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I. Historical Context

A. Personal Memories of the Scaling Revolution

My assigned role, in this summer school celebrating the impor-
tant discovery of scaling, is to summarize the period between the
1968 discovery and the present. As one who lived through that period
as a postdoc and young faculty, I cannot resist starting with a per-

sonal perception of those exciting times.

In 1968, as a callow postdoc at Caltech, I was performing an
experiment at Berkeley to test the semileptonic AS=AQ rule, for which
there had been some serious experimental questions. We were complet-
ing this experiment (which verified the validity of the rule) during
the same period that Bob Wilson was providing Fermilab (known then as
the "National Accelerator Laboratory") with a strong start. My col-
leagues and I began to think about several interesting experiments

for the new laboratory.

Colleagues at Caltech had been involved in the earlier SLAC
elastic scattering experiments, so there existed good and constant
communication with events in northern California. The earliest in-
formation indicated that the cross-section for the inelastic process-
es was much larger than anticipated. No one quite knew what this
meant, but most thought it must be important. Shortly after, when
the datal were plotted with BJ's now famous x-variable? , the
phenomenal universality was obvious. It seemed to me at that point

that everyone knew it was important, but why it was important was

elusive. Feynman, I recall, was in a highly excited state about
these data which he had personally seen on a trip north, and equally
excited about the x-universality. His parton model had begun its
development3 at about that time; it was through him that I began to
understand the implications of these data as signalling the point-

like constituency of hadrons.
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A year or so after the discovery, scaling had begun‘to be cor-
roborated with data® from the bubble chamber neutrino experiment
Gargamelle (GGM). The SLAC data were predominantly in the momentum
transfer range 3 < Q2 < 30 GeVz; the Gargamelle data were at even
lower momentum transfers. One question which disturbed Feynman
greatly was why this phenomenon should be apparent at such low Q2.
1f hadrons of masses about a GeV had point-like constituents, scaling
phenomena would be expected to become apparent at much higher
energies. There was the very important question whether scaling
might be a low Q2 phenomenon that had nothing to do with the point-
like hadronic structure. 1If, on the other hand, scaling were a
consequence of point-like constituents, it should get‘even more

universal and understandable at higher momentum transfers.

Another important problem of the time, dear to my heart, invol-
ved the nature of the weak interactions. It was clear from the well-
verified selection rules that the weak interactions had a pleasing
regularity, particularly when the process involved leptons. A criti-
cal question, difficult to explore directly, was the high energy
behavior of weak interactions. When extrapolated to very high ener-
gies, the beautiful Fermi theory broke down -- giving c?oss-sections
larger than the unitarity limit. Even the hypothesiéed W-boson did
not remove this problem, though the limit was postponed to higher
energy. The scaling discovery provided a picture wherein the high
energy behavior of weak interactions could be experfmentally explored

with high rate neutrino-nucleon scattering.

If indeed there were point-like constituents of {nucleons, neu-
trino interactions with nucleons would also be point-like; a neutrino
experiment would provide interactions with center-of-mass energies
much higher than previous investigations (though still considerably
short of unitarity limits). 1In short, if quarks were real, the neu-
trino-quark interaction could be understood in detail and tests of
the weak interaction could be carried to what was, at the time, a

very high energy.



The late 1960's was the time to think about experiments for the
new National Accelerator Laboratory. After a lot of thought, Barry
Barish, Bill Ford and I at Caltech, together with Al Maschke from
Fermilab, proposed an experiment using high energy neutrinos.> The
proposal (E21) began for me more than two decades of commitment to
the investigation of deep-inelastic scattering with neutrinos. 1In
retrospect, I would specify as the two most important motivating
experiments for me:

(a) the BNL neutrino experiment of 1964 that discovered the muon
neutrino, demonstrating that one could make scientific measurements
with neutrino beams; and,

(b) the SLAC deep-inelastic scattering experiment which discovered

scaling.

This history of long involvement with neutrinos will, I hope,
excuse the sometimes overuse of neutrino examples for illustration.
Since the first scaling discovery, both neutrino and muon/electron

beams have had major impact on the development of the field.

B. Quarks are Real!!!

"It is fun to speculate ébout the way quarks would behave
if they were physical particles of finite mass (instead
of mathematical entities as they would be in the limit of
infinite mass)... A search for stable quarks would help
to reassure us of the non-existence of real quarks."

M. Gell-Mann® - 1964

From an historical context, it cannot be overemphasized that the
discovery of scaling changed in a fundamental way the picture we have
of strongly interacting particles. Before scaling, strong interac-

tions seemed a messy subject. One bright hope was the "Eightfold
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Way" of Gell-Mann; this approach had phenomenal success in describing
the spectroscopy of hadrons and the magnetic moments of baryons.
Although the picture, motivated by the mathematical group SUz, had
been highly successful in providing regularity to static hadronic
properties, it said little about the dynamics of strong interactions.
(It should be noted, however, that the sum rules of chapter V were
first obtained with SU3!) Indeed, the fact that physical quarks were
not observable as isolated entities in the laboratory made it seem
likely that the quark description was a nice tool but that is should

not be taken too seriously, as illustrated by the above quote.

A decade after the spectacular 1964 advent of the Eightfold Way,

these quarks appeared no longer to be a set of mathematical curiosi-

ties: guarks were particles -- as teai as any, and more fundamental
than most! Though stable quarks still existed only inside hadrons,

few scientists doubted their reality. This revolution in our para-

digm for hadronic matter was largely due to the discovery of scaling.

In the mid-1960's, hadronic matter seemed a kind of mushy,
fluid-like material; ten years later, we were thinking of hadrons
more like tiny atoms with hard cores (probably quarks): This intui-
tive picture was provided by experiment. The pictu}e became even
more tangible to experimentalists as it became clear that this para-
digm of quarks, besides demonstrating beauty and simplicity, was also
very useful! The utility of the concept is 11lustrated dramatically
in figure I-1, where the measured jet cross-section is shown over
several decades of cross-section and energy. The curves are calcula-

ted predictions and they are correct!

Physicists colliding hadrons with protons are able to calculate
predictions to compare to observation, whether that observation be a

known phenomenon or some postulated new phenomenon. The cross-
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section for the reaction of two hadrons, A and B, to create some
specific final state, T,
A + B » T + hadronic debris

may be calculated from a formula of the form:

a3 a0 (i+§-T)
E - z dxa dxg pi/a(%1.Q%) pj/B(xy,Q2) Eiy Q- @D
dp d”pij

Here, I' might be a J/¥, a 29, or a pair of supersymmetric par-
ticles. Miraculously, probabilities for any hard hadronic process
like these may be computed if the elementary cross-section,
o(i + j -~ T), on the far right-side of equation (I-1) is known from
first principles, and if appropriate parton distributions (p) have
been obtained from measurement. In the above equation, we need the
probability, Pi/A(xi-QZ)r for finding a parton of type i, with momen-
tum fraction, xj, inside hadron A, as well as the probability for
finding parton j inside B. These probabilities are simply derived
from the structure functions divided by x, obtained as the principal

consequence of deep-inelastic scattering experiments.
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For the deep-inelastic scattering process of a neutéino (or
antineutrino) with laboratory energy, E, incident on a fixed target
nucleon of mass, M, contained in an isoscalar target (equal numbers

of protons and neutrons):,
vu)y + N> u () + X (1-2)

only a few parameters are needed to describe reactions. These in-
clude
(a) the square of the overall center-of-mass energy, s = 2ME + Hz,

and ‘
(b) the square of the momentum transfer, Q2 - -q2, between the

lepton vertex and the hadron vertex.

In addition, dimensionless scaling variables bring a pleasing sim-
plicity to what would otherwise be very complicated. The first,
x = xpj, has been described in detail in Sid Drell's;lectures.7

This parameter,
x = Q2/2P+q (1-3)

is calculable for each event from measurable quantiti&s of the event.
Here P is the four-momentum of the target nucleon,

q is the four-momentum of the exchanged propagator, and

Q2 - -q2 is the invariant magnitude of this four-momentum.
If we consider a Lorentz frame in which the nucleon target is travel-
ling at high momentum, x is the fraction of that momentum carried by

the struck point-like parton. (See above sketch.)



The inelastisticity, or y-variable, 1s defined as

y - 2P-q/(s - M2) (1-4)
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In terms of fixed-target laboratory quantities, this is just the
ratio of final state hadronic energy to incident neutrino energy,
y = En/E. This has almost transparent significance in the limit of
massless fermions as the scattering angle between the incident and
outgoing lepton, 8%, in the center-of-mass system between the

incident neutrino and quark:
1-y=(1+cost¥y/2 . (1-5)

This is easily derived, as illustrated in figure I-2, by Lorentz
transforming the incident and outgoing lepton energies from that
system (where they are equal) and taking the ratio of laboratory
energies. It follows that the distributions in y reflect directly
the spin of the struck parton. Table I-1 shows the cases in neutrino
and antineutrino scattering when striking spin 1/2 (q,q) and spin O
(k) parto..;. For any (V,A) interaction, it can be demonstrated that
the scattering cross-section at high energy must be a linear combina-

tion of the three y-dependences shown.
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Table I-1: y-dependence (do/dy) due to rotation matrix elements

Reaction | Ang Rotation y-dependence
Mom Matrix

vq or vq 0 1 1

- - 1 + cos ¢*

vq or vq 1 __'";'——"“ 1-y)?

vk or vk | 172 cos (0%/2) Q-y)

The formulae for very high energy neutrino and antineutrino
scattering from an isoscalar target for the simplistic case where the

partons are truly free and stationary are

d2ovN 62s - 2
—— =/ |xq(x) + xq(x) [1-y) + 2 xk(x) [1-y]
dx dy 2n
- 1-6
d2ovN ¢2s _ 2 ¢ )
= - xq(x) + xq(x) [1-y] + 2 xk(x) [1l-y]
dx dy 2n

The function q(x) may be interpreted as the differential probability
for finding a spin-1/2 point-like particle constituent with a frac-
tion of the nucleon momentum between x and x+dx in a frame in which
the nucleon is travelling relativistically. Similarly, q(x) is the
distribution for pointlike antiparticle constituenés, and k(x) is the

distribution for non- spin 1/2 constituents.

The quark hypothesis for nucleon structure wouid imply, for

x > 0, that

q(x) >> q(x) > k(x). (1-7)



That is, the quark distributions should typically be larger than

those for the antiquarks and both should dominate over the non-spin
1/2 components. In the "naive" parton model, the famous R-parameter
(sometimes called the ratio of transverse to longitudinal cross-sec-

tions), given by
R = 2k(x)/[q(x)+q(x)], (1-8)

should be nearly zero. 1In the structure function language of the
next section, this implies Fy = 2xFj, which goes under the name of

the Callen-Gross relation.®

The structure functions (with R=0) are defined in terms of quark

distributions as

Fa(x) = xq(x) + xq(x) (1-9)
xF3(x) = xq(x) - xq(x)

The first is parity conserving; the second is parity-violating (and
hence can only be observed through weak interaction processes). Of
course, the hypothesis in this form is simplistic in that it neglects
all the forces holding the quarks within the nucleon as well as the
internal kinetic energies of those quarks. Such effects will contri-
bute to a finite value for k(x) [or R]). Structure functions will
also not truly be universal in x; that is, there will be some addi-

tional dependence on Q2. We return to such effects in chapter 1IV.

The discovery of approximate scaling and the relatively small
value of R at SLAC in the late 1960’'s clarified that, for electrons
in the momentum-transfer range covered by SLAC, the quark hypothesis
is valid. It was the job of experiments at higher energy over the
ensuing years to corroborate this discovery, extend it to higher

energies, and to make the tests more precise.
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For neutrino interactions, the simplest expression:of point-1like
constituents comes from simply integrating the expressions (I1-6), in
which the quantities in brackets Integrate to constants. The resul-
ting total cross-sections should rise linearly with laboratory neu-
trino energy, and the coefficients should be proportional to integ-
rals over the functions q(x) and q(x). A glance at the expressions
(I-6) and (I-7) indicates that the neutrino cross-section should be
larger than that of the antineutrino. Indeed, the coefficients dir-
ectly give the fraction of the nucleon momentum carried by quarks and
antiquarks. This consistently has told us that the nucleon carries
only about half its momentum in quarks and antiquarks, and that the

antiquarks carry roughly twenty percent of this.

Figures 1-3 gives a short summary of the history of total cross-
section measurements. The earlier low energy Gargamelle data’®
indicated an approximately linear increase up to about E ~ 10 GeV:
this is scaling behavior even though the cross-section in most of
this range is dominated by the quasi-elastic process with a single
nucleon in the final state. By 1975, it was clear that this qualita-
tive behavior continues up to about 100 GeV, as shown ip the top
inset.10 Five years later, the precision of experiments at FNAL and
at CERN was such that the cross-section divided by e;ergy, E, was
typically plotted and precisions were approaching a few percent.11

There developed in the 1980's, however, an “E;st-West" effect:
the values from Europe were lower than those in the US by about ten
percent, as shown in the middle figute.12 By 1985, these difficul-
ties were clarified with the discovery of a calibratlion difficulty in
the CERN narrow band flux system.13 The bottom figutelA shows that
the cross-section measurements since then have been in good agree-
ment, with linear slopes up to E =250 GeV. Next week, you will see
newer data from the CCFR group15 extending this range by about a fac-

tor of two.



Figure I-3: History of v, v

total cross-section

measurements. (See text.)
Top: 1975.
Middle: 1983.

Bottom: 1985.
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Demonstration of point-like constituents was the krux of the
emerging picture. But a beautiful aspect of deep-inelastic scatter-
ing was the fact that the properties of these constituents could be
directly measured. Already from the lower energy SLAC experiments, we
knew that the struck constituents appeared to have spin 1/2 --- the
demonstration of R << 1. In the mid 1970's, one neutrino experiment
indicated some problem16 with the simple quark picture, based on what
appeared as anomalies in the y-distributions for antineutrinos at
high energies. The interpretation was thought to show "effective

violations of both scale invariance and charge-symmetry invariance,"

But, over the next few years, several high energy experiments
had shown that the y-dependence of the neutrino cross-sections had
the form expected on the basis of the quark model.l7 A typical
example of the experimental y-dependence is shown in figure I-4,
where the quark and antiquark components in neutrino and antineutrino
y-distributions are clearly seen.l8 Today, data up to energies of
order 500 GeV show dependences on all the kinematic variables which
are qualitatively consistent with the quark-parton model and quanti-

tatively consistent with QCD.19
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A third critical test of the quark model is the measurement of
constituent charge. Because neutrinos couple to quarks through weak
bosons, the integrated structure functions from (vp,;“) essentially
count the pumber of quarks; electron and muon scattering experiments,
because they couple with photons, determine integrated structure
functions which depend on the sum of the mean square electric charges
from all scattered constituents. The ratio of structure functions
from the two techniques is therefore proportional to the mean square
of constituent charge. This test is non-trivial: for fractionally
charged quarks the ratio should be 5/18, whereas if integral charges

were involved, we expect a value typically between 1/2 and unity.

Mean Square Charge Test: Q° > 5 GeV?

T T
1 1.018 + 0.002 & 0.012 + (0.03]

Figure I-5: O C: BCDMS
®D: BCDMS  : 1.000 = 0.002  0.012  [0.09)
Test of con- ©Fe EMC  : 0.921  0.002 4 0.023 + [0.05]
stituent nucle- 1t b J
on charges (see i‘
o~
e $
text). g
© 1.0 b .33 I
Ral Py I
~
B -
\ " i g
£ T8 6 o I
& st ¢ 1 -0 ¢ 4
08 . . N
[) 0z 04 08

Figure I-5 shows recent results on this ratio (as a function of
x) for structure functions from the CCFR neutrino experiment normali-
zing various high energy muon structure functions. The seven percent
adjustment on the EMC data is now rather generally agreed to be nec-
essary.20 Note the suppressed scale, and the integral-charged
quars would 1:I..ely g7 :?ice a value between 1.8 and 3.6 on this
scale. The data clearly show that the constituents have the charges

expected for quarks.

|
C. Cross-section Formulae for Deep Inelastic Scattering1

For completeness, we provide here the formulae for inelastic
scattering appropriate to neutrino scattering from an isoscalar nuc-

leon (ie, the average for neutrons and protons):

G2M E

d2 vN
- . [rz"N(x,Q2)11-y+nxy/zs] + 2xF" N (x.02) (y2/2)
n

dx dy
+ xF3"N(x,Q?) y(1-y/2] ] . (1-10)

For antineutrino scattering from an isoscalar nucleon, the expression
is identical except the last term (xF3) enters with opposite sign.
The analogous expression for muon or electron scattering from isosca-
lar nucleons may be obtained by making the formal replacements in

reaction (I1-10):

Ge/m » Bral/Qh;

Fa¥N(x,Q2) = Fp#N(x,Q2);
xF1"N(x,Q?) -+ xF#N(x,Q2);
xF3#N(x,Q2) - 0.

(I-11)

The function, xF3, does not contribute since the muon scattering

reaction at fixed target energies is parity-conserving.

The relationship between the structure functions, Fy and 2xFq,
provides the definition for R:

2xF 1 + 4M2x2/Q2
T i o e
2 +
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II. A New Weak Current

The advent of deep inelastic scattering, and its demonstration
of the quark constituency of hadrons, ushered in several decades o
research using the new technique of deep inelastic scattering for
understanding details of hadronic structure and hadronic forces. But
time soon demonstrated it as a tool for investigating the nature of
weak interactions as well. It was through deep inelastic scattering
that the neutral weak current was originally found and it was largely
using deep inelastic scattering that the predicted properties of the

neutral current were verified.

for the consequences of this prediction had an interesting history.22
At the time of the prediction, there were very strong limits on the
absence of strangeness-violating decays (-~ 10-7) relative to the
ordinary charged-current processes. But strangeness- (or flavor-)
conserving processes were much more difficult to investigate, since
such decays would be swamped by strong or electromagnetic decays.

The only practical way to find them directly was through neutrino

interactions. That is, the new process
vulvy) + N = vu(vy) + X (II-1)

should accompany the analogous “ordinary” deep-inelastic processes
(I-2). At the time under discussion, the best limits on such reac-
tions would come from neutrino experiments by the Gargamelle bubble
chamber group at the 30 GeV CERN PS. Experimental detection of "mu-
onless" events was complicated by the possibility of neutron-induced
background from the relatively dense material surrounding the bubble
chamber. Understanding the background to the necessary level was not
easy. Frankly, though, in 1968 the prediction of neutral currents

did not get much experimental attention.

1
|
In 1971, it was demonstrated that the SUyxUp theofy was but one

example of a gauge theory which was in principle renormalizable to
all orders of perturbation theory.23 This created a heightened

theories, some with very different ptedictions.26 At the 1972 in-
ternational conference held at Fermilab, there were limits (some
lower than predicted by SUjxUj) placed on many exclusive neutrino-
induced neutral current processes, as well as on the deep-inelastic

process .25

The first reported observation of flavor-conserving neutral
currents came from the Gargamelle group in 1973.26  This group began
to see evidence for the inelastic process II-1,27 as well as one ex-
amnla
ample

electron.28  Since the same group had previously quoted rather

ptonic elastic scattering of antineutine by
stringent bounds on the inelastic process,29 and these bounds were
limited by the presence of neutron-induced backgrounds, there was
skepticism. Early searches at the new Fermilab accelerator by the
HPWF group in 1973 and 1974, although corroborative of the existence
of such processes, were not consistent with the rates predicced in

SU2xU1.30

By the time of the next international conference in London in
1974, there began to be corroboration for the exisgencé of neutral
current processes.31 The Gargamelle group now had two candidate
events for the elastic scattering of electrons by muon neutrinos, 32
and ‘several experiments saw exclusive channels at the two standard
deviation level. Two experiments had very strong evidence for
neutrino induced processes without neutron background. One (at BNL)

measured the neutron background using time-of-flight.33



A significant corroboration of the existence of reaction (II-1)
utilized the mew "narrow band neutrino beam" at Fermilab.34 The
experiment cleanly demonstrated the existence of reactions induced by
muon-type neutrinos, but with no muon in the final state. The spec-
trum of observed hadronic energies and the very large, dense target
were such that it was clear that the reactions were initiated by
neutrinos and that energy was transported out of the iron target by a
weakly inéeracting neutral particle in the final state. Furthermore,
the frequency of these interactions was consistent with the predic-

tions of the Weinberg-Salam theory.

Over the next five years, there were many measurements of the
rates for the neutral current inelastic reactions, as well as further
observations of neutrino-electron scattering induced by neutral cur-
rents. Interest surged to verify in as many ways as possible that we
indeed were seeing SUjpxUj. Neutrino experiments proceeded to measure
the rates for the new processes, and indeed found them to be consis-

tent with the SUjyxU; picture.

left directly untested were certain characteristics of the new
interaction, like the spin of the exchanged boson. Such information
could be obtained from processes in which the parity-violating weak
process interferes with the well-known electromagnetic interaction.
Zel'dovich had suggested much earlier that interference effects could
be visible from parity-violating processes by means of very precise
experiments. One involved laser light: a small rotation of the pol-
arization plane by scattering from atoms. By 1977, limits had been
placed on this effect and these limits were about a factor three
smaller than the Weinberg-Salam prediction. (The following year, a
finite effect was observed, and over the next several years, with
improvements in understanding of atomic wavefunctions and in experi-

mental techniques, theory and experiment converged to agreement.)
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Another suggestion by Zel’'dovich was to look for shall parity
violations using polarized electrons scattered from nucleons. In

1978, parity violation in the deep-inelastic process
e+p-re+X (11-2)

was observed at SLAC. The effect is a small one, of order H%/Qz,

or ~10°%. The experimenters were able to see asymmetry as a function
of the polarization of the incident electron by using the g-2 preces-
sion of the electron in the beam transport system and measuring the
asymmetry as a function of beam energy. Figure II-1 shows this res-
ult. The measurement was consistent with the Weinberg-Salam predic-
tion, and demonstrated clearly that the small diagram with a new
exchanged boson in the new neutral current process interferes with

the dominant diagram involving photon exchange.

Today, there are many measurements of the neutral current para-
meters, as well as measured properties for the charged and neutral
bosons.33  But the history of the subject was one in which deep-in-

elastic scattering played a crucial role.
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I11. Parton Densities

The structure functions described in the last lecture originate
as the densities of the several quark flavors inhabiting the nucleon.
The broad experimentally observed features of structure functions
argue strongly for this interpretation: rapidly varying dependence
on x and gentle or logarithmic dependence on Q2 at fixed x. This
small dependence on QZ. now understood as required by QCD, will be
largely ignored in this discussion. We will return to the depen-
dence on Q2 in chapter IV.

Over the regime of energy and momentum transfers explored to
date, we have measured the nucleon's composition in terms of u, d,
and s quark densities. (The effects of higher mass quark constitu-
ents is generally ignored; this is likely a good approximation.)

From the integral of the Fj structure function, we know that half the
nucleon momentum is carried by gluons. The gluon differential densi-
ty cannot be directly measured in deep inelastic scattering because
gluons carry no weak or electric charge, and hence are not scattered.
However, there are methods for indirectly measuring gluons which also
will be discussed in chapter IV. New methods are being developed for
measuring the gluons, primarily applicable at HERA energies. These
will be discussed in detail by Feltesse in his lectures at this

school.

The number of u-quarks in the proton between x and x+dx is
up(x)dx. [The proton is conventionally implied unless otherwise
stated; that is, u(x) = up(x).] Requirements of charge symmetry, or
isospin, imply for example that the density of down quarks in the
neutron should equal the density of up quarks in the proton. Speci-
fically,

u(x) = up(x) = dp(x) d(x) = dp(x) = up(x)
(I11-1)

u(x) = up(x) = dnp(x) d(x) = dp(x) = un(x).
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Note that integrals over these densities give the total numbers of
quarks of each type. For example, integrating over the entire range
0<x<l,

f[u(x) - G(x)]dx = net number of u-quarks in the proton.

Such relations reassure us that all quantum numbers are as defined
for the proton and neutron. We return to this important topic later

in our discussion of sum rules.

In chapter I, we discussed the quark (q) and anti-quark Q
densities. Measured on isoscalar targets, these are given in terms

of flavored quark densities as

q(x) = u(x) + d(x) + s(x) + c(x) (111-2)

q(x) = u(x) + d(x) + s(x) + c(x).

At fixed target energies, it is generally assumed that the charm

constituency is negligible {c(x) = 0].

A. Valence and Sea Quark Densities from Isoscalar:Targets

There will be occasion to refer to "valence quark” and "sea (or
ocean) quark" densities. These are respectively the quark densities
defining the quantum numbers of the nucleon and the sea of quark and

antiquark pairs. They are defined as ,

_ |
qu(x) = q(x) - q(x) (111-3)
gs(x) = q(x) .

The valence and sea densities are relatively well-measured because

they can be obtained from experiments using heavy nuclear targets.



FIGURE
m-4

The valence (essentially the xF3 structure function from isoscalar
targets) and sea distributions from recent CCFR data3®
contrasted in figure III-1.

are
(Note the logarithmic scales on these
The valence distribution rises from zero at x=0, peaks at

about 0.2 and falls roughly like a power of (1-x).

figures.)

The sea
distribution, in contrast, i1s finite at x=0 and falls much faster
with x.

B. u- and d-quark Densities

We outline here how individual quark densities are measured. For

pedagogical reasons, only u and d quarks are considered. (The
strange, or s-quarks, can be measured directly also; this will be

discussed later.) The most unambiguous technique for separating the
individual u- and d-quark and antiquark densities is to measure them
with neutrinos and antineutrinos impinging on hydrogen and deuterium
targets. For the scattering of neutrinos and antineutrinos from

protons and neutrons, the cross-sections are proportional to

vp: xd(x)  + xu(x)(l-y)?2
vn: xu(x) + xa(x)(l-y)2
(111-4)
Up: xu(x)(1-y)2 + xd(x)
vn: xd(x)(1-y)2 + xu(x).

Measurements provide four separate data points and four un-

knowns at each value of x. Unfortunately, it is very difficult to

obtain adequate numbers of events to make this separation with data

from the light nucleon targets.

Higher statistical precision from hydrogen and deuterium tar-

gets is available with electron or muon beams. The cross-sections

for scattering of charged leptons from protons or neutrons have the

following y-dependence:
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plor e)p: x[(d+d) + 4(uta)}[14(1-y)2]/9 (111-5)
_ - 5 Fieore 0Y -2
p(or e)n: x[(utu) + 4(d+d) ] [1+(1-y)4])/9.

A consequence of the vector nature and the charge coupling of

the electromagnetic current is the appearance of the combination NMC vs BCbBMS

(particle + antiparticle) in both equations. Separation of a flavor- u

ed quark from its antiquark requires additional assumptions about the i‘LS
I $
nature of ‘the sea and the valence constituencies; these are obtained i
[}
from neutrino experiments. F"- 3. oar ’a
2 . i .
Note that the ratio of Fy obtained in e,p experiments from neu- F;P sk H °'f i @
tron and proton targets is independent of y: ot . i‘i
sF s
EXR 3 -

Fpen 1+ 4(d+d)/(u+u) .
- ~ _ (111-6) ul - Y
Fy®P 4+ (d+d)/(utd) ! pR——

Figure I1I-2 shows the behavior of F2¢P/F;®P from recent and 5 X
older data.37 As x gets large, the ratio approaches 1/4. Since
valence quarks dominate at large x, it follows that the u-quark den-

sity becomes much larger than the d-quark density:

20 T ~—T )

d/u -+ 0 as x - 1.
C E685 (LAT) Pretiminery
© E£685 (SAT) Prehrunary
© BCDMS

= EMC

N S SR I0Y ;-;- ;l e o -14.—' )

Another interesting feature of this ratio is the behavior as x =
0. Here we expect that u(0) - u(0) [similarly d(0) - 5(0)) so that
the above ratio should approach unity. Indeed, if this were not

true, certain sum rules (to be discussed) would have serious diffi-

v./0,

culty, not just to conform to prediction, but even to converge to a
finite result: the entire quark-parton picture would have serious 0s

problems. The data of figure III-2 agree well with the hypothesized

-
o
r--lvvﬁr]vvvv[ﬁ-vr

approach to unity at small x.

10-¢ 10—t 109
Xy
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The individual flavor components of the valence and sea quark
distributions are not well measured. A compilation of u- and d-val-
ence quark distributions from last year38 is shown in figure I1I-3
from several neutrino experiments and from the EMC muon experiment.
Also shown as smooth curves are parametrizations3% from data avail-
able at that time. The data generally have poor precision. The muon
scattering data are systematically different for the valence d-quark
distribution. New information from the muon experiments, and a rec-
ent re-evaluation of the overall normalization for the EMC structure
functions,40 may well bring these into better agreement. For the
separate flavor components of antiquarks, the precision is even
worse. Some information on this question comes from the Gottfried

Sum Rule, discussed in chapter V.

Figure 11I-3: Separated flavors of valence components for the proton.

(a): Xuyypucr: Q*=15 GeV? (b): Xdyapwey: @°=15 GeV?
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C. The Strange Quark Density

Neutrinos produce single charmed (c-) quarks from both s- and d-
quarks; the resulting charmed mesons sometimes decay with a muon in
the final state. These facts imply that roughly one percent of neu-
trino interactions contain two final state muons; such muons are
easily detected with the large neutrino detectors in which a few
millions of events, and of order ten thousand dimuon events are col-

lected. The elementary processes creating these muons are

vy + (d,8) » p~ +c +X (111-7)
B

;y +(d,s) - pt +¢c+ X

Here the charm quark, created with a u-, emerges as a charmed par-
ticle (typically D0 or D*) which subsequently decays, e.g., DO - pt4x.
The anticharm quark (created with a p+) can decay only to u”. In
general, the processes (III-7) must lead to two final state muons of

opposite sign.

The d(d) - c(c) conversions in the above reactions are Cabibbo
suppressed, whereas production from strange quarks is Cabbibo-
favored. Hence, almost all dimuons created by antineutrinos are made
from strange quarks, while only about half those created by neutrinos

are from strange quarks.

Modelling these production processes is straightforward, though
somewhat complicated by the threshold behavior for production of
charmed particles at present fixed target energies. lThe charm
threshold is typically described using the "slow-rescaling" formu-
lat:ion,l‘1 parametrized by an effective charm quark mass, m,. The
magnitude of the strange quark component is specified with the single

parameter

k= 2s/(u + d) |, (111-8)



The constant multiplying the charged-current weak coupling be-

tween d- and c-quarks is the element, V.q, of the Kobayashi-Moskawa

matrix.

Blvcdlz, where B is the branching fraction for D-mesons to decay into

a charged muon.

table I111-1.%43

The results from three experiments

For this process, it always occurs in the combination,

42 are shown in

Table 111-1: x and B from neutrino induced p*u"~ events

Group x Veql m. (GeV)
CDHSW 0.474%.082%.046 .188 + ,018

FMM 0.528+.200%.122

CCFR 0.502+.078%.029 .213 * 014 1.361.2&T:§Z
Avg 0.492%.054%.024 .204 * 012

Figure 111-4 shows, from the CCFR experiment, the x-distribution

for the strange and antistrange sea compared with the antiquark dis-

tribution.

may be more steeply falling than that of the antiquark average.%

There is an indication that the strange sea distribution

4

Figure I11-4: Strange quark momentum distributions xs(x) and X5 (%)

compared with the xq(x) distribution.

the latter.
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D. Global Fits to Parton Distributions

There are many groups which have assumed the nontrivial task of
incorporating all deep inelastic data, as well as other relevant
measurements, in order to obtain global parametrizations to the indi-.

vidual parton densities.

Figure I11-5 shows a few examples“5 of these parametrizations.
In essentially all cases, the fits have been evolved according to the
requirements of QCD to much higher Q2 to provide predictions for
collider processes. While these global fits are good working hypo-
theses, the user should be aware of some of the limitations and dis-
agreements among data which enter these parametrizations. For exam-
ple, the use of EMC versus BCDMS data gives somewhat differing res-
ults, as seen by the left(EMC) and right(BCDMS) parts of the upper

figure. Extrapolations to Q? - M& give differing predictions as well

’ [ 2}
as seen in the lower figure. I S B ]
¥
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E. Effect of Nuclear Environment on Parton Densities

It has been known for some time that structure functions measur-
ed on free nucleons are not identical to those obtained from nucleons
bound in heavy nuclei. Figure III-6 fllustrates the x-dependence of
this phenomenon, as obtained from several measurements of electron or
muon scattering. There are three regions in x that can be delineat-

ed.

At large values (x > .6), we expect the effects of the Fermi
motion of the nucleons to make a substantive effect. Consider the
definition of x in terms of Lorentz invariants, x = Q2/2P-q. The
numerator, as determined from the initial and final state leptons,
will be unaffected by the nucleon binding. The denominator, on the

other hand, cannot be so simply obtained; that is, P-q » Mv, where v

Figure I1I1-6: The EMC effect illustrating dependence of F3(A)/F(D)

as a function of x.
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is the energy transferred to the hadron system (Ey). Instead, for a

bound nucleon
Peq = Mv - p,[d] (111-9)

where

|4] ts the magnitude of the spacelike momentum transfer and

pz is the component of the nucleon Fermi momentum in the spatial
direction of §. Hence, if we specify the measured momentum fraction
as xm-Qz/ZMu, then the actual momentum fraction for the struck quark

is
X = Xp/(1 + py/M) : (I11-10)

at large Q2. (Terms of order Q2/u2 have been ignored.) Since p, is
not known for an individual event, the x-distribution as measured
from bound nucleons will be the free nucleon distribution smeared
over the distribution in Fermi momentum with the factor (1 + py/M):
this moves x randomly by about 20% of x. This effect is largely
independent of Q2. It will also typically be a small effect except
at large x, where the free nucleon structure functions must approach
zero (from momentum conservation) but the bound nucléon structure
functions are finite. The rise in the ratio shown in figure III-6 at
large x is primarily due to this effect. (Note that the sumrules and
QCD tests should be independent of whether the nucléon is bound or
not.)

At very small x, nucleons are shadowed by the ofhers bound in a
heavy nucleus.%6 This phenomenon has been known for some time in the
scattering of real photons by nuclei. As 02 - 0, virtual photons must
approach the behavior of real photons. Figure III-7 shows the ratio
at very small x for Xe and D) as targets, from two recent experiwents
which verify this effect.? Hence, the behavior for x < 0.1 in

figure 111-6 is largely due to shadowing. There is considerable



theoretical activity in attempting a quantitative explanation for
this shielding effect.48 Such explanations lead us to expect
little Q2 dependence in this region also, which is consistent with

- . 49
Yecentl measurements. -

Figure III-7: Xe to D7 cross-section ratio at small x.
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The intermediate region, 0.1 < x < 0.6, also shows clear differ-
ences between heavy and light nuclei in figure III-6. This was a
surprise when first seen nearly ten years agoso and was dubbed the
"EMC effect." While the effect is clearly established,?! and it is
known that there is little dependence (at fixed x) on Q2, there are
several theoretical conjectures for its origin. These range from
assertions that the effective momentum transfer in heavy nuclei is
different from that in a free nucleon, to effects on the antiquark
component due to the existence of additional virtual mesons in a
large nucleus. The reader is referred to a recent review of this

interesting question.52
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F. Non-spin 1/2 Parton Density (R)

Scattering from a non-spin 1/2 component of the nucleon, denoted

(6 fn 1]
\X; it

2]
4
[
s
rt
]

parametrized by R as defined in equations (I-8) and (1-12). The very
earliest discovery experiments1 at SLAC recognized that this parame-
ter was small (R < 0.2), in qualitative agreement with the constitu-
ent quark model. A small value of R could easily be accommodated in
the pre-QCD quark model; the origin is due to effects of the quark
binding within the nucleon. Such binding would entail finite trans-
verse momentum (ky) of the quarks leading to a collision with the
lepton which is non-colinear in any frame obtained by.a Lorentz
transformation along the beam direction. These effects must create a

finite value33 of R:
R ~ 4<ke?>/Q2 (111-11)

which should decrease quickly with QZ. (We shall deal in the next
chapter with a different prediction from QCD which predicts a finite
value of R depending logarithmically on Q2.)

The early SLAC experiments were not precise enough to determine
whether R was falling with x and Q2. Later measurements showed that
the value was even smaller than 0.2 at larger values of Qz. These
different data have been nicely tied together by a recent SLAC exper-
iment,sa which clearly delineates that R falls with Q2 and with x.

We will return to this topic in the next section.



IV. QCD in Deep Inelastic Scattering

The theory of Quantum ChromoDynamics is a broad subject for
which there exist good reviews of theoretical®d , phenomenologicalsﬁ
and experiment3157 natures. QCD is now as much a part of the
paradigm for particle description as is the quark hypothesis. As
such, it is important to seek clean tests of the theory -- tests
which, if found not to stand the test of experiment, will cause us to
re-evaluate the completeness of our understanding. Measurements
which tell us more about the strong interaction and the nature of
constituents are important, of course, but there is no substitute for
tests which are unambiguously predicted before the experiment is
done. Deep inelastic scattering offers a few possible tests of this

kind.

Figure IV-1 illustrates the contributions to structure through
leading order of the perturbative expansion. Figure IV-la is the
diagram contributing in a picture of "free quarks"”, and the zeroth
approximation in a perturbative expansion. While this term is close
enough to reality so that approximate scaling was recognized at low
energies and corroborated at high energies, the contributions due to
the strong interactions are eminently visible, as illustrated in the
dependence on Q? at fixed x for the Fo structure function in figure
1v-2.58

Figure 1V-1b and -lc illustrate leading order contributions.

Figure IV-1: Diagrams describing contributions from (a) free quarks;
(b) gluon brehmstrahlung; and (c) gluon pair production to the deep-
inelastic process.

(@
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The first, denoted a flavor non-singlet contribution, arises due to

the initial quark radiating a gluon just prior to the interaction.

The second, in figure IV-1lc, has an initial state gluon (flaver sing-
let) which produces a pair of quarks, one of which interacts with the
virtual electroweak boson. Both of the latter diagrams are reduced
relative to the first by one power in the quark-gluon coupling con-
stant, ag. This "constant" in fact depends on Q?; in leading order

12x
(33- 2Nf) 1n(Q2/A2)

agl0Q?) - (leading order) (IV-1)

where N¢ is the number of quark flavors contributing. For present

deep-inelastic experiments, the energies dictate that Ng¢ = 4.
Two points should be made about the discussion thus far. First,
the discussion describes a perturbative expansion; it ignores many
possible terms which are not part of this expansion. The latter are
generally called "higher-twist" terms: instead of a logarithmic dep-
endence on Q2 as implied by the above equations, such terms would
depend on a power of 1/Q2. One example of such a term would be the
contribution to R from intrinsic transverse momentum of &uarks inside
the nucleon, as in equation III-1. Some effects due to the finite
target mass of the nucleon can be described by Georgi-Politzer cor-

rections.>?

A second point is that we have illustrated the consequences of
the perturbative expansion with the leading order diagrams and terms
only. In fact, the analysis has been carried to nextjto-leading
order. There are several approaches; the most commonly used for
comparison to experiment is a "minimum-subtraction” technique label-
led MS. The quark-gluon coupling parameter in next-to-leading order

is



102 - 38 Ng¢/3) In [1n (Q2/A5S2)
( £/3) 1n {In (Q*/AH§ 1] (19-2)

as(@®) = ag0(@d)|1 -
s s (11 - 2 Ng/3)2 1n(Q2/Ag52)
in terms of the leading order parameter of equation IV-1. More de-
tail on the next-to-leading order analysis is available.60
We return now to two specific predictions of perturbative QCD

for deep inelastic scattering.
A. Prediction for R.

Recall the definition of R from equation 1-10:

2xFy 1 + 4M2x2/Q2
Fy 1 +R

The leading order QCD-prediction from the diagrams of figure IV-
1l is

2n z z

1
ag(Q?) dz [ 8 X
R(x,Q2) - — x2 J 5 [ ~ Fp(z.Q%) + 4£(1 - —)z6(z,Q2) ]///2xrl (1v-3)
3

X

where £ = Ng (the number of flavors) in the neutrino case, and
- Ze% (the sum over quark charges) for muon/electron scat-

tering. (This assures that the same physical value of R results for
both cases. Recall that the structure function, Fj, differs in the
two cases by the quark charge squared.) The two terms on the right-
hand side of this equation come from the two diagrams of the figure
IV-1b and -lc, respectively. The integration over Fy gives the con-
tributions to non-colinearity that result from quark emission of a
gluon prior to interaction; the integration over the gluon distribu-
tion G(x,QZ) gives the contribution from pair production of a quark-

antiquark pair, one of which interacts with the propagator boson.
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It should be noted that there will, in general, be Jdditional
contributions from target mass effects, intrinsic :ransvérse momenta
of the interacting quarks (as in equation III-11), etc. The target
mass effects can be explicitly calculated. 61 Figure IV-2 shows re-
cent data taken at SLAC to measure R in the low Q2 region. The lower
dotted curves give the QCD prescriptions (equation IV-3). The dashed
curves give the predictions taking into account target mass effects.
The QCD curves do not agree with the data in this low Q2 regime.

Even including the target mass effects (dashed curves) does not re-
produce the data well in the low x, low Q2 region. The continuous
curves represent fits to the data using the QCD prediction with an

adjustable non-perturbative term.

Figure IV-2: SLAC Measurements of R (symbols). See text for

description of curves.
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There are several measurements at higher energies which are
consistent with the prediction of equation Iv-3.62  while consistent
with the perturbative QCD-inspired prediction, these measurements do

not demonstrate its validity. Taking a devil’s advocate approach,
the low energy data were parametrized as due golely to higher twist

terms of the form a(x)/Q2 + ﬂ(x)/Q“. in which the coefficients a and
B were all less than or of order 1 GeVD and the fit was quite accep-
table. When this fit was compared to data taken at higher energies,
the resulting agreement was not very different than the agreement
with the QCD prediction.63 We conclude that, while all existing
data are consistent, this important test of perturbative QCD is not

yet demonstrated experimentally.

B. Structure Function Evolution

The general scale-breaking features of deep inelastic structure
functions are

(a) the dependence on 02 at fixed x is nearly logarithmic;

(b) the logarithmic slopes at small x are positive;

(c) the logarithmic slopes at large x are negative.
1. Singlet Structure Functions
This scale-breaking pattern of structure functions is beautiful-
ly described by perturbative QCD. Most structure functions, like Fp,

are singlet structure functions. Their evolution is described®® in

perturbative QCD by

d FS(x.Q%)  ag(qd)

- FS(2,Q2) Pog() + G(2,Q2) Puc(y| dz . (1v-4)
' a9, ' qG* :

d 1n(Q2) 27
X
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The singlet function evolution requires both diagrams (b) and

(c) of figure IV-1: the first and second terms of equation (IV-4) are
the contributions of those diagrams, respectively. Here, FS des-
cribes the quark density for radiation of a gluon and G describes the
gluon density for quark pair creation. The "splitting functions” Pqq
and Pg; are specified by QCD. Strictly, this equation is valid only
in leading order, though if one allowed the predicted splitting func-
tions to also depend on ag then the equation would be valid in all
orders.65 Note that there is a completely analogous equation

defining the evolution of the gluon distribution:

d G(x,Q2)  ag(g?)
d 1n(Q2) 2%

1
X X
F$(2,Q2) Pgq(T) + 6(z,Q%) Pgg(T)| dz . (1V-5)
z z

X

With these equations, and singlet data defining the structure
function and its logarithmic derivatives, it is possible to extract
values for the quark-gluon coupling, ag, as well as the gluon distri-

bution. We shall return to this point later.

2. Nonsinglet Evolution ... A Test of Perturbative QCD

For cases like xF3, where only diagram (b) of figure IV-1 is
relevant, the evolution is predicted to have a particularly simple

form:

d FNS(x,Q? 2) |
4 FP(x,Q9) - as(Q<) J NS (2 ,q2) qu(f) az . (1V-6)
d ln(Qz) 2n z

x
Physically, this simple description results from the fact that con-

tributions from gluons are subtracted away in forming the structure



function. For this case, the predicted logarithmic slope on the
left-hand-side depends only on

a) parameters or functions (like qu) of the theory;

b) measured data, like xF3(x,Q2);

c) the quark gluon coupling, ag, which in a given order of

perturbation theory depends on the single parameter, A or Aﬁg.

Examination of the splitting function on the right hand side of
equation IV-6 reveals that integral is positive for small x and nega-
tive for large x. Hence, the prediction for the nonsinglet logarith-
mic slope is that the slope goes through zero at an x that is inde-
pendent of ag. This behavior is qualitatively preserved in higher
order. The consistency of the logarithmic slopes for nonsinglet
structure functions at small and intermediate x-values constitutes a

well-posed test for perturbative QCD.

Data have not, until now, corroborated this issue well. Figure
1V-3 shows the data on logarithmic slopes from CDHSW, 66 along with
predictions for various values of Aﬁg. The data do not support the
predictions. The authors, however, point out that this could be a
consequence of correlated systematic errors of measurement rather
than a failure of QCD. Neutrino data from the CCFR narrow band exp-

eriments®7 were statistically inadequate to answer this question def-

initively.
din xf
aimne (DHSW
Figure IV-3: Logarithmic H
& & o2k ! f o 05 268V v>S GV
derivatives as a function of x. B o 0> SG v>23GeV
i
Ti

Slopes for Q2>2 (circles);
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Figure IV-4 shows data on the logarithmic slopes ofExF3 from the
newer wide band neutrino experiments of CCFR.68  These data are
consistent with the predictions of perturbative QCD, showing the
expected behavior at small and intermediate values of x. We return

to discuss this later.

Figure IV-4: The CCFR non-singlet slopes with the QCD prediction.
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. 3. Singlet Evolution Revisited

Singlet structure functions (ie, F3) can be measured with both
neutrino/antineutrino experiments and with muon/electron experiments.
Historically, published data were fit to equations (IV-4,5) and para-
meters for Agg and the gluon distribution, G(x), were extracted. The
difficulty with these early fits was that, just as for the nonsinglet
(neutrino) data just mentioned, the data from the CDHSW(V)69 and
EHC(p)7° did not fit the hypotheses of QCD very well, as seen in
figure IV-5.

The BCDMS collaboration published muon data on Fy beginning in
1987 which fit the hypotheses for singlet evolution well. 7l They
also approached the problem by dividing the regions between those at

large and small x.

Figure IV-5: Singlet slopes and QCD fits (as analyzed by BCDMS) for
(a) EMC and (b) CDHSW data.
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At large x, F; should become simple. We expect that &n this
region:
a) R~ 0;
b) 3 ~ 0;
c) G-+ 0.
Under these circumstances, Fy is essentially equal to xF3, so that we
are dealing with the nonsinglet evolution equation IV-6. In this

region, one can extract the value of Aﬁg.

The BCDMS group assumed that Fj evolves like xF3 for x > .25,
and proceeded to fit to equation IV-6. They obtained good fits with
consistent measures of Ayg for several different targets, including
Hz, D2, and C. Though their result was very sensitive to the overall
calibration of the muon energy (at the level of 2 x 10'3), they
utilized the data to finalize this calibration by allowing it to vary
within their direct error of measurement. Once a consistent fit was
obtained at higher x, they utilized (in the case of Hj and Dj) data
at smaller values of x to extract the gluon distribution, as shown in

figure IV-6.
BCDMS Singlet Fit for H,

0.1 T T T T

Itect of Gluon

Figure IV-6: The BCDMS measurements 00 +
of the logarithmic slopes of F) for
Hy target data, with QCD fit.
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This was the first clean high-statistics demonstration of struc-
ture function consistency with the requirements of perturbative QCD.
The extracted values of Ays are trustworthy in that the parameters
are extracted from data consistent with the theory in which Ayg
originates. One concern about the gluon fits, however, is the need
to assume the absence of gluons and antiquarks for x > .25. While
they later iterate to show that this assumption is consistent with
the data, this demonstration could be self-fulfilling.

New neutrino data on Fy and xF3, with high statistics and
precision control over systematics, address this issue. As already
discussed, the data of figure IV-4 show good agreement with the pre-
dictions for nonsinglet structure functions. The Q? dependence for
Fy is in good accord with expectations. Substitution of F; for xFj
results in smaller statistical error. It is found, however, that the
antiquark component [xE(x)/xF3(x)} begins to be visible in Fp for x <
.5, as shown in table IV-1. The NLO values of AfF are shown in the

last column.

Table IV-1: E-fraction at large x; effect on QCD fit (CCFR data).

x-bin Antiquark Comp NLO Lambda
no substitution 179 + 36 MeV
0.65 -0.3 + 0.7 % 220 t 34 MeV
0.55 1.2+ 1.0% 213 * 29 Mev
0.45 3.0£0.7 % 215 £ 25 MeV

Hence, the substitution Fp - xF3 for x > .5 is applied to obtain
Ays = 213 * 29 £ 41 MeV.

These results will be discussed next week at the topical conference

by Sanjib Mishra.’2

|
|

Table 1V-2 shows a 1988 survey on measurements of éhe parameter,
AMS. governing the quark-gluon coupling. It should be noted that
until the measurements of 1987-88 by BCDMS, these data were not dem-
onstrated to be in good accord with the theory. I have added at the

bottom some more recent analyses.

Table IV-2: Older and more recent analyses for Ajg.

Group Year A (MeV) in NLO Data
CDHSW (WB) 1983 200 * 100 xF3, Fp
CHARM (WB) 1984 310 # 140 * 70 xF3, Fa
+ 55 + 85
EMC - Hp 1985 105 F x> .35
- 45 - 45 '
+ 95 +155 }
EMC - Dj 1987 65 Fp x> .35
- 50 - 45
+134
CCFR (NB) 1987 251 + 89 xF3
-115
BCDMS - C 1987 230 * 20 + 60 Fp x> .275
BCDMS - Hp 1988 200 + 22 + 60 Fp x> .275
BCDMS/SLAC-Hp 1990 250 * 40 Fp x> .275
BCDMS/SLAC-Djp 1990 260 £ 40 Fp 'x > .275
+ 82 + 84
EMC(reana)-Hjp 1991 211 Fp x> .275
- 73 - 77
CCFR (WB) 1991 213 £ 29 + 41 . *F3, Fp x > .5




V. Sum Rules

The Standard Model dictates that structure functions obey cer-
tain well-defined and measurable Sum Rules. These are in general
motivated and predictable from the Operator Product Expansion and
light-cone algebra. §id Drell’3 has explained the origin and the
fundamental aspects of the various sum rules from this point-of-view.
Here, 1 would like take a more phenomenological perspective to des-
cribe how sum rules follow simply from the quark model, and how ex-

periments compare to the predictions.

For pedagogical reasons, we ignore quarks more massive than u-
and d-quarks, though their effects typically cancel anyway. (The
strange quark density will be relevant and discussed in section D.)
As defined in chapter III, the up(x) and dp(x) distributions describe
the frequency for finding u- and d-quarks, respectively, in the pro-
ton. The trick with the sum rules is to find simple relationships
among the integrated totals:

Up = Jup(x)dx Up = fop(x)ax (v-1)
where the integration is understood to be over the entire domain of
x. As stated previously, we expect from invariance under isospin (or
SU) that the densities of u-quark in proton and d-quark in the neu-
tron will be the same. It is absolutely clear from the baryon and
isosopin assignment of quantum numbers that the integrated totals are

the same:

U= Uy = Dy U=, =Dy
and (V-2)
D = D, = Uy,

(=]]
L}
(=)

h-)
]
[==i]
=]
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The experimental difficulty with measuring sum rules comes about
because the sums (or integrals) result by taking differences of
structure functions or of cross-sections, dividing by x, and integra-
ting. This weights small x data heavily: good resolution in this
region is necessary. Also, it is very important that the coefficient
of 1/x in the integrand approach zero as x - 0. (Otherwise, the int-
egral diverges.) This puts additional heavy emphasis on good rela-

tive normalization between the subtracted quantities.

A. Adler Sum Rule’%

This relation, as mentioned by Drell, may be exact. It has been
shown that there are no QCD corrections.’? It comes from an
integration over the Fj structure functions obtained from neutrino-

neutron and neutrino-proton scattering:

1
1 | dx
Sa = T | T [Fp¥D - FoVP| | (v-3)
2 x
0
From the quark-model representations of these, we obtain
Sa = Jax [dn(x) + up(x) - dp(x) - up(x)}

=Dy + Uy -Dp - Tp

- (U -1T) - (D- D). (V-4)

Hence, the prediction is

Sa =1 (prediction). (V-5)



Equation V-3 illustrates the need to obtain precise data at
small x and for good relative normalization between data taken with
neutrons (deuterium) and that taken with protons. The Adler sum rule
is especially difficult because, as we have seen chapter III, the
statistical accuracy of neutrino data with hydrogen and deuterium
targets is not high. Nevertheless, there is one measurement in the

literature:
SEXP - 1.01 £ .20 (V-6)

and the Qz-dependence is shown in figure v-1.76 At the twenty per-

cent level, the Adler sum rule is experimentally verified.

Figure V-1: The Qz-dependence of the Adler sum rule measurement.
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B. Gross - Llewellyn Smith (GLS) Sum Rule’?

This prediction comes from the non-singlet neutrino structure
function, xF3(x), obtained by subtraction of anti-neutrino from neu-
trino cross-sections on isoscalar (typically heavy nuclear) targets.
It states
vN

SgLs ™ dx = (U-T)+(-D) =-3. -7

[ T———
%
* Iw

More precisely, it arises as the coefficient of [1-(1-y)2] in
(Dp#+Dp-Bp-Bp) - (UptUp-Tp-Tp) (1-y) 2. (V-8)

There are calculable QCD corrections to this sum rule.’8 In next-

to-leading order,’9
SgLs = 3 [1 - .48/1n(Q%/A2)] predicted. (V-9)

Because the nonsinglet structure function can be measured with a
nuclear target, high statistical precision is attainablé. The recent
CCFR measurement is shown in figure V-2, in which thé x-distribution
of xF3 and the integral above a given x are superimposed. This most
precise measurement gives:80

SgLs = 2.50 + .018 + .078. ' (V-10)



Figure V-2: The CCFR measurement of the Gross-LlLewellyn Swith Sum Figure V-3: The status of measurements for the Gross-L%ewellyn Snith

Rule. Sum Rule over time.
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1073 10-2 10-1 100 This sum rule is measured with muon beams incident on hydrogen
X and deuterium targets. The definition is
1
dx
) ) S¢ = — |Fppn . Fomp ! (v-12)
This can be compared to the expected value at Q¢ = 3 GeV< with x
0
AMS = 213 * 50 MeV: _ _ _ _
= [4(Up+Up) + (Dp+Dp) - 4(Uptln) - (Du+bp)1/9
SgLs = 2.65 * .04 predicted. (V-11) = [(U+U) - (+D}/3,

This 1.7 standard deviation difference is not in the best agreement.

If one naively assumes83 that the sea of u- and d- quarks and
It should be noted that there could be limitations due to higher

antiquarks are equal, then the prediction is
twist effects or scale uncértaincy.81 The measurements of this im-

portant sum rule over time is shown in figure V-3. Clearly even Sg=1/3 for U =D. (V-13)
better precision is possible.

There are expected to be only very small QCD corrections to this sum
rule 84

-84



Until recently, the difficulty with obtaining high precision at
low x has prevented this sum rule from being measured with high accu-
racy. There had been measurements by sLAC,85 and by EMC,86 | and by

BcoMs87 | All had poor precision

in the critical small x-region; the
tendency in these experiments was to get a result lower than the
prediction. The NMC experiment was designed for precision compari-
sons between different targets. They have made a good measurement of
F2N/FyP to very small values of x.88  Then, using the relation

1 - FU/FoP

FoP - FM = 2 Fpd (V-14)

1+ an/sz

and the world-averaged measurement of the de structure function,
they obtain the data shown in figure V-4. Over their region of meas-

urement:

Sg = .227 * .007 * .0l14 for 004 £ x < .8 (V-15)
Figure V-4: The NMC measurement
of FpP(x)-FpM(x) and the
Gottfried Sum Rule. The circle
and trigangles are the integrals
from two different methods. - T T a4 T
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The small x data, like those for the GLS sum rule, are consistent
with a power law dependence on x. Extrapolation to the region below
x = .004 gives

Sg = .240 * 016 0<x<1l. (V-16)

This value is more than five standard deviations from the pre-
dicted value of .33 above. This has been viewed by some as a serjous
problem, perhaps in extrapolating to small x.89  But is it a problem

or does it simply reflect an interesting property of the nucleon?90

Note that with isospin symmetry, the prediction (V-12) for the
Gottfried Sum Rule is
Sg = {(U-U) + (D-D)])/3 + 2(U-D)/3. (v-17)
The first term is just the sum of the net number of u- and d-quarks
in the proton so
S¢ = 1/3 + 2(U-D)/3. (V-18)
But there is no a priori reason why the numbers of u- 'and d-quarks
must be equal! That is, U » D does not violate any basic principle.
Note that this is the first sum rule in which the quantum numbers
contributed by constituent quarks has not been subtracted, flavor-
for-flavor, to arrive at only net nucleon quantum numbers.
Physically, the implications of U < D are not evgn particularly
unexpected. It simply means that gluon pair creation of (u,u) occurs
less often that pair creation of (d,d) in the proton. But, the
number of u- quarks is larger than d-quarks in the proton, and this
has implications for the x-dependence of the valence quark densities
on x. (Recall that the d-quark distribution falls faster than the u-
quark distribution by approximately one power of {1-x]. See chapter

II1I1.) Is it so unreasonable, since the gluon contribution to u- and



d- quarks at lower x occurs as pairs of quark-antiquark, that more
acceptable wavefunctions for the Pauli principle will occur with
differing numbers of u- and d-quarks in the ocean? There may, of
course, be other reasons for antiquark asymmetries, like a different
mass for the u- and d-quarks. It is interesting that this "problem"
was anticipated more than a decade ago by Field and Feynman,91 when
they were putting together the earliest attempt at parametrizations
of quark densities. The data even then suggested such an effect, and
they had no compunctions about assuming differing numbers of u- and

d-quarks in the sea.

What must be true is that the number of these quarks in the ocean
as x + 0 must be equal; otherwise, sum rules will not even converge.

If one parametrizes the dependences of the sea quarks as

xu(x) = ¢ (1-x)7
xd(x) = ¢ (1-x)* (V-19)

then, Field and Feynman found that n - A = 3, to best fit available
data. For the present data, the difference in the exponents must be

even greater. 92

D. The Bjorken Sum Rule?3

Here is a sum rule which has variously been described as "worth-
less" by Bjorken in 1966 to "absolutely essential if QCD is correct"
by Bjorken in 1990.9%  The latter quote represents a general consen-
sus about the importance of this relation today. To measure and
verify the rule requires polarized electrons, polarized protons, and
polarized neutrons. It is obviously not easy to do! For a detailed
explanation of both experimental and theoretical aspects of this
important problem, there is an excellent review.93 An abbreviated

explanation follows.

|
|
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If one scatters polarized electrons from a polarized proton

target, the difference in the differential cross-sections for proton

polarization parallel to and antiparallel to the beam polarization is

given by
d2[o(tt)-a(t4)] v &b y
—_— .. . 1 - | g1Px)
dx dy x fixed 2x @2 2

(v-20)
where g1P(x) = £ e3? [pit(x) - pgd(x)].

Here the sum extends over all quark types inside the proton, with

weighting by square of the quark charges (ej, in units of the elec-

tron charge) and the difference between the quark density (p) with

quark spin along and opposite, respectively, to that of the incident

electron.

It clearly follows that the asymmetry is

a2fo(tt)-a(14)] g1(x)

(v-21)
d2{o(tt)+a(t1)] F1(x)

Hence, measurement of the asymmetry for proton and neutron targets
permits measurement of the "spin structure functions," gjP and g0,
respectively. '
The Bjorken Sum Rule relates the integrals for the proton and
neutron spin structure functions:
t 1
Spy = |lg1M(x)-g1P(x))dx = = (e,? - eg?)[(Ut-uh)-(dF-D¥)]  (v-22)
2
0 )
where the quark charges are shown explicitly, and for example

ut - Ut =AU is the net number of u-quarks with spin aligned.



Since the quantity in brackets is just the expectation of the Pauli

spin-matrix:
Ut - Ut) - (Dt - DI) = <o,> = |ga/eyl

or the ratio of the axial vector to vector g-decay weak coupling

constants. We therefore obtain

1 fea
6 lev
The last term is the first-order QCD correction.96

Spy =
3

[1 .= ] . (v-23)

The terms on the right-hand side are reasonably well known. One
obtains for |ga/gy| = 1.254%.006 and ag = .27 * .02 (at Q2 - 10.7
GeV2)

Spy ~ .191 + 002 predicted. (V-24)

Figure V-5: The EMC measurement of giP(x).
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This sum rule {s untested as yet. It awaits a good heasute of
the spin structure function for the neutron, g1®. There does exist,
however, good data on the proton spin structure function from the EMC

collaboration, as shown in figure v-5.97  The resuit is
Jg1P(x) dx = 0.114 * 012 + .026 at Q2 = 10.7 GeVZ. (V-25)

While we cannot yet test the Bjorken Sum Rule, there are some
interesting implications for this result. There is a sum rule,98
relying on flavor SUg, which predicts the integral for the proton
spin structure function if the effects of asymmetry due to strange

quarks may be ignored. This predicts
Jg1P(x) dx = .189 * .005 (V-26)
which is about 2.5 standard deviations from the measured value.

But even without the Ellis-Jaffe Sum Rule, there are some per-
plexing aspects to the measurements if one ignores the strange
quarks. From the definition above (V-20) of the spin structure func-
tions, the contributions to the integrals from the u- ang d-quarks
are calculated and shown in table V-1 below. The only assumption
here is that the strange quarks are unimportant., The evaluation of
the neutron integral comes from assuming the validity of the Bjorken

Sum Rule and using the measurement (V-26).



Table V-1: Evaluations of Contributions to proton spin from EMC data.

Integral Quark Asymmetry Value from
1{4 1]
Jeg1P(x) dx = ; AU + — AD .114 + .030 experiment
2 9
; 111 4 assume
Je1™(x) ax - | -au+ —ap -.077 £ .030 BJ
219 9 ] sum rule
5
SUM — | aU + AD .037 £ .060 sum
18

The implication is that the contribution of u- and d-quarks to the

proton spin is
AU + AD = (.037)(18/5)
- .14 + 09 + 19, (V-27)

That is, the valence quarks of the proton carry only about 14% (to
about a factor two precision) of the proton spin. This conclusion
persists even if one drops the assumption about the strange quarks.
If, in addition to the Bjorken Sum Rule and the EMC measurement of
Jg1P(x) dx, one assumes the validity of the Ellis-Jaffe Sum Rule,

then the three unknowns (AU, AD, and AS) may be determined. This has
9

been done? and one still obtain the contributions from these to be

about 12% with similar errors to those above.

-98-
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It does seem perplexing that, when the constituent quark model

does so well in explaining the regularity of nucleon properties, one
finds that the quarks which define the proton quantum numbers have so
little to do with its net spin. There are many explanations for why
this should happen. Some would have the gluons carrying the bulk of

the nucleon spin,100

while others would have the average quark spin
and gluon spin small with the bulk of the proton spin being princi-

pally a consequence of orbital angular momentum, 101

The measurement of the proton spin structure function has revit-
alized an interest in polarization and spin effects generally. It
leads us to believe that a test of the fundamental Bjorken Sum Rule
could be made, and may lead us to measurements which will tell us

more about nucleon spin structure generally.



VI. Anomalies in Deep Inelastic Scattering

In this short time, it is impossible to do justice to all the
various searches for anomalies that have taken place using the deep
inelastic process as a tool to discover new processes. In one case
that we have seen, neutral currents, deep inelastic scattering was
critical both for finding the phenomenon, corroborating it, and for

demonstrating its properties.

Beyond this, there have been searches for massive leptons of
various kinds, in the early days for isotriplet charged and associat-
ed neutral partners of existing leptons, motivated by gauge
theories; 102 and more recently, for neutral leptons motivated by
grand unified and left-right symmetric models.103 These have set
interesting limits, but to date have not established the existence of
such particles. Deep inelastic scattering has been an important tool
for seeking evidence for oscillation of neutrinos into other flavors:
no positive evidence has been forthcoming thus far on this issue.104
There was an incipient anomaly for awhile in the production of same-
sign muons by neutrinos, 105 but this has been set to restl06 in
1988 by doing the experiment at twice the energy. There are clearly
many ways that deep inelastic scattering experiments, both of fixed-
target type and of the colliding beam (HERA) type, can seek out

anomalous phenomena. Experimenters will clearly keep trying.

-99-

VII. Conclusion

The great discovery of scaling has led us into more than two
decades of unique and exciting measurements. The discovery was great
because it changed the way we think about the physical world in a
very fundamental way. The measurements since then have corroborated

this picture, and expanded our knowledge of the detaills.

The "new" field, Deep Inelastic Scattering, still goes strong.

Much remains to be done at all energies.

I would like to acknowledge my colleagues in the CCFR for useful
and interesting discussions on some of the material hére. particular-
ly Sanjib Mishra, Arie Bodek, and Mike Shaevitz, Communications with
other physicists, including Ian Hinchcliff, Tim Londergan, Chris
Quigg and Steve Ritz were very useful. Finally, I would like to
thank the organizers of this summer school for their generous hospi-
tality during my stay, as well as for bringing some very stimulating

people together. I learned as well as taught during this period.
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