
DEEP INELASTIC SCATTERING:
EXPERIMENTS ON THE PROTON AND
THE OBSERVATION OF SCALING

Nobel Lecture, December 8, 1990

by

HE N R Y  W .  KE N D A L L

Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

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 scattering 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 descrip-
tion of the interaction 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 nuclei 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 10-13 cm in size, implying 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 nucleon 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 program.

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 inelastic form factors - which embodied the information about
the proton structure - depended unexpectedly only on a single variable
rather than the two allowed by kinematics alone. These results were incon-
sistent with the current expectations of most physicists at the time. The
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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 constituents but were puzzling because such constituents seemed to
contradict well-established beliefs. Intense interest in these results devel-
oped in the theoretical community and, in a program of linked experimen-
tal 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
successful classification of the then-known hadrons. This identification
opened the door to development of a comprehensive field theory of ha-
drons (the strongly interacting particles), called Quantum Chromodynamics
(QCD), that replaced entirely the earlier picture of the nucleons and me-
sons. QCD in conjunction with electroweak theory, which describes the
interactions of leptons 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 satisfactory agreement with experi-
ment. The contributions of the MIT-SLAC inelastic scattering program
were recognized by the award of the 1990 Nobel Prize in Physics.

B. Organization of lectures
There are three lectures that, taken together, describe the MIT-SLAC
experiments. The first, written by R.E.Taylor (Reference l), sets out the
early history of the construction of the two mile accelerator, the proposals
made for the construction of the electron scattering facility, the antecedent
physics experiments at other laboratories, and the first of our scattering
experiments which determined the elastic proton structure form factors.
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 formalism and variables. Radiative correc-
tions are described and then the results of the inelastic electron-proton
scattering measurements and the physics picture - the naive parton model
- that emerged. The last lecture, by J. I. Friedman (Reference 2), 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 experimental scattering results stimu-
lated and subsequently, in conjunction with neutrino studies, confirmed.

II Nucleon and Hadronic Structure in 1968

At the time the MIT-SLAC inelastic experiments started in 1968, there was
no detailed model of the internal structures 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
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decreasing cross sections as the momentum transfer increased - which was
the predominant characteristic of the high energy hadron-hadron scatter-
ing 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 successfully, to explain the static properties of the array of hadrons.
Nevertheless, the available information suggested that hadrons were “soft”
inside, and would yield primarily distributions of scattered electrons reflect-
ing 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 particu-
lar, was totally unjustified. This stimulated renewed attention to S-matrix
theory (Reference 3), an attempt to deal with these problems by consider-
ation of the properties of a matrix that embodied the array of strong
interaction transition amplitudes from all possible initial states to all possi-
ble final states.

A. Theory: Nuclear Democracy
An approach to understanding hadronic interactions, and the large array of
hadronic resonances, was the bootstrap theory (Reference 4), one of several
elaborations of S-matrix theory. It assumed that there were no “fundamen-
tal” particles: each was a composite of the others. Sometimes referred to as
“nuclear democracy,” the theory was at the opposite pole from constituent
theories.

Regge theory (Reference 5), a very successful phenomenology, was one
elaboration of S-matrix theory which was widely practiced. Based initially on
a new approach to non-relativistic scattering, it was extended to the relativ-
istic S-matrix applicable to high energy scattering (Reference 6). The known
hadrons were classified according to which of several “trajectories” they lay
on. It provided unexpected connections between reactions at high energies
to resonances in the crossed channels, that is, in disconnected sets of states.
For scattering, Regge theory predicted that at high energy, hadron-hadron
scattering cross sections would depend smoothly on s, the square of the
center of mass energy, as A(s) ~ s(α(0)), and would fall exponentially with t,
the square of the space-like momentum transfer, as

Regge theory led to duality, a special formulation of which was provided by
Veneziano’s dual resonance model (Reference 7). 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.
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S-matrix concepts were extended to the electromagnetic processes involv-
ing hadrons by the Vector Meson Dominance (VMD) model (Reference 8).
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 numbers as the photon (primarily the rho,
omega and phi mesons). In this way electromagnetic amplitudes were relat-
ed 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 success-
fully with the virtual photons exchanged in inelastic electron scattering.
Naturally, this also led to the expectation that electron scattering would not
reveal any underlying structure.

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

B. Quark Theory of 1964
The quark1 was born in a 1964 paper by Murray Gell-Mann (Reference 9)
and, independently, by George Zweig (Reference 10). For both, the quark
(a term Zweig did not use until later) was a means to generate the symme-
tries of SU(3), the “Eightfold Way,” Gell-Mann and Ne’emann’s (Reference
11) highly successful 1961 scheme for classifying the hadrons. Combina-
tions of spin l/2 quarks, with fractional electric charges, and other appro-
priate 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 for 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 (Reference 12). 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 ever been successful (Reference 13).

C. Constituent Quark Picture
There were serious problems in having quarks as physical constituents of
nucleons and these problems either daunted or repelled the majority of the
theoretical community, including some of its most respected members
(Reference 14). The idea was distasteful to the S-matrix proponents. The
problems were, first, that the failure to produce quarks had no precedent in

1 The word quork was invented by Murray Cell-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.
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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 fractionally charged objects had ever been unambi-
guously identified. Such charges were very difficult for many to accept, for
the integer character of elementary charges was long established. Enterpris-
ing theorists did construct quark theories employing integrally charged
quarks, and others contrived ways to circumvent the other objections.
Nevertheless, the idea of constituent quarks was not accepted by the bulk of
the physics community, while others sought to construct tests that the quark
model was expected to fail (Reference 15).

Some theorists persisted, nonetheless. Dalitz (Reference 16) 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 calculations. Calculations
were carried out on other aspects of hadron dynamics, for example, the
successful prediction that A’ decay would be predominantly magnetic
dipole (Reference 17). 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 (Reference 18). With the exception of Gottfried’s work
and one by Bjorken stimulated by current algebra, discussed below, all of
the published constituent quark calculations were concerned with low ener-
gy processes or hadron characteristics rather than high energy interactions.
Zweig carried out calculations assuming that quarks were indeed hadron
constituents but his ideas were not widely accepted (Reference 19).

Thus, one sees that the tide ran against the constituent quark model in
the 60s (Reference 20). One reviewer’s summary of the style of the 60s was
that “quarks came in handy for coding information but should not be taken
seriously as physical objects” (Reference 21). While quite helpful in low
energy resonance physics, it was for some “theoretically disreputable,” and
was felt to be largely peripheral to a description of high energy soft
scattering (Reference 22).

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
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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 interactions. These are field theoretic in
character and could only be incorporated into S-matrix cum bootstrap
theory by assumptions like VMD. The latter are plausible for moderate
momentum transfer, but hardly for transfer large compared to hadron
masses. As a consequence, 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” indus-
try. Sum rules are relationships involving weighted integrals over various
combinations of cross sections. The predictions of some of these rules were
important in confirming the deep inelastic electron and neutrino scattering
results, after these became available (Reference 23).

Gell-Mann made clear that he was not suggesting that hadrons were made
up of quarks (Reference 24), although he kept open the possibility that they
might exist (Reference 25). Nevertheless, current algebra reflected its con-
stituent-quark antecedents, and Bjorken used it to demonstrate that sum
rules derived by him and others required large cross sections for these to be
satisfied. He then showed that such cross sections arose naturally in a quark
constituent model (Reference 26), in analog to models of nuclei composed
of constituent 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 imply were to be accommodated (Reference 27).

E. Theoretical Input to The Scattering Program
In view of the theoretical situation as set out above, there was no consider-
ation that a possible point-like substructure of the nucleon might be observ-
able in electron scattering during the planning and design of the electron
scattering facility. Deep inelastic processes were, however, assessed in pre-
paring the proposal submitted to SLAC for construction of the facility
(Reference 28). Predictions of the cross sections employed a model as-
suming off-mass-shell photo-meson production, using photoproduction
cross sections combined with elastic scattering structure functions, in what
was believed 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 planning 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.

III 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
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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.

device unique among high energy particle accelerators. See Figure 1. An
outgrowth of the smaller, 1 GeV accelerator employed by Hofstadter in his
studies of the charge and magnetic moment 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. Proposed in 1957, approved by the Congress
in 1962, its construction was initiated in 1963. It went into operation in
1967, on schedule, having cost $114M (Reference 29).

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 M.I.T. component. A research group from
California Institute of Technology joined in the construction cycle and the
elastic studies but withdrew before the inelastic work started in order to
pursue other interests.

The construction of the facility to be employed in electron scattering was
nearly concurrent with the accelerator’s construction. This facility was large
for its time. A 200 ft. by 125 ft. shielded building housed three magnetic
spectrometers with an adjacent “counting house” containing the fast elec-
tronics and a computer, also large for its time, where experimenters con-
trolled the equipment and conducted the measurements. See Figure 2a and
2b. The largest spectrometer would focus electrons up to 20 GeV and was
employed at scattering angles up to 100. A second spectrometer, useful to 8
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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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GeV, was used initially out to 340, 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 electrons: it would have given rise
to unacceptable chance coincidence rates, swamping the signal.

The elastic studies started in early 1967 with the first look at inelastic
processes from the proton late the same year. By the spring of 1968, the
first inelastic results were at hand. The data were reported at a major
scientific meeting in Vienna in August and published in 1969 (Reference
30). Thereafter, a succession of experiments were carried out, most of
them, from 1970 on, using both deuterium and hydrogen targets in
matched sets of measurements so as to extract neutron scattering cross
sections with a minimum of systematic error. These continued well into the
1970s. One set of measurements (Reference 31) studied the atomic-weight
dependence of the inelastic scattering, primarily at low momentum trans-
fers, studies that were extended to higher momentum transfers in the early
1980s, and involved extensive reanalysis of earlier MIT-SLAC data on
hydrogen, deuterium and other elements (Reference 32).

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 circumstances. 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:

(1)

where E is the initial and E’ the final electron energy, θ the laboratory
angle of scattering, v the electron energy loss, q the four-momentum trans-
ferred to the target nucleon, and M the proton mass.

The cross section for elastic electron-proton scattering has been calculat-
ed by Rosenbluth (Reference 33) in first Born approximation, that is, to
leading order in α = l/137:
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Fig. 3. Scattering kinematics.

where

is the Mott cross section for elastic scattering from a point proton, and

In these equations, and in what follows, A = c = 1, and the electron mass has
been neglected. The functions GEM (q2) and ~~~ (q2), the electric and mag-
netic form factors, respectively, describe the time-averaged structure of the
proton. In the non-relativistic limit the squares of these functions are the
Fourier transforms of the spatial distributions of charge and magnetic
moment, respectively. As can be seen from Equation (2) magnetic scattering
is dominant at high q2. Measurements (Reference 34) show that GMp is
roughly described by the “dipole” approximation:

where q2 is measured in (GeV)2 and µ = 2.79 is the proton’s magnetic
moment. Thus, at large q2 an additional 1/q8 dependence beyond that of c$$
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 hadronic system. The
invariant or missing mass W is the mass of the final hadronic state. It is given
by:

When only the electron is observed the composition of the hadronic final
state is unknown except for its invariant 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 structure functions W1

and W2  according to (Reference 35):
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Fig. 4. Elastic scattering cross sections for electrons from a “point” proton and for the actual

proton. The differences are attributable to the finite sire of the proton.

Fig. 5. Feynman diagram for inelastic electron scattering.

(3)

This expression is the analog of the Rosenbluth cross section given above.
The structure functions W1 and W2 are similarly defined by Equation (3) for
the proton, deuteron, or neutron; they summarize all the information
about the structure of the target particles obtainable by scattering unpolar-
ized electrons from an unpolarized target.

Within the single-photon-exchange approximation, one may view inelas-
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tic electron scattering as photoproduction by “virtual” photons. Here, as
opposed to photoproduction by real photons, the photon mass q2 is variable
and the exchanged photon may have a longitudinal as well as a transverse
polarization. If the final state hadrons 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, CT, and longitudinal, crt, virtual photons
according to (Reference 36)

(4)

where

and

The quantity r is the flux of transverse virtual photons and E is the degree of
longitudinal polarization. The cross sections or and crt are related to the
structure functions WI and W2 by

(5)

In the limit q2 + 0, gauge invariance requires that uL + 0 and ar + c+, (v),
where aY (v) is the photoproduction cross section for real photons. The
quantity R, defined as the ratio @/gr is related to the structure functions by

(6)

A separate determination of the two inelastic structure functions W, and W2

(or, equivalently, CJL  and or) requires values of the differential cross section
at several values of the angle σ for fixed v and q2. According to Equation (4)
0~ is the slope and or is the intercept of a linear fit to the quantity x where:

The structure functions W, and W2 are then directly calculable from Eq. (5).
Alternatively, one can extract W, and W2 from a single differential cross-
section measurement by inserting a particular functional form for R in the
equations
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Equations (5) through (7) apply equally well for the proton, deuteron, or
neutron.

In practice, it was convenient to determine values of gt and ar from
straight line fits to differential cross sections as functions of E. R was
determined from the values of crt and OT,  and W1 and W2 were, as shown
above, determined from R.

B. Scale Invariance and Scaling Variables.
By investigating models that satisfied current algebra, Bjorken (Reference
37) had conjectured that in the limit of q  

2 and v  approaching infinity, with
the ratio ω = 2Mv/q2 held fixed, the two quantities VW 2 and W1 become
functions of ω only. That is:

It is this property that is referred to as “scaling” in the variable ω in the
"Bjorken limit."  The variable x = l/ω  came into use soon after the first
inelastic measurements; we will use both in this paper.

Since W1 and W2 are related by

it can be seen that scaling in W, accompanies scaling in VW2 only if R has the
proper functional form to make the right hand side of the equation a
function of ω. In the Bjorken limit, it is evident that the ratio vW2/W1 will
scale if R is constant or is a function of ω 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 electrody-
namic contributions to the electron-photon vertex and the photon propaga-
tor. Radiative corrections as extensive as were required in the proposed
scattering program had been little studied previously (Reference 38). Fried-
man (Reference 39), in 1959 had calculated the elements of the required
“triangle,” discussed in more detail below, in carrying out corrections to
the inelastic scattering of 175 MeV electrons from deuterium. Isabelle and
Kendall (Reference 40), studying the inelastic scattering of electrons of
energy up to 245 MeV from Bi209 in 1962, had measured inelastic spectra
over a number of triangles and had developed the computer procedures
necessary to permit computation of the corrections. These studies provided
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Initial Energy

Fig. 6. Diagrams showing radiation in electron scattering (a) after exchange of a virtual photon

(b) before exchange of a virtual photon. Figure (6c) is the diagram with radiative effects

removed. Figure (6 d) is the kinematic plane relevant to the radiative corrections program. The

text contains a further discussion of corrections procedures. A “triangle” as discussed in the

text is formed by points L, U, and S.

confidence that the procedures were tractable and the resulting errors of
acceptable 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
exchange. 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, E1, and θ will have contributions from (a) and (b) for all
values of k which 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. 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 necessary to correct a
cross section at an angle θ may all be gathered at the same value of θ.
Diagram (d) of Figure 6 shows the kinematic range in E and E1 of cross
sections which can contribute by radiative processes to the fundamental
cross section sought at point S, for fixed θ. 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
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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 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 radiative correction
procedure may be employed, assuming the peaking approximation (Refer-
ence 41), which will produce the approximately corrected cross sections
over the entire triangle, including the point S.

The application of radiative corrections required the solution of another
difficulty, as it was generally not possible to take measurements sufficiently
closely spaced in the E-E’ plane to apply them directly. Typically live to ten
spectra, each for a different E, were taken to determine 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 shows the triangles, and the locations
of the spectra, for data taken in one of the experiments in the program.

In the procedures that were employed, the radiative tails from elastic
electron-proton scattering were subtracted from the measured spectra be-
fore the interpolations were carried out. In the MIT-SLAC radiative correc-
tion procedures, the radiative tails from elastic scattering were calculated
using the formula of Tsai (Reference 42), which is exact to lowest order in U.
The calculation of the tail included the effects of radiative energy degrada-
tion of the incident and final electrons, the contributions of multiple
photon processes, and radiation from the recoiling proton. After the sub-
traction of the elastic peak’s radiative tail, the inelastic radiative tails were
removed in a one-pass unfolding procedure as outlined above. The particu-
lar form of the peaking approximation used was determined from a lit to an
exact calculation of the inelastic tail to lowest order which incorporated a
model that approximated the experimental cross sections. One set of for-
mulas and procedures are described by Miller et al. (Reference 43) and were
employed in the SLAC analysis. The measured cross sections were also
corrected in a separate analysis, carried out at MIT, using a somewhat
different set of approximations (Reference 44). Comparisons of the two
gave corrected cross sections which agreed to within a few percent. Refer-
ence 45 contains a complete description of the MIT radiative corrections
procedures that were applied, the cross checks that were carried out, and
the assessment of errors arising 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.
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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.
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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. Figure (8a) 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. Figure (8 b) shows the same spectrum with the elastic peak’s tail subtracted
and inelastic corrections applied. Figure (8c) shows the ratio of the inelastic spectrum before, to
the spectrum after, radiative corrections.
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Fig. 9. Spectra of electrons scattered from hydrogen at q* up to 4 (GeV/c)2. The curve for q* = 0
represents an extrapolation to q* = 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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V Electron Proton Scattering: Results.

The scattered electron spectra observed in the experiments had a number
of features whose prominence depended on the initial and final electron
energies and the scattering angle. At low q* both the elastic peak and
resonance excitations were large, with little background from non-resonant
continuum scattering either in the resonance region or at higher missing
masses. As q2 increased, the elastic and resonance cross sections decreased
rapidly, with the continuum scattering becoming more and more dominant.
Figure 9 shows four spectra of differing q2. Data points taken at the elastic
peak and in the resonance region were closely spaced in E’ so as to allow fits
to be made to the resonance yields, but much larger steps were employed
for larger excitation energies.

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

Two features of the non-resonant inelastic scattering that appeared in the
first continuum measurements were unexpected. The first was a quite weak
q2 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 q2. For comparison the q2 dependence of elastic scattering is
shown also.

The second feature was the phenomenon of scaling. During the analysis
of the inelastic data, J. D. Bjorken suggested a study to determine if VW,  was
a function of o alone. Figure 12a shows the earliest data so studied: W2, for
six values of q2, as a function of V . Figure 12b shows F 2 = VW, for 10 values
of q2, plotted against O. Because R was at that time unknown, F2 was shown
for the limiting assumptions, R = 0 and R = CO. It was immediately 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 q2 that have
been studied. Indeed the earliest inelastic e-p experiments (Reference 30)
showed that approximate scaling behavior occurs already at surprisingly
non-asymptotic values of q2 2 1 .O GeV2 and W L 2.6 GeV.

The question quickly arose as to whether there were other scaling vari-
ables that converged to o in the Bjorken limit, and that provided scaling
behavior over a larger region in v and q2 than did the use of o. Several were
proposed (Reference 46) before the advent of QCD, but because this theory
predicts small departures from scaling, the search for such variables was
abandoned soon after.
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Fig. 10a. 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; W. Bartel, et al., Phys. Lett., B28
148 (1968).
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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.



characterize the deep inelastic scattering and which suggested point-like nucleon constituents.
The q2 dependence of elastic scattering is shown also; these cross sections have been divided
by CM
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(b) The quantity F, = v W2(o).  The “nesting” of the data observed here was the first evidence of
scaling. The figure is discussed further in the text.
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Fig. 13. An early observation of scaling: VW,  for the proton as a function of q2 for W > 2 GeV,
at W = 4.

Figure 13 shows early data on VW,, for o = 4, as a function of q2. Within
the errors there was no q2 dependence.

A more complex separation procedure was required to determine R and
the structure functions, as discussed above. The kinematic region in q2 - 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-
square fits to C (v,q2,0)  vs E (v,q2,8),  as defined earlier, in comparison with
data, from which OL and or and then R, were found.

A rough evaluation of scaling is provided by, for example, inspecting a
plot of the data taken by the collaboration 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 q 2 dependence of the structure
functions. Figure 17 shows separated values of 2MWl  and VW,  from data
taken late in the program, plotted against q2 for a series of constant values
of X . With extended kinematic coverage and with smaller experimental
errors, sizeable scale breaking was observed in the data.

V I Theoretical Implications of the Electron-Proton Inelastic Scattering Data.

As noted earlier, the discovery, during the first inelastic proton measure-
ments, of the weak q 2 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 concerning nucleon struc-
ture. At the 1968 Vienna Meeting, where the results were made public for
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structure functions. Separations were made at the 75 kinematic points (V,q*)  shown.
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quantities R and CT were available from the fitting parameters, and from them m was
determined.

the first time, the rapporteur, W. K. H. Panofsky, summed up the conclu-
sions (Reference 47): “Therefore theoretical speculations are focussed on
the possibility that these data might give evidence on the behavior of point-
like, charged structures within the nucleon.”

Theoretical interest at SLAC in the implications of the inelastic scattering
increased substantially after an August 1968 visit by R. P. Feynman. He had
been trying to understand hadron-hadron interactions at high energy as-
suming constituents he referred to as partons. On becoming aware of the
inelastic electron scattering data, he immediately saw in partons an explana-
tion both of scaling and the weak q2 dependence. In his initial formulation
(Reference 48), now called the naive parton theory, he assumed that the
proton was composed of point-like partons, from which the electrons
scattered incoherently. The model assumed an infinite momentum frame of
reference, in which the relativistic time dilation slowed down the motion of
the constituents. The transverse 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 approxi-
mation of quantum mechanics. Thus, in this theory, electrons scattered
from constituents that were “free,” and therefore the scattering reflected
the properties and motions of the constituents. This assumption of a near-
vanishing of the par-ton-parton interaction during lepton scattering, in the
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a.

Fig. 16. (a,b) Scaling: F, = 2MW,  (0) vs 0, and F2 = VW, (0) vs 0, for the proton.

Bjorken 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 public talk on his parton theory, stimulating much of the
theoretical work which ultimately led to the identification of his partons
with quarks.

In November 1968, Curt Callan and David Gross (Reference 49) showed
that R, given in Equation (6), depended on the spins of the constituents in a
parton model and that its kinematic variation constituted an important test
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b.

Fig. 18. The Callan-Gross relation: K0 vs q2, where K0 is defined in the text. These results
established the spin of the partons as l/2.
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of such models. For spin l/2, R was expected to be small, and, for the naive
parton model, where the constituents are assumed unbound in the Bjorken
limit, R = q2/v2 (ie, F2 = xF1). More generally, for spin l/2 partons, R =

g(x)(q2/v2). This is equivalent to the scaling of vR.
Spin zero or one partons led to the prediction R ≠ ≠ 0 in the Bjorken limit,

and would indicate that the proton cloud contains elementary bosons. Small
values of R were found in the experiment and these were totally incompati-
ble with the predictions of Vector Meson Dominance. Later theoretical
studies (Reference 50) showed that deviations from the general Callan-
Gross rule would be expected at low x and low q2. A direct evaluation of the
Callan-Gross relation for the naive parton model may be found from

which vanishes when the relation is satisfied. K0 is shown in Figure 18, as a
function of q2. Aside from the expected deviations at low q2, K0 is consistent
with zero, establishing the parton spin as l/2.

VII Epilogue

After the initial inelastic measurements were completed, 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 functions 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 results. Increasingly detailed
parton calculations and sum rule comparisons, now focussing on quark
constituents, required sea quarks - virtual quark-antiquark pairs - in the
nucleon, and, later, gluons - neutral bosons that provided 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 l/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.

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 (Reference 51) made the nu-
cleons’ multi-quark wave functions compatible with the Pauli principle, and,
on the assumption that only “color-neutral” states exist in nature, ex-
plained the absence of all unobserved multi-quark configurations (such as
quark-quark and quark-quark-antiquark) in the known array of hadrons.
Furthermore, as noted earlier, QCD was shown to be asymptotically free
(Reference 52).
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By that year the quark-parton model, as it was usually called, satisfactorily
explained electron-nucleon and neutrino-nucleon interactions, and pro-
vided a rough explanation 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 understood; for example, after quark
pair production in electron-positron colliders, they materialized as back-to-
back jets composed of ordinary hadrons (mainly pions), with the angular
distributions characteristic of spin l/2 objects. Gluon-jet enhancement of
quark jets was predicted 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 success, with the problem of how quarks
remained confined in stable hadrons.

Quantum Chromodynamics describes the strong interactions of the hadr-
ons and so can account, in principle at least, for their ground state proper-
ties as well as hadron-hadron scattering. The hadronic weak and electro-
magnetic interactions are well described by electroweak theory, itself devel-
oped 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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