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I. INTRODUCTION

A. Overview of the electron scattering program

In late 1967 the first of a long series of experiments on
highly inelastic electron scattering was started at the
two-mile accelerator at the Stanford Linear Accelerator
Center (SLAC) using liquid hydrogen and, later, liquid
deuterium targets. Carried out by a collaboration from
the Massachusetts Institute of Technology (MIT) and
SLAC, the object was to look at large-energy-loss scatter-
ing of electrons from the nucleon (the generic name for
the proton and neutron), a process soon to be dubbed
deep inelastic scattering. Beam energies up to 21 GeV,
the highest electron energies then available, and large
electron fluxes made it possible to study the nucleon to
very much smaller distances than had previously been
possible. Because quantum electrodynamics provides an
explicit and well-understood description of the interac-
tion of electrons with charges and magnetic moments,
electron scattering had, by 1968, already been shown to
- be a very powerful probe of the structures of complex nu-
clei and individual nucleons.

Hofstadter and his collaborators had discovered, by
the mid-1960s, that as the momentum transfer in the
scattering increased, the scattering cross section dropped
sharply relative to that from a point charge. The results
showed that nucleons were roughly 10~ '3 cm in size, im-
plying a distributed structure. The earliest MIT-SLAC
studies, in which California Institute of Technology
physicists also collaborated, looked at elastic electron-
proton scattering, later ones at electro-production of nu-
cleon resonances with excitation energies up to less than
2 GeV. Starting in 1967, the MIT-SLAC collaboration
employed the higher electron energies made available by
the newly completed SLAC accelerator to continue such
measurements, before beginning the deep inelastic pro-
gram.

Results from the inelastic studies arrived swiftly: the
momentum-transfer dependence of the deep inelastic
cross sections was found to be weak, and the deep inelas-
tic form factors—which embodied the information about
the proton structure—depended unexpectedly only on a

*This lecture was delivered 8 December 1990, on the occasion
of the presentation of the 1990 Nobel Prize in Physics.
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single variable rather than the two allowed by kinematics
alone. These results were inconsistent with the current
expectations of most physicists at the time. The general
belief had been that the nucleon was the extended object
found in elastic electron scattering but with the diffuse
internal structure seen in pion and proton scattering.
The new experimental results suggested point-like con-
stituents but were puzzling because such constituents
seemed to contradict well-established beliefs. Intense in-
terest in these results developed in the theoretical com-
munity, and, in a program of linked experimental and
theoretical advances extending over a number of years,
the internal constituents were ultimately identified as
quarks, which had previously been devised in 1964 as an
underlying, quasi-abstract scheme to justify a highly suc-
cessful classification of the then-known hadrons. This
identification opened the door to development of a
comprehensive field theory of hadrons (the strongly in-
teracting particles), called Quantum Chromodynamics
(QCD), that replaced entirely the earlier picture of the
nucleons and mesons. QCD in conjunction with elec-
troweak theory, which describes the interactions of lep-
tons and quarks under the influence of the combined
weak and electromagnetic fields, constitutes the Standard
Model, all of whose predictions, at this writing, are in sa-
tisfactory agreement with experiment. The contributions
of the MIT-SLAC inelastic experiments program were
recognized by the award of the 1990 Nobel Prize in Phys-
ics.

B. Organization of papers

The three Nobel lectures, taken together, describe the
MIT-SLAC experiments. The first, written by R. E. Tay-
lor, sets out the early history of the construction of the
two-mile accelerator, the proposals made for the con-
struction of the electron scattering facility, the an-
tecedent physics experiments at other laboratories, and
the first scattering experiments which determined the
elastic proton structure form factors. The second, this
paper, describes the knowledge and beliefs about the
nucleon’s internal structure in 1968, including the
conflicting views on the validity of the quark model and
the “bootstrap” models of the nucleon. This is followed
by a review of the inelastic scattering program and the
series of experiments that were carried out, and the for-
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malism and variables. Radiative corrections are de-
scribed and then the results of the inelastic electron-
proton scattering measurements and the physics
picture—the naive parton model—that emerged. The
last paper, by J. I. Friedman, is concerned with the later
measurements of inelastic electron-neutron and electron-
proton measurements and the details of the physical
theory—the constituent quark model—which the exper-
imental scattering results stimulated and subsequently, in
conjunction with neutrino studies, confirmed.

Il. NUCLEON AND HADRONIC STRUCTURE
IN 1968

At the time the MIT-SLAC experiments started in
1968, there was no detailed model of the internal struc-
tures of the hadrons. Indeed, the very notion of “internal
structure” was foreign to much of the then-current
theory. Theory attempted to explain the soft
scattering—that is, rapidly decreasing cross sections as
the momentum transfer increased—which was the
predominant characteristic of the high-energy hadron-
hadron scattering data of the time, as well as the hadron
resonances, the bulk of which were discovered in the late
1950s and 1960s. Quarks had been introduced, quite suc-
cessfully, to explain the static properties of the array of
hadrons. Nevertheless, the available information sug-
gested that hadrons were ‘“‘soft” inside and would yield
primarily distributions of scattered electrons reflecting
diffuse charge and magnetic moment distributions with
no underlying point-like constituents. Quark constituent
models were gleams in the eyes of a small handful of
theorists, but had serious problems, then unsolved, which
made them widely unpopular as models for the high-
energy interactions of hadrons.

The need to carry out calculations with forces that
were known to be very strong introduced intractable
difficulties: perturbation theory, in particular, was total-
ly unjustified. This stimulated renewed attention to S-
matrix theory (Frautschi, 1963), an attempt to deal with
these problems by consideration of the properties of a
matrix that embodied the array of strong-interaction
transition amplitudes from all possible initial states to all
possible final states.

A. Theory: Nuclear democracy

An approach to understanding hadronic interactions,
and the large array of hadronic resonances, was the
bootstrap theory (Chew and Frautschi, 1961), one of
several elaborations of S-matrix theory. It assumed that
there were no “fundamental” particles: each was a com-
posite of the others. Sometimes referred to as ‘“nuclear
democracy,” the theory was at the opposite pole from
constituent theories.

Regge theory (Collins and Squires, 1968), a very suc-
cessful phenomenology, was one elaboration of S-matrix
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theory which was widely practiced.! Based initially on a
new approach to nonrelativistic scattering, it was extend-
ed to the relativistic S matrix applicable to high-energy
scattering (Chew, Frautschi, and Mandelstam, 1962).
The known hadrons were classified according to which of
several ‘““trajectories” they lay on. It provided unexpect-
ed connections between reactions at high energies to res-
onances in the crossed channels, that is, in disconnected
sets of states. For scattering, Regge theory predicted
that at high energy, hadron-hadron scattering cross sec-
tions would depend smoothly on s, the square of the
center-of-mass energy, as A (s)~s‘*®) and would fall
exponentially with ¢, the square of the space-like momen-
tum transfer, as 4 (z)~exp(a't In(s/sy)). Regge theory
led to duality, a special formulation of which was provid-
ed by Veneziano’s dual resonance model (Veneziano,
1968; see also Schwarz, 1973). These theories still pro-
vide the best description of soft, low-momentum-transfer
scattering of pions and nucleons from nucleons, all that
was known in the middle 1960s. There was a tendency,
in this period, to extrapolate these low-momentum-
transfer results so as to conclude there would be no hard
scattering at all.

S-matrix concepts were extended to the electromagnet-
ic processes involving hadrons by the Vector-Meson-
Dominance (VMD) model (Sakurai, 1969). According to
VMD, when a real or virtual photon interacts with a
hadron, the photon transforms, in effect, into one of the
low-mass vector mesons that has the same quantum num-
bers as the photon (primarily the rho, omega, and phi
mesons). In this way electromagnetic amplitudes were
related to hadronic collision amplitudes, which could be
treated by S-matrix methods. The VMD model was very
successful in phenomena involving real photons and
many therefore envisaged that VMD would also deal suc-
cessfully with the virtual photons exchanged in inelastic
electron scattering. Naturally, this also led to the expec-
tation that electron scattering would not reveal any un-
derlying structure.

All of these theories, aside from their applications to
hadron-hadron scattering and the properties of reso-
nances, had some bearing on nucleon structure as well,
and were tested against the early MIT-SLAC results.

B. Quark theory of 1964

The quark? was born in a 1964 paper by Murray Gell-
Mann (Gell-Mann, 1964a) and, independently, by George

IFor a broad review of the strong interaction physics of the
period see Perl (1974). See also Frautschi (1963).

2The work quork was invented by Murray Gell-Mann, who
later found quark in the novel Finnegan’s Wake, by James
Joyce, and adopted what has become the accepted spelling.
Joyce apparently employed the word as a corruption of the
word quart. The author is grateful to Murray Gell-Mann for a
discussion clarifying the matter.



Henry W. Kendall: Deep inelastic scattering 599

Zweig (1964a, 1964b). For both, the quark (a term Zweig
did not use until later) was a means to generate the sym-
metries of SU(3), the “Eightfold Way,” Gell-Mann and
Ne’emann’s highly successful 1961 scheme for classifying
the hadrons (Gell-Mann, 1961; Ne’eman, 1961; see also
Gell-Mann and Ne’eman, 1964). Combinations of spin-+
quarks, with fractional electric charges, and other ap-
propriate quantum numbers, were found to reproduce
the multiplet structures of all the observed hadrons.
Fractional charges were not necessary but provided the
most elegant and economical scheme. Three quarks were
required by baryons, later referred to as “valence”
quarks, and quark-antiquark pairs for mesons. Indeed
the quark picture helped solve some difficulties with the
earlier symmetry groupings.® The initial successes of the
theory stimulated numerous free-quark searches. There
were attempts to produce them with accelerator beams,
studies to see if they were produced in cosmic rays, and
searches for “primordial” quarks by Millikan oil drop
techniques sensitive to fractional charges. None of these
has every been successful (Jones, 1977).

C. Constituent quark picture

There were serious problems in having quarks as phys-
ical constituents of nucleons, and these problems either
daunted or repelled the majority of the theoretical com-
munity, including some of its most respected members.*
The idea was distasteful to the S-matrix proponents. The
problems were, first, that the failure to produce quarks
had no precedent in physicists’ experience. Second, the
lack of direct production required the quarks to be very
massive, which, for the paired quark configurations of
the mesons, meant that the binding had to be very great,
a requirement that led to predictions inconsistent with
hadron-hadron scattering results. Third, the ways in
which they were combined to form the baryons meant
that they could not obey the Pauli exclusion principle, as
required for spin-one-half particles. Fourth, no fraction-
ally charged objects had every been unambiguously
identified. Such charges were very difficult for many to
accept, for the integer character of elementary charges
was long established. Enterprising theorists did con-
struct quark theories employing integrally charged

3The quark model explained why triplet, sextet, and 27-plets of
then-current SU(3) were absent of hadrons. With rough quark
mass assignments, it could account for observed mass splittings
within multiplets, and it provided an understanding of the
anomalously long lifetime of the phi meson (discussed later in
this paper).

4« .. we know that ... [mesons and baryons] are mostly, if
not entirely, make up out of one another. ... The probability
that a meson consists of a real quark pair rather than two
mesons or a baryon and antibaryon must be quite small.” M.
Gell-Mann, Proc. XIIIth International Conference on High En-
ergy Physics, Berkeley, California 1967.
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quarks, and others contrived ways to circumvent the oth-
er objections. Nevertheless, the idea of constituent
quarks was not accepted by the bulk of the physics com-
munity, while others sought to construct tests that the
quark model was expected to fail.’

Some theorists persisted, nonetheless. Dalitz (1966)
carried out complex calculations to help explain not only
splittings between hadron multiplets but the splittings
within them also, using some of the theoretical
machinery employed in nuclear spectroscopy calcula-
tions. Calculations were carried out on other aspects of
hadron dynamics, for example, the successful prediction
that A1 decay would be predominantly magnetic dipole
(Becchi and Morpurgo, 1965). Owing to the theoretical
difficulties just discussed, the acceptance of quarks as the
basis of this successful phenomenology was not carried
over to form a similar basis for high-energy scattering.

Gottfried studied electron-proton scattering with a
model assuming point quarks, and argued that it would
lead to a total cross section (elastic plus inelastic) at fixed
momentum transfer, identical to that of a point charge,
but he expressed great skepticism that this would be
borne out by the forthcoming data (Gottfried, 1967).
With the exception of Gottfried’s work and one by Bjork-
en stimulated by current algebra, discussed below, all of
the published constituent quark calculations were con-
cerned with low-energy processes or hadron characteris-
tics rather than high-energy interactions. Zweig carried
out calculations assuming that quarks were indeed had-
ron constituents, but his ideas were not widely accepted.6

Thus one sees that the tide ran against the constituent
quark model in the 60s.” One reviewer’s summary of the

S«Additional data is necessary and very welcome in order to
destroy the picture of elementary constituents.” J. D. Bjorken.
“I think Prof. Bjorken and I constructed the sum rules in the
hope of destroying the quark model.” Kurt Gottfried. Both
quotations from Proc. 1967 International Symposium on Elec-
tron and Photon Interactions at High Energy, Stanford, Califor-
nia, September 5-9, 1967.

6Zweig believed from the outset that the nucleon was com-
posed of “physical” quark constituents. This was based pri-
marily on his study of the properties of the ¢ meson. It did not
decay rapidly to p-m as expected but rather decayed roughly
two orders of magnitude slower to kaon-antikaon, whose com-
bined mass was near the threshold for the decay. He saw this as
a dynamical effect, one not explainable by selection rules based
on the symmetry groups and explainable only by a constituent
picture in which the initial quarks would “flow smoothly” into
the final state. He was “severely criticized” for his views, in the
period before the MIT-SLAC results were obtained. Private
communication, February 1991.

TAccording to a popular book on the quark search (Riordan,
1987), Zweig, a junior theoriest visiting at CERN when he pro-
posed his quark theory, could not get a paper published describ-
ing his ideas until the middle 1970s, well after the constituent
model was on relatively strong ground. His preprints (Zweig
1964a, 1964b) did, however, reach many in the physics com-
munity and helped stimulate the early quark searches.
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style of the 60s was that “quarks came in handy for cod-
ing information but should not be taken seriously as
physical objects” (Pais, 1986). While quite helpful in
low-energy resonance physics, it was for some ‘“‘theoreti-
cally disreputable,” and was felt to be largely peripheral
to a description of high-energy soft scattering.®

D. Current algebra

Following his introduction of quarks, Gell-Mann, and
others, developed ‘“‘current algebra,” which deals with
hadrons under the influence of weak and electromagnetic
interactions. Starting with an assumption of free-quark
fields, he was able to find relations between weak currents
that reproduced the current commutators postulated in
constructing his earlier hadronic symmetry groups.
Current algebra had become very important by 1966. It
exploited the concept of local observables —the current
and charge densities of the weak and electromagnetic in-
teractions. These are field theoretic in character and
could only be incorporated into S-matrix cum bootstrap
theory by assumptions like VMD. The latter are plausi-
ble for moderate-momentum transfer, but hardly for
transfer large compared to hadron masses. As a conse-
quence, an important and growing part of the theoretical
community was thinking in field-theoretic terms.

Current algebra also gave rise to a small but vigorous
“sum-rule” industry. Sum rules are relationships involv-
ing weighted integrals over various combinations of cross
sections. The predictions of some of these rules were im-
portant in confirming the deep inelastic electron and neu-
trino scattering results, after these became available.’

Gell-Mann made clear that he was not suggesting that
hadrons were made up of quarks,'® although he kept
open the possibility that they might exist.!! Nevertheless
current algebra reflected its constituent quark an-
tecedents, and Bjorken used it to demonstrate that sum
rules derived by him and others required large cross sec-
tions for these to be satisfied. He then showed that such

8«Throughout the 1960s, into the 1970s, papers, reviews, and
books were replete with caveats about the existence of quarks”
(Pickering, 1984).

SFurther discussion of sum rules and their comparisons with
data is to be found in Friedman (1991).

10«Such particles [quarks] presumably are not real but we may
use them in our field theory anyway” (Gell-Mann, 1964b).

11«“Now what is going on? What are these quarks? It is possi-
ble that real quarks exist, but if so they have a high threshold
for copious production, many BeV; . ..” (Proc. XIIIth Interna-
tional Conference on High Energy Physics, Berkeley, California,
1967).
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cross sections arose naturally in a quark constituent mod-
el,'? in analogy to models of nuclei composed of constitu-
ent protons and neutrons, and also employed it to predict
the phenomena of scaling, discussed at length below. Yet
Bjorken and others were at a loss to decide how the
point-like properties that current algebra appeared to im-
ply were to be accommodated.!3

E. Theoretical input to the scattering program

In view of the theoretical situation as set out above,
there was no consideration that possible point-like sub-
structure of the nucleon might be observable in electron
scattering during the planning and design of the electron
scattering facility. Deep inelastic processes were, howev-
er, assessed in preparing the proposal submitted to SLAC
for construction of the facility (SLAC Groups A and C,
unpublished; SLAC-MIT-CIT Collaboration, 1966, un-
published). Predictions of the cross sections employed a
model assuming off-mass-shell photo-meson production,
using photoproduction cross sections combined with
elastic scattering structure functions, in what was be-
lieved to be the best guide to the yields expected. These
were part of extensive calculations, carried out at MIT,
designed to find the magnitude of distortions of inelastic
spectra arising from photon radiation, necessary in plan-
ning the equipment and assessing the difficulty of making
radiative corrections. It was found ultimately that these
had underpredicted the actual yields by between one and
two orders of magnitude.

12«We shall find these results [sum rules requiring cross sec-
tions of order Rutherford scattering from a point particle] so
perspicuous that, by an appeal to history, an interpretation in
terms of ‘elementary constituents” of the nucleon is suggested.”
He pointed out that high-energy lepton-nucleon scattering
could resolve the question of their existence and noted that “it
will be of interest to look at very large inelasticity and dispose,
without ambiguity, of the model completely.” Lecture,
“Current Algebra at Small Distances,” given at International
School of Physics “Enrico Fermi,” Varenna, Italy, July 1967
(Bjorken, 1967, unpublished, and 1968).

I3T. D. Lee: “I’m certainly not the person to defend the quark
models, but it seems to me that at the moment the assumption
of an unsubtracted dispersion relation [the subject of the discus-
sion] is as ad hoc as the quark model. Therefore, instead of sub-
tracting the quark model one may also subtract the unsubtract-
ed dispersion relation.” J. Bjorken: “I certainly agree. I would
like to dissociate myself a little bit from this as a test of the
quark model. I brought it in mainly as a desperate attempt to
interpret the rather striking phenomena of a point-like behav-
ior. One has this very strong inequality on the integral over the
scattering cross section. It’s only in trying to interpret how that
inequality could be satisfied that the quarks were brought in.
There may be many other ways of interpreting it.”” Discussion
in Proc. 1967 International Symposium on Electron and Photon
Interaction at High Energy, Stanford, Séptember 5-9, 1967.
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Il. THE SCATTERING PROGRAM

The linear accelerator that provided the electron beam
employed in the inelastic scattering experiments was, and
remains to the date of this paper, a device unique among
high-energy particle accelerators. See Figure 1. An out-
growth of the smaller, 1 GeV accelerator employed by
Hofstadter in his studies of the charge and magnetic mo-
ment distributions of the nucleon, it relied on advanced
klystron technology devised by Stanford scientists and
engineers to provide the high levels of microwave power
necessary for one-pass acceleration of electrons. Pro-
posed in 1957, approved by the Congress in 1962, its con-
struction was initiated in 1963. It went into operation in
1967, on schedule, having cost $114 million (Neal, 1968).

The experimental collaboration began in 1964. After
1965 R. E. Taylor was head of SLAC Group A, with J. I.
Friedman and the present author sharing responsibility
for the MIT component. A research group from Califor-
nia Institute of Technology joined in the construction cy-

cle and the elastic studies but withdrew before the inelas-
tic work started in order to pursue other interests.

The construction of the facility to be employed in elec-
tron scattering was nearly concurrent with accelerator’s
construction. This facility was large for its time. A 200
ft by 125 ft shielded building housed three magnetic spec-
trometers with an adjacent “counting house” containing
the fast electronics and a computer, also large for its
time, where experimenters controlled the equipment and
conducted the measurements. See Figure 2(a) and 2(b).
The largest spectrometer would focus electrons up to 20
GeV and was employed at scattering angles up to 10°. A
second spectrometer, useful to 8 GeV, was used initially
out to 34°, and a third, focusing to 1.6 GeV, constructed
for other purposes, was employed in one set of large-
angle measurements to help determine the uniformity in
density of the liquified target gases. The detectors were
designed to detect only scattered electrons. The very
short duty cycle of the pulsed beam precluded studying
the recoil systems in coincidence with the scattered elec-

FIG. 1. View of the Stanford Linear Accelerator. The electron injector is at the top, the experimental area in lower center. The deep
inelastic scattering studies were carried out in End Station A, the largest of the buildings in the experimental area.

Rev. Mod. Phys., Vol. 63, No. 3, July 1991
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trons: it would have given rise to unacceptable chance meeting in Vienna in August and published in 1969
coincidence rates, swamping the signal. (Panofsky, 1968; Bloom et al., 1969; Breidenbach et al.,

The elastic studies started in early 1967 with the first 1969). Thereafter a succession of experiments were car-
look at inelastic processes from the proton late the same ried out, most of them, from 1970 on, using both deuteri-
year. By the spring of 1968 the first inelastic results were um and hydrogen targets in matched sets of measure-
at hand. The data were reported at a major scientific ments so as to extract neutron scattering cross sections

A
Exit Beam
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] Shielding
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DETECTOR

( b ) SHIELDING
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SPECTROME TER
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BEAM DUMP

PLAN VIEW HODOSCOPES  7T-€ DISCRIMINATOR

FIG. 2. (a) Plan view of End Station A and the two principal magnetic spectrometers employed for analysis of scattered electrons.
(b) Configuration of the 8 GeV spectrometer, employed at scattering angles greater than 12°.
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with a minimum of systematic error. These continued
well into the 1970s. One set of measurements (Ditzler
et al., 1975) studied the atomic-weight dependence of the
inelastic scattering, primarily at low-momentum
transfers, studies that were extended to higher-
momentum transfers in the early 1980s, and involve ex-
tensive reanalysis of earlier MIT-SLAC data on hydro-
gen, deuterium, and other elements (Whitlow, 1990;
Whitlow et al., 1990).

The collaboration was aware from the outset of the
program that there were no accelerators in operation, or
planned, that would be able to confirm the entire range of
results. The group carried out independent data analyses
at MIT and at SLAC to minimize the chance of error.
One consequence of the absence of comparable scattering
facilities was that the collaboration was never pressed to
conclude either data taking or analysis in competitive cir-
cumstances. It was possible throughout the program to
take the time necessary to complete work thoroughly.

IV. SCATTERING FORMALISM
AND RADIATIVE CORRECTIONS

A. Fundamental Processes

The relation between the kinematic variables in elastic
scattering, as shown in Figure 3, is

v=E—E'=q?/(2M) q*=2EE'(1—cos(8)), (1)

where E is the initial, and E’ the final, electron energy; 6
the laboratory angle of scattering; v the electron energy
loss; g the four-momentum transferred to the target nu-
cleon; and M the proton mass.

The cross section for elastic electron-proton scattering
has been calculated by Rosenbluth (1950) in first Born
approximation, that is, to leading order in a= :

do _ ___’ Gép(qz)_*_TGI%lp(qz)
dQ(E)——aM(E) E s
+27G3,tan*(6/2) 2
Magnetic
Detector
x <>
Primary e Beam
d v=t-F

Recoil System
(Unobserved)

FIG. 3. Scattering kinematics. ‘
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where

40’E"
Oy =—7—C0s*(6/2)
q
is the Mott cross section for elastic scattering from a
point proton, and

r=q%/(4M?) .

In these equations, and in what follows, #i=c =1, and
the electron mass has been neglected. The functions
GEp(qz) and GMp(qz), the electric and magnetic form fac-
tors, respectively, describe the time-averaged structure of
the proton. In the nonrelativistic limit the squares of
these functions are the Fourier transforms of the spatial
distributions of charge and magnetic moment, respective-
ly. As can be seen from Eq. (2), magnetic scattering is
dominant at high q2. Measurements (Kirk et al., 1973)
show that Gy, is roughly described by the “dipole” ap-
proximation:

Gy /n=1/(1+4¢%/0.71)*,

where ¢? is measured in (GeV)? and p=2.79 is the
proton’s magnetic moment. Thus at large g an addition-
al 1/q® dependence beyond that of o, is imposed on the
elastic scattering cross section as a consequence of the
finite size of the proton. This is shown in Figure 4.

In inelastic scattering, energy is imparted to the ha-
dronic system. The invariant or missing mass W is the
mass of the final hadronic state. It is given by

W2=(0Q2Mv+M?>—q?) .

When only the electron is observed the composition of
the hadronic final state is unknown except for its invari-
ant mass W. On the assumption of one photon exchange
(Figure 5), the differential cross section for electron
scattering from the nucleon target is related to two struc-

Elastic Electron-Proton Scattering

10005
3 \ Theta = 10 Degrees T
100
3
E
o 1 Mott Scattering
£ 103
o° E
s ]
Z 1
Q 3
= ]
o ]
&
o 0.14
2 E
3 ] Finite Proton
0.015
0.001 T T T T T T T
0 1 2 3 8 9

6
MOMENTUM TRANSFER SQUARED (GeV ?)

FIG. 4. Elastic scattering cross sections for electrons from a
“point” proton and for the actual proton. The differences are
attributable to the finite size of the proton.
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} x
pt = (Mt ’ O)
FIG. 5. Feynman diagram for inelastic electron scattering.

ture functions, W, and W, according to (Drell and
Walecka, 1964)

d%c

aqag BE0

=0y [ Wy (v,g?)+2W (v,g*)tan’(0/2)] .  (3)

This expression is the analog of the Rosenbluth cross sec-
tion given above. The structure functions W, and W,
are similarly defined by Eq. (3) for the proton, deuteron,
or neutron; they summarize all the information about the
structure of the target particles obtainable by scattering
unpolarized electrons from an unpolarized target.

Within the single-photon-exchange approximation, one
may view inelastic electron scattering as photoproduc-
tion by ‘‘virtual” photons. Here, as opposed to pho-
toproduction by real photons, the photon mass g2 is vari-
able and the exchanged photon may have a longitudinal
as well as a transverse polarization. If the final-state had-
rons are not observed, the interference between these two
components averages to zero, and the differential cross
section for inelastic electron scattering is related to the
total cross sections for absorption of transverse, oy, and
longitudinal, o, virtual photons according to (Hand,
1963)

2
E%—quT(E,E',O)=F[UT(v,q2)+eaL(v,q2)], 4)
where
__a KE'| 2
4r* ¢’E |1—€ |’

e=[1+2(1++*/¢*tan*(6/2)]7 !,
and
K=(W*—M?>»/(2M) .

The quantity I' is the flux of transverse virtual photons,
and € is the degree of longitudinal polarization. The
cross sections oy and o; are related to the structure
functions W, and W, by

K
W, (v,q%)= o or(v,q?),
" (5)
2y _ K q 2
W,(v,q%)= A ;2—_‘_-1/—2 lor(v,g®)+o,(v,qD)] .
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In the limit g>—0, gauge invariance requires that o; —0
and or—o,(v), where o,(v) is the photoproduction
cross section for real photons. The quantity R, defined as
the ratio o, /o0 7, is related to the structure functions by

R(v,qy)=0,/0r=(W,y/W)X1++v*/g>)—1 . (6)

A separate determination of the two inelastic structure
functions W, and W, (or, equivalently, o; and o) re-
quires values of the differential cross section at several
values of the angle 0 for fixed v and q2. According to Eq.
(4), o is the slope and o is the intercept of a linear fit
to the quantity = where
2

The structure functions W, and W, are then directly cal-
culable from Eq. (5). Alternatively, one can extract W,
and W, from a single differential cross-section measure-
ment by inserting a particular functional form for R in
the equations

-1
_1 do ,
W= daar |(TR)| [ TRenter) )
™
w. :L d’c 2
> oy dQdE’ 1+R
2442 -1
x | 42X |tan2(6/2)
q

Equations (5) through (7) apply equally well for the pro-
ton, deuteron, or neutron.

In practice it was convenient to determine values of o,
and o from straight-line fits to differential cross sections
as functions of e. R was determined from the values of
o, and o1, and W, and W, were, as shown above, deter-
mined from R.

B. Scale invariance and scaling variables

By investigating models that satisfied current algebra,
Bjorken (1969) had conjectured that in the limit of g2 and
v approaching infinity, with the ratio @=2Mv/q? held
fixed, the two quantities v, and W, become functions
of w only.'* That is,

2MW,(v,q*)=F, (o) ,
vW,(v,q*)=F,(w) .

It is this property that is referred to as ‘“‘scaling” in the
variable o in the “Bjorken limit.”” The variable x =1/w
came into use soon after the first inelastic measurements;

14Although the conjecture was published after the experimen-
tal results established the existence of scaling, the proposal that
this might be true was made prior to the measurements, as dis-
cussed later in the text.
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we will use both in this paper.
Since W, and W, are related by

vW,/Wi=(1+R)/(1/v+w/(2M)) ,

it can be seen that scaling in W, accompanies scaling in
vW, only if R has the proper functional form to make
the right-hand side of the equation a function of w. In
the Bjorken limit, it is evident that the ratio vW, / W,
will scale if R is constant or is a function of w only.

C. Radiative corrections

Radiative corrections must be applied to the measured
cross sections to eliminate the effects of the radiation of
photons by electrons which occurs during the nucleon
scattering itself and during traversals of material before
and after scattering. These corrections also remove
higher-order electrodynamic contributions to the
electron-photon vertex and the photon propagator. Ra-
diative corrections as extensive as were required in the
proposed scattering program had been little studied pre-
viously (Bjorken, 1963). Friedman (1959) in 1959 had
calculated the elements of the required “triangle,” dis-
cussed in more detail below, in carrying out corrections
to the inelastic scattering of 175 MeV electrons from deu-
terium. Isabelle and Kendall (1964), studying the inelas-

E E Kk !
E g’ E E
k
(a) (b) (c)
. A
E‘::fq;y u Elastic
=~Threshold
-t S (E.E)
]
]
1 >
Initial Energy
(d)

FIG. 6. Diagrams showing radiation in electron scattering (a)
after exchange of a virtual photon (b) before exchange of a vir-
tual photon. Figure (c) is the diagram with radiative effects re-
moved. Figure (d) is the kinematic plane relevant to the radia-
tive corrections program. The text contains a further discus-
sion of corrections proéedures. A “triangle” as discussed in the
text is formed by points L, U, and S.
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FIG. 7. Inelastic measurements: where spectra were taken to
determine “triangles” employed in making radiative corrections
for three angles selected for some of the later experiments. The
solid curves represent the kinematics of elastic electron-proton
scattering.

tic scattering of electrons of energy up to 245 MeV from
Bi*® in 1962, had measured inelastic spectra over a num-
ber of triangles and had developed the computer pro-
cedures necessary to permit computation of the correc-
tions. These studies provided confidence that the pro-
cedures were tractable and the resulting errors of accept-
able magnitude.'®

The largest correction has to be made for the radiation
during scattering, described by diagrams (a) and (b) in
Figure 6. A photon of energy k is emitted in (a) after the
virtual photon is exchanged, and in (b) before the ex-
change. Diagram (c) is the cross section which is to be
recovered after appropriate corrections for (a) and (b)
have been made. A measured cross section at fixed E, E’,
and 6 will have contributions from (a) and (b) for all
values of k that are kinematically allowed. The lowest
value of k is zero, and the largest occurs in (b) for elastic
scattering of the virtual electron from the target particle.

15The final report on the experiment is Klawansky et al., 1973.
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Thus, to correct a measured cross section at given values
of E and E’, one must know the cross section over a
range of incident and scattered energies.

To an excellent approximation, the information neces-
sary to correct a cross section at an angle 6 may all be
gathered at the same value of §. Diagram (d) of Figure 6
shows the kinematic range in E and E' of cross sections
which can contribute by radiative processes to the funda-
mental cross section sought at point S, for fixed 6. The
range is the same for contributions from bremsstrahlung
processes of the incident and scattered electrons. For
single hard-photon emission, the cross section at point S
will have contributions from elastic scattering at points
U and L, and from inelastic scattering along the lines SL
and SU, starting at inelastic threshold. If two or more
photons are radiated, contributions can arise from line
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FIG. 8. Spectra of 10 GeV electrons scattered from hydrogen
at 6°, as a function of the final hadronic state energy W. Dia-
gram (a) shows the spectrum before radiative corrections. The
elastic peak has been reduced in scale by a factor of 8.5. The
computed radiative ““tail” from the elastic peak is shown. Dia-
gram (b) shows the same spectrum with the elastic peak’s tail
subtracted and inelastic corrections applied. Diagram (c) shows
the ratio of the inelastic spectrum before, to the spectrum after,
radiative corrections.

Rev. Mod. Phys., Vol. 63, No. 3, July 1991

LU and the inelastic region bounded by lines SL and SU.
The cross sections needed for these corrections must
themselves have been corrected for radiative effects.
However, if uncorrected cross sections are available over
the whole of the “triangle” LUS, then a one-pass radia-
tive correction procedure may be employed, assuming
the peaking approximation (Miller et al., 1972; Mo and
Tsai, 1969), which will produce the approximately
corrected cross sections over the entire triangle, includ-
ing the point S.

The application of radiative corrections required the
solution of another difficulty, as it was generally not pos-
sible to take measurements sufficiently closely spaced in
the E-E’ plane to apply them directly. Typically five to
ten spectra, each for a different E, were taken to deter-
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{
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FIG. 9. Spectra of electrons scattered from hydrogen at g2 up
to 4 (GeV/c)?. The curve for g>=0 represents an extrapolation
to g?=0 of electron scattering data acquired at 8=1.5°. Elastic
peaks have been subtracted and radiative corrections have been
applied.
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mine the cross sections over a “triangle.” Interpolation
methods had to be developed to supply the missing cross
sections and had to be tested to show that they were not
the source of unexpected error. Figure 7(a), (b), and (c)
shows the triangles, and the locations of the spectra, for

607

In the procedures that were employed, the radiative
tails from elastic electron-proton scattering were sub-
tracted from the measured spectra before the interpola-
tions were carried out. In the MIT-SLAC radiative
correction procedures, the radiative tails from elastic

data taken in one of the experiments in the program. scattering were calculated using the formula of Tsai

RADIATIVELY CORRECTED SPECTRA
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[+
(&)
E 25
g (ﬁ) = 488 nb
% MOTT
z E = 13.51 GeV
0 i 1 1 1
N (———) = 389 nb
10 49 /yorT
E = 15,15 GeV
0 1 1 1 1
10 ( dor = 286 nb
49 /yor
E = 17.65 GeV T
o 1 1 1 1
1.0 2.0 3.0 4.0 5.0

MISSING MASS (GeV)
FIG. 10. (a) Visual fits to spectra showing the scattering of electrons from hydrogen at 10° for primary energies, E, from 4.88 GeV to
17.5 GeV. The elastic peaks have been subtracted and radiative corrections applied. The cross sections are expressed in nanobarns
per GeV per steradian. The spectrum for E =4.88 GeV was taken at DESY (Bartel et al., 1968). (b) Visual fits to spectra showing
the scattering of electrons from hydrogen at a primary energy E of approximately 13.5 GeV, for scattering angles from 1.5° to 18°.
The 1.5° curve is taken from MIT-SLAC data used to obtain photoabsorption cross sections.
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(1964), which is exact to lowest order in a. The calcula-
tion of the tail included the effects of radiative energy de-
gradation of the incident and final electrons, the contri-
butions of multiple photon processes, and radiation from
the recoiling proton. After the subtraction of the elastic
peak’s radiative tail, the inelastic radiative tails were re-
moved in a one-pass unfolding procedure as outlined
above. The particular form of the peaking approxima-
tion used was determined from a fit to an exact calcula-
tion of the inelastic tail to lowest order which incorporat-
ed a model that approximated the experimental cross sec-
tions. One set of formulas and procedures are described
by Miller et al. (1972) and were employed in the SLAC
analysis. The measured cross sections were also correct-
ed in a separate analysis, carried out at MIT, using a
somewhat different set of approximations (Poucher,
1971). Comparisons of the two gave corrected cross sec-
tions which agreed to within a few percent. Bodek et al.

(1979) give a complete description of the MIT radiative
correction procedures that were applied, the cross checks
that were carried out, and the assessment of errors aris-
ing both from the radiative corrections and from other
sources of uncertainty in the experiment. Figure 8 shows
the relative magnitude of the radiative corrections as a
function of W for a typical spectrum with a hydrogen
target. While radiative corrections were the largest
corrections to the data and involved a considerable
amount of computation, they were understood to a
confidence level of 5% to 10% and did not significantly
increase the total error in the measurements.

V. ELECTRON-PROTON SCATTERING:
RESULTS

The scattered electron spectra observed in the experi-
ment had a number of features whose prominence de-
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FIG. 10. (Continued).
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FIG. 11. Inelastic data for W=2 and 3 GeV as a function of
g This was one of the earliest examples of the relatively large
cross sections and weak g2 dependence that were later found to
characterize the deep inelastic scattering and which suggested
point-like nucleon constituents. The g? dependence of elastic
scattering is shown also; these cross sections have been divided
by o .

pended on the initial and final electron energies and the
scattering angle. At low g2 both the elastic peak and the
resonance excitations were large, with little background
from nonresonant continuum scattering either in the res-
onance region or at higher missing masses. As g2 in-
creased, the elastic and resonance cross sections de-
creased rapidly, with the continuum scattering becoming
more and more dominant. Figure 9 shows four spectra of
differing ¢2. Data points taken at the elastic peak and in
the resonance region were closely spaced in E’ so as to al-
low fits to be made to the resonance yields, but much
larger steps were employed for larger excitation energies.

Figures 10(a) and 10(b) show visual fits to spectra over
a wide range in energy and scattering angle [including
one spectrum from the accelerator at the Deutsches Elec-
tronen Synchrotron (DESY)], illustrating the points dis-
cussed above.

Two features of the nonresonant inelastic scattering
that appeared in the first continuum measurements were
unexpected. The first was a quite weak g2 dependence of
the scattering at constant W. Examples for W=2.0 and
W=3.0 GeV, taken from data of the first experiment,
are shown in Figure 11 as a function of g2. For compar-.
ison the g2 dependence of elastic scattering is shown also.

The second feature was the phenomenon of scaling.
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During the analysis of the inelastic data, J. D. Bjorken
suggested a study to determine if vW, was a function of
o alone. Figure 12(a) shows the earliest data so studied:
W,, for six values of g2, as a function of v. Figure 12(b)
shows F,=vW, for 10 values of g, plotted against w.
Because R was at that time unknown, F, was shown for
the limiting assumptions, R =0 and R =oc. It was im-
mediately clear that the Bjorken scaling hypothesis was,
to a good approximation, correct. This author, who was
carrying out this part of the analysis at the time, recalls
wondering how Balmer may have felt when he saw, for
the first time, the striking agreement of the formula that
bears his name with the measured wavelengths of the
atomic spectra of hydrogen.

More data showed that, at least in the first regions
studied and within sometimes large errors, scaling held
nearly quantitatively. As we shall see, scaling holds over
a substantial portion of the ranges of v and ¢? that have
been studied. Indeed the earliest inelastic e-p experi-
ments (Bloom et al., 1969; Breidenbach et al., 1969)
showed that approximate scaling behavior occurs already
at surprisingly nonasymptotic values of ¢g2>1.0 GeV?
and W=2.6 GeV.

The question quickly arose as to whether there were
other scaling variables that converged to w in the Bjork-
en limit and that provided scaling behavior over a larger
region in v and g2 than did the use of ®. Several were
proposed (see Friedman and Kendall, 1972'%) before the
advent of QCD, but because this theory predicts small
departures from scaling, the search for such variables
was abandoned soon after.

Figure 13 shows early data on vW,, for =4, as a
function of g2. Within the errors there was no g2 depen-
dence.

A more complex separation procedure was required to
determine R and the structure functions, as discussed
above. The kinematic region in g2-W? space available
for the separation is shown in Figure 14. This figure also
shows the 75 kinematic points where, after the majority
of the experiments were complete, separations had been
made. Figure 15 displays sample least-squares fits to
3(v,q%0) vs e(v,q2,0), as defined earlier, in comparison
with data, from which o; and o, and then R were
found.

A rough evaluation of scaling is provided by, for exam-
ple, inspecting a plot of the data taken by the collabora-
tion on vW, against x as shown in Figure 16. These
data, to a fair approximation, describe a single function
of x. Some deviations, referred to as scale breaking, are
observed. They are more easily inspected by displaying
the g2 dependence of the structure functions. Figure 17
shows separated values of 2MW, and vW, from data
taken late in the program, plotted against g2 for a series

16A portion of this publication is used in the present paper.
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INELASTIC SCATTERING DATA

As noted earlier, the discovery, during the first inelas-
tic proton measurements, of the weak q2 dependence of
the structure function vW,, coupled with the scaling
concept inferred from current algebra and its roots in the
quark theory, at once suggested new possibilities con-
cerning nucleon structure. At the 1968 Vienna Meeting,
where the results were made public for the first time, the
rapporteur, W. K. H. Panofsky, summed up the con-
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FIG. 14. The kinematic region in g>— W? space available for
the extraction of R and the structure functions. Separations
were made at the 75 kinematic points (v,g?) shown.

clusions: “Therefore theoretical speculations are focused
on the possibility that these data might give evidence on
the behavior of point-like, charged structures within the
nucleon” (Panofsky, 1968).

Theoretical interest at SLAC in the implications of the
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FIG. 15. Sample least-squares fits to = vs € in comparison with data from the proton. The quantities R and o1 were available from

the fitting parameters, and from them o ; was determined.
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inelastic scattering increased substantially after an Au-
gust, 1968 visit by R. P. Feynman. He had been trying to
understand hadron-hadron interactions at high energy
assuming constituents he referred to as partons. On
becoming aware of the inelastic electron scattering data,
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he immediately saw in partons an explanation both of
scaling and of the weak g2 dependence. In his initial for-
mulation (Feynman, 1969), now called the naive parton
theory, he assumed that the proton was composed of
point-like partons, from which the electrons scattered in-
coherently. The model assumed an infinite momentum
frame of reference, in which the relativistic time dilation
slowed down the motion of the constituents. The trans-
verse momentum was neglected, a simplification relaxed
in later elaborations. The partons were assumed not to
interact with one another while the virtual photon was
exchanged: the impulse approximation of quantum
mechanics. Thus, in this theory, electrons scattered from
constituents that were “free,” and therefore the scatter-
ing reflected the properties and motions of the constitu-
ents. This assumption of a near-vanishing of the parton-
parton interaction during lepton scattering, in the Bjork-
en limit, was subsequently shown to be a consequence of
QCD known as asymptotic freedom. Feynman came to
Stanford again, in October, 1968, and gave the first pub-
lic talk on his parton theory, stimulating much of the
theoretical work that ultimately led to the identification
of his partons with quarks.

In November 1968, Curt Callan and David Gross
(1968) showed that R, given in Eq. (6), depended on the
spins of the constituents in a parton model and that its
kinematic variation constituted an important test of such
models. For spin 1/2, R was expected to be small, and,
for the naive parton model, where the constituents are as-
sumed unbound in the Bjorken limit, R =¢%/v* (i.e.,
F,=xF;). More generally, for spin-l partons,
R =g(x)(g%/v?. This is equivalent to the scaling of vR.

Spin-zero or spin-one partons led to the prediction
R0 in the Bjorken limit and would indicate that the
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FIG. 18. The Callan-Gross relation: K, vs g2, where K, is
defined in the text. These results established the spin of the par-
tons as 1/2.

proton cloud contains elementary bosons. Small values
of R were found in the experiment, and these were totally
incompatible with the predictions of vector-meson domi-
nance. Later theoretical studies (Feynman, 1972) showed
that deviations from the general Callan-Gross rule would
be expected at low x and low g2. A direct evaluation of
the Callan-Gross relation for the naive parton model may
be found from

K0=F2/(XF1)_1 s

which vanishes when the relation is satisfied. K, is
shown in Figure 18, as a function of g2 Aside from the
expected deviations at low g2, K, is consistent with zero,
establishing the parton spin as 1/2.

VIl. EPILOGUE

After the initial inelastic measurements were complet-
ed, deuteron studies were initiated to make neutron
structure functions accessible. Experiments were made
over a greater angular range and statistical, radiative,
and systematic errors were reduced. The structure func-
tions for the neutron were found to differ from the
proton’s. Vector-meson dominance was abandoned and
by 1972 all diffractive models, and nuclear democracy,
were found to be inconsistent with the experimental re-
sults. Increasingly detailed parton calculations and sum-
rule comparisons, now focusing on quark constituents,
required sea quarks—virtual quark-antiquark pairs—in
the nucleon, and, later, gluons—neutral bosons that pro-
vided the inter-quark binding.

On the theoretical front, a special class of theories was
found that could incorporate asymptotic freedom and yet
was compatible with the binding necessary to have stable
nucleons. Neutrino measurements confirmed the spin-
1/2 assignment for partons and that they had fractional,
rather than integral, electric charge. The number of
“valence” quarks was found to be 3, consistent with the
original 1964 assumptions.
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By 1973 the picture of the nucleon had clarified to
such an extent that it became possible to construct a
comprehensive theory of quarks and gluons and their
strong interactions: QCD. This theory was built on the
concept of “color,” whose introduction years before (Han
and Nambu, 1965) made the nucleons’ multi-quark wave
functions compatible with the Pauli principle, and, on
the assumption that only “color-neutral” states exist in
nature, explained the absence of all unobserved multi-
quark configurations (such as quark-quark and quark-
quark-antiquark) in the known array of hadrons. Furth-
ermore, as noted earlier, QCD was shown to be asymp-
totically free (Gross and Wilczek, 1973; Politzer, 1973).

By that year the quark-parton model, as it was usually
called, satisfactorily explained electron-nucleon and
neutrino-nucleon interactions and provided a rough ex-
planation for the very-high-energy ‘hard” nucleon-
nucleon scattering that had only recently been observed.
The experimenters were seeing quark-quark collisions.

By the end of the decade, the fate of quarks recoiling
within the nucleon in high-energy collisions had been un-
derstood; for example, after quark pair production in the
electron-positron colliders, they materialized as back-to-
back jets composed of ordinary hadrons (mainly pions),
with the angular distributions characteristic of spin-1/2
objects. Gluon-jet enhancement of quark jets was pre-
dicted and then observed, having the appropriate angular
distributions for the spin 1 they were assigned within
QCD. Theorists had also begun to deal, with some suc-
cess, with the problem of how quarks remained confined
in stable hadrons.

Quantum chromodynamics describes the strong in-
teractions of the hadrons and so can account, in principal
at least, for their ground-state properties as well as
hadron-hadron scattering. The hadronic weak and elec-
tromagnetic interactions are well described by elec-
troweak theory, itself developed in the late 1960s. The
picture of the nucleon, and the other hadrons, as diffuse,
structureless objects was gone for good, replaced by a
successful, nearly complete theory.
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FIG. 1. View of the Stanford Linear Accelerator. The electron injector is at the top, the experimental area in lower center. The deep
inelastic scattering studies were carried out in End Station A, the largest of the buildings in the experimental area.



