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Introduction

Although some of the models proposed for deep inelastic electron scattering
were sufficiently scientific to be tested and eliminated by the new datal, §0 many
viable models rerﬁain that it would be impossible to give a systematic review in
thirty minutes. I shall therefore concentrate oﬁ a few topics; the omissions may
be rectified slightly by my concluding remarks in which I shall attempt to summarise
the present situation. I shall assume that the kinematics and the main features of
the data are well known, as are the basic ideas of the most popular modeis, which
have been adequately advertised at innumerable conferences aﬁd seminars. 2,3,4

More specifically my plan is to discuss:

1) The parton model.

2) The possible survival of resonance contributions at large | q2 l.

3) Regge behavior, FESR and fixed poles.

4) What has been learned about ™ N recently (summary and conclusions).

5) Related processes.

(In the written version of this talk the discussion has been considerably extended. )

In this talk I shall take the preliminary SLAC-MIT data literally. Once and
for all, let me make the necessary qualification that all conclusions based on this
data should be treated cautiously. I shall assume that, to a good approximation,
the deuteron structure functions are the sums of the proton and neutron structure
functions, although subtle corrections may occur due to high momentum components

in: the deuteron wave function. 5

The parton model

In the parton model it is supposed that, in the deep inelastic region, the

nucleon behaves effectively as a free gas of point like constituents (or "partons')




proportional to

i proton bare final physical
constituents state hadrons
interaction

The final state interaction is normally ignored on the grounds that it turns one
complete set of states into another. The model is supposed to apply in a frame
where | P] >> M in which, it is argued, the partons are almost free (i.e. on
mass shell). The partons are assumed to have small momentum transverse to
the proton's three momentum P (as does the debris observed when the proton is
broken up by collision with ahother hadron). Then if the ith partoncarries afraction
X; of B we find P; = X PIJ' Because the partons are nearly on mass shell, the
photon parton cross section ~ 6 (x2q-P + q2). It is this delta function together
with the assumption that the partons are point like which gives scale invariance,
i. e. the result that the structure fuﬁctions W1 and vW2 depend only on w =% = 3.
In order to see qualitatively the sort of prediction the model makes, supp;s?e
that the proton's momentum is symmetrically distributed among the partons on
average so that

e |
<K>o = w




in a configuration with N partons. Hence at small w (=1/x) we are effectively
examining small N configurations while at large w we are probing large N con-
figurations. Since some of the constituents in the proton and neutron must be

different, they will appear different when w is small (N small) but presumably
they will look the same at large w (large N). Combining this with the fact that

sz vanishes kinematically at w =1, we see that VW123 - vwgl will have the shape:

| vwg— vWS! ﬁ

as is observed.
The first thing we learn from the data about the nature of the partons is their

spin. To see this consider the photon parton interaction in the Breit frame:

W < o
_ ﬁ>—"c;‘/2.

If the parton has spin 0 it carries no helicity in or out along-Ef; hence it cannot
absorb a transverse photon and O = 0. I the parton has spin% its helicity is
conserved by the electromagnetic vertex when it is highly relativistic but,
since its direction is reversed, it must absorb a unit of helicity from the photon;

scalar photons are therefore impotent in this case and a's = 0. In fact,




% @) _ effective number of spin 0 partons
o)

effective number of spin % partons

Experimentally» crs/ O is smé.ll at all w sok that spin 0 partons cannot play an
important role; the model of Drell, Levy and Y.e_m6 (DLY), in which the partons
are bare pions and nuéleons, is therefore in trouble.

We shall assume henceforth that the charged partons are quarks7, which
is the simplest choice compatible with the sacrosanct principles of current
algebra. One of the most pertinent experimental resﬁlts for the quark parton

model is that

(o]
dw 1 n

A= ,0/ - (F;p @) - FY (w)) = 0.19 + 0.08
where Regge theory has been used for w> 12, so that the true error is possibly

infinite (F, is the scale invariant limit of YW,). In the parton model
2 2

N
sz%‘o = ZPN Z;le
N i=1

where PN is the probability of there being N partons and Qi their charges. This
result follows directly from the fact that the distribution functions for the parton's
momentum (fiN(x)) are normalized to one. Note that if F, has the Poméron
dominated Regge behavior Fy () L% const. the left hand side is infinite so
that 2 must go to infinity. |

1;rom a mixture of quarks arid éntiquarks there are two ways to make an

isodoublet:




1. proton ~ p quark x SU(2) scalar

o

)

2 < 2 _
(21: Q lprobon - ZiQi | neutron =

2. proton ~ 1 quark x SU(2) scalar

2 ' 2 - 1
(zl: 9 proton zl: 9 ' neutron =3 \) )
Vi : /

Assuming fractions 1-¢ and € of the two configurations we gets:

2¢
3

!
oo
iA
(>d
H
e

=
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Experimentally € = 0.22 + 0,12, Although, strictly, the error in € is infinite,
let us assurge that indeed € # 0 in which case the second configuration is required
and all models previously considered are excluded.

Another sum rule9 follows in models in which < x >N =1/N:
<@> = IFZ% ~ 017 (Expt. )’
w ,

where we have again used Regge theory at large w. If only quarks and antiquarks
are present

<Q2>22/9.

Neutral particles must therefore be introduced to reduce this number which is not
unreasonable since neutral "ghions" are present in quark models based on renor-

malizable Lagrangians.




The necessity for configuration mixing (¢ # 0) and the presence of gluons
gravely reduce the predictive power of the quark parton model. Relations remain
but their main content can be obtained from more profound considerations in most

caseslo. An exception isn:

2.\
do pvP_ gy, 8 o (G ME) yn_ VP do LYP_pyn

Combining this with the CERN and SLAC data we get

+16.‘O) il +0.6>
3.3(_ NE =5 > 167 o

The errors are left to indicate that a reduction of the input errors could give

a very tight constraint. The upper (but not the lower) bound on "™ ¢"P involves
vn vn »

the assumption < x> = 1/N which gives 2 > g _ > 1. The limits on -0;1;5 are
o c
therefore
D
2 > = > 1.2 .
P

This indicates that high energy v (as opposed to v ) experiments in a hydrogen

bubble chamber may be more productive than has sometimes been thought. 12

This expectation is sustained by the CERN experiment which indicates that

vn
g’v‘ﬁ’ ~1 (for | q2 | > 0.5 GeVz) and is unlikely to be > 2 anywhere in the deep
o

- . . 13
inelastic region.
While it is easy to destroy, the quark parton model is hard to verify and may

not be very useful except as an heuristic device in inelastic lepton scattering. 14




Survival of Resonant Contributions in the Deep Inelastic Limit

Reéonance contributions are expected to fall off rapidly with increasing | qz I
at fixed missing mass. Nevertheless the resonances can contribute in the scaling
limit provided their densify increases sufficient}ly rapidly; this occurs in the
Veneziano type model of Landshoff and Polkinghornel5, for example. To appre-
ciate this phenomenon, consider scattering from a spin zero nucleon in a world
consisting of spin zero resonances whose excitation form factors are all equal to

G(qz). In this case:

il

YW, = 2v &2 ) 2 6(s—-mi2) ~20 @) p(s)
1

-0 @@ (-¢* @' -1

where we have assumed that the level density p (s) is large so that ‘-? uj P (m2)dm2

_ 2, 2 2 2 2.n 2 o ! .
W'=w+M/-q"). EG (@)~ (1/q9")" atlarge q°, scaling is achieved provided

p(s)~ sn"l, and we deduce that:

YW, ~ W= l)n—1 ,

a relation first obtained by DLY6, on quite different grounds, which fits the data
near threshold with n =4. (Away from threshold this crude model presumably
fails due to finite resonance widths — justr as the Veneziano model gives a mis-
leading sum of & functions for Im A on the real axis but Reggeises if v — « at
an infinitesimal angle to the real axis,)

Bloom and Gri]man16 have plotted the data in a way which suggests that the
resonances do survive in the scaling limit. They considered a sum rule which is

easily derived by writing an integral of the function VT, (of which VW, is the



discontinuity)around a contour C in the complex v plane at fixed qzz

C

1l
o

é vT . dv
B 2

This integral is considered at two different values of qz, e.g. on the lines a and b:
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If (empirically) YW, séales in the shaded region and if Re VT, also scales
there, then the contributions from |v | > " and [ v | > 1)2 are the same in the
two cases. Therefore
)

1 -
i

%
_{ vW2(V,q221)dv 2.4‘, szr(qulzj)‘dv .
The first integral is essentially entirely over the scaling region if | qi | is large,
while the second is over the resonance region. |
Bloom and Gilman actually considered the integrals up to a fixed w' = s/q2

along a and b, rather than up to a fixed w (and found that the sum rule is satisfied
to ~ 10% 17). In the variable w' scaling seems to begin at very low missing mass
so that the range of the integrals in the sum rule is small. The approximate local
equality of the integrands in this variable is therefore not very suprising —

schematically:

YWy /N
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If sz is plotted against w this "local equality' at finite and infinite q2
is no longer observed. This is simply a reflection of the fact that the domain
where YW, is a function of w' only is much larger than the domain where it is
a function of w only. \

Bloom and Gilman assumed that the local equality at fixed w' and different

q2 could be taken to an extreme and used to calculate (aneutron)/ (varoton) at

2 2
threshold in terms of the elastic form factors. It is quite remarkable that their
result agrees with experiment.

Since the Bloom-Gilman sum rule depends only on scaling in a certain
region and analyticity its success is not directly related to whether the resonances
survive at large | q2 | relative to some background. Plots of sz against w' 16
suggest that they do survive but detailed fits to the data are needed to establish

this point.

Regge behaviour and FESR

The suggestion that Wy and W, are Regge behaved for large v > N(q2) at
fixed q2 is quite compatible with sca,lingls’19 provided N(q2) ~ q2 and the residue

functions satisfy

l-a,
g~ .

In this case
a.~1
1
Fy(@) = Zi)biw
2
- 1 2N@")
w<> wR = 1im —

—dz_*w —q
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The leading trajectories are the P(a=0), P' and A2 (a =3 ) and the data

can indeed be fitted by~ "

0.185

w

FYP) = 0275 +

(which falls to Fy(®), just as cry (v) does).

Assuming Rég;ge behaviour at largeh w, we obtain the FESR

Re . Cr
fdw (Fy (@) - Fy PE0@) == 5
where C # 0 if there is a Regge pole at @ = 0 (fixed or moving) in the virtual
forward Compton amplitude T, of which W2 is the imaginary part
2, v 56 @)
Ty(v,q) — +=—5— +a # 0 Regge poles.
i
A

2
C = lim _2_:”/_._(%__)_ .
._qz’-»OO —'q

¥ we make a Regge fit frbm near the maximum of VW, we will clearly find

C > 0:;

VW, ‘
2 A\ Regge fit
o 8
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I C = 0, then Regge behaviour must be approached from above

| =
Regge fit

?

What does theory tell us about C? Cheng and Tung have au:‘gued21 that the
residues of fixed poles are polynomialé. Accepting this pro tem (and aésuming
that any o = 0 pole is fixed) the only possibility consistent with scaling and the

kinematic constraint T1 + (v2 Tz)/q2 R 0is

q--0
P o=
T, a+ a # 0 Regge poles
T, r -3 —ag + a # 0 Regge poles

13

The constant a can be evaluated by using an FESR for Tl/ v at q2= 0 giving

2

1+ — Idv (0 (v)-aRnge(v)) =Idw (Fz(w)— Fgegge(w)) = -9271
277« - Y Y ‘

This is the sum rule of Cornwall, Corrigan and Norton22 and Rajaraman and

' 2
Rajesakazranzg. The left-hand side has been evaluated by Damashek and Gilman 4
and by Dominguez, Ferro Fontan and Suaya25 and found to be ~ +1. A cursory

examination of the data suggests that the right hand side is < 0 and therefore the
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sum rule fails, which would imply that the residue of the @ = 0 pole is not a
polynomial.
At first sight it seems trivial to exhibit models with fixed poles with non-

polynomial residues, e.g.

Unless it is somehow cancelled as qz-* MZ and q'2 — Mi this diagram alone is
impossible, however, since it implies the existence of a fixed pole in strong inter-
actions. This is essentially the argument of Cheng and Tungzl: singularities
which cbuld induce non-polynomial béhaviour of the residues probably give rise to
fixed poles in strong interactions and/or photoproduction. The argument is not
compelling if one views the spectre of fixed poles in photopi‘oduction with
equanimity.

It would obviqusly be interesting to examine the sum rule for the residue of
the o = 0 pole at various fixed values of q2 if sufficiently accurate data exists. This

is being investigated by F. Close and R. Suaya at SLAC.
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Summary of what has been learned from e N

In this section I shall {ry to summérise something of what we have 1earnevd~
about inelastic electron scattering in the last few months.

1) Models in which the proton and neutron! structure functions are the same
at large | q2 | are excluded experimentally. 19,26

2) The DLY model is in trouble because O'L/O'T is small at all w.

3) Configuration mixing (¢ # 0) and the presence of gludns leave the quark
parton model with little predictive power which is not possessed by more general
models.

4) Contrary to eariier folklore, the contribution of the resonances may
survive in the scaling limit.

5) Finite energy sum rules indicate the possible presence of a J =10
Regge pole (fixed or moving) with a non-polynomial residue, if Regge behaviour is
assumed at large w.

6) The problem of the proton neutron mass difference remains obscure. 21

7) Some models of [J,J] give results in reasonable agreement with the

deuteron data. 28,29

Definitive tests of these models and models of [J,J] urgently
require accurate v/ vV experiments at large energies.

8) Experiment indicates that the leading light cone singularity of products
of operators is given by renormalized perturbation theory, apart frdm logs (the
neighborhood of the light cone is the configuration space region conjugate to the
deep inelastic region in momentum space in this process). In other words the logs
which break scale invariance in perturbation theory do not add up to a power and
totally destroy scaling by changing the leading singularity — giving "anomalous
dimensions" in Wilson's language. 30 (For a review of the light cone approach see

references 31 and 32.,)




-15 -

Related processes |

Finally I shall list some processes which will shed light on the various
models of highly inelastic electron scattering.

1) elastic v /v scattering.

2) Coincidence measurements in inelastic electron scattering (some pre-
liminary results are already available33). It should be stressed that the scarcity
of predictions for these processes reflects the unspohisticated nature of present
theories (which have not yet mastered VW2) and not that the experiments are un-
interesting. 34

3) Experiments on pp — u+u' R at large q2 and different values of s.
This is particularly interesting since several different models have been appliec? 335’36
In thé parton model the dominant diagrams are supposed to be those in which a parton
and an antiparton annihilate (which is the only circumstance in which a time like

photon can couple two on shell states):

t16 :

This gives the scale invariant resul
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On the other hand, Altarelli, Brandt and Preparata found35’ 81

do 1 2 1 2
—g ~ —g F8/q7) + 55— Fy(s/q)
dg M1 q M2

by relating the cross section to the light cone behaviour of operator products and
using some Regge assumptions (their calculation seems to involve an implicit
assumptions that the limits s — « amd-—q2 — © are ini:ercha.ngeable6 and that the
operator expansion is valid in a "strong" .sense32). ‘They were also able to make
a model of the functions Fy and F, which gave a reasonable fit to experiment37
with two parameters. |

This process is particularly interesting because of the connection with
PP — W+ ... . The DLY result implies substantial cross sections at the CERN

ISR compared to previous calculations (if W exists with M,,, not too enormous);

W
the "light cone" result is gigantic.

4) yp— "v"p. This process was studied by Bjorken and Paschos in the
framework of the parton model in certain kinematical conditions9’38; further work

. 39
is under way °.

5) e+e' colliding beam experiments. Although in general there is no
necessary connection with e N scattering, the processes are related in some
models. The large annihilation cross sections reported at Frascati, while
hardly in the asymptotic region, certainly add credibility to the notion of point
like constituents inside the nucleon. Further experimental results are eagerly
awaited and we can clearly anticipate a pandemic of theoretical papers on this

Subject.
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Note added in proof: The theorem on p. 5 (lAl < 1/3) is incorrect. This was
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example. It is true, however, that if A # 1/3 the models

previously considered are excluded.
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This result is in the addendum fo ref. 8. The lower bound depends on.

assuming Fg' P~ Fg Dat unexplored w. The upper bound involves the

N 1/N and that the nucleon belongs to an SU(3)

assumptions that < x>

octet. We have taken the Cabibbo angle to be zero here.

For an extreme case see P. Landshoff (CERN TH 1180) who suggests that

Vp/o_vn =~ 0,

g Note that in the gquark parton model we expect aP-o"® to

‘be near the lower bound (which is reached when € = 0) since € is small.
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leading terms have the structure:

A~

S

The two groups of particles are loath to interact because of the cut off in
transverse momentum (which ensures that the electron scattgﬁs-incoherently
from the partons). Graphs in which the two groups of particleé 'interact
vanish like log s/s in the scaling limit in each order of perturbation theory.
This seems to imply that if partons are quarks, then quarks are being pro-
duced at SLAC (or else that the model is irrelevant). An escape route is

opened by the work of Chang and Yan (SLAC-PUB-793) who studied a model
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