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The current experimental status of measurements of nucleon structure funcSid'fi.'S.vin̂
deep inelastic lepton scattering is presented. Recent BCDMS and SLAG results provide " " • -..
a consistent data set for charged lepton scattering. New probes of parton distributions:
direct photons, Drell Yan di-muon production, W, Z and heavy quark production are
providing information on the gluon and antiquark distributions. The implications of
these data on our understanding of the structure of the nucleon, and the structure of the
nucleon in the nucleus are discussed.

Introduction

Deep inelastic lepton scattering has played a pivotal role in developing our current
view of the structure of the nucleon in the context of quarks and gluons, the particles of
Quantum Chromodynamics (QCD). The original M.I.T.-SLAC results on deep inelastic
scattering first gave the impetus to the concept of light, point-like partons to which
we now adhere. Scaling violations and the Q1 dependence of the structure functions
have provided essential quantitative tests of Quantum Chromodynamics. Even today,
22 years later, deep inelastic scattering continues to rub our nose in our ignorance of
the structure of nucleons. The most recent celebrated example is the crisis1, or lack
thereof, in the spin structure of the nucleon. In this talk I will review the current
experimental situation in deep inelastic lepton scattering. I will concentrate on issues of
nucleon structure and only mention in passing the important role for these data in testing
perturbative QCD. Secondly, I will discuss the emerging control we have on new probes
of parton distributions in hadronic reactions. Finally, I will give an example of how little
we actually know about how to calculate the structure of the nudeon. The next talk will
concentrate on the quark structure of nuclei, but I must point out some issues where our
understanding of nucleon structure is important for understanding nuclear structure.

Deep Inelastic Lepton Scattering

In Figure 1, I show the basic kinematic definitions for deep inelastic lepton scatter-
ing.. The essential value of deep inelastic scattering stems from the observation that the
characteristic life time of the virtual photon is small compared the the time between
interactions of the partons in the infinite momentum frame. This provides the condition:

2xP 2xP

and the impulse approximation conclusion that deep inelastic scattering measures the
momentum distribution of the quarks. The relationships between the three structure
functions: Fi, F2 and the parity violating structure function F3, and the parton distri-
butions are also given in Figure 1.

There have been two new sets of data to emerge in the past few years which seem
to have • =set the measurements of deep inelastic electron and muon scattering on solid
footing. These are the fined publication of the BCDMS data sets2 and the systematic
reanalysis of twenty years of SLAC experiments3. Rfi A CTCD - fo
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Kinematics
q = k-k'
Q2 =4£l£J5ins(ff£/2)

x = O2/{2Mu)
= Fraction of P carried fry quark as P » oo

W = (P -i- g)2 = Mass2 of recoiling hadronic system

s = (P -r Jc)- = ToiaZ Energy2

Cross Sections and Structure Functions

Partoa Model of Structure Functions

F,e = 2=F,e = i ( | (« + fi -f c + c +1 + i) + \(d + d-̂  j + J + 5 + S)]

P2" = 2=Jj" = i[d-i-5 + 6-i-u-i-c + i]
Fj" = 2[d-i-i-i-b-u-c-f]
i ^ = 2 1 ^ = X[TI -f c -f i + d -f J + 6]
i ^ = 2[u-f-c + i - d - s-b]

Figure 1. Definitions of kinematic variables and structure functions in deep inelastic
lepton scattering .

Every conference I have attended in the past several years has felt compelled (right-
fully) to deal with the discrepancy between the two major CERN muon scattering experi-
ments, EMC4 and BCDMS, in the xbj dependence of F2 . BCDMS provided measurements
of high statistical precision at high Q2, where higher twist terms are not expected to be
significant and these data have been used extensively in tests of QCD and measurements
of the strong coupling constant a,.

The concept that one can reexamine and correct 20 years of data in a consistent fash-
ion boggles my mind, but that is exactly what Whitlow et al.3 did with the body of SLAC
data on deep inelastic scattering. The major corrections which led to the reanalysis were
improved calculations of the radiative corrections using the exact prescription of Akhun-
dov, Bardin and Shumeiko5 (leading to up to 5% differences) and precise measurements
of the acceptance of the SLAC 8 GeV spectrometer which allowed the E140 results to
be used as an absolute calibration for the entire data set. The relative simplicity of the
SLAC spectrometers, and the ability to perform numerous cross checks of the systematic
errors have led to these data now being the standards for absolute measurements of the
deep inelastic cross sections.

Several groups have now done a combined analysis of the SLAC, EMC and BCDMS
results. The first step is to correct all the data sets to use consistent values of R=crx,/o-T,
usually the parameterization of SLAC E1408. Fitting the normalizations of the EMC and
BCDMS data to the SLAC results suggests that the EMC data set should be increased
by about 8% and the BCDMS data set should be decreased by 1-2 %7. The stated nor-
malization errors are 2% for SLAC, 5% for EMC and 3% for BCDMS. Figure 2 shows the
three sets of structure functions for hydrogen and deuterium after these normalizations
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Figure 2. SLAC, EMC and BCDMS F2 measurements after overall renormalizations have
been applied. (From ref 7)

have been applied. There is still disagreement at high x (reflecting the x dependence
of the discrepancy mentioned above). There are also correlated systematic errors (not
shown) which can effect the continuation of the high Q2 muon data into the low Q2 SLAC
data.

The SLAC and BCDMS data sets appear quite consistent and provide a combined



data set with two orders of magnitude in Q2 range. The BCDMS group has done a
combined analysis8 establishing that the data are in good agreement with QCD at higher
Q2 and searching for higher twist effects at low Q2. Each m bin is fit to the following Q2

dependence:

where F^T{zi,Q2) is the function fitted to the data and FfT(xuQ2) obeys the perturbative
QCD Q2 evolution according to the Altareli-Parisi equations. One higher twist correction,
the target mass correction9 is treated explicitly. This changes the scaling variable to:

The results are shown in Figure 3. The solid line is the result of the fit and the dashed
line shows the dependence of the high Q2 data with QCD and target mass corrections
only. The higher twist coefficients, C<, are shown in Figure 4 as a function of x for the D2

and H2 data. The remarkable result is that once target mass corrections are taken into
account, there is little evidence for higher twist contributions down to Q2 of 1 (GeV/c)2

at x < 0.3. This suggests that at low x, where the data is kinematically limited to lower
Qz one can still interpret'the structure functions directly in terms of partb'n' distributions.
( This is important for the discussion of shadowing below.) As an aside, an old apparent
discrepancy in the n /p ratio measured at SLAC and CERN is now found to be simply a
consequence of the evolution of the structure functions.

The parity violating structure function, J3, in neutrino scattering data provides ad-
ditional sensitivity to the quark distributions and the combination of F2 and F3 a means
of isolating the ocean distribution. The recent CCFR data10 can be used in a precise test
of the Gross-Llewellyn Smith sum rule which counts the valence quarks in the nucleon.:

= J i *•(», Q2)d* = 3 [1 - 2^2!1 + O(SGLS

CCFR obtain SGLS = 2,66 ± 0.03 ± 0.08 in good agreement with the prediction SGLS = 2.63
with A = 250 MeV.

The neutrino structure functions combined with multi-muon production data provide
a measurement of the ocean distributions and the strange quark distributions. The CCFR
and CDHS results for the ratio of strange ocean to up and down ocean in an isoscalar
(nuclear) target is:

K - {2s/{u + d) = 0.52 ± 0.07

The distributions CCFR obtains11 for the shapes of the strange ocean (xa{x) and zs(z))
and the light ocean (zg(z) = [F3 - xF3]f2 ) are shown in Figure 5.

Other probes of parton distributions

After 20 years of work, the understanding of the interpretation of deep inelastic
scattering is well in hand. But deep inelastic scattering has its limits. For example,
deep inelastic scattering can constrain the other important distribution of the nucleon's
constituents, the gluon distribution, only through integral relations, namely the total
momentum carried by the glue which, equals one minus the momentum carried by the
quarks and in the Q2 evolution of the flavor singlet distributions (which contain the
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Figure 3 Next to Leading order QCD fit to SLAC and BCDMS E2 data with target
mass corrections. The solid line is the result of the fit; the dashed line visualizes the
Q2 evolution without the higher twist effects (leading twist + target mass corrections)
(From ref 8)
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Figure 5. CCFR measurements of the shapes of the strange and non-strange sea on an
isoscalar target. Each distribution is normalized to li(Froia'ref.' 11} ••••-•"••

W.7.

DRELL YAN DIRF.CT PHOTON'S

Figure 8. Leading order diagrams for a) Drell Yan di-muon production b) Direct photon
production c) W and Z production.

ocean quarks, in contrast to the pure non-singlet F3 measured on an isoscalar target
or Fj - Y\ which only involve the valence quarks). This gives rise to fits with gluon
parameterizations with two free parameters:

which are common in the literature.
It is easy to visualize hard QCD processes in hadron-hadron reactions which should

be directly sensitive to the parton distributions. Three are shown in Figure 6: 6a) Drell-
Yan production of virtual photons to study the flavor dependence of q distributions. 6b)
Direct photon production to study the gluon distribution. 6c) W and Z production to
study the structure functions at low x. In each case, the electroweak interaction is used
in the hard scattering. In general the measured cross section can be decomposed into
the convolution of a hard scattering (QCD) piece and a product of parton distributions.

. Q) . Q)

Interpreting each of these hadronic reactions requires explicit consideration of the
higher order QCD calculations of the cross sections which opens a new set of complica-
tions. This is perhaps most easily illustrated in deep inelastic scattering. The leading



Figure 7. Leading and next to leading order diagrams for deep inelastic scattering, a)
lowest order parton model, b) Gluon Bremsstrahlung c) Photon-Gluon fusion.

order and next to leading order diagrams in deep inelastic scattering are shown in Figure
7, where 7a represents the lowest order single quark scattering contribution, 7b represents
gluon bremsstrahlung and 7c represents photon-gluon fusion. The first point is that value
of the strong coupling constant a, depends on a renormalization scale u0- Beyond the
leading order, the contributions of each order depend on a renormalization scheme12, and
so the parton distributions derived from the data are renormalization scheme and scale
dependent. For example, in deep inelastic scattering, it is possible to define a scheme,
(the DIS scheme) where diagrams 7b-7c do not contribute. Deep inelastic scattering has
one natural ( though no more fundamental) scale, Q2, and essentially all analyses use
this choice. In hadron-hadron reactions, the choice of scale is much less obvious and
represents an inherent ambiguity in the calculation if one wishes to combine deep inelas-
tic and hadron-hadron data in a single analysis. If comparable data existed, one could
calculate in a scheme where the next to leading order corrections were much smaller for
any one of these processes with correspondingly larger next to leading order corrections
in deep inelastic scattering.

The importance of the next to leading order diagrams in deep inelastic scattering can
be made evident by measuring the hadronic final state. Diagrams 7b-7c lead to events
with two forward jets (in addition to a target fragmentation jet). Such events should
show up as having larger than average transverse momentum and a planar structure
(resulting from the plane containing the virtual photon and the emerging two quarks or
quark and gluon). Figure 8 shows the resulting flow of energy in the event plane ( defined
as the plane containing the virtual photon where the summed transverse momentum of
all the hadrons is maximized) for high W events from FNAL E66513'14 with two different
event selection criteria. In both cases we see evidence for a two lobed structure indicative
of two forward jets. Calculations using the LUND Monte Carlo model15 of hadronization
show these distributions are well fit when diagrams 7b-7c are included but not when only
diagram 7a is included. Given the kinematics of deep inelastic scattering, most of these
events have X;,, ~ 0.01-0.03. In this x region, photon-gluon fusion makes a significant
contribution to the total deep inelastic cross section for the parton distributions shown
(ref 16 and 17). The differences in the predictions can be traced to the significantly
different gluon distributions at low x in these two parton distributions.

Nuclear physicists are probably experiencing a sense of deja vv in this discussion.
Measurements of outgoing hadrons also provide direct evidence for two-nucleon correla-
tions and meson exchange currents. In that case, however, to make the connection with
other low energy data we did not have the luxury to define away the effect in inclusive
scattering measurements into the nucleon momentum distributions.



0.003

0.007

0.0M

0.C05

0.00 4

0.003

o.cc:

E5ii ?'

<•/.-•> .

<a > =

515 C«v"

• 0.0:5

i >

i <
: 1
: 1

; i

1 ;

» j
!

1

t

x
I \~

': \ '
c 1 ;

T *• \

-0 0 JC 13

S (Rccicns)

Figure 8. Scaled energy flow in the event plane for two different event selection criterion
in deep inelastic rnuon scattering, a) Scaled energy flow for charged hadruns of events
with charged multiplicity > 4, W > 17.3 GeV normalized to the number of events which
pass event selection cuts. The dotted line is a Lund Monte Carlo calculations with
diagrams 7a-7c The dashed-dotted line uses only diagram 7a with an increased transverse
momentum distribution, b) Scaled energy flow for charged and neutral energy for events
with W > 20 GeV which pass a two jet filtering algorithm normalized to the total number
of scattered muons. The calculations are LUND Monte Carlo calculations with two
different sets of parton distributions. Also shown are calculations with diagrams 7b-7c
set to zero. (From ref 13 and 14)

Drell-Yan and/or direct photon results have now been included in several next-
to-leading order fits to parton distributions along with neutrino and muon scattering
data18-18. The Drell-Yan data play a significant role in determining the anti-quark distri-
butions. The fixed target direct photon data are sensitive to the gluon distribution at 1 ~
0.3 in a much more direct way than are the Q2 evolution fits of deep inelastic scattering.
But the next to leading order corrections are large, for example a factor of 2-3 in the case
of the Drell-Yan, and they do have significant dependences on the kinematic variables19.
What is really needed is precise absolute cross section measurements on nucleon targets
comparable in systematic precision to deep inelastic scattering to confirm that we have
these corrections in hand. This is a real challenge to the experimentalists throughout the
world.

Nucleon Structure

While I believe the path for future experiments is clear, we are still quite ignorant of
how to relate the measurements of the parton distributions into physical insight into the
structure of the proton. Attempts to calculate quark and gluon distributions have been
fraught with significant problems. This is, perhaps,not surprizing. Non-perturbative
QCD is hard! The most familiar example of our inability to relate parton distributions
to the structure of the nucleon is evident in understanding the EMC effect (of the first
kind). We have known for seven years that the quark distributions in the nucleus are
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Figure 9. The gluon distribution and F2 from two acceptable global fits to deep inelastic
scattering and Drell-Yan data extrapolated to low x.(Frorr ref 16)

not the same as those in the nucleon20. Here, one consistent explanation was a change of
the renomialization scale p0 in the nucleus as suggested by Q2 rescaling2-1. We can only
connect this change with other physical parameters of the nucleon such as its average size
by plausibility arguments. Relating the measurements of the spin structure functions of
the proton to our constituent quark model prejudices is another case in point.

As a concrete example, let me consider the behavior of structure functions at low
x, less than 0.1. What guidance do we have from theory on the behavior of structure
functions at low x? It comes primarily from Regge phenomenology22 which attributes
the interaction to vector meson exchange:

where a ~ 1 for the Pomeron dominates for flavor singlet terms. The non-singlet (isospin
0 ) content is dominated by terms like p and u exchange with a ~ 0.5. This implies

u,

The data can be fit with these ansatz but do not rule out other forms. Morfin and
Tung18 have included, for example, Iog7'(l + l/'x) terms in their global fits. In Ref. 18,
additional powers of ^/x are added to the fits. Figure 9 illustrates the range of F2 and
gluon distributions allowed at low x consistent with equally acceptable fits to the deep
inelastic structure function data18. Since much of the action in collider physics goes on
at these low values of x, the importance of new measurements and better theoretical
understanding in these regions is evident.

How does this effect our understanding of the nucleus. In Figure 10,1 show the E665
results23 for the raiio of the structure functions between xenon and deuterium at low
x (to x ~ 0.001). The shadowing evident here does not show a significant Q2 depen-
dence, consistent with a partonic explanation. Naively, one expects from the uncertainty
principle at small x that the quarks cannot be localized within the nucleon and that in
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this region recombination of partons from neighboring nucleons provides a natural ex-
planation of shadowing25. Calculations28 indicate that gluon recombination is the largest
single contributor to this effect. We must learn how to measure the gluon distributions
on nucleons and nuclei at these low x values. Perhaps the two forward jet events in deep
inelastic scattering will provide this tool. HERA, the new electron-proton collider which
will operate at DESY next year, will explore down to x values of 0.0001. Much of its
scientific program will be the study of parton distributions at very high Q2 or at very
low x.

The entire community would be served if the analysis of parton distributions would
focus more on what we know in a model independent way. Particularly in studying the
gluon distribution, it is important to understand what is the region of x of the gluons to
which a given measurement is sensitive. Simply reporting results as an exponent of (l-x)
may be seriously misleading us. Ideally, we should consider model independent analyses
along the lines of the well established analyses of nuclear charge distributions.

Summary

In this talk, I have tried to review the progress that we have made in measuring the
parton distributions of the nucleon. A large step forward has been made in obtaining
consistent results from two of the major experimental efforts: SLAC and BCDMS. The
community is now appreciating the valuable contribution that can be made with selected
hadronic probes and it is likely that much of the progress in the next few years will come
with increased precision and theoretical investigations in this sector. But, we still can
only primitively relate the parton distributions to a more general understanding of the
structure of the nucleon and the nucleon in the nucleus. This may be the key theoretical
effort which allows us to have a true understanding of nucleons and nuclei in OCD.
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