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ABSTRACT 

Total hadronic and inclusive D* cross sections have been measured by the 
Crystal Ball detector at SPEAR in e+e- annihilation at center of mass energies in 
the resonance region (3.87-4.5 GeV) b a ove open charm threshold. The prominent 
features of the hadronic cross section are a resonance at 4.03 GeV, a broad 
shoulder near 4.16 GeV, a valley around 4.2 GeV, and a broader peak at 4.4 
GeV. An additional data point at 3.67 GeV allows a comparison to energies 
below open charm threshold. The production of D* mesons is deduced from a 
low energy peak in the z” kinetic energy spectrum (below 50 MeV) arising from 
D*(o,+) --+ #D( OS+). The shape of this cross section is qualitatively similar to the 
total hadronic cross section. The two results are combined to yield the average 
number of D* mesons per charm event. This number is approximately 1 between 
D*fs and D*o* threshold and 1.5-2 at higher energies. 

I. INTRODUCTION 

The study of hadron. production in the charm resonance region of e+e- 

annihilation (3.0-5.0 GeV) h as played an important role in advancing our 

understanding of subatomic particles and their interactions. The size of I?, the 

ratio of hadronic to p-pair cross sections, was an important underpinning of the 

quark-parton model. An investigation of the energy behavior of R led to the 

observation of a new quark flavor. This flavor, charm, had earlier been proposed 

for symmetry reasons and to explain the absence of strangeness changing weak 

neutral currents.‘,’ Studies of charmed hadron final states have further elucidated 

the phenomenology of particle physics. 

The charmonium model3 of Appelquist and Politzer describes cz mesons as a 

quark-antiquark pair bound in a central potential. Because of the large mass of the 

charmed quark, a non-relativistic description may be employed. The vector 13Sr 

and 23Sr states may be produced directly in e+e- annihilation and are observed as 

the narrow J/$(3O95)4 and $~‘(3684)~ resonances. A broader state, $“(3772)6, lies 

slightly above open charm threshold and decays predominantly into DD states. 
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Between 3.8 and 4.5 GeV, R displays a complicated structure associated with the 

production of pairs of open charm hadrons, which contain a charmed and a light 

quark. 

Phenomenological models have been developed to explain the behavior of the 

open charm cross section. The coupled channel model’ of Eichten et al. is an 

extension of a charmonium model which assumes a potential of the form 

V(r)=-:+; P-11 

where r is the quark anti-quark separation. The model is extended by allowing 

the potential to operate between quarks of different flavors, with the assumption 

that the potential is flavor independent. It is also assumed that charm production 

is mediated by CF states coupling directly to the annihilation photon, and the 

entire problem is treated non-relativistically. The charmonium state decays after 

the creation of light quark pairs by the potential, and the charm cross section is 

described as a sum of quasi two-body charmed meson cross sections. 

The behavior of the charm cross section in e+e- annihilation in the region 

3.87 5 E cm 5 4.5 GeV is the subject of this investigation.8 The first topic in this 

report is a measurement of the total hadronic cross section using the calorimetric 

properties of the Crystal Ball detector. This high statistics measurement 

illuminates the structure of ohad at these energies. The second investigation 

probes the source of the structure in the total cross section by measuring the 

cross section for the process e+e- + D* + X. These results are compared to 

previous measurements, and to the predictions of the coupled channel model. 

II. CRYSTAL BALL DETECTOR 

The main features of the Crystal Ball detector are summarized here. More 

detailed descriptions may be obtained elsewhere.’ The detector components 

important for this analysis are a central array of NaI(TI) scintillator crystals, 
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an inner charged particle tracking system, and a small angle luminosity monitor. 

Supplementary endcap crystal arrays were not used in this analysis. 

The heart of the Crystal Ball detector (see fig. 1) is the central array of 672 

NaI(T1) y t 1 . cr s a s, covering 93% of the total solid angle. Photons and electrons 

induce electromagnetic showers in the crystals and deposit virtually all of their 

energy. Minimum ionizing particles deposit a characteristic energy of roughly 210 

MeV, and interacting hadronic particles deposit an intermediate amount of energy 

in a typically irregular pattern. Under experimental conditions, the central ball 

achieves a photon energy resolution q/E = 0.028/E+ (E in GeV) and an energy 

dependent photon angular resolution of l-2 degrees. 

The inner tracking system was used to tag tracks charged particle candidates, 

and to determine their directions if a sufficient number of aligned chamber hits were 

observed. The tracking system consisted of two sets of cylindrical spark chambers, 

separated by a multi-wire proportional chamber (MWPC).‘O The innermost spark 

chamber covered 93% of 4ti solid angle. 

The luminosity was monitored by a precision, small angle luminosity detector, 

which measured Bhabha scattering counting rates. The monitor consisted of four 

telescope arms located symmetrically about the interaction point. A comparison 

with large angle e+e-(7) and 77(r) rates? indicated that the precision of the 

luminosity measured in this manner is &4%. 

The triggering system used fast analog energy sums of groups of nine crystals 

and information from the MWPC’s. Triggers were only accepted within f40 nsec 

of the beam timing signal, which reduced the cosmic ray background. 

A trigger was generated if at least one of the following conditions was satisfied. 

1. The total energy of the central ball exceeded 1150 MeV. 

2. There was a pair of opposing minor triangles12 each containing at least 60 MeV. 

3. At least two major triangles l2 had energies greater than 140 MeV and hits 

were found in two MWPC planes. 
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4. Both the top and bottom hemispheres had at least 144 MeV and the total 

energy was greater than 770 MeV. 

Studies have shownll that these triggers were at least 99% efficient for hadronic 

events satisfying the hadron selection requirements described below. 

III. TOTAL HADRONIC CROSS SECTIONS 

The Crystal Ball detector is particularly well-suited to a total cross section 

measurement. The central portion of the detector covers a large portion (93%) of 

the solid angle in a homogeneous manner. The high degree of segmentation allows 

the classification of events according to the spatial distribution of energy. The 

detector measures the total energy of neutral particles and detects some portion 

of the charged energy. These excellent calorimetric properties reduce the E,, 

variation of the hadronic acceptance, and the model dependence of the Monte 

Carlo simulation. 

A. Method of Determining R 

The total hadronic cross section is normally presented as a ratio, R, defined 

as 

[III.11 

Here L is the integrated luminosity of the data, and Niad is the number of one- 

photon annihilation hadronic events produced, a number to be estimated from the 

data. The lowest order QED muon pair cross section is calculated from 

$, _ 47MX2 - 86’8 nb 
3s Ee2, ’ 

where E,, is measured in GeV. 

[III.21 

The detector is triggered by hadronic events, cosmic ray events, beam-gas and 

beam-wall collisions, two-photon annihilation events (e+e- + e+e- + X), and 
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the QED processes e+e- (7)) 77(r), ~1%~ (7), and r+r-(7). The hadron selection 

algorithm classifies events according to their patterns of energy deposition and 

counts the number of hadronic candidates, NBel, and the number of beam gas 

candidates, NbgeUi. Residual backgrounds contaminating N,,l are statistically 

subtracted. The beam gas subtraction assumes that the beam gas contribution 

to Noel scales in proportion to the beam gas contribution to Nbgcut. The 

proportionality constant, hbg, is obtained from separated beam data. The number 

of hadronic events is given by 

Nhad = 
Nael - hbgNbgcut - Ci(hi - hbgbi)% 

pff 
[III.31 

where 

zeff = 7 - hbg&had. [III.41 

Here z is the average hadronic efficiency, ni is the number of events of type i, and 

h; and bi are the fractions of those events that contribute to N,,l and Nbgcut. The 

sum runs over all background types other than beam gas events. The bar on zeff 

and 6had emphasizes that these quantities are averaged over all hadronic events, 

including radiative events. 

The first two terms in the numerator on the right side of eqn. [III.31 would 

yield the visible number of hadrons if N,,l contained only hadronic and residual 

beam-gas events, and Nbgcut contained only beam-gas events. The rest of the 

numerator corrects for the events of other types that spill into N,,l and NbgcUt. 

The difference between the effective efficiency zeff and the efficiency z accounts for 

the number of hadronic events that leak into Nbgcut, causing one to over-subtract 

in the beam-gas correction. 

The quantity R represents only the contribution from the single-photon 

annihilation term. The process of estimating and removing the higher order 

contributions, called radiative corrections, is discussed in detail in Appendix A. 

This correction is represented by a factor 1 + 6. It is useful to move the 
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radiative effects in zeff into the radiative correction factor, making the replacement 

zeff (1 + 6) = eeff (0) (1 + 6&) . Here c eff (k) is the effective efficiency for events 

with a radiative photon of energy k, and Sobs contains a modification of the 

bremsstrahlung term to reflect the k-dependence of the hadronic acceptance. 

It is also useful to separate the effect of radiation to the narrow resonances from 

the bremsstrahlung term. Then 

N 
R= 

se1 - hbgNbgcut - ‘& (hi - hbgbi) ni - Cj Lci,fi:jgfail 

L$&Eeff (0) (1 + bob,) ’ * 
[III.51 

Application of this formula requires an event selection algorithm to estimate 

Neel and Nbgcut, the determination of hbg from separated beam data, and the 

estimation of ceff, hi, bi from Monte Carlo simulations. 

B. Event Selection 

The primary hadron selection was based on criteria developed for a Crystal 

Ball study of hadron production in the 5-7 GeV region.” In analyzing the data for 

these measurements, modifications to the criteria of reference 11 were necessary. 

Specifically, the determination and suppression of beam-gas background require a 

more stringent cut which (on average) reduced the beam-gas contamination by a 

factor of three. 

In the Crystal Ball detector, ‘tracks’are defined as contiguous regions of energy 

deposition; track direction is determined from the energy deposition around the 

crystal with the maximum energy in the region. Tracks are labeled charged if 

their directions are correlated with signals in the central tracking detector. In 

the selection criteria outlined below, both the individual crystal energies and 

the reconstructed tracks are used to determine event characteristics. The event 

topology-the global energy deposition pattern as measured in the NaI(Tl)-is an 

important component of the selection process. 

Hadron candidates were required to satisfy the following conditions: 
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1. QED cut: events were rejected as being e+e-(r), or 77(r) if more than one 

track had more than half the beam energy, or if any track had more than 

75% of the beam energy and there were fewer than four regions with at least 

50 MeV of energy. ‘. 

2. multiplicity cut: at least 3 regions with at least 50 MeV of energy. In 

addition, an event with no charged tracks was required to have at least 35% 

of the center of mass energy. 

3. beam-gas cut: The beam-gas requirement removed events with low transverse 

momentum relative to the beam axis; the requirement was more stringent 

for events with large energy asymmetries, or small fractions of E,, visible in 

the detector. The number of events that failed this cut comprised the beam 

gas sample and was used as a measure of the beam conditions to normalize 

the beam-gas subtraction. 

4. jettiness cut: An “energy-momentum” tensor was defined as 

[III.61 

where Ek and nf are the energy and direction cosines of the Icth crystal, 

respectively. The smallest eigenvalue of Pij, P~-jet, is a measure of the 

momentum-squared transverse to the jet axis; events with collimated energy 

distributions have low P~-j,t. Events were required to satisfy 

A = Ick Ekskt 

- CkEk 
L [log10 ($-jet) + 2.81 /l-8. [III.71 

The requirement on P,2_jet was larger for events with larger energy-weighted 

asymmetries, A. This cut was designed to remove any cosmic rays and 

p+p-(7) events that remained in the sample. 

5. front-back asymmetry cut: Events were required to have 

lc z>o Ei - cz<o Eil < 0 8 
CiEi - ’ 

[ III.81 
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where z refers to the beam direction. 

Requirements l-5 comprise the preliminary selection. Many of the separated 

beam events that passed these cuts were quite asymmetric, though not necessarily 

in the forward-backward direction. An approximate algorithm was developed to 

find a plane (defined by the unit vector fii,,,) that divided the ball into two 

hemispheres whose energies were as different as possible. 

6. mazimum asymmetry cut: The maximum asymmetry was defined by 

A ma2 
= muz ICi Jw(% * Am,,) - xi W(-% * Ama,)1 

cpi 
[III.91 

where 0(z) is the Heaviside step function. The maximization algorithm 

restricted Ama, to the 720 (real and missing) crystal direction vectors. Events 

were required to satisfy: 

A maz L O-85 [III.lO] 

Figure 2 displays beam timing and visible energy fraction distributions for the 

original and hadron selected data samples from a typical data tape. The original 

data sample predominantly consists of high energy e+e-(7) and 77(q) events, and 

low energy cosmic ray (uncorrelated with the beam collision time) and beam-gas 

events. 

C. Event Simulation and Backgrounds 

On a typical data tape, roughly equal numbers of showering QED, cosmic ray, 

and beam-gas events account for approximately 96% of the events. The remaining 

4% consists of j.~+p-(r), 7+7-(r), two photon, and hadronic events. The beam- 

gas and cosmic ray backgrounds were studied using separated-beam data, and the 

hadronic events and the remaining backgrounds were investigated using Monte 

Carlo techniques. 

The Crystal Ball Monte Carlo simulation is comprised of two sections: an event 

generator which creates final state configurations with parameters distributed 
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according to appropriate physical models and decays unstable particles according 

to known or suspected decay modes, and a detector simulation section which 

propagates the particles through the detector, depositing energy by a simulation 

of the microscopic interactions of the particles with the detector components. The 

simulation of electromagnetically interacting particles was handled by the Electron 

Gamma Shower (EGS) code,13 while hadronic interactions were simulated by the 

High Energy Transport Code14 (HETC). In addition, the detector simulation 

generated sparks and noise hits in the inner tracking chambers. 

Three types of hadron models were used. One model simulated light (U&S) 

quark physics by generating a collection of z, K, and 7 mesons according to a 

phase space model. The generated particle multiplicities were Poisson distributed 

about mean values adjusted to bring the observed multiplicity distribution into 

agreement with the data. Charm production was modeled by generating pairs of 

charmed D and D* mesons. The cascade decays of the D* mesons were generated 

according to measured branching ratios,15 and the ground state D mesons were 

decayed according to the constant matrix element model of Quigg and Rosne$‘. 

Some additional leptonic decays were added to bring the multiplicity distributions 

into agreement with the observed D+ and Do distributions.17 The final hadronic 

model employed was the 1981 version of the Lund fragmentation model18 which 

was used to model both light quark and charm events. This model generated 

quark jets, which were then hadronized into observable particles. 

The same algorithm was used to generate radiative events in all three models. 

The algorithm generated a spectrum of radiative photons as if R were constant. 

The energy available to the hadron model was reduced, the hadronic system 

was generated and then Lorentz boosted opposite the radiative photon. Since 

R is not constant, this simulation does not directly yield the hadron acceptance. 

Instead, this method was used to determine the acceptance as a function of the 

energy of the radiative photon. This acceptance function was then folded into 

the bremsstrahlung spectrum generated using a non-constant R as described in 
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appendix A. The efficiencies quoted here have been extrapolated to the case of 

zero-energy radiative photons. 

The average charm efficiency was determined to be 0.93 f0.03. The acceptance 

for light quark events was interpolated between 0.84 and 0.87 at 3.67 and 

4.47 GeV, respectively. The light quark and charm acceptances were weighted 

using the Ecm= 3.67 GeV point to estimate light quark production. The fraction 

misidentified as beam-gas, averaged over all of the hadron Monte Carlos is 

bhad=0.021. 

There are four distinct types of QED events to be considered: e+e-(7), 77(7), 

p+p- (7), and ~+r-(7). All were modeled after Berends-Kleiss event generatorslg 

which include contributions to O(cr3). Only the 7+7-(r) events constituted a 

significant background. Since 7 leptons decay into hadrons a substantial portion 

of the time, these events mimic typical hadronic events. However, they tend to 

be jettier, more asymmetric and have lower multiplicity. Typically 31-36% of the 

7 events are identified as hadrons, and lo-12% are identified as beam-gas events. 

The ~+r- (7) events account for about 5-7% of the hadron sample. The remaining 

QED event types account for less than 1% of the hadron sample and much less 

than 1% of the beam-gas sample and are not considered further. 

Events arising from two photon processes are a very small background at 

these energies: the 77 energy is small and the 77 system is typically moving 

yvith respect to the detector, which reduces acceptance. The two photon events 

were modeled using an Equivalent Photon Approximation” and were found 

to contribute roughly 1% of the final hadronic sample. Uncertainties in the 

determination of bay contribute a 0.5% uncertainty in R. 

Residual cosmic ray backgrounds can be determined from timing distributions. 

Events unrelated to the beam crossing account for less than 1% of the hadronic 

sample, and 2-3% of the beam-gas candidates. 

Beam gas events constitute the most serious background in this analysis. 
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Separated beam data (taken with both beams circulating in the ring, but not 

colliding) were used to determine hbg, the constant used to estimate the number 

of beam-gas events called hadrons from those labeled ‘beam-gas’. This constant 

was observed to be independent of Abeam, and the separated beam data were 

averaged to obtain hbg = 0.028 f 0.003. Typically 3% of the hadronic sample are 

beam-gas events. Under poor beam conditions, this may increase by a factor of 

two or three. A comparison of R-values (at the same energy) from data collected 

at widely separated times indicated that this value of hbg correctly accounts for 

the beam-gas contamination under differing beam conditions.8 

D. Radiative Corrections 

The radiative correction procedure is described in detail in appendix A. This 

procedure extracts the one-photon annihilation cross section by estimating and 

removing contributions from processes with additional photon couplings. This 

lowest order cross section displays the fundamental behavior of the photon-hadron 

coupling. In contrast, some higher order terms reflect the behavior at all energies 

and include purely electromagnetic effects. Even if they are not removed from 

the cross section, these higher order contributions must be understood, since they 

alter the acceptance calculation. 

Rewriting eq. [III.5], 

eff 

R = Rndrad -f$?Rtail,j 
08 

[III.111 

where Rnorad is R calculated as if no radiative effects were present, and the 

bremsstrahlung integral included in &jobs has been modified to reflect the 

acceptance for radiative events. (Note that Rnorad is a detector dependent 

quantity.) 

The radiative corrections were approximated by the first order QED cor- 

rections to the initial state. These include contributions from the initial state 
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vertex correction, modifications of the annihilation photon propagator by insert- 

ing e+e-, p+p-, r+r- , and quark-antiquark pair vacuum polarization loops, and 

bremsstrahlung radiation from the initial state charged particles. These correc- 

tions depend upon detector acceptances and upon the EC, dependence of R. 

The final state correction is small because of the KNL cancellations22 from 

summing over degenerate states. (These cancellations do not occur in the initial 

state radiative correction, since the storage ring selects a particular e+e- state.) 

The magnitude of the final state correction is model dependent, but is roughly 

0.5% and is neglected in this measurement. Higher order radiative corrections 

have been estimated using a renormalization group calculation.23 It is estimated 

that the higher order terms neglected by the first order radiative correction are 

bounded by 1%. 

The radiative corrections depend on the shape of R itself, and the correction 

was calculated using an iterative technique. The R values measured by this 

experiment were smoothed before they were used in the radiative correction 

calculation, to avoid amplifying statistical fluctuations. Figure 3 demonstrates 

the radiative correction procedure. The curve is a smoothed representation of R 

values calculated as if no radiative effects were present. The data points are the 

R values corrected using the curve as input to the radiative correction algorithm. 

These corrected points were then smoothed, the radiative terms were recalculated, 

and the data points corrected according to these new values, etc. The additional 

corrections from further iterations are small. Because of the radiative effects 

in the acceptance, it is more meaningful to quote the product of the efficiency 

and radiative corrections. This total correction, including the tails of the narrow 

resonances, varies between 0.89 and 1.05. As may be seen, the main effects of 

the radiative corrections are to enhance the structure at 4.03 GeV and the valley 

around 4.2 GeV. 

The function used to smooth the R values function has sufficient flexibility to 

accommodate the significant structures in the cross section, but may underestimate 
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the small scale structure in some regions. (Since this energy region is above 

open charm threshold, no narrow structures are expected.) For comparison, 

the radiative corrections were also calculated using a linear interpolation of the 

unsmoothed R values. Because of the sizeable statistical errors, this procedure 

overestimates the structure in the cross section. Except for a few single bin 

deviations, the results using the unsmoothed R values fluctuated by roughly l-2% 

around the results obtained using the smoothed representation of R. 

E. Results for R 

Figure 4 and table I present the results of this R measurement. The errors on 

the data points are the statistical errors from the number of counted hadrons and 

beam-gas events, as well as the point to point systematic error arising from the 

20% uncertainty in the parameter hbg (typically 0.5% of the R value). There are 

additional sources of systematic error. These include a normalization error of 4% 

from the luminosity and a normalization error of 10% of the hadron inefficiency 

which yields an error in R of 2%. There is an additional 2% point to point 

error from center of mass energy variations in the hadron production mechanism. 

Estimating the uncertainties in htau an d hz7 to be 10% yields uncertainties in R 

of 0.02-0.03 and 0.006 units of R respectively. Cutoffs in the 27 Monte Carlo give 

an additional 0.01 units of R systematic error from the correction to the beam- 

gas subtraction. The 2% error in the radiative correction arises from roughly 

equal contributions due to modeling the hadronic acceptance of hard radiative 

events, cutoffs required to calculate the bremsstrahlung integral, and from an 

assumed 20% uncertainty in R below 3.0 GeV. In the immediate vicinity of the 

4.03 GeV resonance, this systematic grows to 4%. Overall, the normalization error 

is estimated to be 7%, with an additional point to point systematic error of 5%. 

A comparison of this result to previously published measurements24-26 of R 

in the resonance region is displayed in fig. 5. The R values measured in this 
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3.998 3.42f 0.19 4.133 4.08f 0.11 4.268 2.91f 0.08 4.472 3.84f 0.20 

4.004 3.38f 0.21 4.136 4.02f 0.11 4.274 2.92f 0.13 4.484 3.61f 0.21 

4.010 3.95f 0.22 4.141 4.09f 0.08 4.280 3.07f 0.08 4.496 3.72f 0.21 

4.016 3.84f 0.22 4.147 4.24% 0.08 

Table I. The R values plotted in fig. 4. The energies are in GeV. 
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analysis tend to be somewhat smaller than previously measured, particularly near 

the 4.4 GeV structure. In addition, there is some disagreement over the structure 

in the 4.06-4.2 GeV region. The DASP experiment assumed for their radiative 

corrections that the cross section in this region could be represented by the sum of 

two Breit-Wigner resonances. This would tend to enhance the separation between 

the two peaks. The Crystal Ball data were not consistent with the charmed portion 

of the cross section being a fermion threshold shape added incoherently to a sum 

of two or three Breit-Wigner resonances. 

IV. INCLUSIVE D* CROSS SECTIONS 

An important question in the resonance region above open charm threshold 

is the relative importance of different charm production mechanisms. While the 

total hadronic cross section in this energy region has been measured by several 

experiments, much less is directly known about individual charmed meson cross 

sections. This section describes a measurement of the inclusive cross section for 

the process e+e- + D* +X. For this measurement, the data between 3.87 and 4.5 

GeV were divided into fourteen subsets. These E cm steps were designed to isolate 

regions showing different structure in R. 

A. Measuring D* Production using Low Energy x0 Mesons 

The technique we have used with the Crystal Ball takes advantage of the fact 

ihat the D*(Oy+) + ,“D(op+) c ascade decays yield reasonably monochromatic (O- 

50 MeV) r” mesons (“slow x0 mesons”), even well above threshold (see fig. 6). 

A measurement of the excess number of low energy r” mesons yields an indirect 

measurement of the number of produced D* mesons. Because of the large z” 

cascade branching ratios of both D*’ and D*+ and the relatively large efficiency 

for reconstructing 7r” mesons, this technique allows a detailed probe of the variation 

of the D* cross section with center of mass energy. 

The Crystal Ball is well suited to detecting 7r” mesons through the no + 77 
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(98.8%) decay. Its excellent photon angular and energy resolution and the large, 

uniform solid angle coverage provide the ability to reconstruct rrr” mesons with 

high efficiency. 

The distribution of ?y” kinetic energies, T,o, is obtained from a two dimensional 

histogram of the kinetic energy T,, versus the invariant mass rnT7 of combinations 

of all pairs of photon candidates in an event. The invariant mass is calculated from 

rnrr = d2ElE2 (l- cos &2), where El and E2 are the energies2’ of the photon 

candidates and 012 is the angle between them. The kinetic energy is given by 

T,, = El + E2 - mrr. The two dimensional histogram in fig. 7 contains all of 

the data with 3.87 5 E cm 5 4.5 GeV. The presence of 7r” mesons is indicated 

by the ridge along the line mrr w 135 MeV. The projection of this z” signal 

onto the T,, axis yields the visible T,o spectrum. An excess of combinations in 

the region expected for D* cascade z” mesons (O-50 MeV) is clearly visible. The 

fitting procedure used to extract the excess number of 7r” mesons in the D* cascade 

region is described below. 

B. Photon Definition 

The hadron selection used in this analysis is the preliminary selection described 

in Sec. III above. Since the data were gathered in a scan mode, the philosophy 

governing this analysis was to use fairly loose cuts which increase the no 

acceptance, but still yield smooth- backgrounds in the Trr-mv7 histograms. The 

most important consideration is the shape of the background, especially the 

manner in which the shape changes as a function of T,,. Because of energy- 

mass correlations, non-smooth background structures tend to propagate through 

the T-,r-mrr histogram in a manner that distorts the fitted T,o spectrum. The 

most serious background structure arises from combinations of minimum ionizing 

charged particles (characteristically 210 MeV) which eluded the charged particle 

tracking system and shower fluctuations identified as separate neutral tracks. 

These combinations interfere with the measurement of T,o in the region near 
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100 MeV. 

The cuts used in the analysis to define “photons” are listed here. 

1. Solid angle cut: The angle between the track direction and the beam axis, 

8,, is required to satisfy 1 cos e,( 2 0.9. This reduces the degradation of the 

energy resolution by eliminating tracks lying close to the tunnel region. 

2. Charge truck cut: Tracks which are associated with tracks in the charged 

particle detector are rejected. Approximately 2% of the 7r” mesons are lost 

when one of the photons converts in the beam-pipe or inner detector and is 

tracked by the charged particle system. 

3. Shower fluctuation cut: Fluctuations in the energy depositions of real 

particles may be identified as separate tracks. These spurious tracks are 

generally low in energy and found near other tracks. The energy associated 

with the track, Etrack, and the angle to the nearest neighboring track are 

required to satisfy Etraek > 240 (cos Btrack-,+h - 0.75). In order to survive 

this cut, a track must have a higher energy when it is found nearer a 

neighboring track. 

4. Pattern cut: Pattern cuts require that the lateral shower distribution of the 

energy associated with a track be consistent with an isolated, electromagnet- 

ically showering particle. 28 Tracks with narrow energy distributions are likely 

to be charged particles, and tracks with broad distributions are probable 

overlapping showers. If we define E4 as the energy of the maximum module 

and its three nearest neighbors, and El3 as the energy of the maximum and 

its twelve nearest and next nearest neighbors, the pattern cut requirement 

may be written: 0.70 2 Ed/E13 5 0.995 and 0.40 5 Emaz/Ed 5 0.980. This 

cut was developed primarily to remove charged particles,28 which it does 

independently of the charged particle tracking system. 
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C. Fitting Procedure 

The number of 1~~ mesons from the D* -+ r”D cascade was calculated in two 

steps. First, the Tr7-mr7 histogram was fit to extract the T,o spectrum. Then, 

the T,o spectrum from data on the @ ‘(3772) resonance (below D* threshold) was 

used to subtract the non-cascade ?y” contribution. 

The kinetic energy T,, = E,, - mrr is a more appropriate variable than 

the total energy ET7 for two reasons. An Er7-mr7 histogram has a kinematical 

boundary E,, 2 mrr, which complicates the fitting procedure. In addition, the 
. . shifts m E,, and my7 due to energy measurement errors are correlated and cancel 

for small T,,. Thus, the D* signal stands out more sharply from the background. 

The Tr7-mr7 histograms were fit using a two-dimensional background sheet 

and independent gaussian peak functions to represent the T’ contributions to 

given T,, slices. The peak parameters were smoothed values obtained by 

fitting independent slices of the histogram in fig. 7. The background sheet was 

parametrized by the basis functions fi(m77)gj(T77), where fi, i=1,4 and gj, j=1,5 

are Tschebycheff polynomials and gs is the T,, projection of the alternate event 

background discussed below. This final function assisted in reproducing the rise 

in the background in the low Tr7 region. 

Kinetic energy slices of the fit (for the entire 3.87-4.5 GeV dataset) in the 

cascade r” signal region are shown in fig. 8, and the resulting T,o spectrum is 

shown in fig. 9(a). The same procedure yields the T,o spectra for the 14 EC.,. 

steps (see fig. 10). Note that these spectra are not acceptance corrected. The 

D* --) r”D signal can be clearly seen in each of the EC.,. steps. 

AS Ec.m. increases, so does the momentum of a D* produced via two-body 

production. Thus, the maximum possible kinetic energy of a cascade z” increases. 

In the energy region 3.87 5 E cm 2 4.2 (GeV), the observed r” cascade signal 

broadens in a manner consistent with two-body production of D*D and D*o*. 

At higher center of mass energies, the width of the observed cascade signal is 
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narrower than can be explained by simple production of D and D* mesons. This 

may be an indication that some of the observed D* mesons are produced recoiling 

against or in decays of higher mass D mesons, which are thought to be produced 

in this energy region. 2g In addition, initial state radiation effects which alter the 

T,o spectrum become more important as the charm cross section begins to fall 

rapidly above 4.2 GeV. These data are not sufficient to untangle these effects and 

the D* signal was not fit directly. Instead, the number of cascade 7r” mesons was 

obtained by an extrapolative subtraction using the T,o spectrum from data below 

D* threshold. 

The uncorrected T,o spectrum obtained at the $“(3772) is displayed in fig. 9(b) 

The data in this region are roughly equal mixtures of light quark events and $+’ 

decays, which are predominantly DE. Since the 3.87-4.5 GeV region contains 

similar proportions of light quark and D meson events, the $“(3772) is an 

appropriate place to model the non-cascade portion of the Tro spectrum. Note 

the absence of any structure in the low energy region of this spectrum. 

A smooth representation of the shape of the T,o spectrum obtained at the 

$“(3772) was fit to the spectra observed above D* threshold, excluding the D* 

signal region (EC, dependent), and extrapolated to T,o = 0. These non-cascade 

contributions are shown as the smooth curves in figures 9-10. The background 

contributions were then subtracted, and the signal region was integrated to obtain 

the number of D* cascade r” mesons. 

A possible concern in this analysis is that the Tr7-mr7 background has non- 

smooth components that the fit is incapable of matching. This possibility was 

investigated through the alternate event background. The dominant features of 

the background in the region of the fit arise simply from the distributions of 

energies and angles of uncorrelated photons. These are modeled by combining 

photons from different events. These alternate event pairings are accumulated in 

such a way as to have the same normalization as the same-event histogram. 

This method has proved useful for identifying inappropriate combinations of 
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cuts.8 The alternate event spectrum for the photon cuts used in this analysis is 

shown in fig. 11. The smoothness of the alternate event spectrum indicates that 

these cuts yield a background shape sufficiently smooth to be fit by the methods 

employed. - 

D. Slow ?y” Detection Efficiency 

Two Monte Carlo methods were used to determine the efficiency for recon- 

structing low energy r” mesons. In the first method, the charmed meson Monte 

Carlo described in Sec. III was used to generate D*D and D*o* events (half 

charged, half neutral). In the other method, the same Monte Carlo was used to 

generate the D* cascade particles (including 7, ?r*), but the subsequent decays of 

the D mesons were not generated. The Monte Carlo crystal energies were merged 

into data events taken at the @ ‘(3772), and the events were re-analyzed. 

The total event generation method has the advantage that all of the modeled 

events are D*o and D*D*. However, these events are generally cleaner than real 

data events. In particular, the Monte Carlo does not generate a sufficient number 

of shower fluctuations from interacting hadronic particles, which can degrade the 

photons from rr ’ decay. The total event generation Monte Carlos were used to 

obtain the hadron selection efficiency for D* events with observed cascade x0 

mesons, and to correct for the probability that a photon converts in the beampipe 

or inner detector and is tracked by the inner detector. 

The strength of the Monte Carlo merging technique is that it correctly models 

the hadronic environment in which the data z” mesons are observed, except for 

a multiplicity correction discussed below. For this reason, the merging technique 

was used to obtain the r” efficiency. There is the potential problem that the 

Monte Carlo r” is not momentum correlated with the data event in which it is 

merged. Since the z” mesons being modeled have low momenta, their momentum 

correlations with the rest of the event are small; moreover, for low energy 7r” 

mesons the directions of the decay photons are less strongly correlated with the 
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direction of the ?r”. A study of totally simulated Monte Carlo events indicated 

there was no measurable difference between the efficiency for finding a r” in the 

event in which it was generated and the efficiency for finding it in an uncorrelated 

event into which it was merged.’ 

The r” efficiency obtained from Monte Carlo cascade r” mesons merged into 

@ ‘(3772) events must be corrected for multiplicity differences between the events 

in the 3.772 dataset and the data in the 3.87-4.5 GeV region. Not all of the events 

in the 3.772 sample are Do events. Roughly half are light quark events, and about 

15% are non-hadronic backgrounds. 

The main determinant of the x0 detection efficiency in a given event is the 

observed multiplicity of the event with the TO removed. An average track removes 

a fraction of the solid angle where a photon may be cleanly observed. The amount 

of “deadened” detector area grows with the observed multiplicity. The z” detection 

efficiency as a function of &,bs is shown in fig. 12. The quantity &,bS is the number 

of tracks with energy greater than 20 MeV observed in the 3.772 event before 

the Monte Carlo no was merged. As may be seen, this is approximately a linear 

function of ?&,. The slope of the correction is roughly 2.4% per unit of observed 

multiplicity. 

The number of data events with cascade x0 mesons having a given observed 

multiplicity was obtained by fitting the mr7 distribution for such events. (The 

efficiency can not be corrected simply for the average event multiplicity, since 

many of these events have no cascade pizero.) Also, if the z” is observed, its 

photons must both be cleanly separated from other tracks; the total observed 

multiplicity including the z” must be ?Z& = &,bs + 2. The corrected efficiency 

was then obtained by weighting I$&bs) with the multiplicity distribution. The 

magnitude of this multiplicity correction is roughly 8% of the efficiency. 

The statistics of the data were insufficient to correct each EC, step separately. 

The efficiency for steps 2-14 (all above D*B* threshold) was obtained by correcting 

the merged Monte Carlo efficiency using the method outlined above. The efficiency 
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for step 1 was then obtained using the difference in observed multiplicity between 

D*n and D*D* Monte Carlo events. The final efficiencies for reconstructing a x0 

are 
a?,0 =0.34 f 0.01 3.870 5 EC, 5 4.013 GeV 

E,O =0.32 f 0.01 4.013 5 EC, 5 4.5 GeV. 
[IV.11 

The errors above are the statistical errors from the number of events in the 

Monte Carlo. The estimated normalization error on the efficiency is flO% with 

an additional point to point systematic of 4% from uncertainties in the event 

multiplicity. 

Cuts (see text) 

solid angle cut 

solid angle, charged track cuts 

solid angle, charged track, shower fluctuation cuts 

solid angle, charged track, pattern cuts 

all cuts 

average a(slow z”) (nb)l 

7.95 f 0.25 I 

8.02 f 0.28 I 

Table II. Average slow r” (T,o 5 75 MeV) cross sections obtained for 
different combinations of the cuts described in the text. 

As a consistency check, the cross section for observing a z” with less than 

75 MeV kinetic energy was calculated using different combinations of the cuts 

outlined above. (See table II. Note that these cross sections are weighted over the 

entire energy range according to the luminosity profile of the Crystal Ball data.) 

The agreement between the values calculated using different cuts indicates that 

the Monte Carlo is correctly modeling the ?y” reconstruction efficiencies. 
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E. Results 

Assuming isospin invariance (and neglecting the mass differences between the 

neutral and charged D mesons), the inclusive D* cross section is calculated using 

the relation 

a(e+e- --+ D* +X) = 
N 

wconu~~~R(D* -+ T~D)BR(T~ + yy)L 
[ IV.2] 

where N is the number of excess z” mesons extracted using the method outlined 

above, L is the integrated luminosity, ea the z” reconstruction efficiency quoted 

above, econu = 0.98f0.01 is the probability a 7r” is not lost through conversionof its 

photons, shad = 0.97 f 0.01 is the acceptance for D* events with observed cascade 

x0 mesons, BR(D* + r”D) = 0.428 f0.052 is the combined D* + r”D branching 

ratio,31 and BR(z” + 77) = 0.988 is the z” branching ratio into photons.30 

Table III gives the results for the inclusive D* cross sections. The first error 

quoted is the statistical error from the fitting procedure. The second error is a 

point to point systematic arising from changes in the event multiplicity (4%) and 

from a 25% uncertainty of the background subtracted under the D* signal. As 

a constant normalization uncertainty, we estimate the error in the x0 efficiency 

to be 10%; the uncertainty in the cascade branching ratio uncertainty is f 12%. 

Because of difficulties arising from the sizable error bars and from averaging over 

wide E,, ranges, no radiative correction was performed. These results are plotted 

as R values in figure 13, where 

[ IV.31 

These results were calculated assuming that the same number of charged and 

neutral D* mesons were produced. This assumption is slightly incorrect, due 

to small mass differences between the neutral and charged mesons. A precise 

24 



6.65f 0.82f 0.99 

4.360-4.403 4.384 10.76f 0.93f 1.29 

4.403-4.428 4.419 9.76f l.OOf 1.26 

4.428-4.500 4.446 9.60f 1.02% 1.15 

Table III. Inclusive D* cross sections 

calculation of this correction requires knowledge of the threshold structure of the 

cross sections. From the distribution of data within the lowest two E,, steps, 

it is estimated that the measured cross sections in the 3.87 2 Ecm 5 4.013, and 

4.013 5 E,, 2 4.06 steps are 3%, and 5% too high. 

These results are compared to previous measurements32l33 in fig. 14. The 

Mark II collaboration measured the exclusive two-body D*o, and D*o” cross 

sections between 3.9 and 4.3 GeV by fitting recoil mass spectra recoiling against 

reconstructed D mesons. The D mesons were reconstructed through the decays 

D+ -+ K-T+ST+ and Do -+ K-r+. The Mark II results plotted are combinations 

of their exclusive cross sections, a(D* + X) E a(D*D) + 20(0*0*), calculated 
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for this comparison. 34 The remaining point in fig. 14 is from a previous Crystal 

Ball measurement at 4.33 GeV. 33 All of these measurements are before radiative 

corrections. In relative terms, the radiative correction would enhance the dip in 

the cross section at 4.25 GeV and the peak at 4.03 GeV. (See fig. 15 for the general 

effect of the radiative correction.) 

The inclusive D* cross sections measured in this experiment are in good 

agreement with previous results. While the comparison with the Mark II values is 

quite good, it should be noted that the normalization of their measurements was 

determined by D branching ratios that are in disagreement with values obtained 

in subsequent experiments.35 

Figure 15 compares the measured R(D*) values with the prediction of the 

Eichten model.7 The comparison is generally quite good. The normalization 

of the Eichten result partially reflects tuning the model to earlier experiments. 

These experiments tended to have higher R values than those measured in this 

experiment, particularly in the 4.4 GeV region. It should be noted that the 

masses for the F and F* mesons used in the model were 2.035 and 2.135 GeV, in 

disagreement with present values.30 

The Rp result may be combined with the R measurement of section III to 

calculate the average number of D* mesons per charm event. In this calculation, 

the 3.67 data were used to estimate the contribution to R from light quark physics, 

and 

RD* (&n) 

< nD*(Ecm) ‘= R(Ecm) - R(3.67)’ 
[ IV.41 

Since the D* cross sections were not radiatively corrected, the R values used here 

were uncorrected, except for subtracting the radiative tails of the narrow vector 

resonances. The results of this calculation are displayed in figure 16. Recall that 

the first data point is below D*D* threshold. These results indicate that charm 

events at these energies preferentially hadronize to events containing D* mesons, 

leaving only small contributions from DD production and states containing F 

26 



mesons. 

V. CONCLUSIONS 

We have measured total hadronic cross sections in e+e- annihilations at 3.67 

GeV and center of mass energies between 3.87 and 4.5 GeV. The main features of 

the cross section in this region are a resonance at 4.03 GeV, a broader maximum 

at 4.4 GeV, and a broad shoulder near 4.16 GeV. A detailed plot of the cross 

section appears as fig. 4. This measurement agrees in broad details with previous 

measurements, with some disagreement over the structure in the 4.06-4.2 GeV 

region and the overall normalization. 

The kinetic energy spectra of 7r” mesons have been measured at energies 

between 3.87 and 4.5 GeV center of mass energy. A quasi-monochromatic, low 

energy peak (T,o 5 50 MeV) arising from D* ---) n”D cascade decays is observed. 

Using data taken at the $‘(3772) t o model the non-cascade contribution and 

assuming isospin invariance, the cross section for the process e+e- * D* + X is 

calculated from the excess number of low energy x0 mesons. This result extends 

previous experimental measurements and reasonably matches the predictions of 

the coupled channel model of Eichten et al. This result is combined with the 

total hadronic cross section measurements to calculate the average number of D’ 

mesons per charm event. The D* multiplicity is approximately equal to 1 between 

R*o and D*D* threshold, and 1.5-2 at higher energies. This indicates that charm 

events generally contain D* mesons, and that D*i? production is favored. 

APPENDIX A. RADIATIVE CORRECTIONS 

The behavior of a cross-section in e+e- annihilation is usually dominated 

by the one-photon annihilation term, but contains contributions from all orders 

of quantum electrodynamics (QED). Th e contributions from diagrams with 

additional photon couplings are generically called radiative corrections. The lowest 
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order cross section displays the fundamental E,, behavior, while the higher order 

terms are a convolution of the behavior at all energies. In addition, the size 

of the corrections can be heavily dependent on the details of the experimental 

apparatus and on the hadronic selection criteria. Unless the radiative contributions 

are understood and correctly treated in the acceptance calculation, the observed 

cross-sections from different experiments may not be directly comparable. This 

appendix describes the method used to extract a radiatively corrected cross-section 

by estimating and removing the higher order QED contributions. 

The radiative correction is represented by 1 + 6, which multiplies the idealized 

cross-section to yield the observed cross-section. 

0 (s) = (1+ 6 (s)) u” (s) IA-11 

In this experiment, only first order, initial state corrections were performed. 

Because of the presence of the hadronic interaction, the final state corrections 

are complicated and model-dependent. Fortunately, they are small due to the 

KNL cancellations.22 

Figure 17 shows the lowest order diagram, in addition to the diagrams which 

contribute in the next to leading order. The radiative correction may be similarly 

decomposed: 

The first four terms represent the vacuum polarization terms followed by the 

initial state vertex correction and the bremsstrahlung term. The diagrams that 

contain virtual photons contribute in lowest order only by interfering with the 

non-radiative amplitude and are independent of the detector acceptance. The 

bremsstrahlung diagrams, which contain a real photon radiated from the initial 

electron or positron, contribute directly. Because the kinematics of the e+e- pair 

is altered, these corrections depend on the apparatus and selection criteria, and 

on the hadronic cross-section at lower energies. 
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The vacuum polarization contributions to the radiative correction arise 

from inserting virtual states into the propagator of the annihilation photon. 

These states must have the quantum numbers of the photon, and the different 

polarization terms represent contributions from e+e-, p+p-, r+r-, and quark- 

.- antiquark pair loops. The leptonic terms have been calculated:36j37 

P-31 
4mf r=- 

s 

where cy is the fine-structure constant and s = E:m. For the electron and muon 

terms, r << 1 and the expression reduces to 

[A.41 

The hadronic vacuum polarization term may be related to the total hadronic 

cross-section through a dispersion relation38 

S 
6 - 

J 

O” 

had = -27&l 4mz 

u;& b’) 

s’ - s P-51 

Note that this term requires knowledge of the cross-section at all energies. 

Following Berends and Komen, this integral was calculated in pieces. The 

contributions from the narrow vector resonances were done analytically. Next, R 

was assumed to be constant above some value s = sr. The integral is insensitive 

to the value of R at high energies. After separation of the principal part, the 

remainder of the integral was done numerically, using R values from this and 
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other experiments 

.- 

-$?t(s)ln “-’ 
I I 

IA-61 
4mi-s 

The function 2 is R with the narrow resonances removed. 

The isolated vertex term has an infrared divergence, which cancels a corre- 

sponding soft photon divergence in the bremsstrahlung term. The finite remain- 

der36 is 

bud=: [zln(--$) -I+:]. WI 

The bremsstrahlung term accounts for the portion of the cross-section arising 

from the radiation of real photons by the initial state charged particles. Since this 

radiation lowers the E,, of the e+e- pair, the bremsstrahlung term depends on 

the hadronic cross-section at lower energies. The contribution36 from events with 

a radiative photon of energy k is 

d%em = F(s, k)dk 

F(s, k) = t 1 - -?- + k2 

Beam 2Ea”,a, 
cr” (s’) 5 

P.81 

where s’ = s 1 - k 
( &mm > is s of the e+e- system after radiation. The quantity 

t, called the equivalent radiator, is roughly 0.08 in the energy region considered 

here. 
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Note that F(s, k) - i for small k, and thus obrem is logarithmically divergent. 

This piece cancels the infrared divergence of the vertex correction. Including 

higher order corrections,3g F(s, k) - ktel. Thus, the form of the bremsstrahlung 
^ spectrum used was F(s,x) = ixtM1 (1 - x + x2/2) cr” (s’), where x = k/Ebeam. 

.- Dividing by so(s) and integrating, 

s,=t/oZmaxxt-l [(,-x+;)&+l]dx+x~az-l. [A.91 

The allowed values of k range from 0 to kmaz/Ebeam = 1 - 4mi/s, corresponding 

to radiation to the lowest mass hadronic state. 

Because the fractions of radiative hadronic events that appear hadronic or 

beam-gas-like depends on the energy of the radiative photon, it is more practical 

to slightly recast the results above. Let c(k) and bhad(k) be the fractions of events 

with radiative photons of energy k that contribute to N,,l and Nbgcut, respectively. 

Then, in the derivation of eq. [III.51 in Sec. III, we may replace ZeffNhad by 

L ’ eeff (0) 0’ (1 + bobs) , 

where 

and 

e;,ff (x) E E (5) - hbgbhad (5) 

E (0) - b&ad (0) ’ 

[A.101 

1 IA.111 

[A.121 

Recasting the product of the efficiency and the radiative correction in this 

form, the radiative effects in zeff are more explicitly displayed. The net effect is 

the replacement 

zeff (1 + 6) + ceff (0) (1 + b&q) . 
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For computational reasons, the contributions from radiation to the narrow 

resonances are separated and done analytically.40 Substituting 

into the expression for bb,e,, the radiative tail to a narrow resonance is 

i k 
utail = t 12n2ree,jrhad,j kres 

(&Jt-’ [ 

k:ee 
rtot,jMjs 

l--z+- 
&, 2Eb” 1 

k 

Thus, the equation for R becomes 

R= 
Nael - hbgNbpcut - Ci (hi - hbgbi) ni - Cj Lci,f{ jaiail ? 

. ib~$~C~f f (0) (1 + bob,) 
. 

[A.131 

[A.141 - 

[A.151 

B. Implementation 

The radiative correction, 1 + &,s, depends on both the effective hadronic 

acceptance of radiative events, and the hadronic cross-section at all energies. 

The relative radiative acceptance function, E,,, eff (k), was determined from the 

various hadronic Monte Carlo simulations discussed in section III. To a good 

approximation, this relative acceptance was independent of the model and was a 

simple function of x = k/Ebeam. Figure 18 shows this relative acceptance function. 

In removing the radiative tails, it was assumed that this same k dependence applied 

to the acceptance for radiative resonance events. 

The function E(E,,) used for calculating the radiative corrections contains 

results from other experiments matched onto the data from this experiment 

in the region 3.67 2 E,, 5 4.5 GeV. Thus, equation [A.151 provides an 
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integral equation for R and was solved using an iterative technique. Since 

the bremsstrahlung correction magnifies any fluctuation in R, the ?i (R with 

narrow resonances removed) values were smoothed before calculating the radiative 

corrections. Initially, the non-radiatively corrected R values were used to calculate 

6 obs and perform the first approximation to the radiative correction. These 

corrected values were smoothed and used to calculate a second approximation, 

etc. This process rapidly converges. 

In summary, the radiative correction is comprised of three qualitatively 

different pieces. The vertex correction and leptonic vacuum polarization terms 

do not depend on the shape of the cross section and are detector independent. 

They vary slowly over the energy range of this experiment, and their sum is 

roughly 10%. The hadronic vacuum polarization correction can be expressed as 

an integral involving the hadronic cross section at all energies, but is particularly 

dependent on the shape of R at nearby energies. This correction varies from 

1.5-2.% in this energy region. The final piece of the radiative correction, the 

bremsstrahlung term, depends upon R at lower energies and upon the acceptance 

for radiative events. This term strongly reflects the shape of the cross section 

and varies between -17% and 0% with an additional 0.1-0.25 units of R from 

the tails of the narrow vector resonances. Because of the radiative effects in the 

acceptance, it is more useful to quote the product of the efficiency and radiative 

corrections Zeff (1+ 6) = ceff (O)(l+ &,s). This total correction, including the tails 

of the narrow resonances varies between 0.89 and 1.05. 
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FIGURE CAPTIONS 

1. The Crystal Ball detector components. 

2. Distributions of beam timing for (a) all events, and (b) hadron sample, and 

Of Euisible/Ecm f or c a events, and (d) hadron sample. ( > 11 

3. The initial iteration of the radiative correction. The curve is a smoothed 

representation of approximate R values calculated as if no radiative effects 

were present, and the points are R values obtained by using this smooth 

curve to calculate the radiative corrections. 
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4. Total hadronic cross sections normalized to the point-like cross section. The 

errors include the statistical errors from counting the number of hadron and 

beam-gas candidates, as well as the estimated systematic error from the 

beam-gas subtraction. ’ 

5. A comparison of R values from this analysis to previous R measurements in 

the 3.5 to 5.0 GeV range. 

6. Summary of the decay modes and branching ratios of the of the low-lying, 

non-strange, charmed mesons. _ 

7. Histogram of kinetic energy- invariant mass combinations for all pairs of 

photon candidates in an event. All data with 3.87 5 EC.,. 5 4.5 GeV is 

included. 

8. Slices of the histogram in fig. 7 parallel to the invariant mass axis. The T,o 

limits of the slices are given in MeV. The smooth curves are corresponding 

slices of the fit and background functions described in the text. 

9. Distributions of x0 kinetic energies for (a) the entire dataset, and (b) data 

at the ti”(3.772). N o acceptance corrections have been performed. The 

shape of the smooth curves is derived from the ti”(3.772) spectrum. The 

normalization of the curve in (a) is obtained by fitting the portion of the 

spectrum with T,o > 50 MeV. 

_ 10. Uncorrected T,o spectra for the 14 EC.,. steps, overlaid with the estimated 

non-cascade contribution. 

11. Uncorrected T,o spectrum obtained from pairing photon candidates from 

alternate events, using the entire dataset. These pairings cannot reconstruct 

real r” mesons and model the shape of the two dimensional background in 

fig. 7. 

12. The z” reconstruction efficiency as a function of Eobs, the event multiplicity 

that would be observed if the ?r” were removed. 

38 



13. Inclusive D* cross sections normalized to point-like cross sections. The 

plotted errors are the statistical errors from the fits. 

14. A comparison of Rp with previous measurements. The diamond points are 

from ref. 32, and the square from ref. 33. 

15. A comparison of Rp with the predictions of the coupled channel model. 

The curve is the lowest order model prediction and the diamond points have 

the radiative corrections added. They have also been binned for comparison 

with the data.(See note in text about masses of F, and F* mesons.) 

16. The average D* multiplicity per charm event. 

17. Generic first order, initial state radiative correction diagrams: a) lowest 

order hadronic cross section; b) vertex correction; c) vacuum polarization 

corrections; d) bremsstrahlung correction. 

18. Acceptance of radiative hadronic events, relative to non-radiative hadronic 

acceptance. 
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