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ABSTRACT 

a- 

A model for highly inelastic electron-nucleon scattering at high 

energies is studied and compared with existing data. This model 

envisages the proton to be composed of point-like constituents (“partons”) 

from which the electron scatters incoherently. We propose that the 

model be tested by observing y-rays scattered inelastically in a sim- 

ilar way from the nucleon. The magnitude of this inelastic Compton- 

scattering cross section can be predicted from existing electron- 

scattering data, indicating that the experiment is feasible, but difficult, 

at presently available energies. 
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I. INTRODUCTION 

One of the most interesting results emerging from the study of inelastic 

lepton-hadron scattering at high energies and large momentum transfers is the 

possibility of obtaining detailed information about the structure, and about any 

fundamental constituents, of hadrons. We discuss here an intuitive but powerful 

model, in which the nucleon is built of fundamental point-like constituents. The 

important feature of this model, as developed by Feynman, is its emphasis on 

the infinite-momentum frame of reference. 

It is argued that when the inelastic scattering process is viewed from this 

frame, the proper motion of the constituents of the proton is slowed down by the 

relativistic time-dilatation, and as well the proton charge distribution is Lorentz- 
a- 

contracted. Then, under appropriate experimental conditions, the incident lepton 

scatters instantaneously and incoherently from the individual constituents of the 

._ proton, assuming such a concept makes sense. 

We were greatly motivated in this investigation by R. P. Feynrnan, who put 

the above ideas into a highly workable form. In Section II, we discuss the basic 

ideas and equations for the model, as they apply to electron-proton scattering. 

Two models are then discussed in detail, with interesting consequences for the 

ratio of electron-proton and electron-neutron scattering. For a broad class of 

such models, we find a sum rule which indicates that, although it is not difficult 

to fit the data within - 50%, it is more difficult to do better; the observed cross 

section is uncomfortably small. 

In Section III, we look for stringent tests of Feynman’s picture. We propose 

that under similar experimental conditions inelastic Compton scattering can also 

-- 
be calculated within the model. It is shown that the ratio of inelastic electron- 

proton to inelastic y-proton scattering, under identical kinematical conditions, 
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is model-independent and of order unity, provided the proton constituents (which 

Feynman calls ‘$artonsll) possess unit charge and spin 0 or l/2. We propose 

experiments which can measure inelastic Compton scattering. To this end we 

have estimated the yield and background curves, and we conclude that such 

experiments may be feasible at energies available to SLAC. 

II. INELASTIC e-p SCATTERING 

The basic idea in the model is to represent the inelastic scattering as quasi- 

free scattering from point-like constituents within the proton, when viewed from 

a frame in which the proton has infinite momentum. The electron-proton center- 

of-mass frame is at high energies a good approximation to such a frame. In the 
a- 
infinite-momentum frame, the proton is Lore&-contracted into a thin pancake, 

and the lepton scatters instantaneously. Furthermore, the proper motion of the 

constituents, or “partons, t’ within the proton is slowed down by time-dilatation. 
- . 

We can estimate the interaction-time, and the lifetime of the virtual states within 

the proton. Using the notation of Fig. 1 we find: 

. Time of interaction: 

-- 

_- - 

T&S 4P 

q” AMY - Q2 

where q” in the last fraction was calculated in the lepton-proton 

center-of-mass frame. 

Lifetime of virtual states: 

w* 1) 
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If we now require 

7-T (U* 3) 

then we can consider the “partons, ” contained in the proton, as free during the 

interaction. mrthermore, if we consider large momentum transfers -q2 >> M2, 

then we expect the scattering from the individual “partons” to be incoherent. The 

above conditions appear to be satisfied in the high-energy, large momentum- 

transfer experiments at SLAC. 

The kinematics for e-p inelastic scattering have been discussed in many 

places, in as many different notations. 1 We recall here that 

EE’ dc du --= a2 
r dq2dv dRdE y = 4E2 sin4 i 

cos2 f+ 2w1 si.n2$j 
I 

(II.41 

where WI and W2 are functions of the two invariants 

v = (E-E’) = q l P/M 

Q2 = -q2 = 4EE’ sin2 f 
m* 5) 

evaluated in the laboratory frame. The ratio WI/W2 is bounded, and using 

and the approximation e/2 << 1, we can write 

du 
df’ldE’ = 

a2 
w 4E2sin4$ 2 (A4 [1+(&r) &] 

ut and urn (10) are the absorption cross sections for transverse and longitudinal 

photons.2 
-M 
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It remain6 to calculate the invariant function6 W1 and W2, especially W2. 

Within the model, the virtual photon interacts with one of ‘the partok, while the 

rest remain undisturbed during the interaction. The interaction with the parton 

is as if the parton were a free, structureless particle. The cross section 

du/dndE’ is then a sum over individual electron-parton interactions appropriately 

weighted by the parton charge and momentum. For a free particle of any spin 

and unit charge elementary calculation yields 

W,c.,qT=8(v -.$)=M8(9.P-$) tn. 8) 

uw 

while for WI, we have 

ut = 0 spin0 
a- 

“r = 0 spin l/2 

with an indeterminate result for higher spins. 

.-- _ At infinite momentum, we virmalize the intermediate state from which the 

electron scatters as follows: 

1. It consists of a certain number N of free partons 

(with probability PN) . 

2. The longitudinal momentum of the ith parton is a 

fraction xi of the total momentum of the proton. 

-M 

_- 
- 

P. -1 
= xig 

3. The mass of the parton, before and after the colli- 

sion, is small (or does not significantly change). 

4. The transverse momentum of the parton before the 

collision can be neglected, in comparison with P Q , 

the transverse momentum imparted as p-m. 

(II. 10) 

-5- 



-J1 

With these assumptions, it should be a good approximation to write, at 

infinite momentum 

# i s xi pu (II. 11) 

The question of corrections to this approximation has been studied by Drell, Levy, 

and Yan: 3 we shall not consider them further here. 

The contribution to W2 from a single parton of momentum & and charge 

Qi is then 

The factor xi in front is necessary to ensure that 

(II. 13) 

consistent with the Rutherford formula. For a general distribution of partons in 

.-- the proton 

w2(yd = c p(N) (CQ&f~fN(X) t(‘-&) 
N i 0 

(II. 14) 

Here P(N) = probability of finding a configuration of N partons in the proton 

<F &:& = average value of c QF in such configurations 
i 

fN(x) = probability of finding in such configurations a parton 

with longitudinal fraction x of the proton’s momentum, that is with four-momentum 

xpc. 

Upon integrating over x, we find 

vw2w ,q 3 = c p(N) <cQ;>N x fN(x) = F(x) 
N i 

(II. 15) 
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With 

x=$--. (II* 16) 

Therefore v W2 is predicted to be a function of a single variable v/Q2, a feature 

apparently satisfied by the data.4 Furthermore the model provides an interpre- 

tation of the nature of the function F(x)/x: it is the mean square of the charge of 

partons with four-momentum x#. The experimental4 determination of F(x) is 

shown in Fig. 2. 

Before going into detailed models for fN(x), we notice that 

fN(X1) = 
/ 

dx2*. .dxN fN(xl, l *as I$) s(1- zx$ 

/ 

1 
a- dxlfN(X3 = 1 

0 

w* 17) 

where fN(xl, . . . , xh$ is the joint probability of finding partons (irrespective of 
.) 

- charge) with longitudinal fractions x1, . . . , %. It follows that fN is a symmetric 

function of its arguments, and therefore 

u (II. 18) 

1 =- 
N 

Putting together (II. 18) and (II. 15)) we obtain a sum rule 

IdxF(x) =~P(N)cl;lla” = mean-square charge per parton. (II. 19) 

N 

-_ 

-- - 
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Numerically, 

(II. 20) 

yielding a rather small mean-square charge per parton. 

In the following models, out of ignorance, we shall choose one-dimensional 

phase space for the distribution function fN(xl . . . xN); that is 

fN(xI . . . xN) = constant. 

An elementary calculation yields 

(II. 21) 

fN(x) = (N - 1) (1 -x)~-~ (II* 22) 

A. Three-Quark Model 
a- 

Assuming that the proton is made up of three quarks with the usual charges,5 

we obtain 

VW = .- 2 f3 (x)=2x(1-x) (II. 23) 
- - 

While the data supports v W2-constant as v-00 (or x - 0) , the model predicts 

that v W2 should vanish, a result not dependent on the specific choice of f3(x), but 

only on the fact f3 is normalizable. In fact, within our one-dimensional model, 

if the number of partons is held finite, then the cross section vanishes as x-0. 

If, and only if 

lim N2 P(N) = constant # 0 
2 N -00 

(II. 24) 

will v W2 approach a constant as x- 0 (u /Q2 - 00). This is shown in the Appendix. 

B. Three Quarks in a Background of Quark-Antiquark Pairs 

In order to try to improve the model, we assume that in addition to the three 

quarks there is a distribution of quark-antiquark pairs (the “pion cloud” ?). The 

-- -8- 



mean-square charge of the cloud we take to be statistical 

Therefore 

(II. 25) 

<FQF>N = 1 + i (N-3) = $N + 4 for the proton 

<c Qf>N = $ + E(N-3) = :N for the neutron 

For P(N), we choose 

P(N) =& tn. 27) 

: on th%grounds that it is simple and has the asymptotic behavior which makes 

VW 2 -const as x-0. Before we begin, we note, from (II. 26) and (II. 19) 

X .16 experiment 

Thus we cannot expect a fit better than N 50% to the data. Inserting (II. 27’)) (II. 26), 

and (II. 22) into the expression (II. 15) for F(x), we can perform the sum. For the 

proton 

F(x) =x c P(N) (N-l) (l-~)~-~ 
N=3,5.. . 

(II. 29) 
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The normalization constant C is determined from the condition 

1 1 = 
c 

P,(x) = c 
c 

- = c (l-log 2) N(N-1) (II. 30) 
N=3,5... N=3,5.. . 

For the neutron, the term in curly brackets is omitted; thus the final expressions 

are 
1 

Fp(x) = l-log 2 [ 

2 (1-x) 1 x 
ii (2-x) + s (lBX)2 

1 

2-x 
log y-- ( > - 2(1-x) 11 F,Cx) = g (I-:0,2)(s) (II. 31) 

It is clear that the results are model-dependent and not to be taken too seri- 

ously. There is a need for a model-independent check of the basic assumptions. 

&a the next section we discuss the corresponding process with electrons replaced 

by y-rays as a test of the basic idea of the calculation. 

In Fig. 3, we compare equations (II. 31) with experiment. The shape of the 

- curve is in fair agreement, and could be improved by suppressing the contribution 

of 3-parton configurations. On the other hand, the overall normalization is off, 

as discussed below (11.28). Readjustment of the coefficients PN or the distributions 

f,(x) of longitudinal fraction cannot improve this feature. The ratio of neutron 

cross section to proton remains nearly constant and about 0.8 over a large range 

of x, although the ratio approaches 1 as x-0. 

According to (II. 9)) if the partons all have spin l/2, we expect udut-- 0; 

if they are spinless we find instead ut/ul -0. A finite ratio would indicate that 

both kinds are present. 

III. INELASTIC COMPTON SCATTERING 

-_ In this section, we suggest that a good way to find out about the internal 

_- 
structure of the proton is to look at it. That is, one should measure the inelastic 

- ---am 
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scattering of photons from protons, yielding a photon plus anything else. The 

yield can be predicted in terms of this model. We visualize the inelastic scat- 

tering again as incoherent scattering from the partons in the proton according 

to the point cross section. The elementary photon-parton scattering goes by the 

diagrams shown in Fig. 4. Diagram (c) in Fig. 4, does not occur for spin l/2 

partons. Its contribution is evidently very similar to the case of electron 

scattering. We argue that exchange-terms such as in diagrams (d) and (e) can 

be ignored on the basis that the lifetime of the intermediate states, between 

absorption and emission of the photon, is of order E,k in the y-proton center- 

of-mass system and much less than the lifetime of the virtual-pa&on states of 

the proton estimated in (II. 2). Furthermore, because we require the momentum 

tram&r between the photons to be large ( > 1 BeV/c), the parton will necessarily 

have transverse momentum much larger than the average momentum within the 

proton and the probability that it interacts with another parton within the proton 

at such high PI is very small. 

The kinematics for the process is illustrated in Fig. 5. 

6=(k+p)2a 2k*p=(2Mk)lab”M2 

t =(k,k’)2=,~.k’=- 
( 
&k’sin2! 

Mu = (k -k’) l p = M(k -k’)lab 

(III= 1) 

u Z-8 -t 

We require -t to be large, as we already mentioned, so that the process is 

incoherent, and only the diagrams 4a, b, and c (for integer spin) need be taken 

into account. The method for calculation is the same as in Section II; we take 

-*the Compton cross section from point partons and average over the parton 
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I 

momentum distributions and proton configurations. This elementary photon- 

parton interaction is given (for spin l/2 partons) by Klein-Nishina formula 

written in terms of the Mandelstam variables s, t, u. If the parton carries the 

full momentum P(x = 1) we have 

du 47rcY2 
dtdv= 

S2 

spin 0 

(III. 2) 

du -=* (E+$(v+&) Qf dtdv spin l/2 

which can be combined into the form 

&=F (l-R@&) ,(v+&)Qf (I= 3) 

with 

R= 1 1 spin l/2 

0 spin 0 

_ If the parton has longitudinal fraction x, we make the replacements (we are here 

in the infinite-momentum frame) 

s-xs 

u-xu 

t-t 

6(v + &)--s(v + &-) W.5) 

We then multiply by the distribution function f,(x) and by P(N), integrate over x, 

and sum over N (cf. equations (II. 12) to (II. 15) ) to obtain 

du 
dtdv= 

1 
dxP(N) f,<xJ $ [1- R$#+ +&)<cQ;& (m.6) 

i 

- 12 - 



Integrating over x and expressing the result in laboratory variables, Eq. (III. 1) 

gives the final result: 

du a2 
imF= 4k2 sin4 9 

with 

Making the identification 

V2 [ 1 l+R w c p(N)xfN(x) <c Q& 
N i 

-t 
x=EG 

k-E 

k’-E’ 

-t-Q2 

R-C/U +u t t P 

m 7) 

(III. 8) 

m- 9) 

we find a remarkable correspondence betweem (RI. 7) and (II. 14, (II. 9)) and (II. 7)) 

the corresponding cross section for electrons. The only changes are the additional - - 
factor v 2/kk’ and the replacement Qf - Qt. Even the factor in squarebrackets 

dependent on parton spin is the same. We conclude, that within the validity of 

this parton-model, for partons of unit charge (Q2 = Q4) and spin 0 or l/2, the 

ratio of electron-scattering to y-scattering is a model-independent number of 

order unity. In general, 6 

(III. 10) 

where for any operator O(N) 

<‘> = g ‘(N) O(N) f,(x) (III. 11) 

For our model of three quarks in a cloud of quark-antiquark pairs, there 

exist upper and lower limits for <CQ4>/<CQ2>. _-, We note from (II. 25) and -- -.4 
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(II. 26)) for the proton 

<c Q& = $ + & (N-3) = +<c&;>N + 6 = ;<qQ;& - & N (III. 12) 
i i 

Therefore, for identical kinematical regions7 

(III. 13) 

In principle it should be possible, if the model is correct, to distinguish be- 

tween fractional and integer-charged partons. 

IV. BACKGROUND AND RATE ESTIMATES FOR THE INELASTIC 

a-- y-RAY EXPERIMENT 

We consider an experiment in which a bremsstrahlung beam is sent through 

hydrogen and the inelastically scattered y-ray is detected with momentum k’ at 
._ _ - 

angle 8. The main problem, in principle, is tc differentiate the Compton y-rays 

from the y’s coming from the decays of photoproduced rots. We here calculate 

the effective cross section for the production of Compton-scattered y-rays by 

folding the Compton cross section over the bremsstrahlung spectrum. We then 

calculate for comparison the corresponding background y-rays, estimated from 

the beam survey experiments8 for charged a’s at SIAC. We define 

dueff 
dfldk’ 

E electron 
dk duYP 

TdRdk’ (IV. 1) 

We assume, optimistically, that the partons have unit charge and spin l/2; from 

(III. 3) and (IV. 1) 
M(E -k’) 

dueff 4a2 8kf 2 A2 sh4 d 
dRdk’=2 

J 

4 Ek’ sin2 i + 2 

M k’ l/2 M2 1 (IV. 2) 
- 14 - 



with 

A29 
-82. (IV. 3) 

We have calculated this expression for several incident electron energies as 

a function of k’ and 8, using for F(A) the values given in Ref. 2. The results are 

shown as Figs. 6, 7, 8 and 9. In the same figures are shown our estimates of 

the corresponding background from the decay of photoproduced rots into y -rays. 

The estimate was made by assuming that the yield of II+ measured in the SLAC 

beam survey experiment8 equals the no yield. We thereby obtain, for the 

effective cross section per nucleon 

a.- Number 
] 

(IV. 5) 

. - 
= 8.2 x 10B2’ Yield r+ cm2/sr -BeV [ 1 

The terms in the denominator have the following origin: the thin target bremsstrah- 

lung spectrum is t?, where t is the thickness in radiation lengths (the target was 

.3 r. I. Be). The factor 0.7 is a thick-target correction calculated by Tsai and Van Whitis.’ 

[ 1 Yield n+ is taken from Fig. 1 section D. 1 of the SLAC User’s Handbook’ and the 

y-ray flux is obtained by folding the no-decay spectrum into (IV. 5): 

8.2 X 1O-25 )C 1 lr+ 
Yield (as function of ky) 

- 15 - 



where in the last step we have used the empirical observation that 

k’6 

with 

E. z . 154 Bev. 

In the figures, the background is that from an 18 BeV bremsstrahlung beam. 

It is expected that this background increases slowly with beam energy, and keeps 

the same shape, in particular the exponential dependence on transverse momentum. 

However, as the primary electron energy increases, the y-ray spectrum from 

the inelastic Compton process, if it exists, is displaced upward in energy, so 

that for 20-BeV electrons and above, there is a region where the Compton signal 

dominates the no noise. It will certainly, in any case, be necessary to compare 

the y-ray spectrum with that of the r+ under the same conditions as reassurance 

that Compton y-rays are indeed being seen. 

A variation of this experiment is to consider the inelastic Compton terms 

in k-pair photoproduction; Fig. 10. We have not analyzed this process in detail. 
10 E 

The rate is diminished by a factor roughly N g log= - 
mlr 

N j&j but 

if the charged pions are absorbed immediately downstream -from the target, the 

background muon-flux from r* decay can be reduced by a factor -& as well. 

Furthermore the two muons are strongly correlated in angle, providing a quite 

unique signature. All this is encouragement that perhaps the background is 

manageable. The “singles” background from the Bethe-Heitler diagrams, for 

which the undetected muon predominantly goes in the forward direction, is in- 

teresting as well and very likely exceeds the singles rate from Compton p-pairs. 

But this is also of interest in testing p-e universality at very high q2. The 

“Bethe-Heitler” muons probably dominate the background muons from n*-decay, 

but the necessary estimates have not yet been made. _- 
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APPENDIX 

We attain a condition between P(N) and <xQr>N which guarantees that F(x) 

is analytic at x = 0 and equal to a non-zero constant. Using the Sommerfeld- 

Watson transformation we rewrite (II. 15) as an integral over the contour shown 

in Fig. 11, 

F(x) = 2x 
/ 

N P(2N+l) <xQ?> 
l-x 2N-1 ,inN 

-.a i 1 (2N+l) sin TN 
.:a! 

dN (A. 1) 

The contribution of the semicircle at infinity is negligible. For the remaining of 

the integral we can use (for x-0) 

x(l-~)~~-l z x e-(2N-1)x = _ f &3 -(2N-1)x IN 

a- 

and integrate by parts 

_ F(x) = 
_ - 

,-(2N-1)x & 

(~4.2) 

(A. 3) 

In the limit of x- 0 

NWN+l) <F 6i3t2N+lj eilrN a+im 
F(x) - sin nN 

- NWN+l) <cQ2> 
N-a-i- i i (2N+l) . 

I a-ioo (A.4) 

Therefore F(x) approaches a constant if and only if P(w ’ 
N<CQ,2>, l 

For <C Qf)N 
i 

linear in N this reduces to the condition mentioned in the text. 

-- 
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LIST OF FIGURES 

1. Kinematics of lepton-nucleon scattering in the parton model. 

2. Plot of the data as a function of v /Q2. 

3. Plot of the results for a model of three quarks in a sea of quark-antiquark 

pairs. The dotted line is an eye drawing through the experimental points 

of Ref. 4. 

4. Diagrams contributing to inelastic Compton scattering. . 

5. Kinematics of Compton scattering. 

6. Double differential laboratory cross section for inelastic Compton scattering 

for an 18 GeV incident bremsstrahlung spectrum. The solid curve corresponds 

to the signal. The dotted curve is the background of y’s from rots using the 
a-~ 

data of Ref. 8 as discussed in the text. 

7. Inelastic Compton scattering for a 20 GeV incident bremsstrahlung spectrum. 

The background curves are the same as in Fig. 6. - - 
: 8. Inelastic Compton scattering for a 22 GeV incident bremsstrahlung spectrum. 

The background curves are the same as in Fig. 6. 

9. Inelastic Compton scattering for a 25 GeV incident bremsstrahlung spectrum. 

The background curves are the same as in Fig. 6. 

10. Mu-pair production by inelastic Compton scattering. 

11. Contour of integration for the .Sommerfeld-Watson transform. 
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