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Abstract: The main features of the deep inelastic scattering

of electrons by neutrons and protons can be explained by a

simple model of the nucleon consisting of partons. It turns

out that the best results are obtained if the nucleon is assum-

ed to be a linear combination of states with three quarks and a

varying number of quark-antiquark pairs with the usual fraction-

al charges.

The following model for inelastic electron-nucleon scattering is not
original, It tries to express in simple terms ideas put forward by Feynman 1,
Bjorken 2, and mamy others,

We assume a very fast-moving nucleon of momentum p= ¥ M, 1,
to be a linear combination of states with different nunbers N of partons or

antipartons

’\er.cl.ecn = Z Cwn YN + Co.\yo (1}
N

where 1+h is a state with N freely moving partons OT antipartons, and'¥L
is a state which cannot be so described. The total momentum in each of these
states is always P so that in every state \VN the sum. of all parton
momenta pi 1s equal to P. The mass of a parton and its transverse momentum
Q is assumed to be very roughly of the order M (mass of the proton). To be
concrete, let us imagine that the states Wi are states of three quarks
plus Z quark-antiquark pairs, where Z =0,1, 2 ... with N'= 3 + 2 Z.
The state Yo is added in (1) in order to express the fact that the quark-

model may not be a complete description of what is going on in the nucleon.

. - ‘ .
What is the probability l er| of a particular state 1VN 7 In order to



-2-
estimate it, let us determine the energy difference Ay between the
encrgy ﬁ (p;z-!— M?-{- Q? )1/‘1 of the supposedly freely moving partons in
¢

the state ‘+& and the energy ( P*+ P?z)lé of the nucleon. Let us put
approximately Piz—NE'r Mf.;. Qf-_-_,u M’- , and we get Oy X (N1_1) M//b» )
if BU/N > 1 | This energy can be interpreted as the reciprocal 1ife-
time T, of the virtual state "N" in the nucleon. It is also the time it
takes for the N partons to lag behind the center of the nucleon by a dis-
tance of the order of ( 3'P1)-i which is the relativistically contract-
ed dimension of the nucleon 3.

We make the simplest assumption by stating that the probability G (N)
of the state N is proportional to its lifetime: G(N) ~ C/NjL
rTnis assumption would be correct if the proton assumes any of the states
in expression (1) in random order and stays in each state for the time TN'
The constant C can be determined by normalisation, Reverting to the special
model with N = 3 + 2 Z ;) we fFind 4 C=4(1-5) where S=IC0,2
is the relative probability that the nucleon is not an assembly of N freely-
moving partons. We prefer to express G (N) as a continuous function of N and
define G:(N)c{N as the probability to find N partons when N is between N

and N +dN . Then, considering that only odd values of N appear in our spe-

cial model, we get

2
4 ~ R
G{N) =~ D/N with D=2(1-5) (2)
What is tne effect on the nucleon at rest, of a virtual lightquantum
emitted vy an inelastic electron scattering with a four-momentum transfer of
q(p,v) ? This is the virtual quantum emitted by an inelastic electron scat-
, ) 2 2,14
tering with a four-momentum transfer of q = (p -V ) and an energy
loss of v . The effect is best studied in a coordinate system in which the
light quantum has a zero time-component and a space-component --c, . In this

system bf = P/CI , which is large compared to unity if bothq and v are
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large compared to M. We assume that the partons react to light as point
charges with a charge e} ; when the proton is not an assembly of free par-
tons, it reacts weakly with the virtual quantum, because of the well-known
behavior of formfactors at large qg . This is why we disregard the contri-

bution of the substate ¥, to the inelastic scattering,

In our new frame the quantum cannot transmit energy to the partons,
but only momentum., Since the quantum has a momentum =q , the absorbing par-
ton must have a momentum q/2 , and will end up with a momentum —cl/.2. llence,
only partons with a momentum c’/z contribute to the process; that is,
roughly speaking, only the substate with N=2 P/cf . It is easily shown
from our Lorentz transformation that N = .2P/q = 2M v/qz , which is
the well-known Bjorken scale variable W . Hence, the cross-section of the
inelastic scattering must be proportional to the number of partons having

the momentum C’/Z . This number is N Gc(N)

Let us estimate the value of this cross-section. In order to avoid angu-
lar complications, we consider only small angles. We assume that scattering
cross-section of the electron with the partons is given by the Mott-cross-

section, which depends only on q -

The Mott-cross-section is evaluated for a particle of charge € . The
partons or quarks imay have a different charge €; . This is why we introduce
a function {(N) = (e;z/ez)N which is the average parton charge square

in the substate N . We then get

do(q,v) _ dN
<o = OMott ‘F(N)NG(N) To

where N is the number of the substate which can absorb the virtual quantum

in question: N = 2M v/qz . This becomes with the help of (2):

de
—_— 0 = GMOHC W.’Z,

d , vW, = DL(N) (3)
v
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The values of »f(N) are easily calculated on the basis of the cur-
rent quark-model. When N=3 , if ‘F(PJ)= '1/3 for protons and 2/9
for neutrons; for higher N, we determine /f’(N) by assuming that, on
the average, egl/ e? for a quark-antiquark pairs is 2/9. We then get

the cxpressions

, _ 2
4(N) - 9 for Neutrons

TE(N) B _;}—_ + 31N for Protons

,],D(N) is different for protons and neutrons, but they become
close for large N. Fig. 1 shows v W, as a function of WX N , as
measured for protons at SLAC 5. The large dots are the values calculated with
our expression (2) by making the plausible assumption s = 0.4. The upper dots
are for the proton, the lower ones for the neutron. The difference V(W,,P—WzN)
is plotted in Fig. 2, together with the experimental values from SLAC 5.
Our expression does not give any values for N < 3 . However, we must keep
in mind that values of w < 3 correspond to partons with momenta p;>P/3.
we excluded those values by our average assumption: p(= P/N and N=3 .
Actually, we expect that the values of our function Vv W, , as given by

(3), must be averaged over an interval of AN = 1 or 2 . In particu-

lar, the curve must go smoothly to zero at N=1.

It is surprising that this simple and crude model reproduces pretty well
the observed shape of v W, and the difference between protons and
neutrons, In particular, the fact that this difference has a maximum at w = 3
and that the ratio of v W, for Protons and Neutrons indeed was found to be
about 3/2, is a surprising support of the quark model, We also get a decrease
for larger w  in the case of the proton. Even the absolute value is of the
right order of magnitude, but one must keep in mind that it depends on our

very arbitrary, but natural assumption on the value of s. It is worthwhile
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to point out that a higher value of e /’e , -- non-fractional charges
for quarks -- would require a much larger value for s, which would be equi-
valent to stating that the quark model is not important in the make-up of

the nucleon.

Furthermore, the observations relative to the polarization also fit
this picture: The extreme relativistic situation requires the same helici-
ty before and after absorption of the virtual photon if the partons have
a spin 1/2. Since the direction of the partons is reversed in the absorp-
tion process, there would be a total helicity change of one unit, which in
turn would require a virtual photon with helicity of unity. This would im-
ply a zero-ratio between the longitudinal and transverse cross-section, as

the experiments seem to indicate.

The question arises, what secondary particles would be observed after
the inelastic collision process. It is highly improbable that the ejected
quark will be observed as an independent particle. It is more probable that
the quark will pick-up an anti-quark and emerge in form of a meson of high
energy. Ubviously, this final state interaction may considerably change the
cross-section from the value estimated above. It could be, however, that

the semi-quantitative features of our crude model may be preserved.

Acknowledgement: Let me acknowledge most instructive discussions with

R.P. Feynman, E. Feynberg, A. Gribov, T, Wu, K., CGottfried, A.B. Migdal,

J. Friedman, H. Kendall, and R, Taylor, and the instruction I received from

reading a report by C.il. Llewellyn Smith,



1.

References:

R.P. Feynman, Phys. Rev, Lett., 23, 1415 (1969), and Proceedings of 3rd
tigh tnergy Collision Conf. at Stony Brook (Gordon and Breach 1970).
J.D. Bjorken, Procecdings of 1967 Int. School of Physics at Varenna
{Academic Press, New York and London 1968},

J.b. Bjorken and L.A, Paschos, Phys. Rev. 185, 1975 (1969).

See also il. Cheng and T.T. Wu, Phys, Rev., Lett. 23, 670 (1869).

The sum of reciprocal squares of odd numbers beginning with 3 is almost
exactly V.25,

E.D. Bloom, G. Buschhorn, R.L. Cottrell, D.H., Coward, H. DeStaebler,

J. brees, C.L. Jordan, §. Miller, L. Mo, il, Piel, R.E. Taylor,

M, Breidenbach, W.R. Ditzler, J,I, Friedman, G,C. Hartmann, H.,W, Kendall,
and J.S, Poucher, - Proceedings of the XVth International Conference on

tHigh LEnergy Physics, Kiev 1970,

Figure captions:

1.

The function VW, versus W as measured for protons {(small dots with
error-bars, Ref. 5) and the predictions of our model (large dots, upper
dots for protons, lower dots for neutrons),

The difference of v W, for protons and neutrons versus W . Small
dots with error-bars are experimental results (Ref. 5), large dots are the

predictions of ocur model.
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