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I. Introduction

-

When this conference was last held in Western Europe in 1968, the first
preliminary results on deep inelastic electron-proton scattering were given.
The 8 = 6° data, as preéented by the SLAC MIT collaboration to the Vienna
Conference1 are shown in Fig. 1, where an indication of the scaling behavior
predicted by Bjorkenz is already in evidence.

This year, final results from a second experiment on 6o and 10° electron
scattering on both hydrogen and deuterium targets were published, 3 as shown
in Fig. 2. Aside from the vast improvement in the accuracy, quantity, and
scope of the data on deep inelastic lepton scattering in the intervening six years,
there has been a qualitative change of great importance in our understanding of
both nucleon structure and weak and electromagnetic currents as a result of
these and related experiments. A well-investigated theoretical framework has
grown up, within which the data may be interpreted, and from which additional
predictions and speculations may be made. The ideas of scaling, the light cone
behavior of products of currents, and the quark-parton model generated thereby
have come to occupy such an important place in high energy physics that they
effect aspects of the subject matter of almost every session at this conference.

Moreover, this conference has seen the presentation both from SLAC and
NAL of new deep inelastic lepton scattering data with more than an order of
magnitude higher energy and/or momentum transfer squared than characterizes
the data in Fig. 1. As such, it is an excellent time to review where we stand in
understanding deep inelastic scattering and what has been revealed thereby about

the structure of hadrons. We do so with an eye as to how the previously successful



abstraction from the free quark model of certain properties of current com-
mutatot's might be modified as we enter this new domain of energies and

momentum transfers.
II. Kinematic and Theoretical Framework

Inelastic lepton scattering has the very important conceptual and practical
advantage that one can use the current-current form of the weak or electro-
magnetic interaction in lowest order to separate the double differential cross
section for detection of only the final lepton,4
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into a known part arising from the lepton trace, LMV , and a structure tensor for

the hadron target, W”V . For inelastic electron or muon scattering Wuv is
defined as
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Lorentz and gauge invariance permit the tensor to be written in this case as
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where the familiar Torentz scalar structure functions W1 and W2 depend on

v = -p.q/M and q2, the laboratory energy and invariant momentum transfer

squared carried by the virtual photon.



We will be considering the limit where both v and q2 become large, for
whichthe region of configuration space x2 = (, i.e. the light cone, 5 is the
important domain of integration in Eq. (2). For the purpose of studying this,
it is relevant to consider the Wilson expansion for operator products at short

distances, 6
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where Sn(x) is a singular c-number function and we have only written the
leading term7 contributing to W2 in the large v and q2 limit. Taking the spin-
averaged hadronic matrix element of Eq. (4) in the limit of large qz (with cor-

responding neglect of non-leading terms), one finds from Eq. (2) that the moment
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where gn(qz) is essentially the Fourier transform of Sn(x) and ch is a constant
related to the hadronic matrix element of O#Vll (0), while w is the
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familiar scaling variable,

w = 2M v/q2 . ©)

As the cn's are constants, the character of the behavior of sz as v and q2
become large is seen to correspond directly to the behavior of the §n(q2)'s as
q2 — ©, Their behavior is a characteristic of that of the product of two currents

at short distances — all information about the specific hadron target is

separated and contained in the cn's. For the moments, Mn(qz), and the



corresponding functions Sn(qz), the following possibilities present themselves:
1. The moments behave as

M (@) —> cnwz/qu.in : Q)
g~
where dn is called the anomalous dimension. Such a behavior is common to
many interacting field theories in ladder approximation. The dn's are mono-
tonically increasing functions of n. Since a candidate for Ouvul .. .#zn(O) in the
case n=0 is the stress-energy tensor with vanishing anomalous dimension, the

first term in Eq. (4) is usually taken to have dO = 0. As aresult
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where x = 1/w; i. e. the area under VW2 is constant at large qz.
2. Certain non-Abelian gauge theories are asymptotically free, 8,9 in that
the " effective coupling constant! vanishes logarithmically as qz -+, In such

theories the moments behave as

2
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In a crude sense such theories then almost scale, i.e. scaling of the moments
{

is only broken logarithmically. The constants An are determined by the

pertinant gauge group and the fermion representation chosen. ™’

3. If all the functions gn(qz) approach finite non~zero limits as q2 — 0

then the Sn(x) have the canonical form characteristic of free field theory. This



is just the condition of Bjorken scaling,2 for if all moments approach non-zero
constants as q2 = o then VW2 is a function only of w = 1/x rather than v and
q2 independently as v, qzs- 0,

To gain further information on the commutator of two currents when
scaling obtains, we abstract from the free quark model, where one finds for

the leading singularity on the light cone5’ 10
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where V‘ua(x) and A#a(x) are the vector and axial-vector currents with SU(3) index

o and
V0 = 7 ®OY2)iy,3(0): and AV 0) = TR0/ iy, (0): (11)
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are bilocal operators. Similar expressions obtain 0 for the commutator of a

vector and an axial —veétor, {V“a(x), Af (O)J , or two axial-vector currents,
[Aﬂa(x), A f (O)J , relevant in weak interactions, while the comnection to electro-

magnetic processes is made on recalling that



J:m(x) = e[vj’ (x) +<:f13_.) vys(x)] . (12)

Some important characteristics of Eq. (10) are that:

1. The free field c-number Singularity is éxpl icit in the first factor,
yielding scaling of Wl’ VWZ, and (in neutrino scattering) VWS. Comparison
with the Wilson expansion, Eq. (4), shows that the operators OMVIJ1- ) _”211(0)
are essentially the coefficients of a Taylor series expansion of the bilocal
operators V;f(x, 0) and A;f(x,O).

2. The Lorentz structure of the tensor indices reflects the spini nature

of the quark fields and results in

2M ~
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which corresponds to the vanishing of the longitudinal relative to transverse
cross sections.

3. The SU(3) indices of the currents are explicit in terms of the SU(3)
structure constants f @By and daﬁ Y. This leads to relations between neutrino

and electron scattering which we will consider later, as well as * restrictions
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4. Matrix elements of the bilocals determine the shape, as a function of

w, of Wl’ VWZ, and YW,,. A picturesque equivalent of this quark light cone

3
12,13

algebra is in terms of the quark parton model Here one regards the nucleon

target as being composed of point constituents whose interaction with the lepton




can be treated in impulse approximation in an infinite momentum frame. Each
type (i)"of quark or anti-quark, with charge Qi (in units of e), is taken to have a
distribution fi(x) in the fractional longitudinal momentum x = pz(parton)/ pz(nucleon) .

Then for deep inelastic electroproduction,

YW,

- 2 _
5= 2,Q x (x) = 2MxW, , (15)

where x is both the fractional momentum of the struck parton and the value of

the scaling variable q2/2Mv =1/w. With arbitrary fi(x)'s, Eq. (15) is just a
rewriting of the appropriate Fourier transform of matrix elements of Eq. (10).
Properties 1 through 4 are all mixed up together in the parton model. In the
following we shall try and examine each of these properties in turn, using the new

data and in the light of recent theoretical work.

III. Scaling and its Breaking

First let us take up the question of the nature of the leading singularity.
Here we immediately also face the size of non-leading terms, something which
is much less under theoretical control than the nature of the leading singularity.

One expression of this is in terms of scaling variables. Defining

w'o= W+ MY (16)

|

we see that the leading light cone behavior is the same if there is " scaling™ in
either w or w', for clearly w'— w as q2 —~ o, However at finite q2 there are
appreciable differences in considering the structure functions as they depend on

q2 with either w or w' fixed. For example, if VW2 = c(w!' —1)3 for q2 =1 G:eV2



and w' < 2, then VW2 at fixed w = 1.5 decreases by almost a factor of two
“betwéen q2 =8 GeV2 and . Of course, where VWZ is approximately constant
as a function of w, the choice of scaling variable makes little difference — a
constant scales in any variable.

This question is well illustrated in a paper from the MIT-SLAC Spectro-
meter Facilities Group collaboration14 submitted to this conference. Using an
experimental separation of sz and Wl’ they determine their q2 dependence
at fixed w, as shown in Fig. 3. Parametrizing the observed q2 dependence in

terms of a factor (1 - 2q2/Ai2), they find for 1.5 < w < 3 that

A22=75:I:7GeV2 and A12=62ﬂ:9GeV2 : )

This fall of VWZ (or Wl) with increasing q2 for fixed w near 1 has been known

15

for some time. But at fixed w!, Aiz is consistent with infinity, with 95% con-

fidence lower limits being

> 179 GevZ | aZ> 84 Gev?Z . (18)

Ay
This just corresponds to the familiar scaling in w', as shown from earlier
SLAC-MIT resu1t815 in Fig. 4. Scaling in one variable implies a definite
manner of approach to scaling in another variable, if both agree as qz - 00,

In another single arm experiment submitted to this conference,
W. B. Atwood et al. 16 at SLAC have investigated inelastic electron s'cattering
at large angles, 50° alnd 600, using the 1.6 GeV spectrometer, while simul-
taneously extending the small angle measurements with the 20 GeV spectro-
meter. Analysis of the data gathered, extending out to q2 =33 GeV2 for

electron scattering from hydrogen and deuterium, is still very preliminary.
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Some results from a comparison of 13.9 GeV electron and positron scat-
tering were reported, as shown in Fig. 5. No significant difference between
electron and positron deep inelastic scattering is seen out to q2 =15 GeVZ. As
well as supporting the dominance of one photon éxchange in deep inelastic scat-
tering (the real part of a two photon amplitude may interfere with the one photon
amplitude to produce a difference between e+p and e p inelastic scattering),
such data limit the size of some direct lepton-hadron interactions proposed to
explain ¢'e” annihilation data. "

Results from a preliminary analysis of the 50° and 60° data were discussed
in the parallel session. The cross section at such large angles is dominated by
contributions from the structure function Wl‘ A fair approximation to the data
for W1 over almost three orders of magnitude of change from w' = 2.5 down to
w' = 1.15 is given by taking a fit for VW2 (w") and assuming O'L/O'T =0.18 to
calculate values for Wl' However, there is some spread of data points with q2
at fixed values of w' beyond that calculated with the above assumptions for YW,
and O"L/ O A careful study of all the data is needed to study simultaneously
possible variations of O’L/O'T and scaling of VW2 and Wl’ as well as possible
systematic errors for each of the experiments.

Tests of scaling in high energy muon deep inelastic scattering at FNAL
have been reported to this conference by D. J. Fox et al. 18 using muon beams
of 56.3 and 150 GeV impinging on an iron target. In an ingenious.ancf direct
test of scaling, the aﬁparatus shown in Fig. 6 is "'scaled" in such a way that
muons corresponding to values of v and q2 each scaled by the ratio of the inci-

dent energies (and hence corresponding to the same value of w) pass through

the same positions in the spectrometer magnets and spark chambers, thereby
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minimizing possible systematic errors. Alternately, a comparison of data at
‘either energy may be made with Monte Carlo predictions based on SLAC results.

The data at 56.3 GeV was gathered in April of this year and the results of
the direct test of scaling are preliminary. Because of showers in the front
spark chambers and proportional chambers due to hadrons from high multi-
plicity events, only information from downstream of the first spectrometer
magnet is used in the present analysis, decreasing the resolution from =~ 13%
to =~ 18% in 1/E'. The additional information is believed to be recoverable and
will be incorporated in a later analysis.

The ratio of 150 GeV data to 56.3 GeV data is shown in Fig. 7f with statistical

errors only. The fit of this ratio to the form N/(1+ q2/ Az)2 gives

N = 1.10+0.10,  1/A% = 0.0120 + 0.0060 GeV ™2 ,

a two standard deviation effect. A fit with 1/A2 = 0 has a 12% confidence level.
The effect of various changes due to radiétive corrections, variation of crL/ s
worse momentum resolution, and a shift in the final muon's momentum are shown
in Fig. 8.

Note also that the average value of w changes with q2 from = 16 in the
lowest q2 bin to = 2 in the highest. On the theoretical side, if scaling were to
hold in w' rather than w (as for the SLAC-MIT data), one expects a drop of 10
to 15% at fixed w =2 between the two q2 values characterizing the las‘t bin. The
evidence for a breakdown of '"scaling" based on the preliminary data for the
ratio of 150 GeV to 56.3 GeV data is not strong, taken by itself.

A stronger statement is made in Ref. 18 based on taking the ratio of the

150 GeV data to a Monte Carlo calculation based on a fit to SLAC-MIT data, as
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shown in Fig. 7g. A fit to the same functional form as before gives

-

N =1.30+0.06, 1/A% = 0.0083 = 0.0015 GeV 2

where the estimated systematic error in N is + -0.10 and in 1 /A2 is + 0.0030 GeV_z.

The observed deviation is > 1 at low q2 (and high w) and < 1 at high q2 {and low w).
Note that for w > 10, one is actually extrapolating beyond the SLAC data used in
the fit. In the region of overlap in w and q2 with SLAC there is agreement to
+ 5%. If one cuts out events with w > 9, then Fig. 7h results. The value of 1/A2
is reduced by a factor of two and N = 1.1 + 0.1, The claimed rise with q2 at
large w and fall at small w is evidence against a functional form like
N/@1+ qz/Az)z, but welcome in asymptotically free gauge theories, as we shall
see in a moment.

Further information on scaling is available from the deep inelastic neu-
trino scattering experiments submitted to this conference. Recall that in terms

of the variables

X = 2Mv/q2 and y =v/E, (19)

one may write the double differential inelastic cross section in the high energy

limit as

g ¥o¥) (GZME

2
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where G = 1.0 x 10—5/1\/1% is the weak coupling constant. Assuming scaling

of W, = F (%), vW, = Fy(x), and vW, = Fg(x) implies that
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and a consequent linear rise in the total cross s_ectionv with incident beam energy E.
The agreement of data from Gargamelle with this is discussed elsewhere. 19,20

In new experiments submitted to this conference, the Caltech—NALz1 and Harvard-

Pennsylvania—Wisconsin22 collaborations, both working at FNAL, have reported

total cross section results for both neutrinos and antineutrinos. The resultsz1

of the Caltech-NAL experiment using a dichromatic beam with < E > of 38 and

108 GeV are shown in Fig. 9. The broad-band beam used in the Harvard-

Pennsylvania-Wisconsin experimentz2 gives results which are shown in Figs. 10

and 11. Both these experiments show consistency with a continuing linear rise

of the total cross section with E for both neutrinos and antineutrinos for beam

energies into the 100 to 200 GeV range.

A more stringent test of scaling is provided by considering the q2 distri-

bution, and more specifically

<q2> = 2ME < xy > (22)

where

d20'
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Thus < q2 > should aléo rise linearly with E if there is scaling, with a coef-

< f(x,y) > =

ficient related to the first moment of F2 (x), 2Mx Fl(x) and XF3 (x), i.e.

1

fdxsz(x), ete.
0
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Figures 12 and 13 show this predicted linear rise in < q2 > compared with

- the Harvard-Pennsylvania-Wisconsin da’ca22 extending up to = 200 GeV.
Alternately one may look at the q2 distribution, as done by the Caltech-NAL
group,21 and shown in Fig. 14. Interms of a multiplicative propagator term
[1 + q2/ Az] —2, the agreement between experiment and expectation based on

erd(x) from SLAC yields a 90% confidence lower limit
A > 10.3 GeV ,

with values of A from 15 GeV to infinity equally likely.

An even stronger test of scaling is made by integrating over y and com-
paring directly dcr(y’;)/dx with er d(x), under the assumption that F, (%),
2Mx F1 (x) and xF3 (X) are proportional — something we will see evidence for
later. The resulting comparison is shown in Fig. 15 for the Caltech-NAL data
and in Fig. 16 for those from the Harvard—Pennsylvania—Wiséonsin experiment.
Within errors there is no indication of a deviation from scaling as seen at SLAC;

Throughout the above discussion we saw comparisons have been made by |
experimentalists to a breakdown of scaling in the form [1 + qz/Az] -2. Such a
form was suggested by Chanowitz and Drellz3 in the guise of a parton form
factor. This idea was extended by Wesi:,24 who adds a quark anomalous moment
term, permitting a cancellation in the space-like region (and approximate
scaling in electroproduction) and an enhancement for time-like q2 (to‘ explain
e+e_ annihilation). While this is more a phenomenology than a cbmplete field
theory of scaling and its breakdown, it is at least a useful parametrization in
certain regions. In addition to an obvious effect on q2 distributions, the pre-

sence of such extra qz dependent factors has important effects on other
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distributions, particularly for deep inelastic neutrino scattering. An

) emﬁple, from the recent paper of West and Zerwaszs, is shown in Fig. 17.

On the basis of the neutrino data we saw earlier, the specific non-zero valuesz4
of the quark magnetic moment and 1 /A2 used iﬁ Fig. 17 (and taken from

fit’cin,g,r‘%’z4 inelastic electron scattering and UT(e+e~—* hadrons)) would seem

ruled out. 26

The question of scale breaking in parton models has been reviewed in the
parallel session by Professor Polkinghorne. 27 In addition, he pointed out the
existence of non-leading terms which behave like 1/v € (or (1/ q2)€) with
€ <1 in a class of parton models which yield scaling and large multiplicities. 28

From a field theoretic viewpoint, one would like to investigate the be-

havior of the moments,
1

M (@) = f axx" W, v, o)
0

as q2 — « gnd compare with the behavior expected in Egs. (7) and (9). Unfor-
tunately, the data only extend up to finite values of w = 1/x at any given qz, s0

it is impossible in principle to obtain the actual moment purely experimentally.
An evaluation of the moments using w' and integrating up to w' = 5 was reported
by Bloom29 at the Bonn Conference. If interpreted in terms of anomalous
dimensions, rather small values (0 to = 0.15) resulted up to n =3. This analysis
has been recently red_pne by Nach’cnrlann30 in a way which isolates the‘contri—
bution of only the leading term in the Wilson expansion. Larger values of the
fitted anomalous dimensions result, e.g. d1 ~ 0.3. |

Even without actually calculating the moments, the behavior expected for

VW2 (v, qz) = F2 x, qz) in theories with anomalous dimensions or in asymptotically



free theories is clear. As d0= 0 and the dn's (or An’s) are monotonically
increasing with n, the area under F2 (x, q2) is constant, while in the region
near x =1, probed by large n, F2 (x, q2) must be falling with q2. This must
be compensated by a rise near x = 0, as shown in Fig. 18.

All this can be made quite quantitative in a given field theory by making
use of a trick due to Parisi31, who employed it in the case of anomalous
dimensionssz, but it may be applied to asymptotically free theories as well.
Consider, for example, the relation between moments at two values of q2
(both large) in an asymptotically free theory:33

A
n

2, 2
Mn(q-?) _ | (g™ /")

2
M (@) . (23)
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Now Mn(qz) and Mn(q'z) are the Mellin transforms of F2 (w, q2) and F2 (w, q'2),

respectively, while, by definition, [Qn(q'z/pz)/fn(qz/uz)] An is the Mellin trans-

form of
+ jo0 A
2,2 2,2
@) ) - 1 @/ % _1
L 3N BT ds 3 2 s+1° (24)
m(q/pu") - joo m(q”/u®) w
where As is the analytic continuation of An in the right half complex s plane.
Then by the convolution theorem of Mellin transforms one has (
/ 2,2
2. dw!r w 2 '
Folw,q") *[ﬁ F2<m,Q' ) L(Enq /”2),w"> . (25)
m(q/p")

Given the structure function for one value of momentum transfer squared = q'2

and for values of the scaling variable between 1 and w, one can compute it at
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another value of q2 and 2Mv/q2 = w, i.e. one has inverted the moments and
no longer needs to know the structure function up to infinite w.

Thus, in an asymptotically free theory, once non-leading terms, pre-
sumably of order Mz/qz, are negligible, and the "effective coupling constant"
which behaves as l/ln(qz/uz) is small the behavior of Fy(w, qZ) from there on
is computable, as stressed by Politzer. 34

An examp1e35, the case of a structure function whose behavior is
governed by only the operators bilinear in quark fields, is shown in Fig. 19.
Here the An's are taken from a gauge theory with 12 quarks (3 colorsx

1

4 quarks). The structure function has the form F(x) =4x2 (1 - x)3 at an initial

value of the momentum transfer squared, q‘z. The variable

- 2, 2
s = pp | IMA/BT)
' 2, 2
n(g"/u")
e 2 2 2 2 2
and if p~ =1 GeV"™, @' =100 GeV ", then the curves correspond to 4~ = 10, 20,
100, 2860 and 7 X 1018 GeV2.
Gross32 has calculated explicitly the behavior of VW2 near w =1l ina

gauge theory with 9 quarks (3 colors x 3 quarks). Assuming the structure

function behaves as (w- 1)d near w =1, from Eq. 25) it follows in such a

theory that32 for d = 3,

0.69G '

' 2
Fol@,q7) N Qn(qz/uz) GSﬂnw')P 26
= T@4+D (26)

2 2,2
Fo(@,q"™)  \n(@"/p")
where

2

2,2
n(q"/u”)
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and G is determined from the gauge group and fermion representation to be
4/27 in this case.

A few minutes with a pocket calculator and Eq. (26) produces Fig. 20
for q'z/u2 = 5. Note the large percentage drop in the structure function near
threshold. If one chooses the arbitrary scale parameter uz =1 GeVz, the
curves correspond to q2 =5, 10, 25 and 50 GeVz, respectively. The qualitative
trend of the data available is certainly to drop at fixed w near 1 with increasing
q2 in this range. Presumably a reasonable value of [J.2 could be found which
would fit the experimental observations. Note that the same qualitative behavior
of the structure function at fixed w near 1 is expected in this qz range if scaling
held in w'. Thus it is difficult to differentiate at the present time between
an approach to true scaling due to non-leading terms, and the deviations from
scaling characteristic of the leading term in asymptotically free gauge theories,

even though as q2 — « they are distinctly different.
IV. Other Characteristics of the Leading Singularity

Now let us turn to the other characteristics of the leading light cone
singularity in Eq. (10), in view of recent data. With regard to the Lorentz
structure we have already noted that in the scaling limit R = O'L/ Orp should
vanish. A further statement may be made if scaling holds, 39 for then vR should

|
40,41 It has been known for some time that R is small. 15 Ina paper‘l2

scale.
submitted to this conference, and discussed in the parallel session, the MIT -
SLAC Spectrometer Facilities Group collaboration shows that Rn= Rp within

0.02 & 0.03 and that if Rp is fit to a constant, Rp = 0.16 + 0,09.
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Moreover, in their data there is an indication that vR does scale for w= 5,
as shown in Fig. 21. For w > 5 there appears to be a rise of ¥R with q2 at
fixed w, although the available data is at low qz and this might reflect only a
threshold behavior (R = O'L/ O must vanish at q2 =0). Restrictions on R in

>

inelastic neutrino scattering may be obtained from several different

measured quantities: for example, from crg / cr,; , where the new Caltech-
NAL results21 demand that R < 0.3 averaged over x.

As noted earlier, the SU(3) properties of Eq. (10) provide restrictions
on crn/op. New information on this is provided by Bodek et al. 43 in a recent
experiment done by the MIT-SLAC (SFG) collaboration. The results, with
statistical errors only, are shown in Fig. 22. Aside from showing scaling
within errors, with increasing values of x the data approach, but do not violate,
the lower bound of 1 for cn/crp. However, the effects of deuterium become
increasingly important as x — 1. The ratios shown were corrected from their
"raw values" by multiplicative factors of 0.91, 0.74 and 0.40 at x values of 0.73,
0.79, and 0.88 respectively, due to the " smearing" induced by deuterium.
While the authors quote reasonable errors for the use of different deuterium
wave functions, the off-mass-shell behavior of the struck nucleon, and the use
of different parametrizations of the structure functions in the smearing inte-
grals (each = % 0.02 for the last data point in Fig. 22) the large corrections
which must be made beyond x = 0.8 make me, at least, nervous. It iis dif-
ficult to be completely confident about quantities like the structure functions
for off-mass-shell nucleons. If O'n/ crp actually did go to the value of 1 at
x =1, or to a value somewhat below or above it, we are very unlikely to

establish it by doing electron-deuteron inelastic scattering experiments.
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The most spectacular demonstration of the SU(3) structure of Eq. (10)
comes from comparing the results of electron and neutrino experiments.
Adding the total cross sections for neutrinos and antineutrinos, and assuming

Fz(x) = 2MxF1(x), i.e. R =0, one finds

1 |
— 2 —
T201® + Ipon® - (GﬁME)(g) 2 /0 (sz Neo + 7Y N(x>) ax| @

With no strange quarks and antiquarks in the nucleon (we will see in a
moment that there is only a small integrated antiquark component of any kind),

one finds the relation from Eq. (10),

1 1
1 /o‘ (Fz”N(x) +F2”N(x))dx = (%) 1 '/0‘ (erp(x)+ern(x)) dx|. @28)
Thus
1
1 / (erp(x) + ern(x))dx
I%: 37r0 I N (29)
PP ME [UTOT( )+ 9ror! )]

Using the older Gargamelle19’20 and new Caltech-NAL total cross section
data,21 this relation is tested in Fig. 23, where "Quark Charges' corresponds
to the value 5/18 on the left hand side of Eq. (29). Some additional checks on
the structure of Eq. (10) involving sum rules have been reported usillg the
Gargamelle data, and are discussed elsewhere. 44

Even more striking is the simplicity of the matrix elements of the bilocal

operators between one nucleon states. Data from Grargamelle{i“5 at low energies

, ng R
£ouf
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already indicated the smallness of any antiquark component in the nucleon.

The new data supports this strongly. For example, the expected flat y dis-
tribution for inelastic neutrino scattering if only quarks are present is com-~
pared with the data from the Caltech-NAL experiment21 in Fig. 24. Similarly,
the ratio of total cross sections, O'—JN/O' VN, is seen in the two experimentszl’22
at NAL in Figs. 25 and 26, where the value of 1/3 follows if no antiquarks

(and no spin zero interacting constituents) are present in the nucleon. The
Caltech-NAL experiment puts an upper limit of 10% on the integrated (over x)
antiquark component compared to that for quarks.

45,46 to be concentrated at small

What antiquark component is seen appears
X (< 0.1). Some caution should be exercised in interpreting even this as
evidence for an antiquark component, since in all experiments so far this is a
region where the predominant data have low q2, and where one may not be in
the scaling region. Also, up to now all such experiments have been done on
complex nuclei, and it is exactly the region of low x (and q2) where a small
component of virtual pions within the nucleus could supply antiquarks off which
to scatter. In any case, the smallness of the antiquark component seen now
makes it rather clear that Regge pole fits to W, starting at w =5 or 10,
which then have a large Pomeron contribution (corresponding to quark-anti-
quark pairs in the nucleon wave function) at these same values of w, are ruled out.
Deep inelastic scattering at w = 10 = 1/x does not look like real photén—hadron
or hadron-hadron total cross sections at a few GeV, where a few leading Regge
singularities, and in particular the Pomeron, alrgadydominate. To a remarkable

degree, for 1 < w < 10 the nucleon acts in deep inelastic electron and neutrino

scattering as if it were composed of simply three quarks.

vy B e
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V. The Hadronic Final State

Many people hoped, and even predicted, that the hadronic final state
in deep inelastic scattering would have a totally different character than in
photoproduction or in hadron-hadron collisions. To zeroeth order this has
proven not to be the case. But some changes with qz have shown up, and may
well be connected with the onset of scaling. We will examine just a few
examples from data presented to this conference. |

1. New data on multiplicities have been presented from a UC Santa Cruz-
SLAC collaboration47 using a muon beam in the streamer chamber at SLAC.
While the multiplicity drops = 10% between q2 =0 and q2 =~ 0.5 GeVz, there
is no further change out qz ~ 3 GeVz. The results for the charged multi-
plicity at < q2 > =1.36 GeV2 versus the total invariant hadronic energy
squared, s = WZ, are shown in Fig. 27. The values for < n > are shifted
down by a roughly constant amount from those in photoproduction, in agreement
with earlier results from the DESY48 streamer chamber and the SLAC bubble
chamber,ljc9 but in disagreement with data from a Cornell experiment. 50
However, all experiments agree that beyond q2 ~ 0,5 GeV2 the charged
multiplicity depends on the total hadronic energy and not qz, within errors.

2. Additional information on forward (along the virtual photon's three
momentum) inclusive electroproduction of protons comes from the H‘arvard
group51 working at the Wilson Synchotron at Cornell. As can be seen in Figs.
28 and 29, they find similar invariant inclusive distributions off either a proton
or neutron target, which change little with qz out to 4 GeV2 at the same value
of W (see Fig. 30). The yield drops rapidly though with increasing W at fixed

qz, as shown in Fig. 31, justas is the case in photoproduction. There seems
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little of a ""parton character! in these data.

3. Forward pion production, however, shows important changes with
qz. There is some evidencebfog a change in the slope, b, of the p 1 distri-
butions (parametrized as e— ! ), as shown in Fig. 32 from a SLAC experi-
ment,52 although this is hardly as strong as the < pf > q2 expected in
some models. 53 Much more definite and dramatic is a large change in the
ratio of forward positive to negative pions. The results from several experi-

47,49, 52
ments

are shown in Fig. 33. It is possible that the ratio is both a
function of q2 and of v in such a way that it depends only on w = 2Mv/q2.
This is the prediction of the quark-parton model 12 at sufficiently high v and q2

53,54 where the p quark projected forward by the virtual photon should

values,
fragment dominantly into 7r+'s rather than 7 's. Data on forward pions pro-
duced in inelastic neutrino scattering in Gargamelle, as repori:ed55 to this
conference, in fact agree with the predictions based on the electroproduction
data and the quark fragmentation functions extracted therefrom. 56, 57, 58 This
is one place where everything seems to work too well, given the low values of
q2 and v involved and the experimental difficulties of using complex nuclei as

targets.
VI. Other Deep Inelastic Processes Involving Currents

There are a number of related topics which I will not be able tb cover here.
In particular, papers were submitted on fixed poles in amplitudes involving
curren’cssg, polarized electroproduction, 60 and parton model fits to the structure
functions;61 these are topics which are well reviewed elsewhere. 62 The

perennial problem of the lack of shadowing seen in virtual photon-nucleus cross
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sections has been reemphasized by a new experimental result from Daresbury, 63

shownin Fig. 34. Attempts at a theoretical understanding of this are to be found
in several contributed papers. 64

The efforts to extend our theoretical success in deep inelastic scattering
to other processes involving currents, usually through the parton model, have
met with general failure up to this point. Some all too familiar examples are:

1. Electron-Positron Annihilation into Hadrons.

We have heard from Professor Richter65 about out theoretical lack of
success in understanding e+e— annihilation. Here I would like to concentrate
on a much more limited question, that of "crossing! from the space-like to
time-like region near w = 1. For certain classes of graphs the structure
fﬁnctions in the two regions are analytic continuations of one another, as in
the model of Drell, Levy and Yan. 66 An analysis of field theoretic models,
as carried out by Landshoff and Polkinghorne, 67 shows that this is not true
in general, the trouble being traceable to certain '"double discontinuity"

terms. 67

However, Gatto et al. 68 have shown for a large class of graphs in field
theory that if we define w = -2p-q/ q2 = w, there is a connection at the point

w =1 = w, where the domains of, say, ele —p+ anything (0 = @ = 1) and

- _bp
ep — e + anything, (1= w= «) touch. More precisely, if F(w) = cl(l -w) 1
- _ '

as w =-~1" in e+e annihilation and F(w) = c, (w- 1)pl as w —» 1" in electropro-

duction, then ¢ =cy and P; = Py This result follows as a particular case of the

formula of Gribov and Lipatov:69

3

©F @ = F Q=0 , 0w = F,01/0=wv) (30)

derived by summing graphs in a particular field theory model. 70

e
®_

Bk
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As a first step toward an examination of this experimentally, let us
assume F; and F, for ep — e + anything are related by F, = (2M/w)F1 , l.e.
aL/oT =0, and that correspondingly ‘152 (W) = (2M/E))’F1 (w). In the relativistic

limit, one finds then that

= L =T, (31)

where the right hand side is also equal to Fz(l/a = w) according to Gribov
and Lipatov.69

A number of precautionary statements are in order before examining
the comparison with SPEAR data65’ 1 on _ﬁ production: (a) the p's are
characterized by mean momenta of =~ 0.5 GeV, so the relativistic result in
Eq. (31) doesn't hold, although this has effects which would both raise and
lower the true value of &° T, (@), compared to (w do/dw)/ " (b) Some A's
are known to be produced and will contaminate the p sample on decaying.

(¢) The errors shown are statistical only. The overall cross sections are
not known to better than 20%, which does not include any error from my ex-
tracting cross section from various graphs. The whole exercise should only
be trusted to a factor of two.

With those caveats, the comparison of (w do/dw) /UW for ¢ e — P +any-
thing with F, (@ = 1/w) for ep ~~ e + anything is made in Fig. 35, where the
dashed line is the "reflection" of the ep — e + anything data and corresponds
to the prediction of Eq. (30). The agreement, even as to order of magnitude
is surprising to me. However, before we rejoice, even more surprising is the

result of taking pion production at SPEAR at @ = 0.5 (where the pion w
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distribution may well scale) and doing the reverse — predicting Fe”(w =2).
The result is an order of magnitude larger than that measured for Fep(w = 2).
This would violate at least parton model sum rules, and more importantly,
one's intuition, if it were true over a range of w values. 72 We still have our
most pressing failure in understanding e'e” annihilation.

2. pp—pp + Anything.

This process was first discussed in the parton model by Drell and Ya,n73

where it has its origins in parton-antiparton annihilation and there is a resulting

scaling law of the form

do 4w az

2
doo _Atre oy, (32)
Q> 3q?

where Q2 is the invariant mass squared of the lepton pair and s the total center
of mass energy squared. Recently a number of authorsu have reconsidered
this process in the light of the electron and neutrino data which shows an
absence of antiquark partons. In particular, Einhorn and Savit74 have employed
a general technique of deriving bounds in situations with inequality constraints,
and applied it using the electron and neutrino data to obtain the upper bound on
the Drell-Yan contribution shown as the solid line in Fig. 36. The data (dashed
line) is from the experiment of Christensen et al. 5 at Brookhaven. It is fairly
clear that the theory doesn't have much to say in regard to the cross section
observed in this experiment. |

3. Inelastic Compton Scattering.

The process y + p — vy + anything was suggested by Bjorken and Paschos13

as a possible test of the parton model. They predicted the simple relation
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5 <Zab
( do ) _(E-EY® ( do ) 3)
adE' | = TEE' (za?y \WE),,
1

between the inelastic Compton and inelastic electron scattering cross sections,
where Qi is the charge (in units of e) of the i'th parton. In a pa.per76 submitted
to this conference by a UC Santa Barbara group working with a 21 GeV brems-
strahlung beam at SLAC, the results of such an inelastic Compton scattering
experiment are reported. After subtracting off photons coming from °'s and
no's (which turn out to have = % the yield of TFO'S), they are left with an excess
of single photons, shown in Fig. 37. The solid line is the averaged single v
yields that result,while the dashed line is the Bjorken-Paschos prediction for
charge one partons, i.e. < }:Q;l > =< EQiz >. Especially at the highest P,
values it seems the yields lie significantly above even the charge-one parton
model predictions. 77 The parton model doesn't appear to have much to do with

this data either.
VII. Conclusion

We find ourselves in a somewhat puzzling situation. On the one hand the
world is far simpler than we had any right to expect. Not only do all the charac-
teristics of the quark light cone algebra or the quark parton model as‘ applied to
deep inelastic scattering seem to be borne out when compared with experiment,
but to a very good approximation the nucleon acts as if composed of only quarks,

and not antiquarks.

RS TN,
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On the other hand, our attempts to extend parton ideas to other processes
involving currents has not met with any clear success, and the present situation
is far more complicated than we had every right to hope. The comparison of
the parton model with ee annihilation, pp — u+,u_ + anything, and yp — y +
anything data is at best inconclusive and at worst dismal.

As for scaling itself in deep inelastic scattering, what we see is certainly
consistent with rather small énomalous dimensions, although that holds no
beauty for me. A more desirable alternative lies in the asymptotically free
gauge theories, where scaling is only broken logarithmically, and which are
perhaps even suggested by some of the new data we have reviewed. However,
true Bjorken scaling is hardly ruled out. Further precision measurements
near w =1 at the highest q2 possible are of central importance in examining
which alternative is currect. For a decisive exploration of the large w (= 100)
and q2 (10-50 GeVz) regime we must await electron-proton colliding beams.
But my general feeling on the subject of this talk, including scaling, is perhaps
best summarized in a question: who would have thought six years ago in Vienna
that the data presented there, plus the idea of three point quarks in the nucleon,
would permit one to predict to within 20% or better the results of the electron,
muon, neutrino and antineutrino deep inelastic scattering experiments per-

formed since then, which now extend over almost two orders of magnitude in

{
l

v and q2 ?
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Figure Captions

Inelastic electron-proton scattering data for 6 = 60, as presented

at the Vienna conference. 1

The structure function sz for 6 =6° and 10° inelastic scattering

on hydrogen and deuterium. 3

The structure functions sz and ZMW1 at various fixed values of

w, p101:ted14 versus q2.

The structure functions sz and 2MW1 for various q2 ranges,

plotted15 versus w',

Comparison of 13.9 GeV positron-proton and electron-proton inelastic

scattering. 16

Configurations of the apparatus of Ref. 18 at 56.3 and 150 GeV for the

direct test of scaling.

Results of the comparison of 56 GeV with 150 GeV data versus q2 and
of each energy separatel_y with a Monte Carlo simulation of the experi-
ment. 18 Figures (a), (b)', (c), (@) show the observed q2 distribution
under various cuts on the beam; (e) is the detection efficiency versus
q2 ; (f) is the ratio comparison of 150 GeV data/56 GeV data; (g) is

Fa

the ratio of 150 GeV data to a Monte carlo calculation based on a fit

S

A%

to SLAC data; (h) is the same, but for w < 9; and (j) is the ratio of
56 GeV data to a Monte Carlo calculation based on a fit to SLAC data.

All errors shown are statistical only.
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Effects of various types of systematic errors and the radiative cor-

rection on the direct test of scaling of Ref. 18.

Neutrino and antineutrino total cross sections at < E > values of

38 and 108 GeV from Ref. 21.

Neutrino-nucleon total cross sections from Ref. 22.
Antineufrino-nucleon total cross sections from Ref. 22.
2 o . 22

< @ > versus incident energy, E, for neutrinos.
2 o . . 22
< Q" > versus incident energy, E, for antineutrinos.

Qz distribution for neutrino events from Ref. 21 compared with

expectation based on er d(x) from SLAC.

Comparison of the x distribution for neutrinos of Ref. 21 with

expectation based on erd(x) from SLAC.

Comparison of the x distribution for neutrinos and antineutrinos
from Ref. 22 with expectation based on SLAC measurements of

structure functions in inelastic electron scattering.

Deviation825 of the total cross sections for neutrinos and anti-
neutrinos from linearity in E due to non-zero values of the quark

magnetic moment and 1 /A2.

Expected form of the change in F2 (w, q2) in theories with anomalous

dimensions and in asymptotically free gauge theories for increasing

2. 2 2
q”: gy > q.
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Change with q2 of a structure function whose behavior is governed
only by operators bilinear in quark fields in an asymptotically free

gauge theory35 (see text).

Change with q2 of the structure function F2 (w, q2) near w =1 in an

asymptotically free theory. 32
v R at various fixed values of w as a function of q2 from Ref. 42.

Ratio43 of inelastic electron-neutron to electron-proton inelastic

Scattering versus x = 1/w and x' =1/w"’.

Comparison‘21 of the ratio of integrated electron-nucleon to neutrino-
nucleon structure functions to the value of 5/18 expected from ''Quark

Charges. "

Comparison21 of the y distribution in neutrino-nucleon inelastic scat-
tering to a Monte Carlo calculation based on the flat distribution

expected if only quarks are present in the nucleon.
Ratio of antineutrino to neutrino total cross sections from Ref. 21.
Ratio of antineutrino to neutrino total cross sections from Ref. 22.

Charged hadron multiplicity as a function of s = W2 in inelastic electron-

proton scattering.

Invariant inclusive distribution, 51 (E d30/ dps)/ o,., for forward proton

production by a virtual photon with q2 =1.19 GeV2 on a proton target.
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The photon-nucleon system has total center of mass energy

2 211
= .2 - ' = — 2
W = 2.21 GeV. X pL/ [p pJ , and for the data here,
p2 < 0.02 GeVz.

1

Fig. 29 — Saume51 as Fig. 28, but a neutron target.

Fig. 30 — Same°’ as Fig. 28, but at q> = 3.92 GeV 2.
. 51 .

Fig. 31 — Same = as Fig. 28, but at W = 3.04 GeV.

Fig. 32 — Slope, b, of the P_|_2 distribution52 for forward pion production as a

function of qz.

Fig. 33 — Ratio of positive to negative forward-going hadrons in electroproduction

off protons as a function of qz.

Fig. 34 — Dependence63 on atomic number, A, of the virtual photon-nucleus

total cross section at qz = 0.12 and 0.25 GeVz, and in photoproduction
2
(@ =0).

65,71

Fig. 35 — Values of (w do/dw) /UIW for e'e” = p + anything compared to

'valuesg of F_(w') for ep — e + anything. The solid line is a fit15 to

o
the electroproduction data, and its "reflection, " the dashed line, is

what is expected from Eq. (30) (see text).

4+ -
Fig. 36 — Upper bound74 (solid line) on the Drell-Yan contribution to pp —u u4 +

anything compared to the datal75 (dashed line) as a function of 7 = Qz/ s.
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Fig. 37 — Compa:n'ison76 of the "single photon excess" yields (solid lines)
for y+ p —y+ anything at P, = 1.1, 1.3, 1.5, and 1.7 GeV/c in
(a), ®), (c), and (d) respectively, with the charge-one parton predic:tion13

(dashed line). See text.
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