charm production where the c decays hadronically 

and the c decays into an e-. 

The search for a P.-e- signal is made difficult compared 

to k-e+ by the fact that the signal is an order of magnitude 

smaller (if it exists at all) and the backgrounds due to 

'e interactions and compton electrons in CL- events are larger 

than the corresponding backgrounds for ei (;,/v, flux is 

- l/6, and there are no e+ from compton scattering). To 

reduce these backgrounds we have to make cuts of the FL- and 

e momenta. We find 20 events v FL 
+ Ne - ILL- + e- + . . . 

with Pp- 2 10 GeV/c and 2 i Pe+ L 20 GeV/c. We estimate the 

remaining backgrounds to be 8 events of ve + Ne - e- + fake FL- 

and 1 event of v v + Ne - pL- + compton e-. The signal is 

thus 20 - 9 = 11 + 5 events, which we feel is not very 

significant. The rate compared to b-e+ events with the same 

cuts is 
- - 

3 = (16 + 8)% . 
Fe 

This rate is not inconsistent with the rates obtained 

in the counter experiments for Lt-p- events if we keep in mind 

the effects of the selection criteria (we have a Pee z 2 GeV/c 

cut compared to the PFL- 2 5 to 10 GeV/c cuts). The significance 

of the p-FL- signals in the counter experiments is similar to 

the significance of our result (around 2 standard deviations). 

and it should be hardly necessary to point out that many 

inconclusive results do not add up to a convincing case. We 

thus have to wait for more statistics to establish the existence 

of an opposite sign dilepton signal. 

With these 20 p-e- 0 +- 
candidates we see one vee, a K -TTsT 

decay. If these events were due to associated charm production, 

we would expect a total of two strange particles per event, 

or 4 to 5 observable vees in 11 events (20 - 9 background), 

where we see only 1. This is not encouraging, but statistics 

are still very poor. 

3. Charm Chanqinq Neutral Currents 

We have looked for charm changing neutral currents in 

both production and decay processes: 

a) Charm production by neutrinos via neutral currents 

would lead to 

VI-L 
+ Ne -. Y + c + . . . 

' I+ e+ + ve + hadrons . 

The signature for this process would be events with an e+ 

but no v- in the final states. The e+ momentum distribution 
-+ 

characteristic of charm decay in the I-L e events (see Fig. 5a) 

was used to separate such a signal from Ge + Ne - e 
+ + hadron 

events. No significant signal was found, and we can set 

an upper limit of 
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1. Do - KO.rr+a-, D *+ -e DOT+ g(charm chanqinq N.C.) ~ 3% . 
c(total N.C.) 

b) Charm changing neutral currents would lead to decays 
+ 

of the type c 4 e + e- + hadrons in analogy to the charged 
+ 

current decays c - e + v, + hadrons. The signatures for 

such decays would be 

vP 
-b Ne - p- + c + . . . 

& e+ + e- + hadrons 
-+- r.e.,events with CL e e in the final states. No such 

signal was found, and we can set an upper limit, using our 

CL-e+ events for normalization of 

Rate (charm chanqinq neutral currents) s 2"/ 
Rate (charm changing charged currents) o * 

B. Hadronic Decays of Charmed Particles 
*+ 

We have observed four charmed particles, the Do, D , 
++ 

and the Cc , via their decays into hadrons, 6,7 one of 

which was a strange particle. The signature for these 

decays is a FL- and a strange particle in the final state. 

We have now a final sample of 

% 
+ Ne + pL- + K" + . . . 3141 events 

L Tr+ + lr- 

VLl i Ne - wL- i ho i . . . 2297 events . 
L p + w- 

We use this sample to look for charmed particles by 

examining the effective mass plots of the K" or A 

combined with other hadrons. 

The KOT+T- effective mass plot is shown in Fig. 12. 

A peak near 1860 MeV indicates the presence of 

vP 
+ Ne - CL- + Do + . . . 

1 K" + T+ + T- . 

The peak contains about 60 events, and the best fit gives 

a mass of 1854 2 15 MeV and a width of c = 26 + 8 MeV, 

which is consistent with our experimental mass resolution. 

The peak is not quite as significant as it was in 2/3 of the 

data when we published this effect in the Physical Review 

Letters, but it is still over three standard deviations in 

significance. Correcting for K" branching ratios and 

detection efficiencies, we obtain the rate 

v +Ne - CL-+DO+..., Do-K TT T o+- 
= (0.4 + 0.15)s . 

vk +Ne -I p-+ . . . 

To look for the D *+ 0+-i , we examine the K T T TT effective mass. 

However, the resolution is much better in the mass difference 

Am = m(K"n+~-=')-m(Ko~+=-), which is plotted in Fig. 13. For 

KOTilTir- masses in the Do region, 1.82 c m(KOa+sr-) i 1.90, 

we see six events near Am = 145 MeV (Fig. 13b). For control 

regions below and above the Do (Figs. 13a and c), there are 

no events in this region-indicating that we have six events 

of the type 
*+ 

VW + Ne 4 FL- + D + I.. 

I+ Do + T+ 

!j K" + JT+ + T- . 
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2. II_+ ++ and C_ production 

We have searched for inclusive A, ' production by 

examining the effective mass distributions of A r O +, h"lr+lr+T-. 

ZOP, and z"piiir- , combining all possible final states. 

We see 2 standard deviation bumps near 2260 MeV in the h.ir' 

and the h"ai-rrir- distributions, and no signals in the other 

two. The Aai distribution is shown in Fig. 14. We do 

not consider any of these to be significant. We summarize 

the rates or limits on rates for inclusive A, + production 

from this search in Table 1. 

To investigate these structures near the A, + mass, we 

consider the possibility that some of the AC + events arise 

from the decays of a C ii. 
C 

into a A, 
+ + and a 1~ . Since the 

expected Q value for these decays is sma'll, the resolution 

in the mass difference Am = m(Cc ++) -m (A,+) is very good 

(a - 5 MeV). In the first BNL charm event, 9 as well as in 

the Fermilab photoproduction experiment, lo the AC 
+ mass was 

2260 MeV and the mass difference was near 166 MeV. Using 

these values as a guide, we select events with a h-rr + 

effective mass within 2260 2 25 MeV in which there is at 

least one additional TT+ (25 Mev is our mass resolution). The 

distribution in the mass difference, Am = m(ha+r+)-m(Ar+), 

shown in Fig. 15a, shows clustering around 166 MeV. The Am 

distributions for the mean of the control regions with m(An-+) 

below and above the AC+ mass (Fig. 15b) show no clustering. 

The /iTi mass distribution for events with Am in the range 

r J’ 
I 

1 

V 
0 
cu 

AWlO~/ SNOllVNlHW03 

FIG, 14 

404 



I +k 
c t 

+0 
-4 

_ -is 

I 
C

 



A 
I 

L1 
0 

L -L 

AaW
O

W
 

SN
O

llVN
l8W

03 



where we observe 20. The probability of this being a 

statistical fluctuation is less than 10 -5 . 

In order to estimate the rates for Cc ++ production 

followed by the decay X 
++ 

- nc+Tr+, with the A 
+ 

c c decaying as 

above, we correct the number of these events observed above 

background by the V" branching ratios, the V" scan and 

detection efficiencies (76%), and the efficiency in the 

measurement and reconstruction of the charged tracks (87% 

per track). Normalizing this to the total number of charged 

current interactions, we obtain the rates as given in 

Table II. 

To obtain our best estimate of the AC + mass and the 
ff + 

cc -A c mass difference, we use the 8 events with A + 
c + Air+ 

since this sample has the smallest background. The values 

obtained are 

m(h,+) = 2257 2 10 MeV 

m(CF)-m(Ac+) = 168 + 3 MeV . 

It is interesting to note that one of the twenty events 

is probably an example of quasielastic charm baryon production. 

Kinematics and track identification suggest that the reaction 

is viiNe - lJ-AT+n+lr+a- with no missing particles. The event 

thus has the AS = -hQ signature of charm production. 

Examination of the masses then indicates that the event is 

another example of the reaction: 

Table II 
f-f- 

Observed Events of tine Type vNe + u-Cc 
++ 

+ . ..I c c 
with 2.235 GeV < M A + < 2.285 GeV and 160 MeV < Am c 172 MeV 

c 

Decay Mode 
* ** 

Events Backqround Siqnal Rate 

. ._ 

*x+ 8 1.5 17.6 (1.8 f o.8)x1o-4 

K0p 7 2.0 25.5 (2.7 2 1.6)~10-~ 

~lT+lA- (Y*Tr+lr-) 4 1.5 12.4 (1.5 2 1.41x10-4 

~"pmf~-(K*pi?) 1 1.0 

20 6.0 55.5 ( 6 + 2.3)~10-~ 

* 
Signal is events above background corrected for 

detection efficiencies and unseen neutral decays. 
** 

Rate is the signal normalized to the total number 

of v w 
charged current interactions. 
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Two of the three mf' s in this event are over-stopped as K' 

and the interpretation of the third positive track heavily 

favors m+ over Kf by geometrical reconstruction, ionization 

and longitudinal momentum balance. Transverse momentum is 

balanced to within 70 MeV/c. There is no visible evidence 

for stubs at the primary vertex or additional neutrals in the 

downstream 7 radiation lengths and 2.5 interaction lengths. 

The probability that this event is associated strange particle 

production with a missing KL has been calculated to be less 

than 3%. The two relevant masses are m(A, +) = (2276 2 25) 

MeV and Am = (163 f- 5) MeV. 

C. Visible Charm Decay Event and the Charm Lifetime 

In our final sample of 249 semileptonic charm decay 

{~-e') events there are several events in which the e + does 

not seem to come from the v interaction vertex. One of 

these e-vents is very clear: the e i originates from the decay 

of a charged track u 1 cm from the -J interaction vertex. The 

most likeiy interpretation of this event is that it is the 

visible decay of a D': 
f + 

v CNe4u-+D +; .._ i- -- + '2 

+ 
our confidence in the origin of the e comes from a 

careful examination of the vertex reyion of the event under 

very 1. high magnification. A photograph and sketch of the 

event is shown in Fig. 17. The event has been measured and 

geometricaiiy reconstructed, and the e 
+ track has been 

:: 



extrapolated back to the interaction vertex. The distance of 

closest approach of the e + (i.e., the perpendicular distance 

from the extrapolated e + track to the interaction vertex) is 

2100 f 280 microns. The decay angle (i.e.,the angle between 

the e + and the parent track) is 8.9 + lo and the distance 

from the interaction vertex to the decay point is 1.1 + 0.2 

Thus it is very clear that the e + cm. does not come from the 

interaction point but from a distinct decay point. 

The event consists of a 5.7 GeV/c P-, two slow positive 

tracks that are most likely protons (possibly from breakup 

of the neon nucleus), a decaying positive track, an inter- 

acting negative track, and the short (1.1 cm) track that 
+ 

splits into an e , a leaving positive track, and a very 

energetic interacting negative track. The total visible 

energy of the event is 43 GeV. We unfortunately cannot tell 
+ + whether the positive decay product is a P , T , K+ or p, 

or whether the negative decay product is a TT- or K-. In the 

spirit of showing consistency of interpreting this event as 

charm decay, we can call the positive a TT + and the negative 

a K-, in which case the decay could be D + - K-;r+e+(v,) . The 
-++ 

KJi-e effective mass is 1676 MeV, consistent with this 

interpretation with a missing v,. The decay cannot be 

interpreted as the decay of a charmed baryon since the 

effective masses with the proper mass assignments exceed the 

h,+(2260) mass (the K-pe+ +- 
mass is 3889 MeV, and the T T 

+ 
e mass with a missing ho is larger than 2700 MeV). The 

positive decay product is within errors at O" to the short 

1.1 cm track. This allows another possible interpretation 

of this event as the decay of a neutral particle, for 

example D 0 + K-e+(v,) at 1.1 cm from the interaction vertex, 

with the positive track coming directly from the vertex, 

unrelated to the decay, but accidentally falling on top of 

the decay point in all three stereoscopic views. 
-+ The K e 

mass is 1493 MeV. (The errors on all of the effective masses 

given are of the order of 4 25 MeV.) 

We have considered a variety of backgrounds, i.e., 

interpretations other than charm decay for this event. The 

e+ has a transverse momentum of 450 2 60 MeV/c with respect 

to the line of flight of the parent particle. This is 

significantly larger than the transverse momentum allowed 

in the decay of any known strange particle: thus the event 

cannot be interpreted as a strange particle decay. Other 

possibilities considered were a) a positive hadron produced 

at the interaction vertex interacting in 1.1 cm, producing 

hadrons including a TO, which then Dalitz decays so 

asymmetrically that only the e 
+ is visible; b) an e+ from 

the interaction vertex scattering inelastically or elastically 
+ at 1.1 cm producing the observed e ; c) a hadron produced at 

the interaction vertex interacting at 1.1 cm from the vertex 

producing a K+ which then decays into T"e+v in flight 

producing the e+ observed. The total background from all of 

the above sources was estimated to be less than 0.1 events. 
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Thus it is not likely that the observed event is due to the 

backgrounds discussed, and we interpret it as an example 

of visible charm decay. 

In order to estimate the proper time at which the decay 

occurred, we need to know the momentum of the parent particie. 

We cannot reconstruct this momentum because there is a 

missing Y, in the decay. We have calculated the minimum and 

maximum energy that the v, could have carried off by requiring 

that the effective mass of the decay products including the 

ve be consistent with the D meson mass. This gives a range 

for the momentum of the D before decay to be 35 to 63 GeV/c 

with a corresponding range of proper times of 9 x 10 -13 to 

2 x 10-l* sec. These numbers, however, are not Very meaningful 

since our efficiency for seeing a decay drops drasticaily at 

shorter lifetimes and thus the visible decay is likely to 

be in the tail of the lifetime distribution. 

A more fruitful approach is to consider that we have a 

sample of 249 semileptonic charm decays -+ (II e events) and to 

ask how many of these decays we expect to occur at 

distances longer than 0.5 cm, as a function of the charmed 

particle lifetime. In order to do this, we have taken 

charmed particle momentum distribution from the D 0 - lz"lT+?r- 

sample and inserted our detection efficiency. The total 

number of visible charm decays that we expect in the entire 

experiment as a function of the charm lifetime is shown in 

Fig. 18. We find that our observation of this event is 

L 

FIG, 18 
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consistent with a mean lifetime of 5 x 10 -13 set for the 

charmed particles in our sample. We should caution that 

this is some weighted average of probably several lifetimes 

(Dot D+,.. A,, etc.). 

Charmed lifetimes of this order of magnitude are 

consistent with the events observed in emulsions 11 and the 

events with visible charmed decays seen in another neutrino 

experiment 12 in the 15-ft bubble chamber at Fermilab. 

V. LIMITS ON HEAVY LEPTON PRODUCTION 

We have carried out several searches for heavy lepton 

production by neutrinos via their decays into electrons, 

positrons, or pL- + TT+ in the Fermilab wideband neutrino run. 

A. Charqed Heavy Leptons 

Charged heavy leptons L' could be seen in neutrino 

interactions via the production and decay processes 

+N-.L f 
% 

+ hadrons 

L e+ +v +; 

4 3 +v+s * 

1. We have done a search for L+ using this reaction, 

looking for events with a single e' but no CL-, with negative 

results. 13 The main conclusions are: (a) Muon type heavy 

leptons, if they exist, are heavier than m(L-) 2 7.5 GeV; 

m(L+) 2 9.0 GeV. (b) The heavy lepton, 7 (l-E), discovered 

at SLAC, is not muonlike. (c) Any P-T mixing is less than 

2 l/2%. 

2. Similar searches were carried out by the counter 

experiments by the CITF 14 and the CDHS15 groups looking for 

events with a single !.l+ but no vL-, with negative results. 

The best limit on the mass of a muon-type heavy lepton comes 

from the CDHS experiment: m(L+) z 12 GeV. No limit is 

available from these experiments on m(L-) since a single I-1- 

signature from L- decay cannot be distinguished from the 

dominant charged current vcL interactions. 

B. Neutral Heavy Leptons 

Several experiments have found evidence suggestive of 

neutral heavy lepton production by neutrinos. These effects, 

however, are not confirmed in our experiment. 

1. The Aachen-Padova experiment l6 has reported 7.2 + 

3.7 events of the type vFL + N - kL- + e + + . . . which they 

feel are not from charm production but might be due to heavy 

lepton decays. The rate for this effect is (1 to 3) x 10q4 

depending on the E,, cut. This is at the CERN PS with 

incident neutrino energies of a few GeV. 

We see no evidence for such an effect. After cuts to 

separate LO production from charm production in the p-e + 

events (the effects of these cuts are model dependent), we 

can set a limit of I: 2 x 10 -4 on "non-charmlike" w-e + events 

that could come from heavy lepton decays. This is at 

Fermilab energies where the cross section for the production 

of a light Lo would be expected to be much higher than at the 

energies of the Aachen-Padova experiment. 

2. A heavy liquid bubble chamber experiment 17 in SKAT at 

Serpukhov has reported 1 or 2 events of the type vu + N - 
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I-L- + e+ + . . . where the I-L- and the e + originate from a 

common point which is not the neutrino interaction point 

(i.e., there is a gap between the v interaction point and 

the beginning of the CL- and the e + tracks). The possibility 

that these events might be due to the decay of a neutral 

heavy lepton has been suggested. These events are seen in 

a sample of - 500 charged current neutrino interactions. 

We have observed no such events in a sample of - 

- 100,000 charged current neutrino interactions. 

3. Two experiments 18 in BEBC at the CERN SPS have 

presented evidence at the Oxford Neutrino Conference 

for a peak in the n-rr+ mass distribution near 1.85 GeV in 

events of the type v + 
I-L + N - u- + TT + . . . In a similar sample 

of events, applying the identical selection criteria as used 

in the BEBC experiment, we see no such effect with comparable 

statistics. 

In summary then, there appears to be no convincing 

evidence for either charged or neutral heavy lepton 

production in neutrino interactions. 

VI. RESULTS OF THE BROOKHAVEN BEAM DUMP EXPERIMENTS 

A long beam dump run has been carried out in the 

neutrino area at BNL, consisting of - 600,000 pulses with 

-8x10 12 28 GeV protons each in the beam dump. The proton 

beam was transported in a vacuum pipe past the normal 

neutrino target, through the usual decay tunnel, and was 

allowed to strike a 30 cm x 30 cm x 60 cm long copper beam 

dump located immediately before the 30-m long iron muon 

shield. Three detectors were used: the 7 ft chamber filled 

with heavy neon, the Columbia-Illinois-BNL spark chamber 

detector, and the Harvard-Penn-BNL liquid scintillator 

detector, at distances of 43 m, 78 m, and 105 m from the 

beam dump, respectively. 

We have so far analyzed about l/4 of the pictures from 

this run (- 150,000 pictures) and found a total of 22 neutrino 

interactions. The breakdown of these events between the 

various categories is given in the first column of Table III. 

The number of these events corrected for backgrounds and 

detection efficiencies is given in the second column of the 

table. The third column gives the numbers of events that 

we expect from neutrinos from TT and K decays in the beam 

dump. We see no significant excess of events over what we 

expect from TT and K decays. 

The absence of an anomalous signal allows us to set 

limits on sources of prompt neutrinos such as charm decays 

in the beam dump or the production of new penetrating neutral 

particles such as the axion. 19,20 

f We use the fact that we see no events with an e in 

the final state (i.e.,v, or <, interactions) to set a 

limit on D meson production in the beam dump via their 

semileptonic decays 

p + Cu - D + 15 + . . . 

1 L e- + 5, + . . . 

+ 
e +v + . . . 

e 

: 
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Table III 

Events Observed and Expected in the BNL 

Beam Dump Run in the 7-ft Chamber 

Event # of Events 
Category Observed 

VP +Ne - )I-+ . . . 10 
+ 

% +Ne 4 !.L + . . . 6 

Neutral Current 6 
+ v,(;,)+Ne -. e- + . . . 0 

e+e- pairs 0 

Total 22 22 + 6 17 + 6 

Corrected Expected from 
# of Events T & K Decay 

12 f 4 

423 

624 

0 

0 

11 

2 

4 

0.1 

The 90% confidence level upper limit is 

cJ(PP - Dis) s 150 pb . 

Using a D semileptonic branching ratio of 10% and assuming 

an invariant DE production cross section proportional to 

(l-XFjn ewbPL , where XF is the Feynman X, n = 3, and 

b = 2(GeV/c)-'. and also assuming that the cross section 

for D production has the same A dependence as pion production. 

We use our neutral current rate to set a limit on the 

product of the axion production cross section and its 

interaction cross section in the chamber of 

'prod x uint 5 7 x 10 -68 cm4 

assuming that the axion production is similar in angular 

and energy dependence to pion production. This is below 

the theoretical estimates for the recently proposed axion. 19,20 

If we further assume that c prod - "int ' we obtain 

a 90% confidence level limit 

R = u(pN - a0 + . ..) -8 
a(pN- r" + . ..I 

510 , 

where a o is an axion or any other penetrating neutral 

particle. We can also set a limit on R from our non- 
f- observation of axion decays into yy or e e . At 90% confidence, 

we find R s (2 x 10-lgcm-l)Byc~. For example, for an axion 

with a lifetime of 10 -9 set, which would be the prediction 19 

fdr an axion of a few MeV mass decaying to e+e-, we find 

R s 10-14. 
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ABSTRACT 

A critical discussion is given of analyses of scaling violation in 

deep-inelastic scattering in the context of QCD. Several possible 

approaches are examined. Higher-twist contributions are defined, and 

it is shown that they can have a crucial impact on tests of QCD. 

Higher-twist terms can dramatically affect R = oL/oT. QCD may be harder 

to test than previously realized. 

(Presented at the SLAC Summer Institute, Particle Physics: Quantum 
Chromodynamics, Stanford, California, July 9-20, 1979.) 
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Since Quantum Chromodynamics (QCD) was proposed as the theory of 

the strong interactions, there have been a number of claims about tests 

of QCD using deep-inelastic scattering data. It has been suggested that 

QCD has been proven by certain data. It has also been suggested that 

some data present serious problems for QCD. It has been suggested that 

particulartests can distinguish QCD from other theories (though no 

other theories have been proposed). 

I believe that most of these claims are at best naive. Almost all 

analyses of scaling violations in deep-inelastic scattering ignore the 

critical role of higher-twist (order l/Q') corrections. Some analyses 

follow procedures which bias the results, and others use or weight very 

low Q2 data. Still others use procedures which do not take full advantage 

of the available data. In this talk I discuss the impact of such problems 

on tests of QCD. 

I will also discuss an analysis 1,2.3 by Larry Abbott, Bill Atwood 

and myself"‘ of data from experiments for eN + eX, uN + nX and vN * UN 

(X f anything). The electron data4 include all high Q2 data ever taken 

at SLAC by the SLAC-MIT collaboration. The muon data' are from Fermilab 

and weretaken by Anderson et al. The neutrino data used were taken at -- 

CEBN by the BEBC6 and CDBS' collaborations. 

Let me begin with a brief review. For neutrino scattering in the 

lab frame the cross section is given by 

d20 C2E12 = - 
dE' dR' 2n2 

2 sin2 $)F, + ($ cos' $)F2 7 (s sin2 :)F3] 

(1) 

where (-) and (+) refer to neutrinos and antineutrinos respectively and 

v L E-E' (E' is the outgoing lepton energy). The structure functions 

Fi are functions of Q2 and x = Q2/2mv. F3 arises from VA interference 

terms (it is a parity-violating piece) and therefore is not present in 

eN or uN scattering. 

The structure functions can be written in terms of the distributions 

of u,d,c and s quarks as shown in Tables I and II (for electron, muon and 

neutrino scattering). The symbols u,d,... are to be read as u(x),d(x),... 

in the tables. Note that u and d refer to the distributions of u and d 

quarks in the proton, but in a neutron u is the distribution of d quarks 

and d is the distribution of u quarks. 

In QCD the "emission" of gluons and of quark-antiquark pairs during 

the scattering process leads to a scaling violation which is evidenced 

by the presence of inverse powers of en Q2/A2. There are two basic 

approaches l-3 which have been used to study the deep-inelastic scattering 

data to seek evidence for the QCD scaling violation: (1) to observe the 

Q2 dependence of Fi(x,Q') and (2) to observe the Q2 dependence of the 

moments of Fi(x,Q') where the moments are given at large Q2 by 

1 

Mi(N,Q2) = 
/ 

xN-' Fi(x,Q') dx (2) 
0 

where Fi=F2 or Fi=xF3. 

Before discussing the advantages and disadvantages of these two 

approaches, it is important to note that there are different types of 

corrections to the simple, leading order QCD calculations. Here I will 

describe three QCD corrections. They are target-mass corrections, higher- 

twist effects and corrections of higher order in as. 

As Fig. 1 shows clearly, when a particle is accelerated at a massive 

target, there are corrections to be made. Fortunately the Nachtmann E 

formalism8 can account fully for target-mass effects. It does not, of 

.course, account for the final-state kinematics; no input requires, for 

example, that the invariant hadron mass W 2 m . One also finds in the 
P 

5 formalism that Fi(x,Q') cannot approach zero at x=1 for all Q2 (see 

Fig. 2). This may be acceptable when one considers that the 5 formalism 

seems'to account 9,1 in a "local duality" sense for elastic scattering 

and resonance production (in F,(x,Q’) and in moments). However, local 
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TABLE II 
TABLE I 

The quark distribution content of F2(x,QL) In electron- 

proton and electron-neutron scattering. Each distribution 

(u,&d,i,s.,s,c,c) is a function of x. F,(x,Q') is exactly 

same for muon scattering. NS and S refer to non-singlet and 

singlet. eN refers to scattering on an isoscalar target. 

u and d refer to scattering off u and d quarks in protons. 

In neutrons u refers to scattering off d quarks and vice versa. 

Fep 2 = x $ (u+;) +f (d+i) +$ (c+;) +; (s+;) 
[ I 

= & F; + & F;' 

F; = x 
c 

4 (u+;) +$ (d+& +$ (c+;) t-i (s.+;) 
I 

= &F; - 5 Fy + f x[(c+:)-&a+;)] 

Fee- = 2 Fen 2 4 x(:u+;;) - (d+a,] 

1 NS 1 = 3F2 -3 x[(c+C) - (s+5)] 

eN 
F2 

= x 
[ 
& (ui;) +& (d+a) +$(c+:) +; (s+s) 

3 

= &F;+&x[(c+;)-(s+;)] 

S 
F2 z x[(u+;)+(d+d)+(c+c)+(s+;)] 

FNS 2 1 x[(u+;,- (d+a,+ (c+:) - (s+:)] 

The quark distribution contents of F2(x,Q2) and xF,(x,Q2) 

in neutrino-proton and neutrino-neutron scattering. Each dis- 

tribution is a function of x. vN refers to scattering on an 

isoscalar target. u and d refer to scattering off u and d 

quarks in protons. In neutrons u refers to scattering off d 

quarks and vice versa. 

FVP E 
2 2x& + d + ; + s] 

FVn 2 
= 2x[u + a + c + S-J 

FyP = 
2 2x[u + 2 + c + ii] 

iin F2 = 2x(; + d + c + i] 

Using c = 5 and s = s : 

F"P E F; F; G FF vN 
2 F2 

3 F; 

VN 
F2 = x[(u+;) + (d+a, + (c+c) + (s+&-)] 

FVP- FVn = 
2 2 

+$;ln) E -2x[:u-c;) - (d-a)] 

244 + d - : + s] 

XF; = zx[u-a--,+S] 

XF5p = 2x[u - a+.-,] 

XF v* = 
3 2x[-; + d + c - ;] 

VN xF3 = x (II-;) + (d-a) - (c+:) + (s+:)] [ 

*GN 
3 = x[(u-;) + (d-a) + (c+:) - (s+8)] 

,F;p- FP = -(xF~-xF-~) = -2~[(~+;) - (d+a)] 

(F;P - Fy) = - $(xF,, - xF~) 
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Target - Moss Corrections 

Fig. 1. When a particle is accelerated at a massive target, there are 
corrections to be made (artist, Sylvia A. Harris). 

0.08 

419 

Fig. 2. F2(x,Q2) for the proton. Elastics are shown in extra bins from 
x = 1 to 1.04 where the areas under the data points in these bins are 
equal to the area under the elastic spike at x=1 in the original data. 
The solid (dashed) curve is the x(5) scaling prediction of QCD. All data 
are from SLAC-MIT (Ref. 4). The square points have W > 2 GeV and are a 
compilation of all SLAC data. The dots indicate some of the data in the 
resonance region. 
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duality is a separate assumption and strict tests of QCD should probably 

avoid that assumption (by using large Q2 and W). 

There is a large variety of coherent phenomena such as transverse 

moment effects, resonance production, diquark scattering, and elastic 

scattering which are l/Q', l/44,... corrections to the simple QCD pre- 

dictions. These corrections are called higher-twist corrections where 

"twist" is defined as the dimension minus the spin of operators in the 

operator-product expansion. Although higher-twist terms describe coherent 

phenomena, there is no coherent explanation for the use of the word 

"tw1st.u Figure 3 shows an example of a higher-twist effect: on the 

left, there are three independent bicyclists (quarks) which is the 

lowest twist case; on the right, two of the bicyclists (quarks) are on 

a tandem bicycle (diquark) which is a higher-twist contribution. It is 

not possible (at present) to calculate rigorously higher-twist terms in 

QCD. One can attempt to make models for significant higher-twist con- 

tributions and such attempts are in progress. But these models are not 

(necessarily) QCD and should only be considered as giving guidance in 

estimating higher-twist effects. 

Alternatively, one can just parameterize these higher-twist terms. 

It is frequently assumed that these terms take the following forms which 

follow from quark-counting arguments: 10 

2 4 

F2(x , 4') = ql-xja 
"1 "2 li ___ + ~ + . . . 

Q;(l-d Q+.)2 I 

(3) 

M3(N, 9') " 
5 2N u4 N2 

(in Q2/A2)dN 
1+ IL- + A.-- + . . . 

Q2 Q4 1 (4) 

Equations (3) and (4) indicate that higher-twist contributions should 

be largest at large x and large N. It should be emphasized that every 

theory must contain such order l/Q2 corrections; they are not unique 

to QCD. 

420 

.._. . . 

Higher-Twist Corrections 

lowest-twist higher-twist 

Fig. 3. Three independent bicyclists (quarks) with no transverse momentum 
which is the lowest twist case. Two of the bicyclists (quarks) on a 
tandem bicycle (diquark) which is a higher-twist correction (artist, 
Sylvia A. Aarris). 



Finally, there are corrections to the simple QCD predictions which 

come from terms of higher-order in as. Figure 4 shows an experimentalist 

finding more than one gluon in his basket. Such corrections have been 

computed by Floratos, Ross and Sachrajda 11 and by Bardeen, Buras. Duke 

and Muta.l* -.For the moments of xF3, they found 

M3(N,Q2) = 
5 1+ 

s + BN En ¶n Q*/A* 

(En Q2/A2)dN Ln Q*/A* 
+ . . . 

I 

(5) 

where BN like dN are known. 

Note, however, that the substitution 

A2 + A* ea 

(where a is any number) is equivalent to a change in the term AN since 

so if one usesn~ = ll*ea, then < = AN- adN. In particular we see that 

in first-order calculations A can be multiplied by any number, since it 

is compensated by a (neglected) second-order correction. 
13 Therefore, 

A is meaningless in first-order (each specific quantity in a specific 

process can have different A). In second-order, A is meaningful only in 

the context of a specification of AN in a given renormalization scheme. 

a s is also ambiguous without such specification of scheme and parameters 

in second-order. 

Different choices of AN and A leave varying amounts to higher-order 

(3rd, 4th, . ..) corrections. Moshel' has recently argued that for 

Q2 ( 5 GeV*, the 3rd-order term in the moments will be very large (in 

the % scheme) even though the second-order term is small. This is 

Corrections of Higher Order in as 

7 -79 lowest-order higher-order %.,A13 

Fig. 4. An experimentalist finding more than one gluon in his basket 
(artist, Sylvia A. Harris). 

another reason why it is best to avoid low Q‘ data. 



Let me now return to a discussion of the two approaches to studying 

deep inelastic scattering data. After considering the QCD predictions in 

each approach, the advantages and disadvantages of each approach will be 

discussed. As is well-known QCD predicts that the structure functions 

shrink as Q* increases, i.e., they become more sharply peaked at small X. 

To leading order in l/En (Q2/A2), this behavior is described by the 

Altarelli-Parjsi equations. 15 For xF3 one has 

Q2 -+ xF3(x,Q2) = 2 j dw (5) ~F~(w.9~) Pqeq (z) (8) 
x 

pq*q(z) is related to the probability for a quark of momentum fraction x 

to arise from a quark of momentum fraction w, when probing with momentum 

Q* (see Fig. 5). This differential equation describes the evolution of 

xF3(x,Q$ to other values of Q*. 

The equation for xF5 is relatively simple since xF3 is a flavor 

non-singlet (see Table II). FFP-FF is also a flavor non-singlet 

although its quark content is different than that of xF5. It obeys the 

same evolution equation. However, the evolution equations for F4P, 2 , F"p 

NS etc., are more complicated since F2 , Pi (the non-singlet and singlet parts 

of F2) and xG(x,Q2) (the gluon distribution) each obey a different evolu- 

tion equation. Furthermore, the equations for Ft and xG are coupled. 

The shrinkage of the Fi is not a feature unique to QCD. The 

radiation of gluons plus momentum conservation are essentially the source 

of shrinkage in any theory. QCD predicts, however, a particular form of 

shrinkage. 

To leading order in l/En (Q*/A') the expression for the moments, 

M,(p,Q2), of xF.$x,Q*) is quite simple 

M$N,Q*) = 
K N 

(Ln Q2/A2) dN 
(9) 

Fig. 5. An example of a current striking a quark of momentum fraction x 
which arises from a quark of momentum fraction w after gluon radiation. 

where Y'D are free parameters and s are proportional to the anomalous 
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dimensions yz 

(10) 

(11) 

80 = ll- f Nf (12) 

where Nf is the effective number of quark flavors. One naively expects 

that in other theories, moments would involve powers of Q* not zZn Q2/h2. 

Let us begin the discussion of the relative advantages and dis- 

advantages of the direct use of F,(x,Q*> versus the use of moments by 

considering Fi(x,Q*). To use the evolution equations one must choose 

the form of Fi(x,Q*) at some Q*=Qi. However, it is not even necessary 

to have any data at that 4:. The evolution equations give the resulting 

Fi(x,Q*) at all Q* and a comparison can be made with the data at all 9'. 

The parameters, such as A and the ki In 

F2(x,Q;) = kl(l-x) k2 
(l+k3x) , (13) 

are adjusted until the best fit is obtained. If necessary, additional 

parameters can be added to the x dependence. Note that Eq. (13) is the 

form of F2 only at Q'=Qi; after evolving to other Q2, this form is 

modified. 

In most experiments, the range in x for which there are statistically 

significant data changes radically as Q2 increases. As a result it is 

crucial that the x-dependence be fit at all Q‘ rather than only at some 

2 
QO. In other words, the determination of A and ki should be done 

simultaneously. This procedure makes the best use of all available data 

and insures that the correct values of A and ki are obtained. 

As an example of the results of this procedure, I show in Fig. 6, 

the predicted shapes of the valence and sea quark distributions with 

> 
x 0.6 
-0 
6 
m 0.4 x 

0.2 

0 

I I I I I 

0 0.2 0.4 0.6 0.8 I .O 
8 79 X 3641A14 

Fig. 6. The sea distribution M(x) = l/Z(F2-xF3)1 and the valence 
distribution [xv(x) = 1/2(F2+xF3) -xS(x)l predicted by QCD. The 
~;nme;;rs (as in Eq. (13)) are determined by fitting the CDHS data 

. . The valence curves from top to bottom (at x=0.4) and the 
sea curves from bottom to top (at x " 
56.4, 152.4 GeV2. 

0) refer to Q2=4, 10.5, 25.4, 

parameters determined by fitting CDHS data.7 
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The direct use of Fi(x,Q2) gives one a clear visual interpretation 

of scaling violation. It also allows examination of the impact of 

exclusive channels, see Fig. 2. Of course, perturbative QCD will never 

reproduce resonances or the elastic peak except in the "local duality" 

sense (discussed above and in Refs. 9 and 1). It is clearly important, 

therefore, when fitting theory for Fi(x,Q2) to data (i.e., calculating 

x2) to exclude all data with hadron invariant mass W ( 2 GeV. 

The use of moments to analyze scaling violations provides very clean 

predictions for Q* dependence which do not depend on any assumptions about 

the x-dependence of Fi(x,Q2). Furthermore, the next-to-leading-order-in-as 

correctionsll"* have been calculated for moments so that A can be defined 

unambiguously. However, moments have some very serious shortcomings. 

In order to calculate moments, one must have data over the entire x range 

(especially at high x) for each Q* value. Otherwise one must extrapolate 

into unmeasured regions and place an unnecessary uncertainty into the 

results. The moments with N > 4 are dominated by high x where most 

experiments have the poorest statistics; full advantage is not taken of 

the low x data. Successive moments (N = 5,6,7,8,...) are similar integrals 

over the same data and do not provide much independent information (care 

must be taken with correlations). 

The high x region contains resonance production and elastic scattering 

unless Q2 .is large. The big impact of the W < 2 region on moments is 

shown in Fig. 7. It has been argued' that use of the Nachtmann F, 

formalism8 compensates for the presence of such terms. Figure 8 shows 

the difference between Nachtmann moments and ordinary moments as a 

function of Q*. As discussed earlier, other higher twist (order l/Q*) 

corrections are expected, in general, to be largest at high x. Since 

these corrections cannot be calcula tad and (also discussed later) can 

confuse the analysis, I think it best to require large Q2 (Q2 > 10 or 

20 GeV*) when using moments to test QCD. Alternatively one might attempt 

1.0 
@J 
V 

’ 0.8 
XI .t 
3 
E 0.6 

E 
2 0.4 
75 

.g 0.2 

z LL 
0 

I- 

: 

0 IO 20 30 

7- 79 Q2 (GeV*) 3641AlO 

Fig. 7. The fraction of the Nachtmann moments (for N=2,5,9) which come 
from the resonance region (W > 2 GeV). The contributions at relatively 
large Q2 are quite significant. The data are from Ref. 4 with error bars 
not shown. 

424 



I I i11111~ I I lllll 

N=4 
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0 Nachtmann Moments 

IO 00 

Q* (GeV*) 3641A3 

Fig. 8. A comparison of ordinary moments and Nachtmann moments from the 
SLAC data of Ref. 4. Curves drawn connecting the data points to help 
guide the eye. Target-mass effects appear to be large for Q ( 3 GeV'. 

to measure them experimentally; but that could prove quite difficult. 

It is certainly unreasonable to use Q2 5 3 GeV2 and W < 2 GeV. 

I would like to comment on what I think is a very poor way to test 

QCD with moments: the scheme in which A's extracted for each moment are 

compared (the AN scheme 12,16 
1. When A is extracted from data, the low 

Q* data are weighted exponentially. Thus the analysis is based on the 

data points for which one trusts QCD the least. Furthermore, moments 

weight high x where higher twist effects will be largest and where there 

are statistically poor (if any) data. Since most moments measure the 

same high x data repeatedly as N increases, the correlations among the 

data points shown are not clear. The scheme should not be used to test 

for 2nd-order-in-as effects, since if such effects are large enough to 

measure reliably (and at low Q2 they are large), then perturbation theory 

is breaking down anyway (see especially Ref. 14). I believe that experi- 

mentalists (and others) should not consider the AN scheme. 

For the remainder of my talk I would like to address the problems 

discussed above in the context of five questions: 

(1) Is there scaling violation? 

(2) Is QCD consistent with all data? 

(3) Could higher-twist terms alone account for all data? 

(4) Are hypothetical alternative theories ruled out? 

(5) Can A and other parameters be determined with present data? 

The first question is easy to answer. With the BEBC6 and CDHS' data 

the probability for perfect scaling is about -3 10 for Q2 > 3 GeV*. For 

the SLAC data the probability is less than 10 -10 for Q2 > 5 GeV2 and 

W > 2 GeV (systematic errors included). There is scaling violation. 

The answer to the second question is that QCD is completely consistent 

with all deep-inelastic data with one apparent exception. QCD fits all 

data for FzN, F;P, Fi'-FF and xF;~ as shown with solid lines in Figs. 

9, 10, 11 and 12. However, for R where 
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Fig. 9. xF3(x,Q2) at various Q2 values. The solid comes are the QCD 
predictions; the dashed curves are described in the text. The CDHS data 
are from Ref. 7. 

02= 12.5 - 

02=21.5 - 

0 0.2 0.4 0.6 0.8 1.0 
7-n x YlCl 

Fig. 10. Fz(x,Q*) on protons at various Q* values. The solid curves 
are the QCD predictions; the dashed curves are described in the text. 
The fit was done using only SLAGMIT data,4 but CHIO data5 are also 
shown. 
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Fig. 11. The data (Ref. 6) for M3(N,Q2) are plotted versus the data 
for M3(M,Q2) on a log-log scale. The solid curves are the predictions 
of leading order QCD; the dashed curves are described in the text. 
This plot does not indicate the strong correlations between Mj(N,Q*) 
and Mx(M,Q*). 
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Fig. 12. Values of r = d /d for various combinations of N and M N#- N M 
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R Z aL/a T (14) 

the data4 are R = .21 t .l with no evident Q2 or x dependence and QCD 

predicts R = 0 at high x and R = .05- .l (for x m 0.3). R will be dis- 

cussed further in a moment. 

To address the question of how well the data are fit by higher- 

twist alone, we used I,2 parameterizations (from quark-counting argu- 

mentsl') such as: 

2 4 

F2(x,Q2) = C(l-x)=(l+bx) u1 u2 l+ ------+----- 
Q2(l-x) Q4(1-x)2 1 (15) 

M3(N,Q2) = 5 
u* N u4 N2 

1+3+4 
Q* Q4 I 

(16) 

(one can set u 1 or u2 and v 3 or u4 equal to zero). The evolution equa- 

tions are, of course, not used. Although higher-twist terms must be 

present in QCD (as in all theories), they have normally been ignored. 

In this case I am (for sake of argument only) ignoring QCD instead. 

Looking again at Figs. 9, 10 and 11, but this time at the dashed lines, 

one sees that higher-twist terms alone can in fact fit the data 

remarkably well. 

What I found to be surprising is that the famous ratio dN/dh of 

anomalous dimensions (Fig. 12) obtained from Iln MN versus Iln Mh plots, is 

obtained from higher-twist terms alone almost independent of the values 

of "3 and u4 as long as 

0 < v3,p4 ( 1 GeV2 (17) 

(the Q2 dependence of the moments is, of course, determined by "3 and u,). 

This result occurs because Eq. 16 gives dN/$." N/M which is very similar 

to the data and QCD. 

How do higher-twist terms fare in fitting R = aLlaT? It is necessary 

then.an excellent fit to the data results when a and b are very small, 

a=.008 and b=.07! Similarly, one may believe that hypothetical theories 

with scalar gluons can fit the data, if higher-twist terms are included. 

Finally, can A (and other parameters) be determined with present 

to make a specific model in order to calculate R. Abbott, Berger, data? The answer is not very well until we can determine the magnitude 

Blankenbecler and Kane 17 have made a model assuming diquark scattering 

to be a dominant higher-twist contribution. As seen in Fig. 13 they 

obtained reasonable agreement with the data, certainly better than QCD. 

If both lowest-twist QCD and higher-twist terms alone can fit the 

data separately, then clearly so can a mixture. In fact, we cannot tell 

from present data how much of the observed scaling violation is due to 

each. Neither can we yet calculate higher-twist contributions,although 

I expect and hope we will see a considerable theoretical effort at making 

models of these contributions in the next few years. Until we know more, 

any time QCD does not work, we can try to fix it with higher-twist effects. 

For example, Abbott, Atwood and I have,2 following the model of Ref. 17, 

added higher-twist terms to QCD in R with the results shown in Figs. 14 

and 15 (Fig. 15 shows a comparison with lowest-twist QCD). 

While there are no alternative theories to QCD, one can ask, for 

example, whether power-law scaling violations are ruled out. The answer 

(at least at present) is "0. As with QCD, one must allow for higher- 

twist terms. An extreme example: if one uses the BEBC data with Q2 > 1 

GeV* and assumes the moments take the form 

cN 
M3(N.Q2) = - 

(Q*f 
(18) 

then the probability is 10 -5 (i.e., it is "ruled out"). But if one 

assumes 

cN 
M3(N,Q2) = - 

(Q2f 
l+aN+bN2 

Q2 Q4 1 (19) 

of higher-twist terms either theoretically or experimentally. One can 
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Fig. 13. R f o~/oT at various Q2 values. The data are a comp;U&tion 
of all SLAGMIT data4; the error bars are mostly systematic. 
curves are from Ref. 17 and are the result of a model in which scaling 
violation comes from diquark scattering. 
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Fig. 14. R f oL/oT at Various Q2 values. 
of all SLAC-MIT data4; 

The data are a compilation 
the error bars are mostly systematic. The 

curves are from Ref. 2 and show the results of QCD when a higher-twist 
contribution from diquark scattering (using the model of Ref. 17) is 
added. 
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0 0.2 0.4 0.6 0.8 1.0 

Fig. 15. R f UL/GT versus x. Since the SLK-MIT data4 show no evidence 
of Q2 dependence, in this figure all data have been combined; the error 

bars are mostly systematic. The solid curves show QCD with no higher- 
twist contributions for the Q2 values covered by the data. The dashed 
cilrve is QCD plus dicjuark model (Ref. 17) of higher-twist; the curve 
reflects the average O2 of the data points through which it is drawn. 
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or 2 

1+ "2 
(l-x) 2Q4 

(21) 

and then obtain the resulting A1 or A2 from the SIX FFp data;4 the 

resultsare shown in Fig. 16. It is plausible that A may be reduced by 

as much as a factor of 2 or by as little as a few percent when the correct 

higher-twist terms are added. 

In examining F2 it is necessary to make assumptions about the power 

pG' of (l-x) in the gluon distribution; this assumption can affect the 

value of A obtained. Some have suggested that PG can be extracted fromr 

the present data. We find that if all parameters are allowed to vary 

freely that PC cannot be determined. For example, with the CDHS data7 

for F2 we find (where ki are defined as in Eq. (13)) 

pG x2 x2/d.o.f. A kl k2 k3 

4 37.8 .82 .401 1.36 2.70 1.95 

5 38.4 .a3 .349 1.34 2.81 2.22 

7 39.6 .86 .307 1.34 2.90 2.43 

One can also see that the sensitivity of A to the value of DG is not too 

great. 

My~conclusions are: 

(1) QCD has not been contradicted by the data, but neither has it been 

confirmed. 

(2) Higher-twist effects could be crucial in understanding scaling 

violation. A may be smaller than we have previously assumed. 

(3) Those planning new experiments should Monte Carlo their expected 

data assuming say A = .5 GeV and u1 = .5 GeV and see if analysis 
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programs can separate the logarithmic behavior from the l/Q2 

behavior. 

(4) Do not use the AN scheme for testing QCD. 

(5) Regretfully, QCD may be harder to test than we realized. 

I would like to acknowledge the contributions of my collaborators 

Larry Abbott and Bill Atwood. I have also benefitted from discussions 

with A. Benvenuti, R. Blankenbecler, S. Brodsky, A. Buras, J. Ellis, 

H. Georgi, F. Gilman, V. Korbel, M. Mugge, D. Perkins, D. Schlatter and 

w. Scott. 

3641A17 

Fig. 16. The value of A obtained when higher-twist contributions have 
been assumed. ~1 and ~2 indicate the magnitude of the higher-twist 
terms where the two forms considered are shown in Eqs. (20) and (21). 
I thank H. Georgi for suggesting this plot. 
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ABSTRACT : 

The aim of this experiment is to study massive muon 

pairs produced by TI- at 280 GeV/‘c and IT’, K’, p and p at 

200 GeV/c on platinum and hydrogen targets. Results are 

presented on: 

A/ vector_meson__~foductlon through their 1-1 pair decay node 

like: 

- low mass resonances (p, w, o) at high transverse 

momentum. 

- Q/J production and its X, pt, cos8”’ distributions. 

- First evidence for T production by 200 and 280 GeV/c 

pions. 

B/ High mass continuum. A total of more than 10 000 dimuon -- ---------------- 

events of Drell-Yan type (M,,,, > 4 GeV/c’) are analyzed giving 

results on nuclear target and pt dependence, decay angular 

distribution, 2 absolute comparison of TI , K’, p, 5 induced mass 

spectra, scaling. 

I EXPERIMENTAL FEATURES: 

I .l Beam parameters 

The incident beam is the CERN SPS-H8 unseparated secon- 

dary hadron particle beam produced by protons of 400 GeV/c 

on a 50 cm Be target. We ran at two momenta: 200 and 280 

GeV/c. The particle identification (only for 200 GeV/c) is 

done by two differential Eerenkov counters (CEDAR’s) [l] for 

K+, 5 and two threshold Eerenkov counters for a+. The particle 

fluxes were in the range (1 - 3).107 part./pulse. Contents of 

the 200 GeV/c tagged beam are given in the following table: 

A 2n long CH2 absorber was used to enhance the n + per- 

centage of the positive beam from 20% to about 36%. 

I.2 Detector layout 

The experiment was performed in the LEZARD-NAJ large 

acceptance spectrometer in a beam dump configuration [2]. 

The general layout of the apparatus is shown in Fig. la. 

Platinum targets, 6cn long for 200 GeV run and ll.lcn 

for the 280 GeV run, were used. At 200 GeV we have also used 

simultaneously a 30 cm long liquid hydrogen target. 

After passing through the targets, the beam is absorbed 

in a dump which starts 40 cm downstream of the Pt target. It 

consists of a 1.5 long block of stainless steel with a heavy 

(tungsten and uranium) conical plug of + 30 nrad aperture 

inserted in the center, in order to minimize the total beam 

dump leng th. 

The large acceptance magnetic spectrometer LEZARD consists 

of: 

(i) a large superconducting dipole magnet with a vertical 

field ( / Bdl = 4.0 Tn) in an air gap o-f cylindrical 

useful aperture of 1.6m diameter. [3] 

(ii) a set of six multiwire proportional chambers (31 planes 
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FIG. 1 

(a) General layout of the N.43 spectrometer for the study of 

dimuon production in hadronic collisions. Tl, TZ, T3: coun- 

ter hodoscopes; Ml, MZ: trigger chambers; PCl-6: propor- 

tional chambers. 

(b) Sketch of the trigger system. The azimuthal subdivision 

of Ml and M2 (64 cells) is much finer than indicated. 

with a total of about 26 000 wires) ranging in size 

from 0.6x 0,6m2 (PCl) up to 4.2x4.Cbn2 (PC6); 

(iii) muon filtering, behind the beam dump, is provided by 

12 cm of lead, and 1.8 m of iron, placed in front of 

the last triggering hodoscope T3; 

(iv) the trigger system consists of two symmetric tele- 

scopes of counters and chambers placed above and below 

the horizontal plane. 

I.3 Trigger system 

The study of very low cross section process (6 10 -33 2 
cm I 

like massive muon pairs production requires a high rejection 

rate (1 Ob6) . A very selective trigger is made in two steps. 

a) The PRETRIGGER -_______-_____ 

This first level requires geometrical conditions invol- 

ving three planes of counter hodoscopes: 

- presence of at least two muons in the final state. For that, 

we use a correlation in the vertical plane, between horizontal 

slabs of the back hodoscopes T2 and T3 in order to constrain 

each muon to point approximately towards the target regio 

inside a lot of 22 roads; 

- muon halo cut off by veto counters before the spectrometer 

- hit in the Tl counters, placed at the end face of the beam 

dump, for timing reference. 

The two hodoscopes T2 and T3 cover vertical angles from 

+ 6 mrad up to + 165 mrad. The PRETRIGGER provides a fast - - 
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strobe for the proportional chambers PCl, PCZ, Ml and MZ in 

order to minimize electronics dead-time due to the high 

particle flux. 

b) The triggcy ------- 

The-final trigger acts on the vertical component p\: of 

the transverse momentum of the muons. The py selection is 

achieved by two homothetlcal planes of ca:hode-readout cham- 

bers Ml and M2 covering vertical angles from + 30 mrad up to 

+ 165 mrad. The mylar cathode planes are graphite coated in - 

18 separated horizontal strips, each subdivided into 64 cells 

corresponding to equal intervals of the tangent of the azi- 

muthal angle. The correlation between cells of a given strip 

provides a cut-off in the magnetic deflection angle and thus 

V 
pt’ 

which in turn defines a rough lower cut in the muon pair 

effective mass. The trigger conditions in the course of the 

experiment were: 

- either p; > 1 GeV/c for one muon, without a cut on the 

other muon (trigger I); 

- orp: k 0.7 GeV/c for both muons (trigger II). 

Events with both muons in the 30 mrad cone of the W/U core 

of the beam dump were not accepted. A typical trigger rate 

was 30 events/pulse corresponding to 1 $ recorded per pulse 

of 1 second. The trigger system is illustrated in Fig. lb. 

I.4 Acceptance 

The overall acceptance of the apparatus, as determined 

by the geometry of the detectors and by the p: cut is shown 

in Fig. 2 as a function of the dimuon mass, the transverse 

M = 4.5 GeV/c 

-0.4 0 0.4 0.8 123455 
X PT (GeV/c) 

I I 

0 5 IO 

Mpp (GeV/c’) 

Acceptance 200 GeVk 

FIG. 2 

Acceptance of the apparatus, as a function of x = 2 Pt/JI, of 

the transverse momentum pt and of the dimuon mass M. 
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FIG. 4 

Mass spectrum in the p”, o, @ region with pt > 2 GeV/c 

11.1.1 Comparison between P w and $ production- --- ----------------L--------- _--______. 

The mass spectra are fitted using the following 

assumptions: 

+ - 
(i) a 11 11 continuum parametrized as e -M/X ; 

(ii) three resonances: pot w, I$ assuming m =m 
P 

w, a natural 

width of 155 MeV for p’, no interference between p” and w, 

the same resolution 6 for each resonance, and equal cross 

section for pD and w production. 

As a first step, we use m 
P' m@9 6, A, R @P 

= Bo(@)/B~(p") 

and the fraction of continuum as free parameters. The result 

of this fit for incident 7 +‘s gives: 

h (&V/e’) MO (MeV/c') M$ (MeV/c') 6 (M&/c') 
%P 

x'/D.F. 
.___--_-----~.----~______________-____---__----___----_---~~__--____ 

0.661 CO.016 791.82 3.5 1037+ 6. 109.5 +3.0 0.86 io.04 37.5/33 

In a second step we have fixed the resonance masses to 

their canonical value, and the resolution (6) for kaon induced 

spectra is taken to be the mean value of n + and n- induced 

spectra, i.e., 108 MeV/c . The fitted parameters for incident 

200 GeV/c n’, K’ and protons are given in the following table. 

The cross section ratio of 9 relative to p”, takes into account 

u+u!- branching ratios,i.e., 

B(b + P+P-1 
= 7.21 + 0.87 

B(P'= + u+li-1 
- 

for a) Incident n’, b) Incident K+. 
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'inc Pt x (GeV/c2) 6 (MeV/c2) 
R+P 

x'/D.F. $$ tx1 

5 2. 0.607 to.012 102.4 t2.6 0.86 to.03 47.3/35 11.9 ?I.5 
P 

5 3. ..0.66 +0.05 ,08"' 1.04 ~0.13 25.2136 14.4 f2.5 

a2. 0.687'0.018 110.5 23.4 1.05 iO.05 49.8/35 14.6 ?.I.9 n+ 
3 3. 0.83 f0.08 ,o*" 1.33 kO.16 56136 18.5 23.2 

K+ 22. 0.67 20.04 I ()*" 2.25 +O.Ib 64136 31.2 +4.4 

L 2. 0.84kO.02 106.0~3.0 1.11 iO.04 53/35 15.4 +2.0 
n- 

3 3. 0.74 to.04 , o8": 1.54 to.17 65.7/36 21.4 +3.5 

K- >2. 0.70 kO.09 .,O@ 2.46 to.50 33.2/36 34.1 +8.1 

"Fixed parameter 

One can see that the relative production R$o is about 

two times larger for kaonsthan for pions or protons. This is 

qualitatively expected from quark contents, since kaons have 

strange valence quarks. But this ratio does not seem to de- 

crease as p t increases, as would be expected from a quark 

scattering model. 

11.1.2 Cross section and p ---------_-------- tA!eEeGdence: 

From the relative particle content of our beam (known 

from terenkovs within 10%) we can compute the cross sec- 

tion ratios for different incident hadrons independently of 

acceptance corrections (if p, distributions are not too 

different). 

3. 
1.06 to.07 1.75 to.10 2.11 to.24 0.86 20.10 

For Pt > 2 GeVfc, our acceptance is around lo%, and 

increases w?th pt. The p, differential cross sections for 

incident IT*, R- and protons are shown in Fig. 5 for a mass 

interval from 0.6 to 1.0 GeV/c2. Only statistlcal errors are 

shown. Systematic errors on normalization, acceptance,etc., 

are estimated to be about 20%. 

The pt distribution is well fitted by the parametrized 

form: 

1 do 
--ccg -(3.2 +0.2)pt 

pt dPt 

This slope value, as well as the absolute cross section, 

is in good agreement with Anderson et al. [51 who measured 

P0 and w production by 150 GeV/c pions and protons for pt 

smaller than 2 GeV/c. 

II .2 J/G Production 

We have recorded a large sample of J/I) events in their 

dimuon decay mode (Fig. 6) with different incident particles 

and two targets simultaneously. For the first time signifi- 

cant statistics were observed on hydrogen with p, m', mTT-, 

K+ and on platinum with rr', K+, K- and 5 as reported in the 

following table: 

P. Platinum 1nc Hydrogen 

280 GeVfc n- 130 000 

n- 145 000 3 000 

200 GeV/c K- 2 800 56 

P 1 000 17 

IT+ 108 000 2 200 

200 GeV/c K+ 16 000 340 

P 101 000 2 300 



IO2 - 

IO’ I-- 

IO r 

IO-‘- 

P 

+ 
-j- 

+ 

P+ (GeV/c ) 

FIG. 5 

l/Pt d5/dpt for masses between 0.6 GeV/c' and 1.0 GeV/c' 

FIG. 6 

Mass spectrum for J/J, events from incident 200 GeV/c IT-IS 

t Al 
3.0 35 4.0 4.5 5.0 
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11.2.1 ___ Comparison of J/$ production by 7~+ and 7~~ on protons: _---------__-_ ------__--- -------------- -----_ 

We have used our 200 GeV/c data on both hydrogen and 

platinum targets. From the number of events on each target, 

we can deduce two ratios Rrr+ and Rn- which are independent 

of absolute normalization, as both targets are used simul- 

taneously 

= 0.0209 = 0.0205 

The ratio R = Rv+/Rm- is then independent of acceptance 

corrections. One gets R = 0.98 + 0.03. 

Assuming isospin invariance let us call: 

+ 
u = o(Tr+p + J, . ..) = o(?;-n + JI . ..) 

u- = o(n-P + $ . ..) = a(n+n + $ . ..) 

Taking into account the fraction of neutron in the pla- 

tinum target (Z/A = 0.40), the ratio R can be written as: 
+ 

cl u- 
R= 

0.4 5+ + 0.6 CJ- 
/ 

0.4 u- + 0.6 u 
+ 

This equation allows us to determine the ratio 

rH2 
= u+/o- = 0.987 t 0.02 

which implies 
o(n+Pt + JI...) 

rPt = 
= 1.003 to.004 . 

o(Tr-Pt -t $...) 

The errors given here are statistical only, we estimate 

the systematic error to be less than 5% On rH 2and18 on 

'Pt. 

11.2.2 Total cross section and A dependence --_-______________-_________ ______- 

The total cross section and the cross section for x > 0 

targets, we may estimate the mass dependence of $ produc- 

tion. Experimentally, the ratio 
Ao(n-H2 + JI) 

= 1.31 -+0.18. 
u(lT-Pt + 9) 

have been evaluated from a clean sample of our J/J, events Assuming for the A dependence the power law Ao we get 

for 200 GeV/c and 280 GeV/c incident 71's. They have been 

corrected for reinteraction in the platinum target, measured 

to be 10% at 200 GeV/c in a 6cm target, and 19% at 280 

GeV/c in a llcm target. The results are given in ub/Pt nu- 

cleus [A 

'beam 200 GeV/c 280 GeV/c 

Part. n- n- 

utot 1.56 20.27 2.12 2 0.47 

u(x > 0) 0.76 2 0.14 1.05 t 0.24 

Relative cross sections for other particles have been 

determined from cerenkovs information (known to about 10%). 

Calibration between positive and negative beams is made using 

our rpt ratio 

'beam 200 GeV/c 

Part K- i 
+ IT K+ P 

u tot(x) 1.1 20.1 0.83 to.12 1.01 kO.02 0.78kO.08 0.59+0.10 
I.7 to@ 

From these values we can deduce the ratios: 

o(pPt + Q...) a(K- Pt + Q...) 
= 1.4f0.2 and = 1.4kO.2 

o(pPt + I)...) o(K+Pt + $...) 

showing that qualitatively part of the $'s are produced by 

valence quark interactions. 

Combining the data obtained on hydrogen and platinum 
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a = 0.95 t 0.03 which is in good agreement with previous 

measurements. 

References a 

0.87 20.05 

0.92 iO.06 

0.95 t 0.03 

a average 

0.927 + 0.030 

Using our measured value of CL, we have plotted in Fig. 7 

M% tot(7?-N -t $ . . .) as a function of M6 for different 

experiments. 

11.2.3 x distribution of J/$ --------------------- 

Fig. 8 shows the acceptance of our apparatus as a func- 

tion of x and the differential cross section do/dx for n- 

induced J/Q events. The acceptance is computed by Monte Carlo 

method assuming an isotropic decay distribution of the muons 

in the J/Q rest frame (see sect. II.Z.5). For x > 0.2 the 

experimental distribution has been fitted to a form (1 -x)~ 

with n = 2.98 +0.93. 

The ratio 
do/dx (XPt + Q...) 

do/dx (n’Pt -+ $. . .) 
is presented in Fig. 9 

for .different incident particles X. Relative normalization 

between positive and negative beams is made using our result 

o(7i+Pt + $ . . .) = u ( 

zation of K’ , c and 

do not include this 

71- Pt -+ J, . . .) (within 1%). The normali- 

protons is known within 10%. Error bars 

systematic error. 

The x distributionsof all meson induced reactionsare 

similar and somewhat flat. That can be interpreted as 

an indication that the constituent distribution 

in the kaons and in the pions has 

I-- 

t 

)- 

I- 
O 

x, >o 

A K.J Anderson et 01. [6] 

o N.A Abolins et cl. [e] 

o Y. B Bushnin et 01. 191 

o Y.M Antipov et 01 [71 

e M. J Corden et al [IO] 

+ This experiment 

\ 

I I I I I 1 

0.2 0.4 0.6 

VT = M/G 

FIG. 7 

J/$ excitation curve for incident pions 
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the same behaviour in x (i.e.,the same shape of the structure 

function) . 

In contrast, the baryon induced reactions show a steep 

fall off with x, which is similar for p and i. At large x (2 O.i), 

Rp(x) has been fitted by (1 -x)2*4’ ’ @*07. This ratio can 

easily be interpreted as the ratio of constituent distri- 

butions in protons and in pions, falling as (1 -x)~ (from 

structure functions), with m between 2 and 3. 

11.2.4 TEansverse_momentum_Et_dlstrlburlon_of_j~~ 

Differential cross sections l/p, do/dpt (IT- Pt + $ . ..) 

are shown in Fig. IO at 200 Ge\:/c and 280 GeV/c incident 

momentum. 

These cross section are not well fitted above 4 GeV/c 

by a function of the form (1 - p:/m2)-6 as was previously 

reported (8, 111, nor with a simple gaussian exp(-pf/a2). 

Our distri.butions are fitted with a form: 

1 da P2 

Pt dpt 
or (1 -x~)-~ (1 +$)’ where xt = y$ 

y has first been determined by a least square fit to the 

ratio of the two pt distributions. We find y to be 5.56 i-0.50. 

Fixing m at the @ mass, one getsa value of 5 from a simulta- 

neous fit of 200 and 280 GeV/c data: 6 = - 4.86 to.02 with 

a x2 of 153 for 123 degrees of freedom. The resulting curves 

are shown in Fig. IO. Now, leaving m as a free parameter 

leads to the result B = - 6.01 k 0.13, m = 3.66 20.10 GeV/c2 

and the x2 becomes 106 for 122 degrees of freedom. 

IO4 

IO3 

IO2 

IO 

I 

I o- 

10. 

I C' I ( 1 I II 

0 2 4 6 0 z 4 6 

F. (GnV/c I 

FIG. 10 -- 

l/pt do!dpt (r-pt + J/J)) for 200 GeV/c and 280 GeV/c pions 
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The following table summarises the results for the 

2 average < pt > and < pt > . One can observe that the < p, > 

increases with energy and it is greater for the mesons than 

for the baryons. 

r-c---- 
280 GeV/c IT- 

IT- 

K- 

-: 

200 GeV/c 5 
71+ 

K+ 

P 

<Pt' <Pt,2 

1.18 kO.01 1.86 to.02 

1.12 20.01 1.70 20.03 

1.13r0.04 1.69 +O.lO 

1.05 20.06 1.50 +o.zo 

1.12 fO.O1 1.66 to.03 

1.14 20.03 1.75 +0.10 

I .07 to.01 1.52 10.02 J 
11.2.5 Angular distribution of muons: -- ______________-_--__------ 

The study of angular distribution of muons in the $ 

frame gives information about its production mechanism. The 

choice of the axis depends on the production model. In the 

Gottfried-Jackson frame, for example, the angular distribu- 

tion has the form: 

da 

d coseGJ 
= A (1 + hcos2eGJ) 

In a quark fusion model producing directly the J/$, 

given by 

1 - 4m2/Q2 
x = 2 ref. 18 

1 +4m /Q" 

d u'dco5 8 a I+ 0.12 ~05~8 

jkq&++f~~ -4 ---- -- --- ---- ________ 

\ t 
t 

dc/d,,,8 = Ck 

t 

t 

-I 0 I 

cos QGJ 
X is 

FIG. 11 

do/dcoseGJ for J/J, events from 200 GeV/c r-‘s 

The cross section as a function of the Gottfried-Jackson 

angle is given in Fig. 11 for incident 200 GeY/‘c TI-‘s, in 

the mass range 2.7 to 3.5 GeV/c’. 



A fit of h gives h = 0.12 +0.05. If we substract the 

(9 ?: 2%) continuum contribution (h = 0.8 +O.Z) [14], one 

gets X = 0.05 20.07, in very good agreement with refs. [Sl 

and L12.1. 

This isotropic distribution has been used in calculating 

the acceptance for x and pt at the Q, and shows that, for $, 

the choice of the reference axis is not crucial, as all axes 

would give the same result. 

This result is not in contradiction with heavy quark 

fusion, nor with a model of gluons or light quark fusion 

producing first a K resonance decaying into J/JI +y. 

11.3.1 Qsilon resonance prgduction: 1151 _--______________ - ------- 

In Figs. 12 and 13 we show the u+u- mass spectra for TI+ 

and TI- at 200 GeV/c, and for IT- at 280 GeV/c. A clear signal 

around 9.5 GeV/c’ is seen in the s + induced mass spectrum. 

This is the first evidence for production of the T state 

[161 in pion induced reactions. The signals are less promi- 

nent in the TI- induced spectra as a consequence of the higher 

level of the Drell-Yan dimuon continuum. It can be seen from 

Fig.. 12 that the background of like-charge muon pairs, pro- 

duced essentially by IT and K decays, is extremely low and 

disappears above 4 GeV/c’. 

The acceptance for the T was calculated assuming, as 

for the J/$,an isotropic decay distribution in the T rest 

frame. For the Drell-Yan continuum we have taken a (7 +cos20) 

dependence in the Gottfried-Jackson frame, which is consis- 

tent with our data (Sect. 111.2). 

8 

.* 

. . 

l . 

\*: 

. 

. 
. 

7T+ 200 GeV/c 

* tL+tL- 

0 (cl-‘/L++ p-/u-)/2 

2 4 6 8 IO 12 14 

9v 

FIG. 12 

Dimuon maaa spectrum for incident TI+ on a platinum target at 200 GeV/c 
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6 8 IO 12 14 

MP+U- (GeV/c’) 

FIG. 13 

%imuon mass spectra in the T region. The curves represent the 

The dimuon mass spectra of Figs. 12 and 13 have been 

fitted to a sum of an exponentially falling continuum, and 

three Gaussian distributions representing the known T states. 

The calculated mass acceptance has been folded into the fit. 

The widths of the three T states, which are not resolved in 

this experiment, have been fixed equal to the experimental 

mass resolutions. They were evaluated by a Monte Carlo cal- 

culation and found to be u = 4.5% at 200 GeV/c and u = 5.0% 

at 280 GeV/c. At the T mass the resolution is dominated by 

the measurement error on the muon momenta. The masses of 

the T states were fixed at their known values [17, 181. 

Four parameters were left free in the fit: 

i) the ratio n of the sum of the three T states to the 

Drell-Yan continuum at 9.46 GeV/c’ ; 

ii) the relative abundances of the T’ and T” states with 

respect to the T; these quantities were found to be consis- 

tent with the values obtained in proton induced reactions 

[181; 

ii 

which 

i) the slope parameter b of the exponential exp C-W 
describes the continuum. 

The fitted values of the parameters n and b are given, 

together with the total number of events corresponding to 

the production of all three T states in table 1. 

results of the fits as described in the text 
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Table 1 

Fitted parameters of the mama spectra of Figs. II and 12 

obtained on a platinum target 

Incident particl 

-. b (GeV/c*)-’ I-- a (Ge”/c2) 

NT+ N T’ + NT,, 

e TI+ ZOOGeV/c IT- 200GeV/c Tr- 280 GeV/c 

0.814 to.015 

0.70 f0.22 

66 +20 

In table 2 the quantity Bo (production cross section 

times the branching ratio into muon pairs) measured in this 

experiment for the T family is given together with the ratio 

of T to J/$, obtained at the same energies. The cross section 

per nucleon was evaluated assuming a linear A dependence. 

Table 2 

BU values for T production and for the ratio of T to J/J, 

production for different incident particles on a platinum target 

(systematic errors included) 

Particle lT+ 200 GeV/c TI- 200 &V/c TI- 280 GeVjc 

Bu(T +T’ +T”) 

Bo CJ/UJ) 
(2.4 +0.6)~10-~ (1.9 +0.5)~10-~ (2.2 ?0.7)~10-~ 

Bu(T+T’ +T”) (pb/nuclm) 1.9 iO.6 1.5 to.5 2.4 10.9 

2.7 f0.9 2.1 AO.7 3.4t1.3 

(pb/nucleon) 

The x-distribution for events in the mass range from 

8.5 up to 11 GeV/c2 for incident 71’ at 200 GeV/c is shown 

in Fig. 14. About 2/ of the events in this mass interval 

correspond to production of the T resonances. The mean 

value of x is found to be 2, 0.2. 

-G \ 
b 

-u 

b 
I.C 

\ 

0.5 

0 

lT+ 200 GeVk 

8.5 < M < I I GeV/c’ 

i,t, ,-{ 

-I 0 I 

X 

FIG. 14 

x-distribution of the events in the mass interval 8.5 < M < 11 GeV/c* 

for n+ at 200 GeV/c. The kinematical limit is also indicated 
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For the above sample of events, the decay angular dis- 

tribution in the Gottfried-Jackson frame was fitted to the 

expression 1 +Xcos'B. The best fitted value of the parameter 

X was 0.12 to.77 with a x 2 = 1.5 for 6 degrees of freedom. 

We have also made an estimate of the T production by K+ 

and protons, .The K+ and p mass spectra were fitted with the 

same procedure used to extract the T cross section for inci- 

dent pions. A small excess of events at M = 9.5 GeV/c' was 

then found, which leads to the figures given in table 3 for 

the cross section ratios K'/n+ and p/n'. The corresponding 

proton cross section can be estimated to be Bdo/dy= (3.8? 

3.2)~10-~~ cm2/nucleon, assuming a flat y distribution. The 

results of a model calculation based on the light-quark fu- 

sion mechanism, using the structure functions which were 

obtained from the Drell-Yan analysis of our dimuon data [19, 

251 are also indicated in table 3. 

Table 3 

Cross section ratios for T production at 200 GeV/c. The n-/n+ ratio is 

for a platinum target, while the K+/T+ and p/n+ ratios include events 

from the platinum target and the dump 

I Experiment Model 

o(K+) 
0.34 to.23 0.10 

da+) 

O(P) 

a(8+) 
0.03 to.02 0.05 

o(n-) 
0.76CO.29 0.83 

o@+) 

The experimental results are consistent with these predic- 

Pt 5926 119 54 2195 215 1304 
200 GeV/c 

n2 138 - - 47 - 24 

tions. We note that a pure gluon fusion mechanism would give 280 GeV/c Pt 5700 - - - - - 

about the same cross section for T production by K* and by 

+ 1~ , which is not favoured by the data. 

Our results for pions and protons are 'compared 

ious measurements on proton-platinum collisions 

and on proton-proton collisions at the ISR 

15 with prev 

at FNAL 1111 

[ZO, 21, 221 

as the ratio 

protons at a 

. The energy dependence of T production as well 

of the cross sections for incident pions and 

given value of M/A, agree qualitatively with 

in Fig. 

current models using either light-quark fusion or a combi- 

nation of light-quark fusion and gluon-gluon fusion mecha- 

nisms (23). 

In cone .usion, we have shown that pions are much more 

effective than protons in producing the T states. At 200 

GeV/c (M/K = 0.49), the pion to proton ratio of the T cross 

sections is of the order of 30. The T cross section is about 

the same for 8+ and T-. For incident T- the ratio of the T 

peak to the continuum is about one, while for IT+ it is about 

four. The ratio of the Bo values of T to J/J, is of the order 

of 2.10 -4 for incident pions. 

III DRELL-YAN CONTINUUM ANALYSIS: 

We have measured the production of massive muon pairs 

on platinum and hydrogen targets. The following number of 

dimuon events have been collected for M > 4 GeV/c'. 

P. 71- K- P *+ K" 1nc P 
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III.1. Transverse momentum 

FIG. 15 

Differential cross section B do/dy for production of the three T states 

plotted as a function of M/&for incident protons and pions. The FNAL 

proton data at 300 and 200 GeV are for ~"0.2 and ~'0.4, respectively. 

The pion data of this experiment are for y 20.2. Other data are for y ~0. 

The line exp(-18 M//s3 represents an eye fit to the proton data. 

The Fig. 16 displays the mean transverse momentum as a 

function of the dimuon mass for v’, p at 200 GeV/c and ri at 

280 GeV/c on platinum target. For m-, one observes a slow 

increase with energy (10% between 200 and 280 GeV/c). At 

200 GeV/c, the pfon <pt> reaches about 1.2 GeV/c instead 

1 GeV/c for the proton. Furthermore s+ and s- data show a 

similar behaviour. 

On hydrogen target, no large deviation is observed 

relative to the platinum data as presented in the following 

table. 

IT- i-r+ P 

III.2 Angular distribution: 

The angular distribution of the dimuon decay angle 

is presented in Fig. 17 in the Gottfried-Jackson frame. The 

data are restricted to pt < 1 GeV/c in order to avoid a smear- 

ing of the axis, and to 4 < $1 
PU 

< 6 GeV/c 2. A fit to the 

formula 1 + XCOS’B” gives X = 0.80 + 0.17 with a x2 of 12.1 

for 7 degrees of freedom. .4 x2 of 13.5 is obtained when the 

value of s is fixed at 1. The Collins-Soper decay angle [241 

gives the fitted value: X = 0.85 ~0.17 with h x2 of 10.5. In 

the Drell-Yan model, these angle definitions are equivalent, 

since the transverse momentum is not taken into account. Thus, 

the prediction X = 1 is compatible with our data. 
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III.3 The A-dependence: 

A comparison between our hydrogen and platinum data has 

been made in order to deduce the nuclear target A dependence 

of the Drell-Yan continuum cross section parametrized as Au. 

Details of the analysis are described in another paper [251. 

Then our a value is a = 1.03 ? 0.03. This result supports the 

hypothesis of incoherent proton interactions. Previous mea- 

surements of this parameter give a = 1.02 for proton-nucleus 

interactions [261 and c( = J.12? 0.05 for pion-nucleus inter- 

actions [6]. 

III.4 Mass spectra: 

Figs. 18, 19, 20 show the mass spectra for six different 

incident particles, measured at + 200 GeVjc on the platinum - 

target. For r- the actual number of events, uncorrected for 

acceptance is plotted. For the other hadrons the numbers 

are normalized to the same incident particle flux. The error 

bars are statistical only, and there remains a systematic 

error in the relative normalization of + 10% for p, 6, Kf - 

due to uncertainty in the efficiency of our Eerenkovs. The 

T + to n- data are normalized at the IJJ mass (within Q is) 

using the result of Sect. 11.2.2. 

Furthermore, the mass spectra can be compared to the 

predictions of the Drell-Yan model 1271 which assume that 

the lepton pair originates, via a virtual photon, from a 

quark-antiquark annihilation. 

a lr- 5916 events 

9 lr+ 2 195 events 

4 6 a IO 12 

M iGeY/c’) 

FIG. 18 

Dihuon mass spectra induced by IT’ not corrected for acceptance. 

Data are normalized to the same number of beam particles. Curves 

are predictions of the Drell-Yan model (see text). 

Dashed lines: CDHS fits used as input. 
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Dimuon mass spectra induced by K' Dimuon mass spectra induced by p and p 
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The muon pair mass U and x determine uniquely the momen- 

tum fractions x, and x2 of the quark or antiquark coming from 

the beam and the target: 

M2/s = x, . x2 x=x -x2 1 

The double differential cross section can be written 

‘=P 
h h where fi and fi are the structure functions of quark (anti- 

quark) of flavor i with charge Qi in the hadron h. The factor 

1 . 
3 

is due to the color hypothesis. X is a scale factor, related 

either to our experimental normalization error and/or to a 

multiplicative correction factor due to Q.C.D. effects. 

The n+ and r- data are used to determine the pion and 

nucleon structure functions. This analysis [25] gives the fol- 

lowing parametrization: 

TI- ValelEt? V(x) = 0.55 x 0.4 () -x)o*9 

TI sea ST(X) = 0.09 

p valence up 

y$;” 

u(x) = 10.5 x -x) 
4.04 

p valence down d(x) = 6.3 x 1.02 (1 -J-O4 

p sea S,(x) = 0.35 (1 -xp--0 

and K = 1.4 (” 0.5) 

The solid lines of Figs. 18, 19, 20 represent the result 

of the predictions of the model, corrected by our experimental 

acceptance. We assume the same value of K for the 6 induced 

reactions 1~ +, K’, pfN + (n*n-)X. We also assume that the pion 

and proton seas are SU3 symmetric. ‘Furthermore, we suppose 

exact SU3 invariance to deduce the kaon structure functions 

from the pion ones. 

Besides, we have also displayed with a dashed line the ex- 

petted mass spectra using as input the CDHS nucleon structure 

functions (at Q2 = - 20 GeV’) in order to determine our T struc- 
: 

ture functions [ZSI. In this case we found the scale factor K 

equal to 2.5. 

The n+ and T- spectra (Fig. 18) show a relative dimuon 

production greater for a- by a factor ‘L 3 at high mass ex- 

cepted in the upsilon region. 

One observes that the K+ induced mass spectrum (Fig. 

19) is below the K- spectrum by a factor of 4.5. This could 

be explained by the fact that the K- meson contains a valence 

antiquark u which annihilates with the u valence quark of the 

proton, whereas in the K+ case, a S valence can only fuse with 

a strange sea quark of the proton. In the SU3 invariance hypo- 

thesis, the K- induced mass spectrum is expected to be equal 

to lr-. This prediction is compatible with our data, within 

the present errors. 

For incident nucleons p and c (Fig. 20). The predic- 

tions do not fit the data. For the proton the curve is a 

factor s 3 higher than the data points. This discrepancy 

could be due to a too high value of the nucleon sea, deter- 

mined from the pion data [25]“. Data taking and analysis 

of better statistics p data are under way. 

* But whether or not the K factor should be the same for 
mesons and nucleons is an open question. 
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III.5 Charge asymmetry: (o,+/‘o,-) ratio 

A more detailed comparison of the I? and IT- spectra is 

represented by thei‘r ratio as shown in Fig. 21. This ratio 

is equal to 1.00 + 0.01 at the $I mass, falls toward 0.35 at 

high mass, except in the upsilon region. A value of 

aTIt/omT- = % is expected by the Drell-Yan model for an iso- 

scalar target at large x, and x2 (pion valence antiquark 

and proton valence quark dominate over the sea). On a plat- 

inum target (Z/A = 0.40), the value depends on the u/d 

ratio when x9 + 1. Thus ‘ 
Predictions 

of model 

Farrar-Jackson [281 

With the present data, 

different predictions. 

III.6 Scaling: 

Platinum Hydrogen 

we cannot distinguish between the 

The scaling hypothesis states that M3do/dM is a function 

of ML/s only. The Drell-Yan model satisfies this property, if 

the structure functions do not depend on M2 (the log Q2 depend- 

ence observed in deep inelastic neutrino scattering 1301, and 

predicted by Q.C.D., produces only a very small effect in our 

Q2 = -M2 range) . Except in the upsilon region (as expected) 

the scaling property is well satisfied by our data at 200 and 

280 GeV/c (Fig. 22) within the normalization error of + 15%. - 

0.8 

0.6 

du/dM (7l+pt--p+p-+X 1 

dc/dM (T- pt -/.L+p-+ X ) 

dcr/dM (ir+H2--p+p-+X) 

dv/dM (T-H, -/L+/L-+X) 

4 6 8 

M (GeV/c’ 

FIG. 21 

Ratio of n+/a- cross sections, as a function of M, for the platinum and 

hydrogen targets. The two curves show the predicted ratios o(v')/o(n-) 

for the platinum and hydrogen data, respectively, using the structure 

functions derived from our II data. 



I I I I I ! I 

0 0.2 0.4 0.6 

d-f =M/iE- 

0 200 

e 280 

FIG. 22 

Plot of M3do/dM, as a function of fi = M/6 for n- a 

200 and 280 GeV/c' 

A comparison with another experiment shows a good compati- 

bility with Goliath m- data at 150 GeV/'c [313. Differences 

with data of R.J. Anderson et al. [32) at 225 GeV/'c can be 

due to their result of the Au dependence: a = 1.12. 

CONCLUSI'ON 

We have measured with large statistics the production 

of dimuons on platinum and hydrogen targets by TI', K', p and 

ij beams. New results have been reported on: 

A/ Resonance 

. First observation of UPSILON produced by ?I+ and T- with 

a relative rate (y/$) + p u + - % 2.10 -4 

. JI cross sections measured on HYDROGEN are the same 

(within 2%) for TI+ and TI-. 

. J, cross sections have been compared for six different 

incident particlesat 200 GeV/c. The ratio of antipro- 

ton to proton (1.4 + 0.2) and Kt to K- (1.4 z 0.2) 

indicate that PART OF THE $ IS DUE TO VALENCE 4UARK 

interactions. 

. x distributionsof J, show a strong difference between 

incident mesons and baryons, the latter falling more 

rapidly when x increases. Proton over pion differen- 

tial cross section falls approximately as (1 -x)2'4 

in contrast to kaon and aion cross sections which have 

the same behaviour in terms of constituent distribution. 
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B/ Continuum 
REFERENCES 

. Using the structure functions determined i‘n this expe- 

riment with the 71' data, we can roughly reproduce the 

shape of the MASS SPECTRA for all incident particles. 

However a constant scale factor K = 1.4, derived from 

the 71 ' data, seems to be inadequate to reproduce the 

p (and possibly ij) mass spectrum in absolute value. 

. o(m+)/o(m-) falls (on platinum target) 2. 3 at high 

mass as expected in the quark-parton model. 

. Scaling hypothesis is well satisfied (within ) 15%). 
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HIGH PT PARTICLE PRODUCTION: RESULTS FROM FERMILAB EXPERIMENT 258 

H.J. Frisch 

Physics Department and Enrico Fermi Institute, University of Chicago 

I will report preliminary results from an experiment just com- 

pleted at Fermilab by a Chicago-Princeton collaboration consisting of 

Nikos Giokaris, James Green, Carla Grosso-Pilcher, Mac Mestayer, Lind- 

say Schachinger, Melvyn Shochet, Morris Swartz and myself, from Chicago, 

and Mike Halling, Pierre Pirou6, Bernard Pope and Richard Sumner, from 

Princeton. 

The purpose of the experiment was to measure the production of 

single charged particles at high pT by incident pions. Pions, which 

contain valence anti-quarks, were used as the projectile in the hope 

that the basic scattering process could be probed by comparing np and 

pp interactions. In particular, the charge and type (e.g., 71, K, p or 

b) of particles produced at large pT are sensitive to the nature of the 

constituents which scatter. 

The experiment described here has good particle identification, 

and can measure the relative production of the various particle types. 

These ratios are easier to analyze (as they are essentially systematics- 

free) than the cross sections; that is why we are able to present result, 

. only weeks after the experiment stopped running. 

The ratios, however, are sensitive to the underlying physics of 

high pT particle production. Different mechanisms can lead to quite 

different predictions, as I will show below. 
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I would like to review, briefly, the situation in high pT 

single particle production in p-p collisions. The intent is to show 

that the theoretical and experimental situations in p-p collisions 

are not crisp, -and that experiments with relatively low energy 

(200-300 GeV) pion beams, measuring at moderate values of pT (-6 GeV/c), 

but large xT (-0.5) can contribute unique information to resolve ques- 

tions which have reached an impasse considering only the data from 

p-p scattering. 

First, the situation at moderate value of pT (3 ( pT ( 7 GeV/c). 

Figure 7 shows the Fermilab data of the CP collaboration' (i.e., us) 

plotted to demonstrate the pT-' scaling of the cross sections. The 

XT dependence is fit well by the power law (~-XT)'. These are in fact 

the values predicted by dimensional counting and the Constituent Inter- 

change Model2 (CIM), although the hard scattering calculations of 

Field3 and many others have now been gussied up with enough subtleties 

to fit these data. 

Figure 2 shows similar fits of the CP collaboration to the parti- 

cle ratios Kt/?rf, K-/r-, p/r+, p/r-. Again the dimensional counting 

predictions of the CIM for the xT and pT dependences are consistent 

with the measured values. The observed pT-lz dependence for the high 

pT secondary Protons, however, Cannot be produced by the same mechanism 

as is the pT-' seen for pions. This is an obvious problem for hard 

Scattering models, such as that of Field, which rely solely on the 

scattering and subsequent fragmentation of a quark to generate a77 the 

secondary particles. 

So the conclusion at intermediate values of pT is that the CIM 

agrees well with the single particle data, but the hard scattering 

d,P/ DE P 3 G.8Td 

CD N z % 0 0 N IQ n 
‘0 ‘0 ‘0 ‘0 _ - ‘0 ‘0 - - - - 

‘0 ‘0 ‘0 ‘0 ‘0 ‘0 - - - - - - 
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:_ .- 

model of Field, while it can fit the pion production, cannot fit the 

baryon production data. 

At the ISR higher values of fi and higher values of pT are obtain- 

able. There are now three experiments which have explored the very 

high (p, > 8 GeV/c) region. The groups are a CERN-Saclay-Zurich colla- 

boration, a CERN-Columbia-Oxford-Rockefeller collaboration, and an 

Athens-Brookhaven-CERN-Syracuse-Yale collaboration; all three measure 

(at least so far) neutrals, but quote cross sections for TP production. 

Figure 3 shows the 'no' cross section versus pT for & = 62.4 GeV 

as measured by the three experiments."'5'6 One sees that two of the 

three experiments (CCOR and CSZ) agree on the cross section at 62.4 GeV, 

while the ABCSY experiment measures a substantially different answer. 

Figure 4 shows the cross sections at fi = 52.7. Here all three experi- 

ments differ. Figure 5 shows the values of n, the effective power in PT, I 
as a function of pT as measured by Refs. 5 and 6. Two of the three 

experiments agree that n decreases with pT (this time it is a different 

two--CCOR and ABCSY), but the CSZ collaboration find that for their data 

n increases with pT! I think that given this experimental situation;a 

hard-nosed outsider is justified in two conclusions: (1) n probably de- 

creases with pT to a value more like the simple hard scattering prediction 

n g 4 at very large values of pT , and (2) these experiments which measure 

neutrals (i.e., don't positively identify TI"'s) at very large pT are very 

difficult. Other experiments which look at aspects different from the 
. . 

local pT and xT dependences are useful.7 

The theoretical situation with respect to the cross section shape 

at these large values of pT is also not marvelously clear. Figure 6 

shows fits of Jones and Gunion which include both l/pT4 terms and CIM 
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terms. They find a good fit to all of the p-p data by this mix. 

Alternatively, Field has found good fits to the data using only the 
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Figure 6b 

l/pT4 terms, but including all of the details which are in QCD and even 

some which aren't.' Again, our favorite hard-nosed experimentalist might 

conclude that the theorists have had by now enough time to fit data which 

by and large depend only on two parameters (the pT power n and the XT 

power b), and that experiments which measure more than the spectral 

shapes in p-p scattering are in order. 

As a final summary of all single pion production in p-p collisions 

I present Figure 7. The comprehension of this global plot is left as a 

challenge to the reader. 

So much for motivating why we did our experiment measuring charged 

particle production in ap collisions, with good particle identification. 

Now for a brief description of the beam, the apparatus, and then the 

preliminary data. 

The High Intensity Pion Beam in the Proton West Area at Fermilab 

is the first of a new generation of very high flux beams. Typical 

intensities are on the order of 6 x 10' TI- at 'ZOO GeV per lOI incident 

protons. Two other such beams are being built, one at CERN in the North 

Area, and one in the Meson Lab at Fermilab. The beam we are in has two 

major problems, which are spot size (-1" x 3/4") and muon halo, some of 

which results from the beam's scraping apertures down its whole length 

(this is due to rather bad chromatic aberration, which is particularly 

distressing as the beam requires a large momentum bite to attain the 

high flux). Neither of these problems is significant for the high pT 

experiment reported here, but will prove important for future experiments 

in the same area. 

: 
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:: 
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The layout of the spectrometer is shown in Figure 8. The spectro- 

meter, which viewed the target at an angle of 80 mrad from the undeflected 

beam, consisted of a quadrupole doublet, a 16 mrad bend, and a second 16 
" 

mrad bend with scintillation counters, drift chambers and Cerenkov counters 

on either side. The spectrometer 1s 258 feet long. 

The two &renkov counters CA and CB (see Fig. 8) wereJ6 feet and 66 feet 

long, respectively. Each counter had two photomultiplier tubes, one 

sensitive to light emitted at angles of O-9 mrad, and the other sensitive 

to angles of 9-30 mrad. With the eerenkov counters we were able to separ- 

ate simultaneously IT'S, K's, and p's (p's) at all attainable values of pT. 

Electrons and muons were identified by means of a lead/lucite calorimeter 

at the end of the spectrometer. 

The solid angle of the spectrometer in the laboratory frame was 20 

uster, and the momentum bite was 22% (FWHM). The drift chamber system gave 

a momentum resolution of better than 1.5% at laboratory momenta above 30 

GeV/c. The momentum acceptance of the spectrometer was checked by analysis 

of special data runs which were taken with the central momentum of the 

spectrometer shifted by small amounts so that the cross section at the 

same value of pT was measured in different regions of the momentum accept- 

ance. The momentum scale of the spectrometer was calibrated by measuring 

the velocity of kaons of 25 GeV/c nominal momentum with the differential 

capabilities of the zerenkov counters. We know the momentum scale to 

i 1%. 

The spectrometer viewed the target at an angle of 80 mrad which 

corresponds to 77" in the C.M. frame for 200 GeV incident pions and to 

90' for 300 GeV incident pions. Additional 200 GeV runs were taken 

using four dipoles in the beam line to change the targeting angle by 

:: : _- 
:’ ‘; 

1’. 
. : 

Figure 7 
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+_ 18 mrad, allowing data collection at C.M. angles of 90' and 60°, 

respectively. 

The trigger consisted of the four-fold coincidence A1+A2.As*A5 

(see Fig. 8). In the subsequent analysis,'trackj were identified in 

the seven drift chambers 01 - D7 with an efficiency at low momentum of 

typically 93%. At high momentum the trigger rate was dominated by 

accidental coincidences. These accidental triggers were cleanly elimina- 

ted in the analysis by requiring the tracks to be continuous in x and y, 

and to reconstruct back to the target. Figures 9 and 10 show the fitted 

chisquares for tracks in x and y respectively. Figure 11 shows the re- 

constructed projection at the target plane , more than 100 feet upstream 

of the first drift chamber. 

The data have been corrected for decay-in-flight, absorption in the 

spectrometer, and for contributions from the empty target. The decay-in- 

flight correction, for example, is 3.6% for pions and 30% for kaons at a 

lab momentum of 40 GeV (p, 2 3 GeV). The spectrometer absorption is ap- 

proximately 10%. The empty target correction grows slightly with pT, and 

is 8% at pT = 1 GeV/c, and 11% at pT = 4 GeV/c. In the anti-particle/par- 

ticle ratios presented here, however, these corrections cancel. Data 

runs were always taken in pairs with positive and negative settings of 

the spectrometer to minimize other systematic errors, 

Figure 12 shows preliminary results for the cross section (here 

shown in arbitrary units!) versus pT. The strong energy dependence for 

values of pT greater than 3 GeV is clear. The lines are drawn only to 

guide the eye. These data are taken on hydrogen--we have data on Be, 

Cu, and W as well, including data at slightly higher pT. (A word of 

warning-- as the data are preliminary and the scales somewhat arbitrary, 

: ,]-‘.. 
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the reader should not try to find n or b from this plot!) 

The ratios T-/IT+, K-/K+, and F/p are shown in Figure 13 where 

IT-/IT' is the ratio of produced IT- to produced T+, all with the same 

incident R- beam. Also represented on the figure are the same ratios 

measured in p-p collisions.' All of the pion-induced ratios are flatter 

in pT than in the proton-induced cases. This is natural if hard scat- 

tering dominates, as the beam n- can contribute a valence t!i quark to a 
- 

IT , K-, or p. Simple counting of the valence quarks gives n-/r+ = 1.5, 

and K-/K' = 0.5; i; production requires picking up two antiquarks, but 

the same simple counting of single valence quarks gives F/p = 0.33. 

These numbers are in rough agreement with the data. 

Figure 13 also shows predictions from a CIM calculation of Gunion 

and Jones0 and a QCD calculation of Field.'" The CIM calculations which 

had fit the production of each particie type in the p-p.case very well 

(a special success being the prediction of large proton flux) disagree 

with the pion-induced data by a large factor. The calculation of Field 

is in better agreement. 

Figure 14 shows the particle ratios K-/n-, K+/a', F/T- and p/a+, 

as well as the corresponding ratios in p-p collisions. Again K- and p' 

are produced much more copiously in IT--P than in p-p collisions. 

In Figure 15 we show the ratio of n-/a+ measured with 200 GeV TT- 

at laboratory angles of 98, 80, and 62 mrad, corresponding to c.m. 

angles of approximately 90", 77", and 60", respectively. In contrast 

to the proton-proton case, the angular distribution in a--p scattering 

need not be symmetric about 90'. If one makes the reasonable assumption 

that a particle observed at large xT came from a valence quark, one can 

identify a 71' as coming from the proton , a K- or 6 as coming from the 
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incident TI-. etc. Further, if one assumes that the observed parti- 

cle carries a large fraction of the scattered quark's momentum, then 

the particle's direction is close to that of the incident quark. Hence 

the measured angular dependence would be strongly correlated with the 

angular dependence of the underlying hard scattering process. Only a 

weak angular dependence is seen in contrast to the steeper predictions 

of Field. Figure 15 also shows the angular dependence of the ratios 

K-/K+ and p/p. It seems remarkable that these ratios are so independent 

of angle. It almost seems as if the cross section depends on impact 

parameter and little else. More work on the cross sections and A 

dependence is continuing: two of the graduate students, James Green and 

Nikos Giokaris, will get the answers soon. The rest of us will have our 

hands full on our next experiment. This is a large acceptance dimuon 

experiment designed to exploit the high intensity of the beam to explore 

dimuon production at large rnPn2 and large pT of the pair. We hope to 

be able to lick the muon halo somehow--wish us luck. 
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FIGURE CAPTIONS 

Fig. 1. Data on p-p collisions from the CP collaboration on the scaling 

-.properties of the TI+ and 1~~ cross sections versus xT=2pT/&. 

The cross sections have been multiplied by pTn, where n is 

the best-fit value. The solid line is the fitted parametri- 

zation. The fit is over the region XT > 0.35. 

Fig. 2. Again data on p-p collisions from the CP collaboration, this 

time on the scaling properties of the K/IT and p/s particle 

production ratios in ZOO-, 300-, and 400-GeV p-p collisions. 

The solid line indicates the best fit for XT 2 0.35. 

Fig. 3. The +' spectrum at &=63.4 GeV as measured by the groups of refer- 

ences 4, 5, and 6 versus pT (from Ref. 6). 

Fig. 4. The TIO spectrum at &52.7 GeV as measured by the groups of refer- 

ences 4, 5, and 6 versus pT (from Ref. 6). 

Fig. 5. The local power n of the pT dependence derived from the data 

of Refs. 5 and 6 shown in Figures 3 and 4 (the original figure 

is from Ref. 6). 

Fig. 6a. Comparison with data of the predictions of the CIM for 

Edo/d3p for 1~' production (from Ref. 8). 

6b. Comparison with data of the predictions of the CIM for Eda/d3p 

for K- production (from Ref. 8). 

Fig. 7. A global plot of lines of constant cross section derived from 

ISR and Fermilab high-energy data on TIO and (a+ + r-)/2 cross 

sections near 90°. Lines of constant cross section have been 

plotted on a two-dimensional plot of pT versus (1 - XT). If a 

single term of the form pTmn(l - xT)b dominates the form of the 

cross section, the data should lie on straight lines of slope 

n/b. The spacing between these lines in the ordinate is then 

(lnl0 )/n, and in the abscissa is (lnlO)/b. 

The solid lines drawn on the plot are an approximation to 

the CP data', and have n=8.4 and b=9.45. The dashed lines 

are the fit to the recent ISR data of Clark et al." with 

n=6.6 and b=9.6. 

Fig. 8. The layout of the E258 spectrometer. The Ai represent scintil- 

lation counters. The Di are drift chambers. CA and CD are 

Cverenkov counters. Ehn is a calorimeter for electron/hadron/ 

muon separation. 

Fig. 9. The fitted chisquare distribution for the x coordinates of 

tracks in the drift chambers. 

Fig. 10. The fitted chisquare distribution for the y coordinates of 

tracks in the drift chambers. 

Fig. 11. The projection of reconstructed tracks at the target plane. 

The physical size of the target is indicated. 

Fig. 12. Preliminary results for the cross section (in arbitrary units!) 

versus pT. Data from both 200 and 300 GeV beams are shown. 
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Fig. 13. The ratio of (a) IT-/~', (b) K-/K+ and (c) F/p produced by 

200 GeV and 300 GeV a--p collisions, Also shown are the 

corresponding ratios in p-p collisions, and the theoretical 

predictions of Field (Ref. 6) and Gunion and Jones (Ref. 4). 

Fig. 14. The ratios of heavy particles (K and p) to pions produced in 

200 GeV and 300 GeV a--p collisions. Also shown are the cor- 

responding ratios in p-p collisions. 

Fig. 15. The ratios ~-/IT+, K-/K+, and p/p as a fUnCtiOrI of pT for 

c.m. angles of 60", 77', and 90'. The predictions of Field 

for n-/rr' are also shown. 
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1. Introduction 

Quantum chromodynamics (QCD), the gauge theory of coloured quarks and gluons, 

is the only serious candidate for the theory of the strong interactions. 

It is not yet well understood as a field theory. E.g., the confinement problem 

is still unsoitied, and we also do not know how to compute the hadron 

spectrum. But there is a large number of computable quantities and cross 

sections which can serve as tests and applications of QCD. 

The classic application of QCD is to deep inelastic leptoproduction 1) where 

the short-distance expansion and the renormalization group are directly 

relevant. Other applications based on perturbation theory include jet cross 

sections in e+e- annihilation totally free of infrared singularities 2) - 5) 

and processes with universal infrared singularities which can be factored 

out6) , leaving the computable ultraviolet behaviour to be compared to experiment. 

' 7)B) 
Examples of the latter category are the Drell-Yan process , large-pT 

hadron-hadron collisions and semi-inclusive leptoproduction and e+e- anni- 

hilation'). 

The status of QCD tests in deep inelastic lepton scattering has been reviewed 

by Barnett at this conference 10) . It appears that more data at higher q* are 

needed to provide discriminative tests of QCD. In particular, the presence of 

higher-twist contributions makes it impossible to unambiguously detect the 

logarithmic scaling violations and anomalous dimensions which distinguish 

QCD from alternative theories. 

In order to put QCD on somewhat firmer ground, it is essential to search 

for more direct signatures of coloured vector gluons (while evidence for the 

existence of elementary spin-l/Z quarks is abundant). In the first place 

this means to establish the quantum nature of glue. In place of free gluons 

which are supposed to be confined, gluon jets originating in gluon brems- 

strahlung off quarks and antiquarks (in conjunction with quark/antiquark 

jets) should best reflect the dynamics of coloured quarks and gluons at 

short distances. 

At foreseeable energies deep inelastic leptoproduction will most likely not 

bring much of the gluon jets to light, mainly because the intrinsic transverse 

momentum of the constituent quarks, antiquarks and gluons (in the nucleon) 

washes out most of the effect 'I). Large-pT proton-proton and pion-proton 

scattering at present accelerators are even less qualified to study gluon 

jets since this involves the intrinsic transverse momentum of both scattered 

partons. The most promising process to search for QCD jets is high-energy 

e+e- annihilation into hadrons, which is not spoiled by nonperturbative and 

(at present) intractable details of the initial state. 

In this talk I shall concentrate on the application of QCD to e+e- anni- 

hilation into hadrons. Particular emphasis will be placed on QCD predictions 

which are reliably calculable and can soon be verified by experiment, i.e., which 

must not be affected by higher order corrections and nonperturbative effects 

and which are not just small effects on a much larger background. 

In QCD high-energy efe- annihilation cross sections which have no mass 

singularities can be calculated perturbatively 4)~ with the fixed renormalized 

coupling constant replaced by the renormalization-group running coupling 

constant *) 
-L 

*) The running coupling constant quoted corresponds to the one-loop 

approximation. 
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with Nf the number of quark flavours and A to be determined experimentally. 

Since the running coupling constant vanishes for large q2, generally only the 

first few terms of the perturbation series need to be calculated. 

To order CX~, e+e- annihilation into hadrons is described by the diagrams *I 

listed in Fig. I. The outgoing quarks, antiquarks and gluons, which appear 

to be confined in the real world, are assumed to metamorphose into hadrons 

with small transverse momentum **) (<pT> = O(300 MeV)), i.e.,jets. Accordingly, 

the predictions of perturbation theory for the production of quarks, antiquarks 

and gluons have to be interpreted as predictions for the production of jets. 

The hypothesis that quarks and gluons fragment into hadrons with small 

transverse momentum is supported by QCD, using the absence of mass singularities 

as a criterion for the use of QCD perturbation theory. The cross section for 

e+e- multi-jet production events in which all but a fraction ei of the energy 

of the i-th jet is deposited inside a cone of half-angle 6i was shown to be 

free of mass singularities4)14). The result for the production of n quark , 

m antiquark and 1 gluon jetsis (ei << I, bi << I) 

where ddo(nq t m;i t lg) is the cross section for e+e- + nq + m$ t lg in 

Born approximation. If we define a jet angular radius ~(Y,E) as in the two-jet 

case'), that is by requiring that a given fraction 1 -3 ,f << 1 of all 

events have at least 1 - E of the total energy emitted within n t m + 1 cones 

of half-angle ~(Y,E), we find that s(3.c) + 0 at high energies with some 

*I Loop corrections are not shown here. 

**) With reference to the parton model 13) . 

e- 

e P--CL (4 

Fig. 1 Electron-positron annihilation into (a) two-jet, (b) three-jet 

and (c) four-jet hadronic final states. 



power of (I/q') as a result of CX~-+O. This demonstrates that the formation of 

jets is also a consequence of QCD. 

Four jets are probably the maximum we can hope for to be seen at PETRA and 

PEP. Therefore,we shall concentrate our discussion on signatures of three- 
. 

and four-jet final states, i.e., on the physics implemented by the diagrams 

shown in Fig. 1'. 

The jet cross section (1.2) is only one of a large class of cross sections 

which are free of mass singularities and are calculable in perturbation 

theory. Other measures of three- and four-jet final states, which will concern 

us here, are the differential cross sections in thrust 15) (T) and acoplanarity5) 

(A) : 

(1.3) 

. . 
where the sum runs over all particles in the event and pi (pZout) is measured 

parallel to the ("thrust") axis chosen to maximize T (perpendicular to the 

plane chosen to minimize A). A final state with T = 1 will correspond to 

two jets, while events with low thrust T < 1 should mostly consist of three 

jets. Acoplanarity, on the other hand, measures the deviation from disc-like 

events (i.e., three jets), so that a final state with nonvanishing A > 0 will 

mainly have a four-jet structure. 

So far in the introduction emphasis was laid on the rather unambiguous predictions 

ofasymptoticallyfree QCD perturbation theory. This alone does not, however, 

give a complete picture. Some important tests of QCD such as quantum numbers 

(e.g.,charge correlations), counting rules16) , polarization effects, etc.,will 
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come from semi-inclusive processes. The question as to whether the inevitable 

infrared divergences and large logarithms, of a naive application of perturbation 

6) theory to semi-inclusive processes can be handled has been answered yes . 

The infrared divergences (also including mass singularities) factorize into 

separate universal infrared logarithms for each hadronic leg and ultraviolet 

logarithms . The infrared logarithms can be absorbed into the anyhow unknown 

fragmentation functions, where they actually belong, while the large ultra- 

violet logarithms arrange themselves so that the hard (parton) cross section 

can be re-expressed in terms of the running coupling constant as. 

Over the last year, innumerable applications of perturbative QCD to e+e- 

annihilation have been presented. The question arises as to whether the 

proposed tests, when studied in alternate field theories, will give basically 

the same results as QCD or lead to different predictions. Only in the latter 

case could one speak of discriminative tests of QCD. As far as other theories 

are concerned, this rests, of course, on the assumption of a fixed point such 

that the effective coupling constant a: << 1. In this spirit I shall also 

discuss theories with scalar and pseudoscalar gluons. 

If QCD proves to be the theory of the strong interactions, higher-twist 

contributions must also be present. They lead to quite similar effects as hard 

gluon bremsstrahlung and therefore should be watched out for if one is aiming 

at a quantitative test. Indeed, higher-twist contributions to e+e- annihilation 

have been estimated17) and were found to be sizable even at higher PETRA and 

PEP energies. At given times I shall cormsent on higher-twist contributions *I , 

especially, on how they can be discriminated. I feel that here some theoretical 

work needs to be done, in particular, as to their quantitative nature. 

The talk is divided into two main parts. In Section 2 I shall discuss the 

application of (pure) QCD perturbation theory to the description of multi-jet 

*) Which, by the way, also contain interesting physics. 
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To all orders in the leading logarithm approximation (-(a,ln*(l-T))") the 

cross section is found to be *I 

This is shown in Fig. 2 and compared to the lowest order contribution (2.1). 

As expected, (2.3) goes to zero for T -+ 1, and it is indicated that (2.1) is 

(probably) applicable in the region T -; 0.9, but definitely not beyond that. 

The most serious nonperturbative background **) which might extend into the 

region of lower T comes from heavy quark-antiquark (Q(j) pair production with 

subsequent decay. In Fig. 3 I have drawn D -1 do/dT (perturbative) together 

with a Monte Carlo calculation of the light 25) and heavy quark 26) background, 

respectively. At @ = 30 GeV the effect of the b quark is already greatly 

shrunk back, and we expect to see a planar event structure for T 5 0.85. 

For t production the signal is four times as large at scaled up energies and 

here would remain a serious background to gluon bremsstrahlung even far above 

threshold. 

A complete kinematical determination of three-jet events requires two variables, 

apart from three Euler angles 
***) 

,fixing their orientation with respect to 

the beam and beam polarization axis. Besides T, the angle&between the most 

*) Details will be published elsewhere. 

**I cl-T>Np : (l/2) <n> <pT>No / J;i2 for light quarks and 

<I-T>Np - (a/4) mQ / @for heavy quarks. 

***) Without polarization only two Euler angles are effective. 

Fig. 2 

r 

q* = 30 GeV I 
I 
I 

I 

e+e’- qiiil ,I 

Thrust distribution for e+e-+ qqg (dashed line) and sumned over 

leading logarithms (dotted line). The solid curve is an eyeball 

interpolation between (2.1) at low thrust and (2.3) at higher 

values of T. Here and in the following curves the parameters 

areA = 0.5 GeV, Nf = 5. 



100 - 

10 = 

I= 

0.7 0.8 0.9 1. 

1 

Fig. 3 Thrust distribution for e+e-- qqg (full line) compared to the 

light and heavy quark background. 

and second most energetic jet 4) offers as the second variable. For a given 

T we obtain '*) 

~~-37~2-7,(%2)+Z(t-37t3~Z) &t s] - ’ 
. 

In particular, 

<cos -8, 

-0.59 

-0.79 

-0.92 

-0.97 

(2.4) 

(2.5) 

where$*is the angle between the second most and least energetic jet, i.e.,the 

minimal jet angle. The "typical" three-jet events corresponding to (2.5) are 

shown in Fig. 4. It should be noted that for T = 0.95, where Eq. (2.1) surely 

is not applicable anymore,#is still much larger than the nonperturbative 

jet opening angle 

(2.6) 

4) Note that in the three-jet case the thrust axis coincides with 

the axis of the most energetic jet. 

44) <cos 2>+ -l/2 (a= 120') for T -+ Z/3 and <cost+ -1 

for T + 1. 
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In order to fill this gap, higher order contributions will have to be included. 

1 =0.7 T=OJ 

T = 0.9 T = 0.95 

The quantitative test of QCD based on (2.1) now causes some problems. In order 

to determine T experimentally, one would have to measure neutrals. Further- 

more, do/dT is a steeply rising function of T, so that a small error in the 

measurement of T will ruin the precise determination of the cross section. 

_‘_ 

A test which appears to be rather clean is the production of jets at large 

angles *I . , i.e., in the center part of the Dalitz plot **) (Fig. 5). This 

involves measuring the rate of three-jet events with angles between some 

givenSmin > 0' andamx < 180'. In Fig. 6 I have drawn '**I the cross section 

d%/d$d$on the borderlines (e2 = e3, QI = e3; cf. Fig. 5) of the Dalitz 

plot. It shows that the cross section is rather flat within a reasonably large 

region<in = 80' , amx = 140'. This is the proviso for a quantitative test 

of QCD. Beyond that region the gluon jet is not guaranteed to be emitted at 

short distances and finite order perturbation theory breaks down. The latter 

is indicated by the sharp rise as Ep. -+ 180' and 475 00. 

In the following table I have listed the relative rate of expected 

(three-jet) events in various regions of the Dalitz plot 

*) The rela tive jet angles taking over the role of T. ' 

4*) This is what Bjorken has called the "gold-plated" test 

of QCD. 

***) $ ($3 being, as before, the largest (smallest) relative 

jet angle. 

Fig. 4 "Typical" three-jet events for various T. The numbers attached 

to the jets correspond to their energies. 
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Fig. 5 Dalitz plot for three-jet events. If we choose 0, ct$>to be 

the maximal (minimal) jet angle only the lower left triangle will 

be occupied. The all-large-angle triangle shown (dashed borderlines) 

corresponds to 3 s &-a@, -a* Ip zoo. 

I I , , , , , , I t I , , ( , , ( I 
Do 20’ 40’ 60’ 80’ ?50° 160’ l&I* 

I 

Fig. 6 The cross section F -'f7iz~/d-9dlg# on the 

borderlines of the Dalitz plot. Left-hand side: ?P=3600-24% 

Right-hand side: 9 = 360 O- .z a*. 

. 



. 

Rate I 

qmi, = 9o” 

amax = 135O 
4.7 % 0.782 

3mi” = loo0 
2.8 % 0.460 

amax = 130° 

(2.7) 

The parameters are p= 30 GeV, A = 0.5 GeV, Nf = 5 which corresponds 

to as = 0.20. The rate is given by $ (1 + $ )-l I , where I is 

independent of the energy. Measuring the cross section of these large- 

angle events leads to an independent determination of as and A , 

respectively. This has become a burning issue now, particularly as the 

new p - production data 27) 2a) look rather flat at larger q2. With 

higher q2 being reached soon, it should also be possible to test if the 

effective coupling constant really runs. From 25 GeV to 40 GeV 

should decrease by - 10% for the parameters given. This would 

really discriminative test of QCD, while the mere existence of 

events can also be attributed to alternate field theories with 

fixed point coupling. Sbding in his talk at the EPS conference 

the rate 

be the 

three-jet 

a small 

2g1 has 

quarks is the - I + cos20 distribution of the jet axis 

hilation first observed at SPEAR 30). The three-jet cross 

playing the full angular dependence is of the form 3') 

in e+e- anni- 

section dis- 

where the et (e-) beam has natural transverse polarization P+ (P-). The 

angle 0 is the angle between the thrust axis , i.e., the direction of the 

most energetic jet and the beam axis, while X and 6 are azimuthal angles 

as defined in Fig.7. The various cross sections read *I 31) 

_ Z (BT-3T ‘- 4) 
l-4 I > 

attempted to analyze the TASS0 data along the lines discussed here, and 

they found quite a few three-jet events. For a conclusive analysis one 

will need, however, O(5000) hadronic events which is somewhat in the 

future. 

The angular distribution of the three-jet events with respect to the beam 

and beam polarization axis is the next point to be investigated. In this 

context I like to mention that the cleanest signal in favour of spin-l/Z 

They are drawn in Fig.8. For zero polarization (P+ = P- = 0) and/or 

averaged over the azimuthal angle lp we obtain the angular distribution 

of three-jet events 

- 
*c) Note that u = uU t uL. 

405 



e’ Beam Axis 

Beam Polarization AXiS lhmst Axis 

1 da -- 
0 dT 

1C I 

1 

Fig. 7 Definition of Euler angles 8 , 'x and 4 . Th e event lies in the 

(x,z) plane. The thrust axis is along $ , and z points into 

the direction of the second most energetic jet. 6 ,% and 4 

vary between 0 < 0 < iZ ~ O< x <GGaand Og#<ZK. 

I I I I 

0.65 0.7 
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T a(T) B(T) u(T) 

0.7 lt 

0.75 

~ 

0.8 
0.85 

0.9 

cos20 t 0.18 sin20 cos2x t 0.04 

0.14 

I 
0.08 

0.10 

L 

0.10 

0.06 0.10 

0.03 0.09 

sin2e cosx 

(2.10) and the angular distribution 

The feature most striking and most easy to measure is the rather strong 

deviation of the thrust axis distribution from 1 t cos20 as T decreases. 

The coefficients a and 6 are related by (cf. Eqs. (2.8) and (2.9)) 

P ) (7 = I- ti O-1 
Ll (2.11) 

which also constitutes an important test. The distributions for polarized 

beams can be'directly read off from Eqs. (2.8) and (2.10). The extra 0 

dependence will be of great help to determine a, B and Y . 

Test of Gluon Spin 

In order to get an idea how far the angular distributions give evidence 

of,the vector nature of quantum glue let us consider a model where the 

quarks are coupled to massless scalar gluons: 

(2.12) 

For zero-mass quarks all results of scalar gluons are identical to those 

of pseudoscalar gluons because of the ~5 invariance. We obtain the three- 

jet cross sections 32) 

T a(T) B(T) v(T) 

0.7 

0.75 

0.8 

0.85 

0.9 

lt 0.24 

0.30 

0.37 

0.47 

0.58 

cos20 + 0.19 

0.18 

0.16 

0.13 

0.11 

sin20 ~0~2~ t 0.02 

0.04 

0.05 

0.04 

0.03 

sin29 cosx 

(2.14) 

The largest difference from the vector case consists in a(T). This is shawn 

in Fig. 9. At maximum the difference is almost a factor two which should 

be sufficient for ruling out scalar and pseudoscalar gluons. 

The question of how to measure the spin of the gluon has been raised 

also by other authors 33) 34) . I like to stress, however, that the test 

proposed here is particularly easy to accomplish. Furthermore, the angular 

distribution (2.14) is least sensitive to the mass of the scalar/pseudo- 

scalar gluon, and there is no reason why it should be zero. 

Higher Twist Contributions 

Higher-twist contributions like those shown in Fig. 10 also lead to a 

three-jet-like final state with one jet being a single pion or a resonance. 

-- 
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They fall off one power higher in q* than the point-like cross section. 

But there is some reason to believe that they will still play a role at 

PETRA and PEP energies, though their order of magnitude estimate 3, is 

not really satisfactory, and I would like to see more work being done 

along the lines of Brodsky and Lepage 16) . The characteristic feature 

of these higher-twist contributions is that the invariant mass of one 

of the jets is rather low ( < 2 GeV) which makes them easy to distinguish 

from gluon bremsstrahlung events. 

Four-Jet Final States 

Apart from the fact that the effective coupling constant (1.1) vanishes 
n 

for qL + - and some more indirect indications, QCO shows its full 

gauge structure only in order a f or higher where the triple-gluon 

coupling comes in (cf. Fig. lc). If we could separate four-jet from three- 

and two-jet events this would also allow a more precise determination of 

as (0( a:)!). Furthermore, four-jet final states would be an excellent 

place to test if as really decreases like l/in q*. 

The canonical quantity to investigate here is do/dA which, for not too 

small A, eliminates the dominant two- and three-jet events. This cross 

section has been studied numerically in Refs. 35, 36 and partly in Ref. 3. 

In the leading logarithm approximation it takes the simple form 36) 

(2.15) 

which only receives contribution from qqgg production, while the cross 

section for qiq{ production is one power in In A down. Eq. (2.15) is a 

fairly good approximation of the exact calculation as can be seen from 

Fig. 11. The cross section do (e+e- -+ qqq{)/dA was found to be - 10 

times smaller than da (e+e- -+ qqqq)/dA over most of the A region which 

Fig. 11 The cross section W -I d~s/dA for e+e-+ q;lgg 

(full curve), e+e-+ qqq{ (dashed curve) and in the leading 

logarithm approximation (dashed-dotted curve). The:idashed-twice- 

dotted curve is the nonperturbative two-jet background. 
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has some interesting consequences. The singularity for A + 0 is due to 

the infrared singularities associated with soft and collinear emission 

of gluons, quarks and antiquarks. 

In the three-jet case we found that lowest order perturbation theory is 

(probably) valj,d up to T ti 0.9. This corresponds to A 2 0.05 in the 

four-jet case, if phrased in terms of jet angles, and applying the same 

minimal angles to the four-jet case. Disregarding the two- and three-jet 

background for the moment,which for nonasymptotic energies will also 

contribute to A > 0, we then obtain for the rate at which four-jet events 

are produced ( g = 40 GeV) 

A *aA 

r =o s s-O/o ) buQX= :. 0.05 (2.16) 

This is a sizable rate but does not imply too much yet. The question is: 

can we exploit the full perturbative domain? This would mean that four- 

jet events and nonperturbative background are clearly separated. The 

answer is yes, but not without further cuts on do /dA,as we will see. 

The more appropriate quantity to study would be the double differential 

cross section d2 o/dTdA, but unfortunately this has not been calculated 

yet. The nonperturbative two-jet background to do /dA has been calculated 

based on the Feynman-Field model *I . This is shown in Fig. 11. We see that 

in do/dA perturbation theory will only start to dominate over the non- 

perturbative background at A p 0.1 for upper PETRA and PEP energies. On 

that basis we expect indeed a rather small four-jet signal 5) . With help 

of a little algebra we find, however, 

*) The three-j et background is expected to have a similar shape, 

but to be much smaller. 

(2.17) 

for four-jet events, while for the nonperturbative two-jet background 

(2.18) 

Hence, in (T,A) - space four-jet events and background are well separated 

as is sketched in Fig. 12. This means .if we restrict our analysis to the 

hatched region in Fig. 12 we do not lose many four-jet events but most 

of the background will go away. 

Another way of looking at four-jet events is to plot do/dT with a small 

acoplanarity cut-off. The QCD prediction for that is drawn in Fig. 13. 

For smaller values of T the four- and three-jet cross sections are of the 

same order of magnitude, while for *) l/& T 2 2/3 only four-jet 

events (and higher) contribute to do/dT. This means for T < 0.8 we 

should see a fair number of jet events with a rather fat jet (i.e, two 

unresolved jets) in either hemisphere, whereas three-jet events are 

expected to consist of a fat and a narrow jet 25) . 

From Fig. 13 we gather that four-jet events also constitute a non-negli- 

gible background to the three-jet cross section (2.1), in particular for 

smaller T. This is to say that Eq. (2.1) should only be used in connection 

with an acoplanarity cut-off.The "gold-plated" QCO test discussed earlier 

is, however, not affected. 

Let us now go back to Fig. 11. We have seen that four-jet events consist 

to - 90% of qigg final states. So the hatched region in Fig. 12 is the 

ideal place t.0 Stuly the partirxdars Of ghIOn jets in the COntinuUm 

("gluon factory"). One should watch out for fast neutrals ( n, n' ) and a 

*) The kinematical boundaries for three- and four-jet events 

are T 2 2/3 and T ) l/ fl, respectively. 



0.8 

0.6 

A 

Fig. 12 Regions of phase space for some finite energy. The hatched Fig. i3 Thrust distribution with acoplanarity cut-off A >/ 0.05 for 

region is where we expect four-jet events. The dotted area will e+e-G qqgg + qqqt. Also drawn is the thrust distribution for 

be populated by the two- and three-jet "background." e+e-3 qqg for comparison. 

v- 9* = 40 GeV 

0.6 0.7 0.8 
T 

0.9 1. 
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possibly higher multiplicity 37) . Because gluons are iiavour blind we 

also expect an excess of, e.g., fast Ko, k" in this region. 

The Three-Gluon Vertex 

Four-jet events will typically consist of three distinctive jets with 

one jet being evidently fatter than the others. Since SC) 14) 20) 21) 

we expect, viewed from the parent three-jet level, that the fat jet will 

mostly be the gluon jet rather than the quark or antiquark jet *I . For 

an abelian vector theory, on the other hand, the opposite will be true. 

That is, here we expect the fat jet to be dominantly the quark or anti- 

quark jet. Supposing that one knows how to distinguish quark and gluon 

jets, this will be a good and feasible test of the nonabelian gauge 

structure of the theory. 

The absolute value of the four-jet cross section will be a further check 

on the three-gluon coupling, provided one knows already the effective 

coupling constant (which can be obtained from the three-jet cross section). 

The effect the gauge group has on the magnitude of the four-jet cross 

section is illustrated by *) 

z*s ,(* lg) 
.d>/O.Gc - 

*ci The gluon branchinginto qq is negligible here, as we have seen. 

*) If quark an d antiquark jets are not distinguished, one loses 

a factor two, though. 

W) This is rather cut-off independent. 

where d3C (3C standing for three-colour mode138)) is three times the 

QED cross section ( a = a,). 

Heavy Flavour Production 

For the associated production of heavy Qo pairs, 

(2.20) 

there is no need for a cut-off since the heavy quark masses provide a 

natural infrared cut-off. Hence, d (e+e- -+ QQQ?) can be calculated 

perturbatively (Fig. 14). Taking m, = 1.6 GeV and mb = 4.6 GeV we obtain 
36) 39) 

(relative to Qq production) 

j;:fl (2.21) 
This is to be interpreted as the total inclusive csc?, etc. production 

cross section, i.e., 

(2.22) 

The rate is on the level of half a % at the upper PETRA and PEP energies 

which is not actually very high. It should, however, be stressed that 

this is a rather clean prediction as it does not require imposition of anY 

infrared cutoff on the data. Moreover, it is practically free of any 

sizable background. 
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3. tiadron Distributions in Jets and Correlations 

Fig. 14 Heavy QaQa production diagrams. 

The hadron distribution in e'e- jets bears the same information on the 

dynamics at short distances (and more) as is mediated by the perturbative 

jet measures discussed in the last section. For instance,will the secondary 

hadrons retain the direction of their parent quark, antiquark or gluon up 

to a finite, nonperturbative <pT >NP = 0 (300 WV) which at high enough energies 

can be neglected. That this involves the gluon fragmentation function as 

an unknown (the quark fragmentation functions are, in principle, known from 

lower energies) is rather a positive feature as it will answer such important 

questions as: is the gluon flavour blind? 

Single-Hadron Distribution 

The semi-inclusive e'e- annihilation cross section is given by *I 

where 0 now is the angle between the hadron momentum and the beam axis. In 

the naive quark-parton model (zeroth order QCD) 

-0 
f-, DO 

(3.2) 

which asymptotically leads to a 1 + cos* 0 angular distribution. A non- 

vanishing 'JL arises if <p: > " q2 (within logarithms). This is 

expected in first (and higher) order in as as a result of hard gluon 

bremsstrahlung. 

'*) Experiment alists often use ' qT" and ' oL": ' oT" = qv and 

1' 0 '1 = 2 0 
L L. The cross section for polarized beams can be 

read off from (2.8). 
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Neglecting the nonperturbative pT (i.e., for large q2) we find *c) 40) 

-= 
dX 

It should be noted that (to order 

as) 0-L is infrared finite. Writing 

this gives 

:. 

I have plotted u(x) in Fig. 15 for fragmentation functions *I 

(3.5) 

0.6 

0 0.2 0.1 0.6 0.8 
X 

and 

4 We have omitted the q*-dependence from the argument of the 

fragmentation functions. 

+I-%) 
3ein: in agreement with the counting r~!es 161 aL 

Fig. 15 Angular coefficient of semi-inclusive hadron distribution 

(l-u 1-l c4C.x) r%sz 8 ) for gluon fragmentation functions 

A and B (full curve). The dashed curve corresponds to the non- 



A- 

3: 

= 4F2+*&x., (3.7) 

(3.8) 

where c stands for the sum over all charged particles. Choice A corresponds 

to the case where the gluon fragments first into a quark and antiquark, 

respectively, with a flat momentum distribution 41) which then decay with 

fragmentation function (3.6). Choice A is somewhat softer than choice B. 

Also shown is the nonperturbative background. For smaller x we find a 

sizable (and lasting as q2 increases) deviation of a(x) from 1 which is 

much bigger than what we expect from the nonperturbative background. The 

difference between A and B is not significant. 

Transverse Momentum Profile of e+e- Jets 

Let me recall that for qqg final states the thrust axis is parallel to 

the direction of the most energetic jet which makes it the canonical axis 

for studying pT phenomena. The hadron transverse momentum with respect 

to the thrust axis is given by the transverse momentum of the recoiling 

A= _ 2% a= 0(1-X) 
3 c- t(ttdC) J (3.9) 

.- 

Fig. 16 Dynamics of jet broadening. The dashed line corresponds to the 

thrust axis. 
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where the nonperturbative pT relative to the parent parton has been 

neglected. For p: + 0 and q* + m , pT fixed Eq. (3.9) reduces to 

and it is obviously not applicable where the logarithm becomes large. 

Equation (3.9) has some interesting qualitative features. Disregarding 

the q*-dependence of the fragmentation functions, it leads to the 

scaling laws 

These are to be compared to 

(3.11) 

(3.12) 

(c has dimension (mass)* ) for the higher-twist contributions in Fig. 10 

and an exponential decrease of the nonperturbative jet spread. I find 
n 

it very important to establish the l/p: fall-off for fixed x, x,- which 

really will tell how much of the jet broadening is due to gluon brems- 

strahlung and how much to higher-twist contributions and nonperturbative 

background. This requires, of course, comparison of data at different q'. 

There aredata only for do /d pt from TASS0 43). This as well as the QCD 

prediction 42) is shown in Fig. 17. We find good agreement with the data 

if the (nonperturbative) zeroth order contribution is taken into account. 

013-17 GeV 
l 27.d-31.6 GeV 

1o-21 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ J 
0 0.5 1.0 1.5 2.0 

pf. I GeV’l 

Fig. 17 Transverse momentum distribution. The data arefrom Ref. 43 

and measure pT with respect to the sphericity axis. The curve 

is our prediction for = 30 GeV and gluon fragmentation 

function B. 



But I would like to see more data at higher pT where the low-x region, 

which is always good for surprises and where one runs into infrared 

problems (cf. Eq. (3.10)), is turned off as one can see from Fig. 18. 

Hard gluon bremsstrahlung will likewise be reflected in the average 

transverse momentum of hadrons: 

Unlike dr/d$ at very large pT, this also includes the nonpertur- 

bative background and other possible contributions. But for large q* and 

medium x we expect (3.13) to be largely determined by single gluon brems- 

strahlung, which unmistakably grows like 12)40) 

(3.14) 

In Fig. 19 I have shown the QCD prediction (i.e., (3.9) inserted into 

(3.13)) together with the TASS0 data *'). Both, theoretical and experimental 

curves show a more or less distinct "seagull" structure 40) , and as far 

as one can tell, there is good agreement at the highest energy 9 At lower 

energies and small x the perturbation calculation is not supposed to give 

the correct average transverse momentum. But the trend of the data is very 

much in favour of a rising <p:(x)> d la (3.14). 

1 
5 0 

. . . . . ..I...,,,,,,] 
0 5 10 15 20 

pi ( GeV') 

") Only sh ow is the QCO prediction for the gluon fragmentation function n 

(3.8) which gives a slightly better fit. 

Fig. 18 Double differential cross section 

various values of x and gluon fragmentation function B. 
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O transverse mmmm of hadrons versus X. 
The data 

Fig 19 c The aVerag- _ 

a:Is frm Ref. 2% j 

Several authors have written Monte Carlo programs to include the 

nonperturbative jet broadening. But for quantities like<p:(x)> this 

does not present much of an improvement since at high q* perturbation 

theory breaks down (cf. Eq. (3.10)) long before pT reaches 300 MeV 

(i.e., the nonperturbative average transverse momentum). The real 

improvement, I think, would be to include multigluon bremsstrahlung 

(jet branching). 

A further implication of hard gluon bremsstrahlung is a strong asymmetry 

in the transverse momentum distribution. That is, we expect one broad 

and one narrow jet. This idea has been pursued by the authors of Ref. 25. 

Their prediction as well as the data is shown in Fig. 20. There is agree- 

ment here also. 

Two-Particle Correlations (kinematic1 

In the naive quark-parton model the back-to-back jets factorize if the 

sum is taken over, e.g., all charged particles. That is *I 

T--- The left-hand side of (3.15) is the cross section for finding a charged 

hadron with fractional momentum x1 in either one jet and a charged hadron 

with momentum x2 in the respective opposite jet. 



1. 

0.8 

0.1 

0 
1 0.5 0 0.5 1 

X X 

0 
I 0.5 0 0.5 1 

X X 

Fig. 20 The asymmetry in(p:(x)>. The data are from PLUTO 44). There 

arealso TASS0 data 43) which lie systematically lower but show 

the same effect. 

for a single flavour or for identical fragmentation functions 

Dq; ( = Di;), f = u.d,s,..., The latter is expected for large q2. 

in case the fragmentation functions are different Eq. (3.15) reduces to 5) 

(3.16) 

This means essentially that there is no energy correlation between the 

two hemispheres. 

Not so in QCD. Here we expect an energy asymmetry like the asymmetry in 

the transverse momentum. Let us define the correlation function 45) 

In QCD this does not vanish, contrary to Eq. (3.15). It is interesting to 

note that Ccc(xl,x2) is explicitly infrared finite (in the limit of large q*) 

which saves us the infrared "renormalization." In Fig. 21 I have shown 

(3.18) 

for the fragmentation functions (3.6) - (3.8) (0; = Di = Di = . ..). The 

I) Here we have assumed 
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i- q2 = 30 Gd 

ibl ’ 
21 The (normalized) correlation function (3.18) for (a) gluon 

fragmentation function A and (b) gluon fragmentation function 

B. One block corresponds to 
x1,2 = 0.1. The triangle x2)x1, 

which is symmetric to x1,x2, has been cut away for better 

view. 

predicted correlation is quite large. For medium x1' x2 , where we can 

count upon sufficient statistics , (3.18) is of the order of 20%. 

For nonasymptotic q2, where quark masses cannot be neglected, the light 

and heavy quark fragmentation functions will generally be different. In 

this case a nonvanishing Ccc(xl,x2) is not confidently a signature of 

QCD. But we obtain in zeroth order (Q,, QQ are the light and heavy 

quark charges, respectively) 

and similarly for the more realistic case of several light and heavy 

quarks. Only for q2 far above 4mi can we expect (3.20) to vanish. The 

contribution (3.19) is, however, rather small. If we allow Dq" and 0' Q 
to differ by 20% this gives a 2% (1.3% ) correction to (3.18) for equal 

(different) quark charges which is to be compared to, say, a 20% QCO 

effect. 

The non-QCD background can be fully eliminated by integrating over the 

energy in the jet, e.g., opposite to particle 1, i.e., 

I 4d (3.20) 

0 

which constitutes a genuine signal of QCD now. In Fig. 22 I have shown 

(3.21) 

0 
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A somewhat diminished signal (as compared to (3.18)) is the price one 

has to pay for having eliminated the background completely. 

Taking the energy weighted average over both jets brings us close to the 

energy correlations considered by the Seattle group 46) . That is 

(3.22) 

= - 0.10 53 
-K 

This has the advantage of not depending anymore on the fragmentation functions. 

But, in contrast to (3.16) and (3.21). the effect (over the background) is 

rather small and probably has no chance to be measured. 

Charge Correlations 

In the applications discussed so far the fact that the gluon is flavour 

neutral was only implicitly used. As a more direct test of (in the 

first place) the charge of the gluon it is important to search for charge 

correlations between hadrons in different jets, i.e., at large angles. 

In quark (antiquark) jets the parent quark (antiquark)is most likely 

carried by the high momentum leading hadron, while gluon jets, on the 

other hand, should not show any charge asymmetry at any x. This gives 

Fig. 22 The energy integrated (normalized) correlation function (3.21) 

for gluon fragmentation functions A and B. 
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whereas 

For cos 33 -1 the cross section (3.23) reduces to 

(3.26) 

and thus connects smoothly to the naive quark-parton model result 

For three-jet events and /&?~a/< I , on the other hand, we expect 

due to the emission of hard flavourless gluons. In Fig. 24 I have shown 49) 

$c++/oi o- +- for fragmentation functions (3.6). (3.8) for xls 0.8 

and x2/x2 max fixed jlc) as a function of cos&. The effect is significant 

though the cross section is fairly small in this region. In order to 

increase statistics it is advisable to consider moments of (3.23) instead. 

A different way of testing if the gluon is flavour neutral is to look at 

the charge flow in three-jet events. Therefore we define the charge-flow 

*) x2 = 1 for $= 180' and gradually decreases to xyx = 0.5 for/Q= 120'. 

da++ 
da+- ’ 

0.6 

9 

Fig. 24 The ratio AC++/ d O-'- for ~~30.8 and x2/x2 max = 0.4 

max and x2/x2 = 0.6, respectively. 
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tensor by 
. . 

where, as before, the event is divided into two hemispheres ii3 and ij], 

respectively. The sum goes over all particles with energy Ei 2 G @ 

for some fixed c . The-e,' are unit vectors pointing in the direction 

of the i-th hadron. As the reader can easily verify himself,and I have 

no room to explain here in more detail, @ 
T 

is infrared insensitive, 

and so its distributions can be calculated in QCD perturbation theory. 

Implicitly, Q 
"f 

involves a charge weighting in effectively the same 

way as introduced in Ref. 50 since the slower particles will be (more 

or less) randomly distributed. In the presence of hard (flavourless) 

gluon bremsstrahlung we expect @ 
9 

to be systematically non-symmetric 

while for qq initiated final states it should be symmetric. The anti- 

symmetric part of Q 
"f 

defines 

(3.31) 

For three-jet events the vectorzis normal to the event plane. Two-jet 

events, on the other hand, have zero a= /$/. 

Let us consider-q now.1 have calculated@6‘?-<&>T(i.e., the average 

Q for fixed thrust values) for u,d,s and c quarks to order o(, . Note 

that the low-energy cut-off is ineffective here. This is shown in Fig. 25. 

The characteristic feature is that &tr) increases as T decreases. 

QJ (1) 

0.3 

0.2 

0.1 

0 
0.8 

1 

Fig. 25 @@]versus T. 
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4. Summary References 

We have seen that e+e- annihilation into hadrons offers truly incisive 

tests of QCD. I have restricted myself to PETRA and PEP energies. If 

the t? bound states (toponium) should lie as low as.638 GeV further 

tests will come from the I--, etc.,onium decays 
5)41)51)-53) 

There is experimental evidence for three-jet events and jet broadening. 

But much higher statistics and a great deal of experimental work is 

required to provide bona fide tests of the theory. 
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RECENT RESULTS FROM ME TASS0 DETECTOR AT PETRA 

D.A. Garb&t 
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London SW7 

Abstract 

An analysis of hadron events produced in e+e- interactions 

at 27 GeV is presented. Measurements of the values of R, mean 

sphericity and thrust are given. There is no evidence for the 

production of a top quark at this energy. There are indications 

that the data cannot be described purely in terms of Z-jet 

production and that effects compatible with those expected from 

DC0 are present. 
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Introduction The TASS0 Detector 

These are still early days at PETRA and TASSO. In January of this 

year the first usable luminosities were obtained with currents of l-2 mA 

in each of two bunches of et and two bunches of e- which produced initial 

luminositiesof 4 2 - 5 x 10 29 cm-2sec -1 . Data were taken at centre of 

mass energies of 13 and 17 GeV, the results of which have already been 

published('). In the last few months we have taken data at 27 GeV where 

currents of 'or 4 mA produced initial luminosities of % 2 x 103' me2sec -1 

with lifetimes of a few hours. The tremendous amount of work necessary 

to bring to life this new detector has been carried out by a collaboration 

of physicists from Aachen, Bonn, DESY, Hamburg, Imperial College London, 

Oxford, Rutherford Laboratory, Weizman Institute and the University of 

Wisconsin('). 

With the advent of a new energy domain in e+e- physics it is hoped 

that we will be able to progress to a situation where the effects of 

fundamental QCD processes can be observed and where an interpretation in 

terms of a naive quark-parton model is not sufficient. If one assumes 

that the earlier data do correspond to jets of particles resulting from 

the fragmentation of quarks into hadrons then one might expect to see 

modifications in the structures of these jets resulting from gluon-brems- 

strahlung. These are expected to result in a broadening of the PT dis- 

tributions and eventually to produce 3 separately identifiable jets. In 

addition, scale-breaking effects in inclusive distributions such as g 

are expected to be observed. 

Of primary importance is the search for the top quark which should 

give narrow bound tf states and also distinct threshold effects. It is 

required to complete the third generation of quarks and leptons and some 

predictions of its mass lie in the PETRA and PEP energy range (3). 

The heart of the detector is contained in a warm bore solenoid of 

radius 1.35 m and length 4.4 m giving a 5 Kg axial field (Figure 1). 

Charged particles emerging from the interaction region are detected in 

turn by four scintillation counters each covering one quadrant of the 

beam pipe, a four gap cylindrical proportional chatier, a 15 layer 

cylindrical drift chatier and a ring of 48 scintillation counters mounted 

next to the inside of the coil (Inner time of flight counters). 

The proportional chamber has 480 anode wires per gap mounted parallel 

to the axis. Each gap has 120 inner and 120 outer cathode strips forming 

helices having an opposite sense of rotation and a pitch of 36.5'. The 

average efficiency of the anode wires was 97%. 

The drift chamber has 9 layers of wires parallel to the axis (0' 

layers) and 6 tilted at an angle of 4 4' to the axis. The number of drift 

cells increases from 72 in the innermost layer to 340 in the outer. 

Excluding electronic failures the efficiency was 99% per layer and the 

spatial resolution was 250-300~ corresponding to a resolution in momentum 

(F ) of s 2%~. More details of the detector are given in Reference 4. 

The data described here have been obtained solely with this inner 

part of the detector. Except for the muon chambers the outer part is not 

fully complete and will be only briefly mentioned here. 

Surrounding the coil, which has a thickness equivalent to one rad- 

iation length, a liquid argon calorimeter system will detect neutrals. 

Muon detection is achieved through banks of chambers .outside of the 

' return yoke of the magnet. Each of the two 'Hadron Arms' consist of 3 

segmented terenkov counters followed by a wall of time of flight counters 

enabling s's, k‘s and p's to be identified over most of the usable mom- 

entum range. An array of shower counters and further banks of muon 

chambers mounted behind an iron wall complete each arm. 
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In the apparatus charged particles are detected over essentially 

4n sr. as will be the case for neutrals. Muons are detected over 2, & sr. 

and particle identification in the hadron arms will be over * T sr. 

Figure 2 shows the side view of the detector and also the two coils 

used to compensate for the magnetic field of the solenoid. It also 

shows the forward detector which consists of 8 counter telescopes of well 

defined acceptance used to measure small angle Bhabha scattering and con- 

sequently the luminosity. Two arrays of scintillation counters, propor- 

tional chamber planes and lead-glass blocks are used to tag electrons 

and positrons associated with Y-Y events. 

The Trigger 

A basic pretrigger was provided by a beam pick-up signal if there 

were one or more signals from the beam pipe counters and also one or more 

from the inner time of flight counters. This trigger was needed to 

reduce the number of times a hard-wired logic unit scanned the drift 

chamber output and consequently, to reduce the dead time. 

The logic unit looked for tracks involving at least 5 from 6 of the 

0' layers and having a transverse momentum ( PT ) greater than a preset 

lower limit. A separate processor interrogated the output from the pro- 

portional chamber looking for track segments involving at least 3 out of 

the 4 gaps and having a transverse momentum of > 100 MeV/c. A corres- 

pondence was required between the tracks found in the drift and propor- 

tional chambers and the time of flight counters that had fired. (In 

addition a requirement was placed on the number of such tracks that 

would give a trigger and this took Q, 4p s.) 

There were a number of independent triggers which could interrupt 

the on-line computer. 

(a) A'Bhabha' trigger, where between two and four tracks were 
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required to be collinear to<-10'. This accepted, in addition to e+e- 

events, p+u- pairs and Cosmics. The majority of the Cosmics were 

rejected by demanding that the time difference between the corresponding 

inner time of flight counters was<10 ns. 

(b) A 'Hadronic' trigger which required 4 tracks with a PT of > 

320 MeV/c+. 

(c) A 'y-y' trigger from the forward detector system which was 

initiated if either or both of the arrays recognised an electron or 

positron. 

(d) A rudimentrary neutral trigger derived from a set of shower 

counters positioned immediately above and below the coil which replaced 

the liquid argon system. 

The resulting trigger rate was l-2 Hz and 700k events were taken at 

27.4 GeV but only a smallfraction were useful as the hadronic rate was 

215x10 -4 events per second at these luminosities. Fortunately the high 

background, which was caused mainly by the interactions of off-momentum 

electrons and photons with the beam pipe, did not affect the hadronic 

events as they were very clean and showed little synchrotron radiation. 

Figure 3 shows a typical jet like event. 

Track-finding and reconstruction 

In the first stage of the analysis all the events were processed by 

a fast track finding programme which took % 1 minute of CPU time to geo- 

metrically reconstruct 1000 events. (IBM 370/168). In a second stage? 2 

tracks were demanded in the r, 0 plan: where the distance of closest 

approach to the origin was required to be < 2.5 ems. Hadronic event 

candidates were accepted over a range of z ( jz\S 30 ems) so that an 

+ This requirement was slightly different from that used at lower 
.energies.( ') 

* In the discussion the z axis is in the direction of the e+ beam with 
the origin at the interaction point. The y axis is up and the x,y 
plane is equivalent to r,O in the usual way. 
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estimate of the contamination from beam-gas interactions could be made 

but Bhabha events were accepted for IzI 5 10 cars as the background was 

negligible. 

Luminosity measurement 

The small angle luminosity monitor consisted of eight telescopes of 

scintillation counters and lead-glass counters which measured small angle 

Bhabha scattering over an angular range 53 < 8 < 64 mr. A large energy 

deposit in the lead-glass counters was required ( > 2 GeV ) and this gave 

a very clear signal. After correcting for radiation effects the total 

number of such events corresponded to an integrated luminosity of 

99.2 nb-' with a systematic uncertainty of 5 10%. This data was taken 

in May at 27.4 GeV. Since then we have taken a further 61.3 nb-' at 

27.4 GeV and 120.1 nb-' at 27.7 GeV but these additional data have not 

been fully analysed. A few results are available from the combined sample 

and these will be indicated by referring to the 280.6 rib-l at 27.55 GeV. 

Large angle scattering and Q.E.D. 

Events were accepted as e+e- -+ e+e- if there were two reconstructed 

tracks of momenta > 1 GeV/c, of opposite charge, collinear to within 10' 

and which intersected the beam axis with IzI < 10 ems. The remaining 

Cosmics were rejected by demanding a sharper cut, on the time of flight 

difference between the corresponding inner time of flight counters, of 

c 5 ns. 

The angular acceptance was restricted to 36.9 c a < 143.1' corres- 

ponding to (cos e I < 0.8. 

140 events survived these cuts at 27.4 GeV. Corrections were 

made to allow for inefficiences associated with the counters and chambers, 

hard-wired processors, track reconstruction programme, losses resulting 

from showering in the beam pipe and p+uT contamination. Radiative 
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corrections were made using the methods of Behrends et al (5) . These 

allowed for hard photon emission and included virtual effects such as the 

n- loop, T- loop and hadronic vacuum polarization. 

Figure 4 shows the resultant cross section plotted in the energy inde- 

pendent forms v Cos e for the 27.4 GeV data and also for our earlier 13 

and 17 GeV results ('). The solid curve is that expected from Q.E.D. and a 

good fit to the data is obtained (X2 * 21 for 22 degrees of freedom). 

The agreement of the data with the QED predictions may be interpreted 

by assuming that pure QED is not a sufficient description and that any 

differences between the data and the predictions may be ascribed to a 

modification of the photon propagator. This modification is usually expre- 

ssed in terms of form factors -! 
q2 

+q.F where F has two forms correspon- 

ding to space like (Figure 5a) or t?me like (Figure 56) photon exchange 

and where 

Fs (q2) = 1 +_ q2/ (q2-A2+s) for a space-like photon '1 
2 FT (q2) = 1 f s/ (s - h +T) for a time-like photon. 2) 

.If it is assumed that As = "T = A then lower limits to the cut off 

parameter A are obtained such that A+ > 49 GeV (95% confidence level) 

and A- > 43 GeV ( 95% confidence level) 

The improvement in the values of A compared to the earlier SPEAR 

results (6) , which corresponded to many more events, is due to the 

increased momentum transfer in this experiment (q2 QJ 730 GeV2). 

Hadronic events 

In addition to those events produced through one photon exchange 

(Figure 6a) there are background events produced through beam-gas inter- 

actions, heavy lepton (T ) decays and also those of the potentially 

interesting two photon ( y-y ) interactions (Figure 6b). The cross section 

for this latter process is expected to have a ln2W dependence compared 

7% -. 6 4 -. 

PRELIMINARY 
I 1 I I I I I 

e+ e----c e+ e- o W=lLGeV 
x W=13GeV 
l W = 27.4GeV 

I I I I I I I 
-. 2 0 

cos (0) 
.2 .1, .6 .% 

Fig.4 The energy independent cross section sda/dn for large angle 
Bhabha scattering at 13,17 and 27.4 GeV. The solid line is 
the QED prediction. 
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Fig. 5. Diagrams for e+e- + e+e- scattering involving 
A) space like and B) time like photon exchange 

Fi.g. 6. Diagrams for hadron production via A) one photon 
and B) two photon exchange. 

to the l/w2 dependence of the one photon interaction and will eventually 

dominate at sufficiently high energy (7) but as the hadrons from y-y 

events have a lower total energy than those from the one photon 

interaction a separation between events from the two processes may be 

made. 

Reconstructed tracks were required to have a transverse 

momentum above 100 MeV/c so that they reached the sixth zero degree 

layer in the drift chamber. This imposed an angular cut-off of 

lcos el < 0.87. Hadronic candidates were selected by demanding t 3 

tracks in the r,$ plane with a distance of closest approach to the 

origin ofc2.5 ems. To reduce the contribution of beam-gas events it 

was required that at least one track was in each of the two hemispheres 

orientated along the beam direction. 

The majority of heavy lepton decays are into a single charged 

particle and events of the type e+e- + T+T- where both T'S decay in this 

way were excluded by the trigger. Events where one T decayed into three 

charged hadrons were accepted and two events of this characteristic 

topology (Figure 7) were observed and rejected from the hadronic sample. 

The expected number of such events was 3.1. 

As the track finding programme was still under development 

all the hadronic candidates were scanned interactively to reject 

obviously bad candidates, to correct any clear mistakes in the fit and 

to make sure no tracks were missed. 101 events remained at 27.4 GeV after 

this analysis. 

Figure 8 shows the number of events as a function of the sum 

of the momenta of the tracks clPi/ for events with jzl 510 ems and also 

for those with 10 c/z/ 530 ems (shaded). These, latter, events are 

attributed to beam gas interactions and do not contaminate the hadronic 

sample for momenta above 9 GeV. The remaining excess of events at low 

momentum is assumed to result from the two photon process as the momentum 
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US 
= 12 ~1 (33 - 2Nf) In (s) 

Ii2 

(4) 

Nf is the number of quark flavours and A is a constant found to be 

1,0.5 GeV('), The R value we obtain at 27.4 GeV is not in itself 

sufficiently significant to show whether or not we are above the top 

quark threshold but together with recent results from the PLUTO and 

MARK J detectors (lo) this possibility seems unlikely. 

Quark-Parton model 

The basic expectation of the quark-parton model ("1 is 

that there will be two jets of hadrons produced back to back with a 

small, constant, average momentum perpendicular to the jet axis (PT ). 

The jet axis itself will be produced, for spin 4 quarks, according to 

do = 1 + cos2e where e is the angle between the axis and the incoming e+ 
35 
direction. As the longitudinalmomentum parallel to the jet axis (Pll) 

increases with s then the mean half angle of the jet cone (Figure 10) 

will correspondingly decrease. 

Measures of the jet like nature of an event are sphericity (12) 

and thrust (13) where 

S = $ min C (Pi)2 

2 (Pi)2 

(5) 

and T= max zlplliI (6) 
Z (Pi) 

The directions of the axis with respect to which PT and Pll are measured 

are chosen so that in the case of sphericity the sum of the squares of the 

transverse momentum are minimized and S would be expected to approach 1 

for isotropic events and 0 for jet like events whereas for thrust they 

maximise the directedmomentum with T approaching 3 for isotropic events 

e’ 

4 

jet axis 

h 

P 4L T 
4 

P : 
II 

Fig.10. Two jet formation 
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and 1 for jet like events. As PT is expected to be constant both <S> 

andcl-T> should decrease + 0 as s increases. 

Thresholds 

It is generally assumed that there will be a new heavy quark 

of charge 2, the top quark, to complete a third generation of elementary 

fermions uctv vv 

'i I 

e UT' 

dsb ep T 1 

If one then assumes a six quark V-A model 

as proposed by Kobayashi and Maskawa (14) and also that the charm and bottom 

quarks couple via a dominant GIM mechanism (15) ,e.g., b+c + ii + d then 

Lstu+d 

at successive quark thresholds we would have e+e--t q?l +6,10 and 14 

quarks corresponding to the charm, bottom and top quark thresholds 

respectively. Just above threshold there is little available kinetic 

energy and hadrons would be distributed isotropically rather than in 

clearly defined jets so that a step in<S> or <l-T> would be observed. 

A rough estimate of the magnitude of this step may be made from 

4 = ARt. <S 
Ps 

> + Rudscb,<S 2jet' 

AR + Rudscb t 

where nRt is the contribution to R from the top quark, Rudscb is the 

contribution from the lower mass quarks, d > and<S . 
Ps 2Jet > correspond 

to the mean values of sphericity for phase space and jet like events 

respectively. Taking reasonable values for the above parameters 

results in a prediction that a change in sphericity of ~~~0.06 would 

be expected on passing through the top threshold. 

(7) 

Field-Feynman Monte Carlo 

In order to compare the features of our data with those at 

lower energy we have used the Field-Feynman two jet model(16) modified 

to include heavier quark production (17). In this programne quarks 

were produced with probabilities proportional to the square of the quark 

charges (u;:da:si:cc:bE = 4:1:1:4:1), The probability of producingquark 

pairs from the vacuum was taken as (uu:dd:ss = 2:2:1) with heavier mass 

quarks neglected. A fragmentation function f(y) = l-a + 3ay2(a = 0.77 , 

y = l-z, z = E/Eq) was used for all quarks but tests with b and cquarks 

fragmenting with a constant z did not make a significant difference to 

the predictions. Equal probabilities for the production of pseudo- 

scalar and vector mesons were taken and the new mesons allowed to decay 

according to a statistical model (18). y conversion was allowed in the 

decay process but no baryons were included in the model. The transverse 

momentum in the quark fragmentation was distributed such that<PT>=0.250 

GeV. 

Sphericity and Thrust 

1 do The normalized sphericity distribution T(ra;; is shown in 

Figure 11 for the 13,17(l) and 27.4 GeV data where a significant 

shrinkage of the distribution is seen atthe higher energy reflected in 

a decrease in the mean sphericity to <S> = .015*.03 at 27.4 GeV. The 

data are compared to the predictions of the Monte Carlo for uds (dashed 

line) and udscb quarks (solid line) and a significantly better fit is 

obtained at 13 GeV when b and c quarks are included. The dot-dashed 

line in the 27.4 GeV plot corresponds to the predicted effect of a top 

quark and including the effects of udscbt quarks 12 events would be 

expected for values of S > 0.4 compared to the 5 that are observed. 

Figure 12 compares the mean value of S from the 13,17 and 27.4 GeV 

data with earlier results from PLUTO (13'lg). Similar plots were 

: 
.. 
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obtained for thrust (CT > = .885 +.012) and from all these data it is 

unlikely that we are above the threshold for a top quark+. 

Consequence of Quantum Chromodynamics (QCD) 

As the production of multiple jets is a likely feature of 

any field theory one needs to look for the predicted effects of 

perturbative QCD as distinct from the non-perturbative fragmentation 

effects. In QCD the interaction between quarks and gluons manifests 

itself in terms of gluon-bremsstrahlung (Figure 13) in a similar way 

to that in electrodynamics where electrons emit photons. The emission 

of a gluon will remove energy from one of the quarks and thus fewer 

hadrons will reach large values of x, (x = P/Pbeam) leading to scale 

sdo breaking in the inclusive distribution =, with the distribution 

shrinking as S increases. It has been estimated that by 30 GeV, 

hard non-collinear gluons (eg ~60' and E /E g beam >0.4) should occur 

with a 10% probability(*') so that one might observe three distinct 

jets(*'). If this did occur one could then look for variations in the 

characteristics of these jets as a function of s (22). At lower energies 

one might expect to observe a broadening of one of the jets and perhaps 

separate low PT jets and high PT jets on an event by event basis. A 

particular prediction of QCD is that the mean PT of thehi-ghPTjet arising 

from perturbative effects will increase proportionally with energy (21) 

Fig. 13. Diagrams for quark pair production and gluon corrections. 

+ For the larger sample at 27.55 GeV the values of mean sphericity and 
thrust are <S> = .015 t.015 and CT> = ,883 t.007. These results 
effectively rule out the possibility that the threshold for the 
production of a 5 charge top quark is less than 27.4 GeV. 
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One of the many other QCD predictions (23-25) decribes the variation of 

the mean transverse momentum <pT2(z)> of a single hadron, relative to 

the thrust-axis, as a function of its scaled momentum z = P/ 
Pbeam 

and 

also as a function of 5. This "Seagull" effect, so tailed in analogy 

with lepto-production (26), should become distinctive by 30 GeV. 

Features of the data 

a) Multiplicity 

The mean observed charged multiplicity <rich> at 13,17 and 

27.4 GeV is plotted in Figure 14 as a function of energy together with 

earlier data (1y1g927). As there is a significant amount of material 

before the drift chamber (% 0.15 radiation lengths) the TASS0 data have 

been corrected for y conversion. Although not all of the data have been 

corrected in the same way it appears that the logarithmic rise of 

multiplicity expected from the data between 3 and 8 GeV(28)does not hold 

at higher energies where the addition of a in(s) 2 term is required to 

obtain a good fit to the data. Also shown for comparison is the average 

multiplicity observed in hadronic interactions P), 

b) Inclusive hadron production 

i) sg. In analogy with deep inelastic electron hadron 

scattering one expects scale invariance in e+e- scattering ("). The 

S da expected scaling function is B. a;;- with xE = 2Eh/Ecm. Scaling is 
E 

also expected from quark fragmentation (3 1. As pions, kaons and protons 

are not identified in this experiment the asumption has been made that 

all the particles are pions and consequently the scaling function simplifies 



to $$-- (x = P/P ) which is a good approximation for x>O.l and W> 
beam 

13 GeV. In obtaining the following inclusive distributions corrections 

were made for losses resultinq from the decay in flignt and absorption 

of pions. Figure 15 shows the measurements of $ at :3,T7 and 27.4 
:, 

GeV together with earlier measurements from SLAC-LEL at 3 Gel ,(3@) and 

DASP at 5 GeV(*7). Tine lower iimit at which scaling occurs can be 

seen to be decreasing with energy until at 13 GeV there is scaling for 

x > 0.15 except for a possible excess at low x values in tne T3 GeV 

data. This could reflect bb production which has died away by 17 GeV. 

Also shown is a prediction of the effect of gluon bremsstrahlung at 

27 GeV.(3T) It. is clear that much better statistjcs are required before 

any conciusions can be drawn and that higher energy data are really 

needed for such a comparison. 

1. do ii) o 
G- 

Features of hadrons related to jet production were 

studied in terms of PT and PTT, the transverse and longitudinai momenta 

with respect to the jet axis. Figure 16 shows the normaiized rapidity 

7 da per jet -2-F , with respect to the sphericity axis, plotted for the 

i3,!7 and 27.4 GeV data together with results at 4.8 and 7.4 GeV from 

s~AC4~~(30’32)~ A plateau is seen, developing with energy to about 

2 units of rapidity by 27.4 GeV. If the rise in the average multi- 

pjici:y had been ?ogarithmic then the invariant cross sect!on would 

have remained constant but with a lengthening piateau. As the 

muiiioticit:,; ri'ses faster than this the overall inclusive cross section 

rises with energy. 

iii) 1 do 
; d;12' 

The normalized PT * distribution L do 
'T 

a g'jS 

plotted in Figure ii for the 13,i7 and 27.4 GeV data. FOY thele data 

PT was measured with respect to the thrust axis but similar results were 

also obtained when measured with respect to the sphericity axis. it 

is seen that there is an increasing proportion of events at large P,* 

I 3GeV 
0 5GeV 
X 13GeV 
0 17 GeV 
4 27.5GeV 

5GeV 

0.4 0.6 I ’ 0.8 
X=P/PFjEAE”I 

Fig.75 The scaling cross section sdo/dx for inclusive charged 
particle production at 13,17 and 27.4 GeV together 
with data from SLAC-LBL and DASP(*' 30). The solid 
and dashed lines are predictions including gluon 
effects (31). 
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as W increases. This is reflected in a corresponding increase in< PT> 

as shown in Figure 18 which plots < PT> and< P ,,> as a function of W 

together with earlier PLUTO data (19). 

The predictions of the two jet model on the normalizedPT2 

distribution at 13 GeV is shown in Figure 17 by the solid line which 

is a good fit to the data and a similar result was obtained at 17 GeV. 

The deviation of the data from a simple exponential is similar to that 

observed at lower energies(33) where heavy charmed meson decays were 

required in a Monte Carlo to fit the data at large PT2. 

At 27.4 GeV the two jet model predictions are much too low 

as the observed < PT>is 410 compared to the Monte Carlo input of 250 

FleV for the < PTq > of the quark fragmentation. If the value of 

<PTq> is raised to 500 MeV, to correctly predict the observed< PT>, 

then the prediction is too high at large PT2. A better fit was 
9 

obtained with a <P T > of 450 MeV as shown by the dashed line 

in Figure 17. 

It should be pointed out, however, that the PT2 distribution 

is particularly sensitive to uncertainties in resolution as any error 

in the determination of the jet axis will lead to a widening of the PT2 

distribution. Monte Carlo events have been generated through the 

apparatus creating proportional wire chamber hits, drift chamber TDC 

values,etc., and incorporating all known resolution errors. These 

pseudo events have been passed through the analysis programme and the n 
broadening of the PT and PT ' distributions that was observed could not 

account for the differences between the data at 27.4 GeV and the Monte 

Carlo predictions corresponding to a <PTq> of 250 MeV . 

A reason for the increase in <PT> and .PT2, as a function of 

W could be gluon bremsstrahlung. Figure 19 shows < PT2> plotted as 

a function of W at 13,17 and 27.4 GeV together with the predictions of 

1.5 
PRELIMINARY 

I I II,,’ I 1, I I L I 

* PLUTO 
@ TASS0 

1.0 I- 

+ <pII) 

II I I II IIlIIIIl,l 

0 10 20 30 

W (GeV) 

Fig.18 The mean values of PT and P as a function of W 
at 13,17 and 27.4 GeV 
from PLUTO (lg). 

"together with data 

526 



r 
0.8 1 

0.6 - 

0.4 - 

0.2 - 

0 

PRELIMINARY 

{P;) (G evP) 

HOY ER eta1 qj>@ 

F. F. 
sq 

# I I I I 

10 20 30. 

W (GeVl 

40 
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The solid 

of Hoyer et al (25). 
lines are predictions 

50 

Hoyer et a1,(25) who include gluon effects and a good agreement is 

seen. Figure 20 shows a comparison between the data and the predictions 

of the same authors on the variation of < P T2 > as a function of 

2 = P/ 
'beam 

and again a good agreement is observed. 

In Figure 21 < PT2> is plotted as a function of W for the 

high PT jet of each event and separately for the low PT jet together 

with a prediction of the variation expected in terms of a two jet model 

without gluons. There is an indication that the high PT jet has 

a faster increase than the low PT jet. 

QCO effects on the sphericity distribution 

Predictions have been made on the effects of gluon brem- 

sstrahlung on the sphericity distribution (34). With 43 events 

a comparison was meaningless but for this particular distribution the 

results from the larger sample of data are available. Of the 114 events 

at 27.55 GeV 14 had values of S>O.4. Table I shows the Monte Carlo 

predictions of the number of events with this range of S for different 

assumptions on the types of quark produced. 

Table I Number of events with S>O.4 Quarks used in the 
Monte Carlo 

4 udscb 

12 udscb + gluon 

33 udscbt + gluon 

A much better agreement is therefore obtained if gluon emission is 

included in the Monte Carlo. 

Event shapes 

If events with 3 distinct jets are produced then their axes 

would be coplanar. Such events were looked for by finding a plane 

such thatzbTi 1 * was minimised with respect to that plane. Figure 22 
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possible 3 jet event where the momenta of the hadrons 
have been projected on to a plane for which zIP{/z has 
been minimised. B) and C) are projections in two 
directions orthogonal to A). 

shows an example from a number of similar events found which has all 

the features expected for a 3 jet event. 

Figure 22a) shows a view of the event where the momenta of 

the tracks have been projected on to a plane for which ~/p~'/* has 

been minimised. In b) and c) are views in two orthogonal directions 

where it is seen that there is little momentum normal to that plane. 

Figure 23 is a blown up version of a) where the dashed lines indicate 

the calculated directions of the jet axes. 

However,it has not yet been established to what extent such 

events may be simulated by fluctuations in the topology of events 

involving only two jets, particularly when only charged particles 

are detected. 

Conclusions 

There is no evidence for the production of a i charge top 

quark in the values of R, sphericity or thrust obtained at 27.4 GeV. 

The average observed charged multiplicity <rich> has been 

seen to rise with energy faster than In(s) and the rapidity plateau 

correspondingly rises and broadens with s. 

Scaling in + is observed for x > 0.15 but the quality of 

the data is not sufficient to show scale breaking effects. 

At 27.4 GeV the PT2 distribution is not compatible with 

the prediction of a two jet Monte Carlo with a < PT> of 250 MeV 

although the Monte Carlo was able to adequately describe the data 

at 13 and 17 GeV. Increasing the mean PT in the Monte Carlo 

gave a better though not a go;d fit to the distribution. 

The increases in <PT > and <PT2(z)p are consistent with 

QCD predictions and there is a suggestion that < PT > of the high 

PT jet is increasing at a faster rate than that of the low PT jet. 
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TABLE I 

PLUTO Shower-Detector Characteristics 

Detector Polar Angle Thickness in Shower Energy 
Coverage Radiation Lengths Resolution, o/E, 

(E > 1 GeV). 

4' 5 e < lsO 11% j JEO 

End cap ls" 5 e < SE0 10.6 19% / JEO 

Barrel 58O 5 e < 9o" 8.6 35% / JEO 

A. Operation at PETRA 

PLUTO detected the first luminosity and saw the first Bhabha and 

hadronic events at PETRA. The luminosity record of PLUTO from the 

beginning operation of colliding beams at PETR4 is shown in Fig. 2 

where daily luminosity in nb-l/day is shown vs. date. 

During the first few months at PETRA only four radio-frequency 

cavities were in operation limiting ECM to 17 GeV. Beginning in March 

1979 32 r.f. cavities were operative making higher energies up to ECM = 

32 GeV possible.* A rising luminosity is seen with a peak of 135 nb-l/ 

day occuring on Aug. 4, 1979. 

Some typical operating conditions of PETRA and PLUTO are shown in 

Table II. On the particular day chosen (7/l/79) the luminosity was 28 

nb-l/day. The trigger conditions that were used on PLUIO were chosen 

to be as loose as possible with the requirement that the trigger rate 

should not exceed Q 5 Hz. The four separate trigger conditions listed 

in Table II were applied in OR to select collinear events, multi-hadron 

events, and two photon interactions. 

*The planned addition of another 32 r.f. cavities should bring the maxi- 

mum operating energy of PETRA to ECM = 38 GeV. 

40 _ 

30 - 

z 
-Y 
'9 
s 20 - .f: 
t? 
.c 
E 
3 

IO - 

PLUTO at PETRA 

27.4-32 GeV 

13,17 GeV 

13,17 GeV 1 

i-L “t---P 
NW 78 1 Dee 78 1 Jon 79 j Feb 79 

Fig. 2. PETKA luminosity in nb-'/day recorded by PLUTO 
detector from initial operation to Aug. 1979 

.: 
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TABLE II 

PLUTO Run Conditions at PETRA (7/l/79) 

Energy: Ee+ + Ee- 

.Trigger rate: 

% Dead time: 

Current/bunch: 

Bunches: e+:e- 

Filling time: 

Run time/filling: 

Luminosity: 

Observed Integ. Lum. 

= 27.7 GeV 

2-4Hz 

10 - 20% 

4+2mA 

2:2 

1 1 hr. 

4 - 5 hr. 

(7 * 3) x 10 29 cm -2 aec-l 

28 nb-'/day 

Trigger conditions: (in 3 

1) 2 coplanar 'tracks I* with non coplanarity angle < 6' 

or > 3 'tracks' in central detector 

2) > 6 GeV deposited in the barrel and end-cap shower 

counters 

3) > 4 GeV deposited in one of the forward spectrometers 

(LAT.SAT) 

4) 2 1 'track' in central detector with 1.5 GeV showers on 

both sides in LAT or SAT or with 13 GeV in one side 

only of LAT or SAT. 

* 
A 'track' is the signal representation of a charged particle track 

in the central detector. 

III. QED TESTS 

With increased e+e- beam energies at PETRA more critical tests of 

Quantum Electrodynamics (QED) are possible. The two reactions which 

have been studied are: 

e+e- + e+e- (11 

e+e- + lJ+u- (2) 

A common way of formulating possible QED violations is through 

the modification of the QED interaction using a violation parameter A. 

As a result, the.lepton interaction possesses time-like and space-like 

form factors: 

FT(s) = (1 T %)-' 

hr* 

2 -1 FS(q21 = (1 7 %) 
9 

(3) 

2 where s = ECM , q2 = - s sin2 O/2 and 8 is the scattering or production 

angle relative to the e+e- beams. The violation term is small if A is 

large. 

The differential cross section for reaction (1) may be written as 

follows: 

g = $ I$$ 1 Fs(q2j12 + $ Re(Fs(q2)FG(s)) 

(1 + c(e)1 

(4) 

2 where q' = - 2 
scos E/2 and where C(8j is the radiative correction. The 

differential cross section for reaction (2) is this same expression but 

with the space-like form factor, F S' set to zero. 

The calculation of the radiative corrections for these reactions 

were those of Berends, Gaemers, and Gastmans. 3) The radiative correc- 

tions were Z 10%. Hadronic vacuum polarization corrections of 2 5% also 
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TABLE III 

QED Violation Studies 

Reaction 
Energy 

ECM 
WV) 

No. of 
Events 

Integ. A* AS 

(GdV) (G;“) 

e+eY + e+e- 9.4 (DORIS) 3482 173 43 

e+e- + e+e- 13.0 470 45 29 

e+e- + e+e- 17.0 560 91 55 

e+e- + e+e- 27.4 240 102 40 

e+e- -+ u+u- 9.4 (DORIS) 66 173 17 31 ($1 

Combined fit to the data: 71 67 

*95% C.L. lower limits are given for A+ and A-. 

IV. MULTI-HADRON PRODUCTION 

A. Theoretical Model 

In discussing hadron production in e+e- collisions (e+e--t hadrons), 

the standard model of Quantum Chromodynamics ‘) (QCD) will be assumed. 

Quarks of half-integral spin* occur in six flavors6) (u,d,s,c,b and t), 

have fractional electronic charge (2/3, -l/3, -l/3, Z/3, -l/3 and 2/3, 

respectively) and are arranged on an increasing mass scale. Gluons , 

the exchange quanta, are assumed to be massless spin one particles. 

In e+e- interactions to first order in QCD, quarks (q) are pro- 

duced in pairs along with gluons (g) via reactions shown in Fig. 4. 

Fig. 4a represents the zeroth order production of quarks. The remaining 

diagrams are associated with first order QCD corrections. These cor- 

rections are usually given as a function of as(s) = gz/4n where gs is 

$ 
A quark spin of one half is strongly suggested by the observed angular 

distribution for the jet axis in hadronic events which is consistent 

with 1 + cos ‘ 8. See G.G. Hanson, Proc. of the 14th Rencontre de 

.Morond (1978), ed. J. Tran Thanh Van, to be published. 
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the ‘running’ coupling constant. 

Following their production and before liberation, quarks are 

thought to fragment into a number of hadrons. This is schematically 

shown in Fig. 5 where lower mass quark pairs are produced and combine 

together to form hadrons. The number of quark pairs produced is pro- 

portional to the charge squared of the quark. In this process energy 

and momentum are conserved, and transverse momentum for the hadrons 

about the quark direction is limited. 

According to C&D the hadron production cross section in e+e- 

interactions is proportional to the sum of the quark charge squared. 

This sum is taken over all quarks that can be produced at the particu- 

lar energy (ECM) involved. At PETBA energies (ECM = 13-32 GeV) the 

flavor thresholds for u,d,s,c, and b are believed to have been crossed 

and the sum of quark charges square extends over 5 quarks. The search 

for the predicted t or ‘top’ quark at PETRA energies will be discussed 

in the next section. 

The C&D reactions in Fig. 4c and 4d indicate that, in addition to 

quarks in the final state, a gluon can be produced. 7,B) It is predicted 

at energies ECM = 17-30 GeV that high energy gluons should be produced 

in 15-25% of the observed events. 9) Following their production, gluons 

are assumed to produce quark pairs which subsequently fragment to pro- 

duce jets of hadrons in a similar way to quarks. The addition of a 

gluon should broaden the two-jet structure and, at highest PETRA ener- 

gies, could result in events with three discernable jets. 

B. Multi-Hadron Event Selection 

Genuine e+e- + hadrons events infrequently occur having a rate 

or Q I-lO/hr. The much higher trigger rate of % 2-4 Hz that is observ- 

ed is due to beam-gas scatterings, two-photon interactions, and other 

backgrounds. The event selection employed must efficiently reject these 

backgrounds. For multi-hadron events it relies mostly on a rather 
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severe cut in the total event energy (charged + neutral). Restricting 

hadron events to those having k 0.5 EcM should efficiently reject most 

beam-gas and other single electron interactions as well as a large 

fraction of the two-photon events. The complete selection criteria 

used in this analysis of mutli-hadron events are: 

a) t 2 non coplanar charged tracks (A$ > 150”) in 

the central detector. 

b) 2 2 tracks with distance < 20 mm from the beam 

axis and < 50 mm from the interaction point when 

measured along the beam. 

cl an observed total energy (charged + neutral) 

> 0.5 ECM. 

To see the effect of the energy limit of c) on event selection, 

a scatter plot with the fraction of the total energy plotted vs the 

vertex position along the e+e- beam line, z, for each event is present 

in Fig. 6. The distribution of vertex positions along z for events with 

total energy > 0.5 ECM with criterion a) applied, is found to be very 

similar to that obtained for QED reaction (I) (shown in Fig. 3). Both 

distributions are gaussian like with near equal width. The number 

of hadronic events selected by the above criteria along with the associ- 

ated integrated luminosities is given in Table IV. 

TABLE IV 

Multi-Hadron Production in e*e- Interactions 

EN 
(GeV) 

L= Ldt J 
-1 nb 

Nhad 
R = o(e+e- + had)a 

(observed) o(e+e- + v+il-) 

13 43 96 5.05 + 0.5 

17 88 108 4.3 k 0.5 

27.6 408 169 3.64 5 0.31 

30.3 561 227 4.38 2 0.37 

31.6 219 66 3.59 2 0.52 

aCorrected for acceptances for two-photon and T+T- backgrounds and 
for radiation effects. Possible systematic errors $ 10%. 

. 

. 

8 I I , 

PLUTO 

Fig. 6. Fractional energy of hadrons (charged + neutral) 
plotted vs the vertex position of hadronic 
events along r (e+e- beam direction). 
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C. Event Characteristics 

The most obvious characteristic of multi-hadron events selected 

with the above criteria is their jet-like nature. The jet structure of 

events becomes visible at E 
CM 

‘L 7 GeV but at PETRI energies this charac- 

teristic is apparent in every event. Six events successively recorded 

by the PLWO detector are shown in Fig. 7. In addition to these charged 

particle jets, neutral jets also are seen which are strongly correlated 

with the charged jet. In the studies which follow, the neutral compc- 

nent often is included in the jet analysis. 

In looking at the events of Fig. 7 one also is impressed with the 

large track multiplicities and the high track densities. The result of 

high track density is to decrease the efficiency of computer track find- 

ing . The average number of reconstructed tracks per event is 7-8 at 

highest PETRA energies. A Monte Carlo simulation of events predicts 

the observed value and gives an average value of the true charged multi- 

plicity of nch 2 12. 

D. Monte Carlo Simulation 

The QCD model used in the simulation of hadron production in e+e- 

collisions is that of R. Field and R.P. Feynmann. 10) For u,d, and s 

quarks the fragmentation function used is f(n) = l-An* where A = 0.77, 

n = l-2 and 2 = p,/pq with ph and pq are of the momenta of the meson 

and quark, respectively. The transverse momentum distribution for 

quarks is assumed to be gaussian with u = 247.5 MeV/c. 
9 

In the extension of this model by the PLUTO group to include c,b, 

and t quarks, f(n) was assumed to be constant and the flavor threshold 

for the t quark was taken to be at (ECM - 2 GeV). For meson decays 

involving u,d,s, and c quarks, particle data tables are used 11) but for 

b and t decays, which are thought to decay directly into lower quark Fig. 7. Six consecutively recorded hadronic events at 

RCM 
= 27.4 GeV, viewed along e+e- beam direction 
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12) mass states, the predictions of A. Ali et al. were applied. In the 

fragmentation process the quark pair selection was made according to the 

square of the quark charge. 

The production of gluons and their inclusion in hadron event simu- 

lation follows the work of Hoyer et al. 9) Gluons are radiated only by 

u,d,s, and c quarks. Gluon jets are treated as a combination of quark-. 

anti-quark pairs. The QCD cross section is taken for qqg but a cut off 

in thrust is used. Parts of the generators of H.G. Sander and of 

T. Meyer* have been utilized in our Monte Carlo. 

Background reaction e*e- + T%- with the subsequent ‘c decay has 

been simulated using the V-A interaction and particle data tables for 

the decay modes. The process e+e- + e+e- + hadrons is also a background 

to e+e- + hadrons and has been simulated using information on electron 

tagged events of this type. (See Section VII). In all the above simu- 

lations, events are generated, filtered by the PLUTO acceptance criteria 

and then recorded for later comparison with the real-event sample. 

V. SEARCH FOR THE “TOP” QUARK 

The most direct way to search for a higher-mass quark state 

would be to look for a resonant state similar to the $/J or T in which 

over a very narrow center-of-mass energy range, an enhancement in the 

multi-hadron cross section occurs. This search would have to be made 

in Q 20 MeV steps corresponding to the effective machine energy resolu- 

tions and over Q 20 GeV. As this would require considerable machine 

time, it has yet to be done. We will describe here several alternative 

approaches that rely on QCD predictions for the t, on the existence of 

toponium in anology to psionium for the $/J resonance and on muon 

decays predicted for the t quark. 12) 

*We would like to thank H.G. Sander and T. Meyer for making these pro- 

grams available for our use. 

A. Jet Studies 

At Cl GeV above the $/J resonance massive psionium states, e.g., 

D, D*, . . . are produced and decay. Resulting from the decay of these 

states a very slight broadening ‘in the jet structure is seen. At 

higher energies the jet structure is more marked and the possible states 

above any higher energy resonance would be even more massive. This 

should result in a clearly detectable broadening in the jet structure. 

It also follows that this broadening should be present over a wide 

energy range AECM ?r 10 GeV above the top threshold. 13) 

In making this search for jet structure changes we have used 

quantitative jet measures for events with nch > 4 and have applied them 

over the energy range Em = 13-32 GeV. The parameter chosen to repre- 

sent the jet-like nature of multi-hadron events is thrust, 

T=Max 
ClPfij I 
-6-r 1pi - 

where i is taken over all tracks and where the direction chosen maxi- 

mizes the value of T so calculated. For very narrow jets T ?r 1 and 

for an isotropic track distribution T or 0.5. 

The normalized frequency distributions of the thrust at lower 

PETRI energies (ECM = 13 and 17 GeV) are shown in Figs. 8a and 8b. The 

experimental points are to be compared with the Monte Carlo predictions 

shown as curves. The solid curve is the prediction of the model of 

R. Field and R.P. Feynmann with u,d, and s quarks and the dashed curve 

is that model extended to include c and b quarks. The ‘difference 

between the curves is too small to allow any discrimination with these 

limited statistics. 

In these distributions the effect of the b quark (Q = - $) is a 

small flat enhancement in the curve centered at T % 0.75. The effect of 

the t quark (Q = $), however, should be more pronounced. This is seen 
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in the curves of Fig. 9 where the flavor threshold for the t is taken 

to be 2 GeV below ECM. Figs. 9a, 9b. and 9c show the T distributions for 

ECM = 27.6 GeV, 30.0 GeV, and 31.6 GeV, respectively. In all of these 

graphs the data is seen to fit quite well the Monte Carlo predictions 

with u,d,s,c, and b quarks and in none is there any reason to introduce 

the t. At ECM = 27.6 GeV the number of events with T 2 0.8 is 28 in 

rough agreement with the udscb predictions of 21.6. The Monte Carlo pre- 

diction for udscb + t quarks of 57.4 events however is much greater than 

the number observed. 

Similar conclusions also come from a study of the average values 

of thrust or cl-T>. Fig. 10 shows <l-T> plotted as a function of ECM. 

The experimental points are seen to be in agreement with the Monte 

Carlo predictions using udscb quarks only (solid curve) and not with 

the dashed curve representing udscbt quarks. 

B. Measurements of R 

QCD suggests that the top quark should have a charge of 2/3. If 

this is assumed, then after l-2 GeV in energy above the tt bound 

(5 (e+e- state, the value of R = + hadrons ) o(e+e- + u + De) would increase by % 1.3. 

It is this increase in R that would herald the t. 

The cross section for multi-hadron production, (e'e- + hadrons). 

was determined after applying a number of corrections. The corrections 

in the energy range ECM = 26-32 GeV were the following:* event detec- 

tion efficiency (82%), radiative correction (QlO%), removal of the 

T (2%) and of events due to two-photon process (4%). The luminosity 

values were determined from wide-angle Bhabha scatters (reaction (1)) 

observed in the central detector. The value of the e+e- -+ u+u- total 

cross section used was determined by QED calculations from the observed 

luminosity. 
* 
Corrections for data at ECM = 13 and 17 GeV are given in reference 2. 
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TABLE V 

Inclusive Muon Production 

ECM 
No. Events with Expected 

Computed Corrected Signal 
WV) 

a Muon 
(P..> 2 GeV/c) 

Background Signal udscb udscbt 
-P 

27.6 7 2.9 f. 0.8 4.1 t 2.7 4.7 14.6 

30.0. a 4.1 t 1.2 3.9 t 3.1 5.1 15.9 

31.6 2 1.7 f 0.5 0.3 2 1.5 1.7 5.3 

Total 17 a.7 + 2.6 a.3 f 4.9 11.5 35.8 

In conclusion, the thrust distribution, and the values of R as 

well as the inclusive muon signal gave no indication of a t quark with 

2/3 charge having been produced at PETRA. 

VI. GLUON BREMSSTRAHLUNG 

Some evidence for QCD gluons in e+e- collisions already has been 

seen. It is found, particularly at lower energies, that predictions for 

the value of R with the QCD gluon corrections are found to fit the data 

somewhat better than without. In addition, hadron production at the T 

resonance should occur via three gluons according to QCD, and studies by 

the PLUTO group have found some evidence for the three-jet structure in 

the.hadrons produced at this resonance. 16)* 

Another prediction of QCD 7,8,9) . is that gluons should be produced 

in e+e- collisions in a bremsstrahlung-like process on quarks. The 

production of high-energy gluons should increase with increasing energy 

attaining a level of 2, 25% at E CM 
'L 30 GeV. As gluons also should 

produce hadrons, the events at higher PETRA energies should give some 

evidence for a broadened structure of one of the two jets which should 

increase with increasing ECM. 

l 

Latest results were reported by A. Bgcker in the SLAC Summer School '79 

To study possible gluon bremsstrahlung effects in multi-hadron 

events, the momentum components about the jet axis of the hadrons pro- 

duced have been analyzed over the PETRA energy range ECM = 13-32 GeV. 

Only events with nch _ > 4 have been used in this analysis. 

A. Hadronic Momentum Component Study 

In studying hadronic events,the two-jet axis was taken as the 

thrust axis. The thrust axis is that axis which maximizes pH for the 

particles aboutthat axis. In determining this axis, both charged and 

neutral particles were used. In evaluating the particle component 

momenta, however, only charged particle tracks were used. 

The average values for the momentum components of hadrons about 

the jet axis, <p,,> and <PA>, are plotted as a function of ECM in Fig.12a. 

The characteristics of limited transverse momentum is seen with <pA> 

only slowly increasing with ECM. The points shown are the experimental 

averages for p,, and pL which have not been corrected for acceptance 

efficiencies. The dashed curve is the result of a Monte Carlo simula- 

tion without gluon production in the final state and is indicated by 

ss. The solid curves, qqg, include gluon bremsstrahlung effects. 

Although there is only a small difference between these two hypotheses, 

the gluon bremsstrahlung assumption is seen to be a somewhat better fit 

to the data, particularly for <p&>. 

The parameterization that is found to be best suited for compari- 

son in the study of these gluon QCD effects is p:*. The average values 

of P: are plotted as a function of ECM in Fig. 12b along with the qq 

and qqg Monte Carlo simulated results. Again the results for the qqg 

are seen to best fit the data. 

As a further test of the effect of gluon bremsstrahlung we will 

distinguish between the two jets of an event by the value of <p*> for 

each. The jet with the smallest value of <pl> is called the "slim" jet 

* 
See the report by G. Schierholz in this conference and reference 8. 
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Fig. 12a). Plot of average values of momentum components 

pr and pL relative to jet axis, as a function 
of ECM. Solid curve is simulation without 
gluons and dashed curve with gluons. 

Fig. 12b). Same plot as in a) except that the average 
square of p,is plotted vs ECM. 

and the other the “fat” jet. Fig. 13a is a plot of <pj> as a function 

of EcM for the slim and fat jets taken separately. Here it is seen that 

the q{g simulation (full line curve) adequately represents these data. 

Another way to study the effect of gluon bremsstrahlung is via a 

2 so called “seagull” plot which is a plot of <pL> vs “p = P,, /pbeam’ This 

plot divides the event particles into different p 
II 

intervals thus exam- 

ining the effect of particle momentum on <pi>. Figs. 13b and 13~ show 

such plots for data grouped into only two ECM energy intervals as a 

means to increase statistics. The Monte Carlo simulated results are 

labeled as before with qq and qqg. The effect of gluon bremsstrahlung 

is small at ECM = 13 and 17 GeV as seen by comparing the solid and 

dashed curve. However at ECM = 27-32 GeV the much larger values for 

theq& predictionthan for q{ are seen and it is again the q;g hypoth- 

esis that best agrees with the data points. The comparisons are more 

significant for the fat jet. When one artificially increases the 

transverse momentum in the model of jet formation to U = 350 MeV/c the 
P 

overall fit for the fat jet to the qs hypothesis still is seen to be 

poor. 

In conclusion we find that the data observed at PETRA energies 

cannot easily be explained with our model of hadron production via qt. 

Our result, however, on jet broadening and the seagull effect for fat 

and slim jets are found in good agreement with the model incorporating 

gluon bremsstrahlung of quark in the final state. Further studies 

involving triplicity and fiatness (to be reported elsewhere) seem to 

give- additional evidence for gluon bremsstrahlung. 

VII. HADRON PRODUCTION IN PHOTON-PHOTON INTERACTIONS 

The basic diagram describing the so-called photon-photon inter- 

action, e+e- + e+e- + anything is shown in Fig. 14. This can be view- 

ed as a scattering process in which two virtual photons are created and 

collide producing leptons and hadrons. 
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This process was studied theoretically and the general character- 

istics examined several years ago. 17) The principal reactions that 

were predicted are: e+e- 
+-c- +-+- 

+ e e e e , e e p u , e+e-h+h , e+e- + hadrons . 

Observations and measurements have been made at Novosibirsk, Frascati, 

DESY (DORIS) and.,most recently at Orsay (DCI) . ‘*) The only reported 

measurement of e+e- + e*e- + hadrons or w + hadrons was that of the 

Mark II group at SPEAR II in which the cross section for YY + n’ (without 

tagging) was determined. 19) 

For e’e- + e*e- + anything, the cross section slowly rises with 

increasing e+e- center-of-mass energies (ECM), while the single photon 

or annihilation cross section falls with E -2 
CM’ 

As a result w events at 

PETRA energies should be relatively large in number and even with 2 10% 

detection efficiency their number should be comparable or perhaps a 

little less than for the one photon processes. This has, in fact, been 

confirmed by the PLUTO detector where, at E CM = 13 and 17 GeV, 52singly 

tagged w * hadron events were recorded corresponding to a total of 204 

ee + hadron events. 

In the discussion that follows the detection of the process w + 

hadrons will be discussed and a first measurement of the YY cross sec- 

tion for multi-hadron production will be presented. 

A. w Event Identification 

In selecting w events we willbe utilizing the fourth trigger- 

ing condition (See Table II) choosing single-tagged events with an 

electron with > 3 GeV energy in the SAT or LAT and with at least one 

track in the central detector having p > 300 MeV/c and 13 > 42’. A 

distribution of event vertices along the e+e- beam line (z direction) 

for events so selected is shown in Fig. 15. This distribution is for 

all w event types of which e+e- + efe-e+e- and e+e-u+u- predominate. 

The clear peak with a width consistent with that of Bhabha scattering 

(see Fig. 3) is seen above a much broader background. 
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an acceptance filter which produced an event in the same format as for 

an experimental event. Later processing was the same for Monte Carlo 

and experimental events. 

The generator for e+e- + de- + hadron events was written using 

the following criteria: i) multi-pion phase space, ii) limited trans- 

verse pion momenta about e+e- beams (<pF > = 300 MeV/c), iii) multipli- 

city distribution taken from electro production, iv) photon flux factor 

of Williams and Weizs&ker. 20) 

C. Cross Section for w + Hadrons 

The cross section o(yy + had) was determined through a comparison 

of the distribution of the observed invariant mass calculated assuming 

only pion production (Wvis) with that predicted by the Monte Carlo simu- 

lation. The value of U(w + had) vs Wvis was adjusted until the experi- 

mental distribution agreed with that simulated. 

The results of this calculation for ECM = 13 and 17 GeV data 

(<q*> 2 0.1 GeV*/c*) is shown in Fig. 17a where U(W + hadrons) is 

plotted vs Wvis. The curve shown is a rough fit to the data and has a 

form of U(W + had) 2 (300 + 900/Wvis)nb. Although it was only possi- 

ble to determine o(~ + had) as a function of Wvis, Wvis has been esti- 

mated to be only % 25% smaller than W. 

The more recent results at the higher e+e- center-of-mass energy, 

ECM = 27.4 GeV. where co*> of the scattered electron is now % 0.4 

GeV/*c* are shown in Fig. 17b. Also shown is the same curve of 

Fig. 14a above. The smaller cross sections at high Wvis for 

this higher energy data is attributed to the increase in co*>. 

These first results of yy * hadrons are as yet preliminary, but 

they give a glimpse of the possibilrties at PETRA to study this inter- 

esting new field. 
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Fig. 17a). Plot of o(yy + hadrons) vs total observed 
event energy, Wvis. ECM = 13 and 17 GeV. 
Curve is rough fit to data points. 

17b). Plot of o(y-y + hadrons) vs total observed 
event energy, Wvis. ECM = 27.4 GeV. Curve 
is same curve as in a). 
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VIII. CONCLUSION 

Since PETRA came into operation in late 1978, the PLUTO detector 

has recorded data at center-of-mass energies from 13 to 32 GeV and for 

a total integrated luminosity of over 1.2 pb -1 , 

The analysis of these data has addressed four main topics and 

obtained the following results: 

i) QED violations were studied in e+e- + e+e-, u+p- (also at 

DORIS) but none was found. Combining the whole data sample, 

tne violation parameters A+ and A- had limiting values of 71 

and 67 GeV (95% C.L.). respectively. 

ii) A search for the t quark netted negative results. The anal- 

ysis of multi-hadron events at varying ECM was made to study 

changes in the jet structure, normalized total cross section, 

and inclusive muon production. This study gave results con- 

sistent with the existence of udscb quarks only. There is no 

indication for a Z/3 charge top quark threshold below ECM Q 

30 GeV. 

iii) Evidence was presented for the existence of gluon bremsstrah- 

lung off quarks giving qig final states. An increase in jet 

broadening with e+e- center-of-mass energy was observed and, 

in "seagull" plots (<p:> vs xp=p,,/pmax), the asymmetry in 

the jets was found enhanced with increasing center-of-mass 

energy. Both of these effects were in good agreement with 

q;g simulation predictions thus giving positive evidence for 

the existence of gluons. 

iv) Two-photon events with multi-hadron final states (e'e- + - +ee 

l hadrons) were observed and some first measurements of the 

cross section O(W + hadrons) were presented. 

With PETRA operation improving and with PEP coming on line, a 

very interesting future in e+e- research seems in the offing. 
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I. INTRODUCTION 

The-Crystal Ball experiment has just completed its first cycle of 

data taking at SPEAR. The experiment was installed in the East Pit last 

summer, ran for a brief check-out period (which included useful physics data 

taking) through December, and operated in full data taking mde for the Spring 

cycle ending in June. Today I will present an introduction to this new de- 

tector and describe 

me Crystal 

Harvard, Princeton, 

Seattle: 

some of the physics analysis we have undertaken. 

Ball Collaboration is a group of physicists from Cal-Tech, 

SLAC, Stanford/BEPL, and the University of Washington/ 

David Aschman, Elliott Bloom, Fatin Bulos, Toby Burnett, Matte0 
Cavalli-Sforza, Ron Chestnut, Don Coyne, John Gaiser, Gary Godfrey, 
Robert Hofstadter, Chris Kiesling, Ian Kirkbride, Herman Kolanoski, 
Wolf Kollmann, Art Libernan, hark Oreglia; Jack O'Reilly, Rich 
Partridge, Charlie Peck, Frank Porter, Mark Richardson, Hartmut 
Sadrozinski, Karl Strauch, John Tompkins and Klaus Wacker. 

The heart of our detector is a large solid angle, highly segmented 

NaI(T1) array which provides exceptional photon detection and energy measure- 

ments over a large dynamic range. Although originally proposed before the 

discovery of the Jr , the Crystal Ball is the ideal detector for studying the 

rich ganmra spectroscopy of the Charmonium system. Used as a total energy 

calorimeter, the Crystal Ball provides a measurement of the total cross sections 

with a method complimentary to magnetic detectors. The design of the detector 

also allows analysis of exclusive channels with emphasis on event types in- 

cluding 7's, sots, and q's . 

This is a new and exciting device which is exploring previously 

inaccessible aspects of e+e- physics. The analyses that I will discuss are 

by the very newness of the experiment still in the preliminary stage, but 

even so the Crystal Ball already has a great deal to contribute to the 

understanding of the Charmonium system. 

I will attempt to give you a brief overview of the apparatus and its 

operation (Section II, III), and a look at some of its physics capabilities 

(Section IV). A detailed discussion of exclusive states in the Harmonium 

scheme will be presented next (Section V). Finally, I will present some 

recent work on the hadronic total cross section and characteristics of 

hadronic events (Section VI). 

II. APPARATUS 

The Crystal Ball detector, shown in an artist's conception in Fig. 1, 

is composed of the following major elements: 

(a) 

(b) 

Cc) 

(d) 

2 herdspherical arrays of NaI(T1) crystals' surrounding 

the interaction region; 

a central charged particle detection system composed of 

cylindrical magnetostrictive spark and multi-tire 

proportional chambers; 

'End Cap' regions, surrounding the beam entrance and 

exit ports, which are covered by magnetostrictive spark 

chambers and hexagonal NaI(T1) cyrstals; 

a precision luminosity monitor system which measures small 

angle Bhabha scatters; and 
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E-End Cop MS. Spark Chambers 
F-Luminosity Monitor 
3-n 

Figure 1 

(e) an outer fIadron &on Separator (OHMS) composed of Pb 

and Fe absorbers interspersed with proportional tube 

cha&ers (not shown in the figure, OHMS sits at 93' 

to the beam direction.) 

The physics objectives in the design of the detector were (a) 

approach full solid angle coverage, (b) require high segmentation to 

allow both photon position resolution and high multiplicity capability; 

and (c) minimize the absorptive mass between elements to preserve the 

excellent energy resolution of NaI(T1). The use of NaI(T1) placed addit- 

ional constraints : it is hygrosmpic so it must be sealed and protected in 

a dry atmosphere; and it is expensive -- the total volume must be minimized 

consistent with physics objectives. 

The design of the Crystal Ball is based on the geometry of an icosa- 

hedron: a 20 sided figure in which each face is an equilateral triangle of 

the same dimension. Starting with the icosahedron, shown in Fig. 2a, seg- 

mentation is obtained by a series of subdivivions. The equilateral triangles, 

"major triangles", are divided into 4 "minor triangles," Fig. 2b whose vertices 

lie on the surface of a sphere in a projective geometry similar to R. Buck- 

minster Fuller.' The minor triangles are then further subdivided into 9 indi- 

vidual triangles ("modules" or "crystals"), Fig. 2c, again with their vertices 

projected onto the sphere. The process of subdivision creates 720 crystals 

covering the entire volume. 
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CRYSTAL BALL 
GEOMETRY AND JARGON 
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Figure 2b 

INDiVlbUAL “MODULES” 
OR “CRYSTALS” 

“EQUATOR” 

20 - 

.E” 

80 - 

720 

The Einal configoration is a thick spherical shell with an Inner 

radius of 10" and an outer radius of 16” . To allow entrance and exit of the 

beams, 24 crystals have been removed from two diametrically opposed regions. 

The sphere is then divided along the equator to create two hemispheres of 

336 crystals each. Each hemisphere is sealed and equipped with pressure and 

humidity sensors. 

A schematic of an individual crystal is shown in Fig. 3. ‘Ihe crystals 

are 16” long equivalent to 16 radiation lengths and roughly 1 absorption length. 

Each crystal is viewed by a single 2" photomultiplier tube (SRC LB p’s@) whose 

output is split and digitized in two ranges. Each range has a full scale of 

8000 counts with the average least count being 20 keV in the low range and 400 

keV in the high range.3 

The 16" thickness of the NaI(T1) shell makes it both an efficient 

electromagnetic absorber and a reasonably good hadronic absorber. A particle 

can deposit energy in the detector in many ways: 

(a) 

(b) 

Cc) 

An electron or photon will create an electromagnetic shower 

and deposit essentially all its energy in the detector,'spread 

over many crystals with a distinct 'shower' pattern; 

A sufficiently energetic charged particle can pass through 

the detector leaving dE/dx energy loss. A minimum ionizing 

particle deposits a characteristic energy of about 210 t&v, 

isolated to a few crystals. Slow charged particles can stop 

in a crystal leaving less than minimum ionizing deposition. 

A hadron can interact in the detector and send the interaction 

products into other crystals in complicated patterns. 

L “TUNNEL REGION” 
Figure 2c 
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‘SINGLE CRYSTAL SCHEMATIC 

x. INTERSECTION 
REGION 

(d) Neutrals, such as Kls can pass through the detector 
0 

without interacting. 

The energy patterns or topologies in the crystals from (a) and (b) 

coupled with tracking information from the chambers are well defined sit- 

uations for which identification algorithms are quite successful. The 

topologies from secondary hadronic interactions in the detector are far 

less predictable and we are still at work improving algorithms to handle 

these events correctly. 

Briefly, the remainder of the detector system consists of: 

Central Tracking Chambers: A combination of spark chambers with 

magnetostrictive readout and multiwire proportional chambers with cathode 

strip readout forms the charged particle detection system for the Crystal 

Ball. 4 The chambers are arranged in three concentric cylindrical shells 

around the beam pipe; each chamber consists of two independent gaps. Moving 

outward from the intersection region, a charged particle first traverses the 

"inner" spark chaaixzs which cover the entire Ball (94% of 4fi steradians), 

then the proportional chambers (78% of 4n), and finally the "outer" spark 

chambers (67% of 4n). Each gap measures an azimuthal (9') coordinate and a 

'crossed' coordinate at angle from 30 to 90 degrees to the azimuthal wires. 

'Ihe proportional chambers also provide a fast 'multiplicity' signal to the 

event trigger. 

End Caps: More than half of the 6% solid angle lost to the beam 

entrance and exit ports is recovered by arrays of hexagonal NaI(T1) crystals 

which are stacked above and below the beam pipe at both ports. Charged particle 
Figure 3 
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information is provided by 2 spark chamber modules mounted in front of each 

of the NaI(T1) arrays. Each spark chamber module consists of two gaps with 

both planes in each gap being readout. Ihe hexagonal crystals are 20" long 

and individuaiiy encapsulated in stainless steel containers (0.020" wall). 

Precision Luminosity Monitor: The luminosity is determined by 

measuring Bhabha (e'e- + e+e-) scatters at small angles (- 4.2') in 4 

counter telescopes arranged symmetrically about the intersection region. 

Each telescope consists of 3 thin scintillation counters which define the 

acceptance and a Pb-scintillator shower counter to identify the e 
+ 

or e- 

The system is designed to be insensitive to displacements of the interaction 

region (except for second order effects). 'Ihe luminosity is measured to an 

accuracy of better than 4% . 

III. TRIGGERING 

lhe event trigger for the Crystal Ball is composed of four "GR-ed" 

inputs. The primary trigger is satsified by requiring the analog total energy 

to be greater than -.. l/4 of the center of mass energy. Ihe first layer of 

crystals around the tunnels were usually removed from the total energy signal 

to reduce the trigger rate from beam associated backgrounds. The end cap 

crystals were not part of the signal. 

A 'multiplicity'trigger is included to accept events which might 

typically deposit lower energy and be missed by the primary trigger. The 

multiplicity trigger requires a charged particle signal from the central 

proportional chambers and two or more major triangles (groups of 36 crystals) 

with greater than 140 MeV. A "quark" trigger was also included which required 

> 40 MeV in each of two 'back-to-back'(co-linear) minor triangles - 

(groups of 9 crystals). 

The last component is the 'fast trigger,' an independent summing 

of the energy deposited in the upper and lower hemispheres. The 'fast 

trigger' required > 140 MeV in both upper and lower hemispheres and a 

total energy of about 20% of the c.m. energy. Ihe 'fast trigger' timing 

of + 8 ns with respect to the beam crossing, allowed a lower total energy 

requirement since cosmic background could be further suppressed. 

Table I lists typical trigger rates obtained at various energies 

during the last running cycle. Cosmic background is roughly 1 Hz at all 

energies. 

TABLE I 

Typical Trigger Rates 

Energy (MaV) 3094 (9) 3684 (‘@I) 3772 (‘P) 7400 

i.edt (cm2) 

Current (IDA) 

Total 

.4 x 10x0 1.1 x 103O 2.0 x 103O 16.8 x 103O 

4 8 11 35 

Trigger 

Rate (Hz) 2.2 2.1 2.2 3.5 
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IV. ASPECTS OF THE CRYSTAL BALL'S PERFORMANCE 

The discussion of the apparatus stressed some of the most important 

properties of the Crystal Ball: its ability to detect photons, its use as 

a calorimeter, and the identification of particle types by their energy 

deposition patterns. A more detailed description of these properties is 

obtained from examination of the data. Examples of calorimetry, various 

exclusive event types, an inclusive photon analysis at the $' , and a measure- 

ment of QED at 65 CeV are presented below. 

A. Calorimetry 

An example of the Crystal Ball's calorimstry is presented as the 

total energy/event for _ 28,000 triggers at the Jr shown in Fig. 4a. This 

plot has three major regions: peaks in the low energy region from cosmic 

background and various trigger thresholds, a sharp peak at the total c.m. 

energy from QED events and electronic decays of the @ , and a broad peak 

in the middle region from hadronic events. Figure 4b shows the energy spec- 

trum after cuts have been applied to extract hadronic events. The average 

measured energy is 68% of the c.m. energy (without corrections) with a 

resolution o , = 22% . 2he hadronic signal is clearly visible before the 

application of cuts. This is not the case 'off resonance' and will be dis- 

cussed later. 

B. Event Types 

'Ihe geometry and segmentation of the Crystal Ball presents different 

analysis problems than in other detectors: we must understand and identify 

the various patterns of energy depoaions. Energy deposition patterns are 

viewed by 'unfolding' the Ball as shown in Fig. 5, where each crystal is 

3000 

TOTAL ENERGY - ALL EVENTS 

0” I I I ! ( I I / ’ ( ” ” 
1000 2000 3000 

E (MeV 
Figure 4a 

tj~ DATA 

TOTAL ENERGY - HADRONS 

JI DATA 

J 

. . 

E (IvleV) 
Figure 4b 
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displayed in a flat projection. (Note that energies > .5 l4V are displayed 

in the figure.) The event is a Bhabha scatter at high energy with two isolated 

regions of energy deposition each with a characteristic shower pattern having 

a distinct lateral spread. The spread over many crystals allows a nrxe 

accurate determination of the position than the dimension of a single crystal. 

In terms of an angle from the interaction region, the reconstruction accuracy 

is oo-- 2 
0 . The steep energy dependence laterally allows separation of 

electromagnetic interactions through use of shower profile functions. 

Figure 6 presents a slightly more complicated event type, a Ji decay 

into a 37 final state. The most important features of this event are the 

easily identifiable energy patterns of the showers and the overall absence 

of background in crystals not involved in the showers. This event is typical 

of the 37 analysis which will be discussed later. 

The third event type, shown in Fig. 7a, is a $' + fl+fl-Jr + flex-777 

candidate. This five particle state represents a more complicated situation 

but one which is easily identifiable in the detector. 'Jhe particles labelled 

as charged exhibit different energy patterns than those associated with the 

photons. One of the charged particles deposits energy in a single crystal 

(presumably stopped); the other deposited energy in a limited region of a 

few crystals. A view of the hits in the central detectors, Fig. p, shows 

the tracking information. 

C. Inclusive 7 Spectroscopy 

A primary strength of the Crystal Ball is its ability to detect low 

energy photons. In the Harmonium system, transitions from the $1 to lower 

lying states can be detected by observing the monochromatic photons in the 
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inclusive process 

‘k’ INCLUSIVE y SPECTRUM - EQUATOR, TUNNEL CUT 

A sufficiently strong transition will appear as a monoenergetic peak in 

the photon spectrum. The excellent energy resolution of NaI(T1) enhances 

the signal over a smooth background of photons from no and q decays. 

Preliminary results from the analysis of the $' inclusive spectrum are 

presented below; improved branching ratios on the known transitions and 

limits on branching ratios to new states will result from this analysis. 

The inclusive spectrum can be defined in two ways: 

(=) A 'signal enhanced' spectrum where attempts are made to reconstruct 

and subtract so photons, pattern recognition cuts are applied to remove un- 

tagged charged particles, and geometric cuts eliminating the equator and 

tunnel regions are applied to avoid regions where resolution can be de- 

graded by possible energy loss in material or outside the detector; and 

(b) A 'standard' spectrum where only simple unbiased geometric cuts 

are used to define acceptances. 

Figure 8 shows an 'enhanced spectrum' form l?O K Jr' decays. The 

sharp peaks are the photons from known $1 transitions to the intermediate 

X states as labelled on the figure. There is no clear evidence for peaks 

corresponding to states at masses of 3590 or 3455 MeV. 6,8 The energy resolution 

is roughly 1% (FWHM) for the lowest energy peak at about 130 l&V and decreases 

slowly with energy for the higher energy peaks. 

Quantitative results on branching ratios are derived from a 'standard 

spectrum' (not shown) which does not require a detailed Monte Carlo program 

170 K q/’ 

GAMMA ENERGY (MeV) 

Figure t 

‘, 
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for efficiency calculations. Each peak is fit to a Gaussian plus a 

polynominal background to obtain the signal strength. The branching 

ratios obtained'are listed in Table II. Corrections to the data include 

angular acceptance, photon conversion, and mis-identification of a photon 

as a charged particle <'over-tagging'). This analysis is based on v 220 K 

+' events or about l/4 of the total data sample. The errors shown are dom- 

inated by systematic effects and should decrease as we gain in understanding 

of the detector. The branching ratios are in good agreement with previous 

experiments. 

TABLE II 

$I' Inclusive Branching Ratios (Preliminary~ 

State Branching Ratios Previous Experiments 

3P2 X(3550) 7.5 * 1.7 % 7.0 It 2.0 5 

3Pl X(3510) 7.5 + 1.7 7.1 + 1.9 5 

3 4 PO X(3410) 7.6 k 1.7 7.2 -t 2.3 

7.5 :t 2.6 6 

Analysis of the spectrum for other monochromatic peaks in the range 

70 < E-, < 200 places a smoothly falling upper limit of from y 1.5% at 'j'0 MeV 
I 

to .-., .6$ at 200 PleV (except at the positions of the known peaks). 

D. QED at 6.5 GeV 

A study of the QED process efe- +e'e- (Bhabha scattering) at 

E cm = 6.5 GeV serves both as an important systematic check on the detector 

performance and provides a high statistics test of QED. lhe demands of an 

absolute cross section measurement require detailed understanding of the 

apparatus and preliminary results show good agreement with theory. Figure 

9 shows the measure Bhabha cross section vs. case compared to the calculated 

theoretical cross section. Ihe ratio data/theory is .99 over the range 

lcose) 5 .60 ) in very good agreement at this preliminary stage. 'Ihis 

ratio decreases to .g over the range /co&) < .80 due to .a dependent 

effects and chamber tracking efficiency at small angles to the beam. Cal- 

culations of these corrections is in progress. 

V. EXCLUSIVE STATES IN THE CHARM3NIUM SYSTEM 

A. A Brief Review 

The lowest lying states in the Charmonium system are shown in Fig. 10. 

Ihis is a very familiar diagram, so I will keep my comments brief. 'Ihe 

Charmonium scheme predicts a complicated series of transitions among states 

lying beneath the $' .7 Many of these states have been verified experimen- 

tally, while the existence of some (such as the pseudoscalars) is still in 

doubt. Some of the observed levels have difficulty fitting the preferred 

Charmonium masses. 

Experimentally there is strong evidence from inclusive photon spectra 

for the 3PJ or X states, where the monochromatic transitions from the q' 

have large (* 7%) branching ratios. The 3, 
2 

and 3p1 states [X(3550) and 

X(3510)1 are also established in the exclusive process: 



CHARMONIUM SPECTROSCOPY 

OBSERVED LEVELS 

43S(4414) 

? (4160) 

33 St40281 

v 13D,(3772) CHARM THRESHOLD 

LL X(28301 - - (1%~) - = STATES WITH 

hc) 
STRONG EVIDENCE 

---- = STATES AWAITING 
FURTHER CONFIRMATION 

I- 
- E, TRANSITIONS 

--- M, TRANSITIONS 

---- “HINDERED” M, TRANSITION 

Figure 10 
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Jr’ --f 7x --f YrJ, 

which will be dfscussed below (the so-called "cascade" decays). The pseudo- 

scalar partners &the 6 and $1 , the q, and T$ , have been tentatively 

identified with states seen in exclusive channels: 

q,: Jr + 7X(2823) -+ 777 

q;: \Ir' +7X(3455) --) 77Jl 

A state at 3590 MeV, observed weakly in a cascade decay from the Jr', might 

also be a candidate for the '1; , 

The controversial states at 3455, 3590, and 2820 WV still await 

further experimental confirmation; the Crystal Ball addresses these questions 

directly. The cascade decay Jr' + 7 3P 
0 

+ y7Jr has been seen only weakly 

in previous experiments, however, it has a strong signal in the inclusive 

spectrum. No inclusive photon signals have been reported for the controversial 

states. 

Not shown in the level diagram, a 'Pl state is predicted by the 

Charmonium schema to lie at about the center of gravity of the 3 P states. 

1 
The Pl cannot be reached directly from the $' via photon transitions: 

it might be seen in the decay sequence 

*’ --) r3P2 + Y7 lPl 

me Crystal Ball has taken large data samples at both the Jr and Y' . 

A study of exclusive states in Jr and $' decays is presented below. 

B. @I + yy@: 'Ihe Cascades 

As noted above, the inclusive spectra give strong evidence for the 

existence of states intermediate in mass between the Jr and 9' , reached by 

photon transitions from the Jr' . Heasurement of the exclusive process 

e+e- 

provides a more detailed test of the Charmonium model. Previous experiments 

have measured this process for the x(3550) 698 and X(35lO)6'e and have made 
+ + 

tentative spin-parity assignments of 2 and 1 , respectively. Weaker 

evidence exists for the X(3410) cascade and it has been assigned O+ . 

The existence of the states at 3590 and 3455 (Q; candidates), which 

have only been seen in cascade decays, needs to be resolved. 

The Crystal Ball's ability to resolve low energy photons and its large 

acceptance allow us to obtain a significantly larger sample of cascade events 

than previous experiments. The analysis is proceeding apace. The data presented 

here (185 K 0' events) represent roughly l/4 of the full data sample. 'Ihe 

analysis at this point focusses on determining the existence of the contro- 

versial states and accurate product branching ratios for the well established : 

states. The spin-parity analysis awaits the full sample. 

lhere is no experimental evidence for this state. 
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The analysis proceeds as follows: the 2y , 2 lepton final state 

candidates are extracted using cuts based on energy deposition patterns and 

total energy observed in the Ball. The events are then kinematically fit 
_. 

constraining the leptons to reconstruct the $ mass. For the ee events, 

this represents a 5c fit; for pn events it reduces to a 3c fit. Events 

not consistent with the appropriate hypothesis are rejected. The two photons 

emitted in the cascade decay are correlated in energy. The first is mono- 

chromatic, while the second is broadened by Doppler shifting (comparable to 

our resolution). Plotting the lower energy photon versus the high energy 

photon reveals two distinct bands as shown in Fig. 11. These bands are 

associated with the states at 3550 and 3510 MeV . Also indicated on the figure 

are the regions which events from the x(3410) and the states at 3590 and 3455 

would populate. 

At this time there is no clear evidence in the cascades for the states 

at 3410, 3455, or 3590 above what we determine to be background from $' + ?'rOvO$ 

and other processes. A final determination awaits the full data sample. 

The process 

also contributes directly to the data sample. The D can be determined 

from the unique mass and momentum of the yy pair. The effect of fitting 

the events can be seen in comparison of the raw yy mass plot, Fig. 12(a), 

to the fitted plot 12(b). There is considerable narrowing of the r) peak 

and improvement in signal/background. The fitted r? mass has a resolution 

Am/m = 1.6% . 

:- 
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The masses of the intermediate states can be calculated from the 

recoil against the (fitted) primary photon. The mass distribution obtained 

is shown in Fig. 13, again showing the strong peaks at the X(3550) and 

x(3510) and no significant accumulations elsewhere. 

The branching ratios calculated are given in Table III. The branch- 

ing ratio calculated for the x(3410) could as well be considered an upper 

limit, since the signal is marginal at this statistical level. No limits 

have been calculated for the x(3455) or x(3590) ; they do not appear at 

the levels expected from previous measurements. The x(3550) and x(3510) 

product branching ratios, ($' + yx) (x + yJ,) , are in good agreement 

with previous measurements, while the $' + n$ branching ratio is somewhat 

lower. 

state 

x(3550) 

x(3510) 

x/3410) 

x(3455) 

X(3590) 

TABLE III 

PRELIMINARY $' CASCADE DECAY BRANCHING RATIOS 

Event Br($' + yx + yy$)* Other Experiments 

128 1.3 + 0.3% 1.0 0.6% + 1.0 + 0.2 ; 
- 

233 2.5 2 0.5 2.4 + 0.8% 2.5 t 0.4 b" 

(3) - (0.04 2 0.03) 0.2 0.2 +_ 0.14+ 0.9 b" 

(-3) 
0.8kO.4 ; 

< 0.25 

C-2) 1.8L.06 b 

~r($'+ n$~) = 2.8 rf 0.7% 4.3 + 0.8%; 
3.6 z 0.5 

x 
Errors include systematics 

@I, Ref. 6. 
DESY-Heidelberg, Ref. 8. 

=MKI, Ref. 9. 
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C. The jy Final State at the jr 

One of the outstanding problems of the Charmonium model has been 

the pseudoscalar states. The pseudoscalar partner of the q, the q,, should be 

seen in the decay Jr +yq, . Its mass is predicted to lie roughly 100 I&V 

below the Jr and its branching ratio to 27 is estimated to be 

-3 7 -1x10 . A state seen in an experiment at DORIS by the DASP group, 10 

the X(2820), has been tentatively identified with the nc . However, its 

mass and the limits on the inclusive rate $ + y X(2820) are not compatible 

with most Charmonium schemes. " The X(2820) was observed in the exclusive 

channel $ + X(2820) + yyy , a 3y final state. Other possible contribu- 

tions to a 3y final state at the $ (Ecm = 3094) are: 

+- 
ee + YYY (QED) 

Ji + ya” 

JI + Yn 

$ + Yn’ 

j, + yyy ('Direct' decay) 

The Crystal Ball analysis of 3y decays at the $ is based on our 

full data sample of - 900 K $ decays. The 3y sample is obtained by 

loose cuts on total energy and co-planarity. An acceptance cut of lCO&l 

< .Sb is applied to optimize tracking efficiency. The y pi' decay, whose 

very high energy pi' yields photons which 'overlap' or 'merge' their 

energy patterns, is eliminated by a pattern cut. Background from y 7i"? 

decays is also eliminated by a pattern cut. The surviving events are then 

kinematically fit and selected by chi square. Roughly l/3 of the final 

sample has been 'hand' scanned. 
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The 3 final state photons yield three different invariant mass 

combinations. Following previous analyses, we plot the highest mass squared 

versus the lowest mass squared in a 'folded' Dalitz plot shown in Fig. 14. 

The positions of expected contributions from the y rl and y n decays 

are indicated on the plot. Clear T- and rl' bands are visible. The arrow 

2 
at %IGH - 8.0 GeV2 . 1s the expected position of a vertical band which 

would correspond to at mass of 2820 MeV . There is no indication of such a 

band in this plot. The QED background peaks at the highest mass squared 

corner and decreases rapidly away from this region. 

Figure 15 shows the projection of the Dalitz plot on the low mass 

axis (for simplicity, masses rather than masses squared are plotted). The 

n and n' signals are strong. 

A projection of the Dalitz plot onto the high mass axis is shown in 

Fig. 16. The DASP group determined the X(2820) from an analysis of their 

data in this projection. We see no enhancement at 2820. If we assume the 

fluctuation at 2850 to be a signal, there is an excess of perhaps 10 events; 

we would expect -53 events from the DASP branching ratio. We see no 

indication of a state at that level. 

To determine upper limits on the process $ + yX + yyy , in the 

region 2800 5 mx 5 3oOOMeV, we fit the Dalitz plot event density. The 

various components, yn , yr~' , QED, and yX are Monte-Carlo-ed with 

appropriate resolution, acceptance, etc., to obtain density distributions. 

The contribution of each component is then determined from a maximum likeli- 

hood fit to the event density. Various masses are assumed for the X , 

yielding the limits displayed in Fig. 17. 

J/‘&’ e 3 y DALITZ PLOT 

[\I f ’ ( 

CRYSTAL BALL 
. / L dt =325 nb-’ 

. 

L 
4 6 8 IO 

,.,* MAXIMUM PHOTON PAIR MASS SQUARED (GeV*) ,~,..,~ 

Figure 14 
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In particular: 

x 
x 

Br($ + y X(28.20) -+ yyy) ( 0.27 x 1o-4 90% C.L. 

to be compared with a value of (1.4 + 0.4)x 10T4 reported by the DASP 

The Crystal Ball results on the 3y final state at the $ are 

summarized in Table IV. The ratio 

5.75 f 1.42 - 

is somewhat larger than previously measured. 

Decay 

$+YQ 

I I I I 
P P ‘: 
0 0 0 
X X X 
m N 

Jr+ y X(2820) 

TABLE IV 

PRELIMINAW J, + 3y BRANCHING RATIOS 

Branching Ratio Other Experiments 

(1.02 + 0.17) 1o-3 (0.82 + 0.2)bX 10 -3a 

(1.3 + 0.4) 

(5.9 t 1.5) 1o-3 (2.2 f. 1.7) 1O-3a 

(2.3 + 0.7)b 

-4 (1.4 + .4) x 10 -4a 
< 6.27 x 10 90% C.L. t .5 x lo-4b 

5.75 + 1.4 

aDASP group (Ref. 10) 
b 

DESY - Heidelberg group (Ref. 12) 

2.7 + 2.2a 
1.8 z .Sb 
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limit on the x(2820) from this analysis is 

Br($ -+ y X(2820) -c yyy) (0.5 x 1o-4 * 

The upper limit on the direct decay of the $ to 3 photons (excluding the 

n and n') bands, is 

Br(J, + 3~) c 1.2 x 10 -4 . (90% C.L.) . 

VI. HARDRONIC MEASUREMENTS OFF RESONANCE 

The final topic will be total cross section measurements and 

characteristics of hadron events in the energy regions off resonance. We 

have accumulated roughly 50,000 hadronic events in a scan through the energy 

region 3.9 C Ecm < 4.5 GeV . (For simplicity, I will refer to energy range 

above as the 'SCAN' region.) 

A. Total Cross Sections 

Total cross sections measurements in efe- collisions are 

traditionally presented in terms of R , 

o(e+e- -f hadrons) 
R = 

o(e+e- -t p+!J-) 
. 

the ratio of the hadronic cross section to the !J pair cross section. 

The quark model with color predicts: 

R = 3Cq: 

below charm threshold and R = 3 l/3 above charm threshold. The R 

behavior is complicated somewhat by a contribution from the T above 

E cm 1 3564, and energy dependent QCD corrections. 7 The presence of a new quark 

flavor can be inferred from 'steps' in R . Peaks in R can reveal the 

production of new particles such as the D mesons which were eventually 

discovered in the 4 GeV region. 

The energy scan the Crystal Ball has just completed was performed 

in fine steps (6 and 12 MeV in c.m. energy) in an attempt to detail some of 

the complicated structure in the 4 GeV region. 

B. Hadron Selection 

Figure 19(a) shows the total er.ergy/event distribution for 29,000 

triggers at E = 4.03 GeV . cm In sharp contrast to a similar distribution 

at the J, (Fig. 4(a)), there is no recognizable hadronic 'bulge' in the 

middle of the plot. Selection based on calorimetry alone fails to isolate 

an hadronic sample. Preliminary filtering of the data: removing simple 

(nonradiative) Bhabha scatters, and requiring at least 3 distinct regions of 

energy deposition greater than 50 KeV, yields the energy distribution shown in 

Fig. 19(b). The number of events has been reduced to 1700. A remnant 

radiative Bhabha peak in the total energy, as well as a low energy tail front 

backgrounds, are visible, as is an emerging hadronic region. The hadronic 

sample is defined by the following cuts: 

(a) z 3 tracks with energy ) 20 MeV (a track can be either 

neutral or charged) 

(b) at least one charged track reconstructed within 

Icose/ < 0.78 
where the qi are the charges of the quark flavors involved and the 3 

comes from the fact that quarks come in three colors. Naively, R=2 
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Cc) total energy ) 0.46 X single beam energy 

Cd) 'asymmetry' < 0.65 . 

The asywmetry parameter is calculated treating all tracks as 

"photons," i.e., p = E , and is defined as 

(The asymmetry cut rejects very asymmetric backgrounds such as beam-gas 

interactions, which typically deposit most of their energy in a single region 

of the Ball.) 

The total energy of hadronic events isolated by the cuts is shown 

in Fig. 19(c). Of the -29,000 triggers, roughly 850 are hadronic events 

or about 1 event in 34. 

The results of the R analysis are displayed in Fig. 20. The 

errors shown are statistical only. Radiative corrections have been applied 

and the T contribution subtracted. The radiative corrections subtract 

the tails of the lower lying resonances JI , $I' , (~"(3772) and use the 

data to calculate a smoothed approximation to the continuum in the Scan 

region. No Breit-Wigner peaks have been assumed. 

The 4.0 - 4.2 GeV region shows hints of complicated structure, with 

two distinct peaks at 4.03 and 4.16 GeV and the possibility of another 

structure at 4.13 GeV . A comparison with other experiments, Fig. 21, shows 

good overall agreement with systematic errors (- 15X for all experiments). 

Details of the structure vary from experiment to experiment depending on the 

treatment of radiative corrections. 

Figure 19~ 
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The low energy backgrounds-beam gas, cosmics-- are subtracted 

statistically on a run-run basis. No correction has been applied for 

2-photon processes (estimated to be < 1% with our selection criteria). Our 

overall hadronic event efficiency (acceptance X selection criteria) is 

estimated on the basis of very primitive Monte Carlos, to be I 90% . At 

this time we assign an overall systematic uncertainty of 2 12% , the largest 

contribution being the hadronic event efficiency. With the development of a 

mre sophisticated Monte Carlo, and greater experience with hadronic events 

in the detector, we expect the systematic error to be reduced below 10%. 

D. Multiplicity and Energy Measurements 

The general features of hadronic states, neutral and charged 

track multiplicities and charged and neutral energy deposition, are extracted 

by applying slightly more stringent cuts to the data. A track (neutral or 

charged) is required to deposit more than 40 MeV in the detector, the 

acceptance is limited to lcos 01 c .78 to optimize tracking efficiency, and 

a neutral track is required to be greater than 22' away from the nearest 

charged track. (This eliminates spurious neutrals associated with inter- 

actions of charged particles in the detector.) In addition, the low energy 

backgiound is eliminated by an energy dependent asymmetry cut. Neutrals are 

primarily photons, but also include a small contribution from interacting 

I+ , neutrons, etc. 

The total energy deposited by tracks in the detector is shown in 

Fig. 22(c), displayed as the total energy observed/center of mass energy. 

Only an acceptance correction has been applied. Measurements at the $ , 

*, w , and $" (3772) as well as one at E,, = 5.2 GeV are included in this 

plot. The main feature of the observed energy fraction is the decrease 

Figure 22b 

. 
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between the $ and $' level and that measured at the $I" (3772) and 

above. There appears to be a definite step between the $' and I)" , 

although we have no data at points in-between. One is tempted to attribute 

this step to the increase in the fraction of strange particles produced above 

the charm threshold. The charged K's interact less frequently than r's 

and the fraction of 5° '5 interacting is small so that on the average less 

energy is deposited in the detector. ? production results in energy lost to 

neutrinos. Above the ;li" , the Crystal Ball measures roughly 2/3 of the 

center of mass energy. 

The charged and neutral energy fractions are shown in Fig. 22(a) and 

22(b). Both show a decrease from the a' to the $9' and roughly constant 

behavior beyond. We certainly see no evidence of an "energy crisis" appearing 

as an increase in our observed neutral energy fraction. The charged energy 

fraction appears to be roughly constant throughout the energy range examined, 

with a slight rise at the I)' . 

It is in the observed neutral and charged multiplicities that we 

observe behavior more noticeably correlated with R through the scan region. 

Figure 23(b) displays the observed neutral multiplicity. Three features in 

the SCAN region are prominent: the step in multiplicity at 4.0 GeV corres- 

ponding to the sharp rise in R at the same place, dips in both multiplicity 

and R at about 4.35 G&J, and a rise in both quantities above 4.4 GeV . The 

charged multiplicity, Fig. 23(a), shows similar although much less pronounced 

behavior in this region. We attribute the greater activity in the neutral 

multiplicity to our ability to detect low energy photons from processes such 

as 
X0 

D i- YD" 
X0 

D -+ 71' Do 

Figure 23~ 
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z 
At 4.028 GeV, just above the (D*, D ) threshold, we expect - 140 MeV 

photons from the gamma transition and I 70 MeV photons from the pizero decay 

(nearly at rest). The charged multiplicity is much slower to respond since 

the low energy (Q - 6 MeV at threshold) charged pions will range out in . 

the beam pipe and surrounding material, 

.The observed total multiplicity is shown in Fig. 23(c). Its features 

also agree with the trends in the R plot. It is of some interest that the 

multiplicities, especially the neutral multiplicity, exhibit the degree of 

structure that they do, and can serve as additional signals for regions of 

physics interest. 

V. SMY 

Only a few months have passed since the Crystal Ball completed its 

first cycle of data taking. Although our results are still preliminary, 

they seem to help clarify the Charmonium picture. The controversial candi- 

dates for the pseudoscalar states, the X(2820) and x(3455) , are not; 

present in our data at previously reported levels. Similarly, there is no 

clear evidence for a state at 3590 in the $' cascade analysis. 

Measurement of the inclusive photon spectrum at the $' has measured 

the known transition branching ratios to greater accuracy and placed new 

limits on the possibility of other states lying close to the $' . 

Preliminary results from the R measurements in the 3.9-4.5 GeV 

region demonstrate our ability as a scan instrument and give rise to the 

expectation of significantly lowering the systematic error on these measure- 

ments. The correlation of the neutral multiplicity with R provides a new 

'handle' on the physics, one which we will continue to explore. 
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13. 

Schematic view of the Crystal Ball detector system. 

The geometry and jargon of the Crystal Ball: 

(a) the basic icosahedron (tunnel regions removed), 

(b) first subdivision into "minor triangles," 

Cd second subdivision into individual "crystals." 

Schematic view of an individual crystal. 

(a) The total energy/event spectrum for -+ 29K triggers at the Jt . 

(b) The total energy/event for hadrons at the $ . 

Crystal energy display for a Bhabha scatter at 6.5 GeV. The 

energies shown are In MeV. 

Crystal energy display for a $ -+ yyy event. 

(a) Crystal energy display for a $' -+ ?~~~~-yyy event which has 

been identified as a 9' + ?;t~-l) candidate. 

(b) Tracking chamber information for this event. 

Inclusive photon spectrum at the $' . Photons from reconstructed 

a"s have been removed and patterns cuts defining photons have 

been applied. 

do/d(cos6) for Bhabha scattering, e+e- 
+- 

-+ee at 6.5 GeV. 

Level diagram of observed states in the Charmonium system. 

E yhigh .J' E ylow for J, + YYJ, events passing the fit. 

(2) myy from (I' + yyjr events, measured quantities. 

(b) 
"YY 

from fitted parameters. 

High mass solution from $' + yy$ events. 
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19. 

20. 

21. 

22. 

23. 

$ -F 3y Dalitz plot. 

Low mass projection of JI + 3y events. 

High mass projection of $ + 3y events. 

Upper limit for Br($ + yrl, + yyy) as a function of mnc . 

$ * 3y Dalitz plot from tagged $ decays in the process $I' + v+Tl-$ . 

(a) Total energy/event for 29K triggers at Ec,, = 4.028 CeV . 

(b) Total energy/event after preliminary cuts. 

(c) Total energy/event for hadrons at 4.028 CeV . 

R vs. Ecm . The r contribution has been subtracted and 

radiative corrections have been applied. The errors shown are 

statistical only. There is an overall systematic error of -12X . 

R from other experiments: 

(a) PLUTO 

(b) DA8P 

(c) Mark I 

(a) Obs&rved average Echarged/Ecm vs Ecm . 

(b) Observed average Eneutral/Ecm vs Ecm . 

(c) Observed average Etotal/Ecm vs Ecm . 

Corrected for acceptance only. Errors are statistical only. 

(EL) ( nchsrge) "' Ecm ' 

6) (nneu,.& vs Ecm a 

(c) (ntotal ) vs Ecm - 

Corrected for acceptance. No corrections have been applied 

for y conversion, misidentification, etc. Errors are 

statistical only. 

e 
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To begin with, I want to sell you a particular way of 

looking at the field theory which presumably describes the 

world. It is a sort of obvious language, but it may help 

to avoid confusion if I define my terms carefully. The 

picture I have in mind is based on the Appelquist-Carrazone 

(AC) theorem,' 
. 

The spontaneously broken gauge symmetry 

(SBGS) of the world divides the energy scale into regions. 

The boundaries between regions are the dimensional para- 

meters which characterize the strength of the.spontaneous 

gauge symmetry breakdowns (SGSB), for example vacuum ex- 

pectation values (VEX) of (elementary or composite) scalar 

fields. AC have taught us that it makes sense to describe 

physics in a given region by an effective field theory with 

a gauge symmetry which is that subgroup of the full gauge 

symmetry of the world which is left unbroken by the SGSB 

which marks the upper boundary of the region and all 

stronger SGSB's. 

For example, we are stuck in the lowest energy region, 

in which the effective gauge symmetry is apparently 

so = SU(3) x U(1). 

The upper boundary of this 0th region is the mass u0 = 

100 GeV associated with partial unification of weak and 

electromagnetic interactions.' Above p , we enter an in- 0 
termediate energy region in which the effective gauge sym- 

metry is presumably 

s' = W(3) x SU(2) x U(1). (1) 

The gauge bosons associated with S' but not with So are the 

W' and Z". They have mass of order uo. The 1st region in 

turn comes to an end at some energy ul, and we enter the 

2nd region in which the gauge symmetry is S', which is 

spontaneously broken at )J down to the subgroup S'. And so 1 

on! 

The process continues until we reach some large energy 

M, above which we see the full gauge symmetry of the world 

G. Then, if G is broken down to SU(3) X SU(2) x U(1) in N 

steps, the gauge structure of the world is as shown in 

Fig. 1. The N+l energies ux for x=0 to N divide the scale 

into regions. The xth region, uxvl < E < u,, is described 

by an effective field theory with Sx gauge symmetry. Sx is 

spontaneously broken down at the lower boundary uxBL to 

S x-1 c sx. The gauge bosons associated with Sx but not 

with Sx-' develop mass of O(ux-l). 

I call Sx the "visible" gauge symmetry in the xth re- 

gion. It is the gauge symmetry that is "observed" in 

measurements which probe the xth region. In the xth region, 

lower energy SGSB show up as soft symmetry breaking effects, 

small except near the lower boundary of the region. The 

higher energy SGSB and the associated larger gauge struc- 

ture show up as effective nonrenormalizablc'interactions. 

They are suppressed, AC tell us, by powers of E/ux COm- 

pared to the visible gauge interactions. Thus they are 

weak except near the upper boundary of the region. In the 

0th region, our low energy world, the weak interactions are 

such effective nonrenormalizable interactions -E'/v r, and 0 

there are presumably still weaker interactions (i.e.-- 

baryon number violation) associated with stronger SGSB.3r4 

The language I have outlined is simply a convenient 

way of describing the effects of the thresholds associated 

with the SBGS. That it is possible is a straightforward 

consequence of the AC theorem, so long as it makes sense to 
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HIGH 
ENERGY 

p1 ? 

PO- M, 

- 100 Get 

LOW 
ENERGY 

SN+’ = G 

S2 =? 

S’=SU(3) x SU(2) x u (1) 

so = SU(3) XlJ(l) 

talk about the SBGS of the world at all. Whether it is 

useful or not depends on the shape of physics at inter- 

mediate energies. If the gauge interactions dominate 

physics at intermediate energies as they do at low ener- 

gies, a picture of this kind will be crucial to our under- 

standing of what is going on. It would be nice also if 

L' 
x-1 

<< ux for all x so that the different regions are 

sharply defined. I will assume that this is the case and 

that I can ignore the details of the transitions from one 

region to another and simply match coupling constants on 

the boundary.@ But this assumption is not necessary. The 

picture incorporates the right physics anyway. 

Of course, it is technically possible that there are 

no further SGSB's above u . That SU(3) x SU(2) x U(1) is 
0 

the full gauge symmetry of the world. But I don't really 

believe that. It is inconceivable to me that Nature, 

having- gone to all the trouble to partially unify weak and 

electromagnetic interactions in SU(2) x U(l), would stop 

there. I believe that G is a simple group that puts every- 

thing together, strong, weak, electromagnetic and maybe 

interactions we haven't seen yet. 

Among the interesting questions suggested by this 

picture are: What is the gauge group of the world, G? 

What is going on in the intermediate energy regions between 

us and the high energies, E > ?J N' where the full gauge 

symmetry is visible? 

The traditional answers to these questions and cer- 

tainly the simplest are: SU(5) and nothing. G is SU(S), 

the simplest unifying group whioh incorporates the SU(3) X 

Figure 1 
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SU(2) x U(1) structure of the 1st region.3 Nothing is 

happening in the intermediate region because there is no 

larger subgroup of SU(5) available as a visible gauge sym- 

metry. So N=l and the first intermediate region is also 

the last. 

This is the simplest model of a true unification of 

strong, weak, and electromagnetic interactions. I won't 

review all the nice features of this theory. I assume you 

know that it summarizes much of what we believe about the 

physics of the low energy world, in that the fermions we 

know of seem to clump together in SU(5) families. What I 

want to concentrate on is the quantitative predictions of 

SU(5), because these are tied very closely to the picture 

I have outlined above. The cleanest SU(5) prediction is 

for sin2eW. This prediction depends on how the coupling 

constants of the SU(3) x SU(2) x U(1) subgroups evolve in 

the intermediate region. In the lowest order approximation 

1 1 1 lJ 
4ncrs(u ) 

=-.----+2b 
= g3(!g2 4&.hq2 3 &n $ 

0 0 

sin2eW 1 1 
.zaq= 

cos2e W 
qiy 

=F+2b 
gG(pl) 

(3) 
2 0 

3 1 1 
---=2= + 2b 
5 gl (PO) gG(lQ2 1 0 

where bi is the constant which appears in the Bi function. 

To lowest order, 

48n2b = n 
1 1 

48T'b = -22 + n 2 2 

48?r2b = -33 + n 
3 3' 

(4) 

where ni depend on the structure of the fermions and 

scalar mesons in the theory. If all particles in each 

SU(5) representation have masses of the same order of 

magnitude, n1=n2=n . In fact this is not true for the 3 
Higgs scalars responsible for breakdown of weak SU(2) x 

U(1) gauge symmetry. In these representations there is at 

least one linear combination of SU(2) doublet Higgs fields 

which is relatively light, while the rest of the scalars 

are heavy (this is the gauge hierarchy problem).5 But it 

does seem to be true for the fermions, at least those we 

have seen so far. Assuming that there is only one light 

scalar doublet and that the fermion families are not 

badly split, we can calculate sin'8 w and v in terms of 1 
a(~~-) and as(uo). The (well known) result is4f6 

sin'8 W= .20 

M f u = 2 x 1Ol5 GeV. (5) 1 

The obvious comment is that M is large. I assume that you 

are all used to the appearance of these large masses in 

unified theories, so I won't say too much about it. In- 

stead I want to talk about sin20 W' The naive value of 

sin28 w (before renormalization) is 3/E in these theories, 

so the low energy value represents a big change. And it 

appears to be a change for the better. The present ex- 

perimental value is .23 + .015,7 much closer to .20 than 

to 3/E. The question is what to do about the small dis- 

crepancy? 

One possible answer is to wait for the experimental 

value to change. Certainly it is too early to say that the 

SU(5) theory is ruled out. In fact, in a theory this 

ambitious and outlandish it is almost comforting to be 
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worrying about a small quantitative detail. If the 

SU(5) theory were so unique that no modifications would 

preserve the basic idea, then waiting would be the only 

reasonable course. But in fact it is possible to modify 

the theory slightly without doing violence to underlying 

picture of unification at high energies. If SU(5) does 

have to be generalized in this way, the value of sin'8 
W 

becomes a probe of the nature of physics at intermediate 

energies. 

In generalizing SU(S), I will only discuss groups 

which contain the usual SU(5) as a subgroup structure, be- 

cause the clumping of quarks and leptons into SU(5) fami- 

lies seems difficult to explain unless SU(5) is a gauge 

symmetry of the world. But G may be larger. 

However, the simplest way of changing the weak mixing 

angle prediction is to stick to SU(5) but relax the as- 

sumption that fermions within SU(5) multiplets are approxi- 

mately degenerate. It would be a mistake to try to do 

something like this with quarks and leptons belonging to a 

standard SU(5) family (a 10 and a 5 of left-handed (LB) 

fields). All masses in the standard family are weak SU(2) 

violating, so they must be of the order of or smaller than 

po- What we need is a different kind of family in which 

some masses are O(ul) while others are O(uO). Well, we 

already have such a thing in the scalar meson sector. The 

scalar system contains a 5 in which the color triplet is 

heavy, and the doublet is light (it's actually a bit more 

complicated because there are at least two different types 

of scalar representations which contain doublets, but it 

turns out that that doesn't matter). Maybe the fermions 

work the same way. 

Suppose there is a 5 of four-component fermions (that 

is a 5 and a 5 of LH fermions). This family can be split 

like the Higgs scalar by a combination of a bare mass term 

and a Yukawa coupling to the 24 of scalars which breaks the 

SU(5) symmetry down to SU(3) x SU(2) x U(1). I'm not wild 

about this idea, because it requires a miracle for bare 

mass and Yukawa coupling to balance precisely and leave the 

doublet light. But perhaps it is the same miracle that oc- 

curs for the Higgs mesons.' At any rate, I can ask what 

happens to sin'8 under such circumstances. I find 

sin28 = 11+2(n+1/4) l-8 Cl a -- +- 
W 66+4 (Ml/d) 3 as 1 as 

(61 

where n is the # of such fermion multiplets. For a(uO) = 

1/128,9 as(po) = .15, this gives 

n =0, sin28 =.20, u1 q 2 x10" 

n =l, sin*8 =.22, )J' 54 xlO'$ (7) 

n =2, sin24 =.23, p1 11 ~10'~ 

As indicated in Eq. (7), the unification mass u1 =M 

depends on the number of split fermion multiplets. But 

there is one relation between sin2eW, c, cs and M which is 

independent of n. It is 
cos2ew 

2 1 
-------zpiyl- ao$) 

= g Rn $. 
0 

(81 
_ 

We will return to this relation below. 

Now we will leave SU(5) and discuss sin28 W in larger 

groups. I will write down a simple generalization of 

Eq. (3) which applies when G is broken down to SU(3) x 

SU(2) x U(1) in N steps. I then use it to show that the 

589 



relation Eq. (8) is true in a large class of unified 

theories independent of how the symmetry is broken." 

In general the subgroup Sx is a product of simple 

factors and U(1) factors: 

where sa x is either a simple non-Abelian subgroup or a U(l). 

S' for example is U(1) x SU(2) x SU(3), so I can take s: = 

u (1) , s: = SU(2) and s1 = SU(3). S" is SU(3) x U(l) and 
3 

ua - 57. Denote the generators of st by TEi. The unifica- 

tion provides a natural normalization of the generators. 

Choose a convenient representation of G (for example the 

adjoint representation) and normalize T$ so that 

tr(TEicj) = 16 ab6ij' 

where A is a convenient constant, independent of x. 

Choose X so that the electric charge Q is 

Q = Tis + &tl, 

(10) 

(11) 

in terms of the generators of s'(T:, is the third component 

of weak SU(2) and Til is the U(1) generator). The factor 

d/z in Eq. (11) is characteristic of groups G with the 

SU(3) x SU(2) x U(1) embedded in an SU(5) subgroup (in 

reference 2, IT 
\j3 = -C). 

If Sx contains more than one U(1) factor, choose all 

but (at most) one to be orthogonal to the electric charge 

(tr(Qc,) = 0). The orthogonal U(1) generators do not get 

involved in the physics of S', so ignore them and assume 

that Sx contains at most one ii(l) subgroup. 

Because of the nested gauge subgroup structure, I can 

express the generators of Sx as linear combinations of some 

subset of the generators of Sy for y > X, as 

Tti = 1 
Ej 

(12) 

The gauge invariance (plus the restriction to a single U(l) 

subgroup for each x1 implies 

1 CX!Y 
k aiyk $;fk (13) 

where 

(14) 

P:;' is the probability that the .sz subgroup of Sx lives 

in tine s y 
E 

subgroup of Sy. The P's satisfy 

P x,x 
aB = 6 aE' (15a) 

(1%) 

px’Y = g,z 
aB 

pzrY 
-ay YE 

, x < z I y. (15c) 

Sq. (15a) follows from Ctiij = 6aB6ij and Bq. (14). Bq. 

(15b) follows from Eqs. (lo), (12), and (14). Eq. (15~) 

follows from Eq. (13) and the multiplication law for the 

C's, 

1 
yk 

CX’Z cz’Y = CX’Y 
aiyk ykBj aiBj' (16) 

I now state the result. If g:(E) are the gauge 

coupling constants for the SE subgroups renormalized at 

E (uxml<E zux) , then to second order in g and in the ap- 

proximation of ref. 2, ux-l<<nx for all x, and sharp 

transitions between different regions, they satisfy 

1 1 =- 
g;(ux-1)2 g (UN) * 

ci7j 
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Rn * 
y=x y=x uy-l ii 

P;;(' 2b;, P;;(' 2b;, 

g is the gauge coupling constant of the unifying group G. g is the gauge coupling constant of the unifying group G. 

xE xE is the constant which appears in the B function for g:, is the constant which appears in the B function for g:, 

B;(g;) = b;gz3 + O(gz5). 

.Eq. (17) is the obvious generalization of the result 

of ref. 2 to the generalized gauge hierarchy. The result 

can be stated as follows: in the yth region, the subgroup 

St lives in .si with probability Pzi', So the renormaliza- 

tion of its coupling constant gz is governed by the 

average of the byt 
E 

s weighted with these probabilities. 

As a demonstration of the power of Eq. (17), consider 

an especially simple but interesting class of generaliza- 

tions of SU(5). Suppose that G is SU(L) with SU(5) 

embedded in such a way that the L dimensional representa- 

tion consists of an SU(5) 5 and L-5 neutral singlets. I 

will show that with reasonable assumptions we can derive 

a relation between a, a 
S’ 

sin28 w and the proton lifetime 

which is independent of the form of the gauge hierarchy. 

Define uN = M to be the mass characterizing the 

strongest symmetry breaking step which separates the SU(3) 

and SU(2) subgroups of the SU(5) subgroup of SU(L) into 

different st. There may be yet stronger breakdowns, but 

they are irrelevant because the SU(5) is still unified. 

The vector bosons which mediate baryonnumber violating in- 

teractions have mass of order M. M is the analog of the 

unifying mass in SU(5). 

The subgroup Sx for x zZN must consist of an 

SU(mx) which contains weak SU(2.), an SU(nx) which con- 

tains color SU(3) and a u(l)x which 

contains the rest of the charge. There may be other sub- 

groups but they are completely neutral and irrelevant to a, 

aSr 
and sin*9 W so ignore them. Thus I tran take 

X 
S = u(l)x 1 

X 
S 

2 
= SU(mx) mSU(2) (18) 

X 
S 

3 = SU(n,) mSU(3). 

The form of the Txi generators which contribute to 

low energy physics is now fixed by the nature of the SU(5) 

embedding and the normalization condition, Eqs. (2) and 

(3). I can compute the P's. I find 

pi;” = p;ix = 1 

2 
p"X = ; y 

12 X 
n -3 

p:;" = $ * 
X 

m +n 
P’IX = g +.-$. 

11 
xx 

(19) 

We can now calculate gA(uO), a = 1 to 3. 

N 
1 1 =-+ (20) 

g$y2 9 (11,) * 
1 

y=x 

where 

4an2bY = ny 
1 1 

4Sr2bY = -1lm + ny 
2 Y 2 

48n2bY = -1ln + ny 
3 Y 3 (21) 

The constants ni depend on the number of spin l/2 and 

scalar particles with mass less than ).I . To obtain a 
Y 
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simple result, I assume that 5ny = 3nz + 2,:. This is a 

generalization of the restriction to light doublets in 

SU(5). It will be satisfied if within each SU(5) subgroup, 

all particles except those associated with SU(2) doublets 

(with charge 0 and 21) have masses of the same order of 

magnitude. 

Assuming 5ni = 2 3nY + 2nY I, we can find a combination 

of coupling constants for which all y dependence disappears 

from 1 Pa6 bs in Eq. (20). It is 
% 

1 3 1 2 1 ------- 
5 g:(ly* 5 9: Wo) * 

(22) 
4: (uo) 

But 

g:(u,)2/4n = as(uo) 

g:(u,)*/4n = a(p0)/sin26 (23) 

g;(!J0)/4n = 3 2 a(po)/cos29 

and u 0 = % so we get the following relation 

cos2e 2 1 
*-- 3w = $+ Iln 6. (24) 

For sin20W = -23 and as(Mw) = 1/128.5 This gives M = 

10" GeV, corresponding to a proton 1 ifetime -10" years. 

It is important to note that the above analysis ap- 

plies even if some of the stages of symmetry breaking are 

dynamical. Eq. (24) will be satisfied in SU(N) "techni- 

color" theories6 if the embedding of SU(5) is such that 

the N is a 5 plus N-5 singlets, so long as the coupling 

constants match at the boundaries. 

The relation, Eq. (17), is by no means completely 

general. In fact, it fails in two of the most attractive 

generalizations of SU(5), namely O(10) and E(6) models. 

Before discussing these models in detail, I will review 

another type of quantitative prediction of the SU(5) model: 

the lepton-quark mass relations. . 
. 

In an SU(5) model in which all quark and lepton 

masses come from VEV's of Higgs doublets in SU(5) 5's, 

there is a trivial relation between the Yukawa couplings 

of quarks and leptons to the Higgs doublets. At energies 

large compared to ul, the unification mass, the Yukawa 

couplings for a charge -l/3 quark and the corresponding 

charged lepton are equal. Thus the quark and lepton 

masses, which are products of the Yukawa couplings times 

the Higgs VEV are equal. At lower energies, and in par- 

ticular in the interesting low energy region, this rela- 

tion is modified by renormalization. The renormalization 

effects can be calculated for a given model and if there 

are 6 flavors, one finds that, for example, the ratio of 

the b quark mass to the T mass is -3.2.6 

While the b/T mass ratio prediction is interesting, 

this simple model is ruled out because it predicts 

md'ms = me/m 
u 

where the quark masses are renormalized at any common 

large mass. This is a disaster. I believe thatthe right 

relations between quark and lepton masses at large 

energies are not 

mb =m r, ms = mp, md = mep 

but rather" 

"b = mr, 3ms = mu, md = 3me. 

(26) 

(27) 
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The factors of three can arise naturally because quarks 

come in three colors. Specifically, I can get Eq. (27) as 

a natural zeroth order mass relation in models with some 

extra symmetries of the Yukawa interactions, so that there 

are couplings of a 5 of Higgs mesons which gives m =m 
. b s 

and the product relation m m =mm ds ep while there is a 45 

of Higgs which gives m 
u 

= 3ms. 

These mass relations come very close to reproducing 

the charge -l/3 quark and charged lepton masses, but as 

with sin*0 W' there seem to be some small quantitative 

discrepancies. The light quark masses are not a problem, 

perhaps only because we do not know enough about QCD to 

really determine their scale. The ratio relation is now 

"a=g% (28) m 
S m!J 

which is consistent with the ratios obtained from current 

algebra. The scale is perfectly reasonable. When re- 

normalized at 1 GeV to lowest order, I find ma = 11 MeV, 

m = 244 MeV.'* 
S 

However, the b quark mass renormalized at 10 GeV is 

predicted to be -5.8 GeV, mb/mT = 3.2 (with A =.5 GeV). 

This is not a completely silly b quark mass given our lack 

of a detailed understanding of confinement in QCD. But it 

seems uncomfortably larger than half the upsilon mass. 

Our discomfort will become even more severe if another 

family of quarks and leptons is discovered. More quark 

and lepton flavors increase the prediction for the b/T 

mass ratio. 

With this possible problem as a backdrop, I will dis- 

cuss O(10) unified models in more detail. These models, 

along with their E(6) generalizations, are interesting be- 

cause they offer some hope of at least partial understand- 

ing of the quark mass matrix.i3 Various people have pro- 

posed models in which the quark and lepton mass matrices 

are characterized by a small number of parameters. In 

these models, the Cabibbo angle, often the other mixing 

angles, and sometimes even the t quark mass are calculable 

in terms of the u, d, s, c and b masses. This kind of 

thing can be done in models which incorporate some or all 

of the mass relations of Eq. (27). I won't go into the 

details of how the mass relations are obtained, because 

the details probably won't survive anyway. But the rela- 

tions themselves are sufficiently beautiful that I think 

they have some chance of being correct. I'll see how they 

work in O(10). 

The reason that O(10) is different from SU(5) is that 

the gauge hierarchy can be more general. I will discuss 

the case of a two step breakdown of O(10) to SU(3) x 

SfJ(2) x U(l), in which there is a 2nd intermediate region 

with a visible gauge symmetry S2, S'C S*C O(10). 

There are three interesting possibilities for S': 

1. SU(4) x SKJ(2) x SU(2) 

2. SU(4) x SU(2) x U(1) 

3. SU(3) x SU(2) x SU(2) x U(1). 

The other nontrivial subgroups are not interesting: 

SU(5) x U(1) is not interesting because the SU(3) x 

SU(2) x U(1) is still unified in the SU(5) group. SU(3) x 

SU(2) x u(l) x U(1) is not interesting because one of the 

U(l) can be taken to be orthogonal to the SU(5) group 

which contains all the interesting physics. So this case 
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is essentially the same as SU(3) x SU(2) x U(1). 

The subgroup 5' is further broken down to SU(3) x 

SU(2) x U(1) at a mass p' = m and as usual SU(3) x SU(2) x 

U(1) is broken down to SU(3) x U(1) at MW = 80 GeV. Now I 

have an extra parameter in the game so I can no longer 

calculate sin28 W in terms of u and c( 
S’ 

But,if I also use 

sin26 W as input, d can calculate M and m. Of course, if 

M=m, the system collapses to the standard picture SO I get 

the standard prediction for sinZeW = .2. Conversely, if we 

input sin29W = .2 and A = .5 GeV, we get M = m = 2 X 10" 

GeV as discussed earlier. 

In any event, for a given ss and sin2eW, I can calcu- 

late m and M and completely determine the gauge hierarchy. 

With m and M determined, I compute mb/m,. In cases 1 and 

2 where the intermediate subgroup contains SU(4), m plays 

the role of the unification mass in quark-lepton mass 

ratio calculations because the high energy quark-lepton 

mass relations are not renormalized unless SU(4) is broken. 

The results of this analysis are shown in Figs. 2-7. 

I have determined M and m in the approximation introduced 

in reference 4, in which all transitions from one region 

to another are sharp. Threshold effects on the renormali- 

zation group equations are ignored. I specify the strong 

coupling constant as by giving the value of A appropriate 

to the low energy regime where only the three lightest 

quarks contribute to the energy dependence. Then as is 

continued to larger energies with the following convenient 

approximate form . 

as(E) = 6~/(27 9.n E/A - 2 1 Rn E/2mk). (29) 
k 
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The sun in Eq. (29) runs over all quarks with mass mk such 

that 

m charm <m k ' E/2. (30) 

Equation (29) is obtained by ignoring thresholds in the 

quark mass dependence. 

Some general features of these results can be easily 

understood qualitatively. As mentioned above, the results 

converge to the results of Section II when m=M. In all 

cases, sin*8 The W increases as the ratio M/m increases. 

U(1) coupling is not so rapidly increasing in the region 

m < E < M as in the region s < E < m because it is as- 

sociated at least in part with a non-Abelian group. Thus, 

as M/m increases, the U(1) coupling at s increases and 

sin28 w increases. In cases 1 and 2, with the SU(4) sub- 

wow, mb/m, decreases as sin2eW increases because m de- 

creases. 

From the point of view of phenomenoloqy, the most in- 

teresting case is probably 2, the SU(4) X SU(2) x U(1) 

subgroup. This can accommodate simultaneously n = .5, 

sin28 W = .23 and "b/m, = 3. This subgroup also has the 

interesting property that the grand unified mass is almost 

independent of sin20w (it depends only on s. a(Mw) and 

as(MW) so it has a weak dependence on sin2ew), so the 

standard prediction for the proton decay rate is not much 

affected by the more complicated gauge hierarchy. 
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