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The scattering of high energy electrons from a nuclear target
has become the classical method of studying the electromagnetic
structure of nuc]eons.1 In the energy range of hundreds of GeV,
electrons are not readily available because of the enormous energy
loss due to synchrotron radiation. Fortunately, muon beams from
high energy proton accelerators can be used as an economic substitute
to extend the kinematic range of investigations. It is well known
that, to a high precision,2 the muon and the electron have identical
QED properties irrespective of their mass difference. They are

equally effective in producing virtual photons which probe the target

3

nucleon. In 1963, it was successfully demonstrated at BNL,” that a

muon beam of reasonable intensity can be formed from the decay pro-
duct of a focussed hadron beam of mainly pions; and it can be used
for doing up scattering experiments. In the last few years, experi-
ments with muon beams of energies up to 300 GeV have been carried
out at Fermilab. There has been much progress towards the under-
standing of the short-distance behavior of the nucleons. In this
talk, I will try to summarize the new experimental results on the
questions of scaling, nucleon structure functions, hadron distribu-

tions, and other related subjects in electron/muon scattering.

I. Elastic Scattering

Electron-proton elastic scattering was measured up to a q? value
of 25 (GeV/c)?, where q2 is the four-momentum transfer squared.4

Electron-neutron elastic scatter‘ing,5 using a deuterium target, was
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measured only up to a g? value of approximately 6 (GeV/c)2. The elec-
tric and magnetic form factors of the proton and the neutron are

observed to obey the approximate "scaling" law:

- )
6.7 (¢?) - G,, (q?) i G,, (q%) i 1
E _ 9% 2
2.793 1.91 1+ 0‘7])
and
G (g2) = 0

The empirical form factor, TF ql/0.7] 5 » has been generally referred

to as the "dipole" form factor. A detailed measurement at SLAC4 re-

vealed that the data differed from this numerical fit, even though it
is a rather good approximation in general as shown in Figure 1. There
were a great deal of theoretical effort in the past years trying to
fit the data with vector dominance models. In 1974, asymptotically
free gauge field theories were applied to predict the high-q% behavior
of the magnetic form factor6 by relating it to the deep inelastic
structure functions. The calculations seem to agree well with the

measured data.

3 Figure 2

Elastic up scattering was first carried out at BNL.
shows the comparison between the up and the ep elastic scattering data.
They agree within experimental uncertainties. This measurement can be
regarded as another proof of the "ue universality." Of course, it is
more interesting to study the muon structure by comparing the ep and
the up scattering data. In Figure 2, the muon data appeared to be a

little lower than the electron data. However, the systematic error
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has prevented the possibility of a muon form factor as being signi-

ficant.

I1. Deep Inelastic Scattering

The cross section for the scattering of electrons of energy E
to a final energy E' through an angle 6 is related to the two in-
elastic form factors W, and W, by

d%g  _ 4a?

dodE' ~ q% cos? % [W,(q%,v) + 2W (q?,v)tan? %] ,

where v = E - E' and q2 = 4EE'sin? The important discovery at

~ @

SLAC, by an MIT-SLAC collaboration,” was that the two structure
functions, VW, and 2MW;, are functions only of a single dimension-
less variable w = 2Mv/q?, as shown in Figure 3. This is the
celebrated Bjorken sca]ing.8

In order to explain Bjorken scaling, a great number of theoret-
ical models were invented. Most of these theories point to the
existence of constituents within nucleons. The parton model of
Feynman is certainly the most popular version.9 The other end of
the spectrum includes the generalized vector dominance mode];10 or
Schwinger's point of viewH in which he believes the deep inelastic
scattering phenomena can be explained by extrapolations from the
known resonances production and diffraction scatterings. In the
following sections, we will review the new experiment results on
scaling, the inelastic structure function vW,, and hadron spectra

in electron/muon scattering. We hope that these experimental facts
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can help us to understand the nucleon structure a Tittle better; or
at least to help us to decide which parts of the different theoret-

ical models come closer to the truth.

III. Test of Bjorken Scaling

A Cornell-Michigan State-Berkeley-La Jolla collaboration has

discovered at Fermilab that Bjorken scaling does not hold exact]y.]2
In that experiment, the scale invariance was tested directly by com-
paring the invariant muon cross sections at different incident muon
energies with the dimensions of the experimental apparatus properly

scaled. Specifically, if the following scale transformation is made:

E -+ AE (change the incident energy by a factor of 1),
E' - AE'  (change the magnetic spectrometer setting by

a factor of 1),

8 - 1 (change the target to spectrometer distance by
/x L
a factor of —
/X

then the Bjorken scaling variable w will remain unchanged and the

ratio of the cross sections at two different incident energies, de-

fined by
[E d?o
_LE = A
r(w’qz) = C:szdéLE Eo ,
[t axdy ik = ko

where x = q2/2Mv, y = E'/E, will remain constant for all values of w
and q2 if Bjorken scaling holds strictly true. The experimental re-

sults, measured at incident muon energies of 150 GeV and 56 GeV with
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an iron target, is shown in Figure 4. It clearly demonstrates that
the Bjorken scaling is violated by ~20%. The same group also com-
pared their measured data to a Monte Carlo calculation in which
Bjorken scaling was assumed. This result is shown in Figure 5. The
plot explicitly illustrates the g? dependence of scaling violation
at different values of w. The deviation from Bjorken scaling as a
function of g% has a negative slope at values of w less than 5; and
a positive slope at values of w greater than 5. This observation is
in good agreement with the theoretical predictions of both conven-
tional field theories and also asymptotically free gauge theories with
anomalous dimens1’ons.]3’]4
In another experiment at Fermilab, done by a Chicago-Harvard-

15 the structure function, vl,, was

I11inois-0xford collaboration,
directly measured by scattering 150 muons from a liquid hydrogen or
deuterium target. The result is shown in Figure 6. It demonstrates
also that Bjorken scaling is violated by an amount less than 20%,
and is consistent with the results of Reference 12.

One very important question about scaling is what should be the

16

correct scaling variable. There exist already too many of them

such as x, X', Xg, Xj, XW’ £, etc. The argument is that the energy
reached by variocus experiments is still too low to be free of correc-
tions due to kinematics or the masses of the constituents. This

difficulty is vividly illustrated by a recent precise measurement at

Vs shown in Figure 7, at high g2

SLAC with 20 GeV electrons.
values the structure function 2MW, does not scale with either the

Feynman variable or the Bloom-Gilman variable x'. However, it scales
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rather well with a specially chosen empirical variable defined by
xg = q2/(2Mv + 1.48). For the hundred GeV muon energies at
Fermilab, the quantity 2Mv is of the order of 300. The scaling
variables defined by various authors become approximately identical
and the observed deviations from scaling cannot be eliminated by a
particular choice of the scaling variable.

At high values of v and g2, it is anticipated that new degrees

18,19 o example, heavy

of freedom of the nucleon can be excited.
quark excitations could manifest threshold effects in vW,; and color
excitation could manifest as a general increase of vW,. None of

these effects have been observed.

IV. Approach to Scaling

Facing the fact that the exact Bjorken scaling has not yet been
reached, the natural question to ask is how scaling is approached as
a function of q2 and v. In Figure 8, the vW, function measured at

20 with 20 GeV electrons is plotted against g? for all values

SLAC
of w'. It can be seen that vW, approaches the scaling Timit (~1/7)
when g2 2 1.2 (GeV/c)?. 1In Figure 9, a similar plot is shown for data

21

measured in 150 GeV uD scattering at Fermilab. The structure func-

tion only starts to level off at q? = 3.5 (GeV/c)?, instead of the
value of q? = 1.2 (GeV/c)? as shown in Figure 8. This phenomena
was independently confirmed by the results of scattering 150 GeV muons

22 as shown in Figure 10. Apparently a v-dependence

from an iron target
of the structure function vW has been observed. As v is increased
from 20 GeV to 150 GeV, it takes higher values of g2 to reach the

scaling limit.
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As we have mentioned before, asymptotically free gauge theonr'ies]3

seem to be able to account for the observed deviation from scaling.
The explanation is somewhat complicated. A very appealing and intu-

23 1pe

itive picture has been discussed informally by Wilson.
argument is based on analogy with the electron bremsstrahlung proc-
ess. As is well known, if the radiative corrections were not taken
into account, the Bjorken scaling will be violated by 50% or more.

From the measured vWz function, it has been realized that approximately
50% of the momentum imparted to the nucleon by the virtual photon is
missing. These missing momenta are supposedly taken away by the inert
neutral gluons. If the quark-parton model, as pictured in Figure 11,

is to be taken seriously, then wilson23

argued that gluon emissions by
the quarks should also be corrected as whét was done with the photon
emissions by the electrons. Then we may end up with a perfect Bjorken
scaling after all. It is the gluon emission processes which give rise
to the present scaling violation as shown in Figure 12. Presumably
the gluon emission processes can be calculated once the quark-gluon
coupling constant, g/4w, is known. This coupling constant can be
calculated from the slope of the plot of §&251919i2~vs. w, according

aLnq?
24

to Tung, " as shown in Figure 13.

V. The VW, Function

In Figure 14, the result on VW, is shown as a function of x from

the data of scattering 150 GeV muons from a liquid deuterium target

13

at Fermilab. The salient feature of this plot is that vW, decreases

at small values of x. A similar resuit, as shown in Figure 15, was

also observed at BNL by scattering ~7 GeV muons from a copper target.25
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The decrease of VW, at small x is predicted by a few specific
models, using valence quarks and an infinite sea of quark—antiquark'

26

pairs, as suggested by Kuti and Weisskopf,™ Landshoff and Po'Ikinghorne,27

and by Altarelli et a1.28 Regge-pole models can also predict the same
behavionr‘.z9

It is important to know the x-distributions of the quark or the
antiquark components of the nucleon. This information has profound
bearing in designing future colliding beam facilities to study the pro-
duction of the W-bosons. For example, one can estimate the W-boson
production cross section by assuming the qq annihilation mechanism as
suggested by Drell and Yan.30 Figure 16 shows the valence quark and
sea quark distributions as resolved by Barger et a1.3'I using a quark-
parton model. The g-component was found to be approximately 6%. This

32

is in agreement with the results of a neutrino scattering experiment

at Fermilab.

VI. The Shadowing Effect

It is well known that the A-dependence of the total hadronic cross
sections in real photon-nucleus collisions is proportional to A€
rather than A.33 This is called the "shadowing” effect. However, for

interactions of virtual photons with complex nuclei this shadowing

34 35

effect was not observed. The results are illustrated in Figure 17.
The situation is quite puzzling. It has been anticipated in the
generalized vector dominance model that the.photon should contain
hadronic components, which lead to this shadowing effect. It is diffi-

cult to understand why the shadowing effect disappears as soon as the
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photon becomes virtual. As shown in Figure 17, the predictions of
the generalized vector dominance model compietely fail for electro-
production even though it enjoys success in some other areas.

36 has demonstrated the existence of a

An experiment at Cornell
shadowing effect of approximated 20% in electroproduction as shown in
Figure 18. However, this result was not reproduced in a more recent

BNL muon scattering experiment37 as shown in Figure 19.

VII. Interference Effect Between Electromagnetic and Weak Interactions

Electron/muon scattering also offers an opportunity to study the
neutral current in weak interactions by observing the interference

effect of its amplitude

Go

/2

hadron
e’ 1+ eJ s
< IYU( Y5)|> u
where Gy is a constant to be determined, with that of one-photon ex-
change in electromagnetic interactions,

hadron

]
' 1
4o {e lyu|e> a7 U,

The cross section is estimated to be38

G
d20' . dzo ~4 2( O)
E.M,

where P is the longitudinal beam polarization; G., the Fermi coupling

constant, 10'5/Mp2; and q2, the four-momentum squared in (GeV/c)?. The
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quantity measured in the experiment is defined by the asymmetry,

o) - o)
R Stet

where ¢ is the cross section d?g/dq%dv; and (+) represents the beam
helicity. From the simple form of the neutral current amplitude

assumed, the asymmetry has the value
A= (2 to 4) X 107°q?P(6y/6;)

If we assume a different form of interactions given by the neutral
currents of the Weinberg-Salam model, the values of A can be an order
of magnitude smaller depending on the value of the parameter sin?g,,,
where 6,, is the Weinberg angle.

Since the muon beam is produced mainly from the decay of pions,
it is longitudinally polarized. The sign and magnitude of the muon
polarization can be selected by choosing the muon energy for a pion
beam of fixed energy. An experiment of scattering muons in the energy
range of 15 to 27 GeV was performed at Serpukhov, U.S.S.R.39 The

result is negative and the upper Timit is given as

Recently high energy polarized electrons were made available at
SLAC by a Yale-SLAC co]]aboration.40 The longitudinally polarized
electrons were first produced from photoionization of polarized Li

atoms, and then accelerated to energies up to 19.4 GeV with negligible
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depolarization. Asymmetry was measured on the polarized electrons
scattered from an unpolarized deuterium target. The parameters of
the experiment are given in Table 1. The statistical accuracy is

AG, = 1.9 G, at q® = 1.2 (GeV/c)?; and AG, = +5.1 G. at g2 = 4.2
(GeV/c)2. The dominant systematic uncertainty is from the energy im-
balance (at the level of ]0”“) between the two beam polarizations.
This energy imbalance yields an error of AG, = 10 G_. The final

result is given as

G, S 10 G,

VIII. The Final-State Hadron Distributions

It is the hope that the deep inelastic scattering phenomena can
be understood if we have complete measurements of the final-state
hadrons. The space-1ike virtual photon has the peculiar property
that it carries more momentum than energy. Therefore, it cannot frag-
ment into hadrons by itself. When the virtual photon collides with
the target nucleon, it will transfer the three-momentum to a single
quark within the nucleon which will subsequently fragment into ordi-
nary hadrons. Therefore, study of the final-state hadrons in electro-
or muo-production could offer a direct opportunity to understand the
nucleon structure. As the q values continue to increase, eventually
we hope that the quarks can be ejected free from the nucleon even
though the present theories all call for the confinement of quarks.

A. The x,-Distribution

The x,-distribution in a 150 GeV 1D scattering experiment 2221541

at Fermilab is shown in Figure 20, where x| is the Feynman variable de-

fined as X, = P, /Pmax s P, is the Tongitudinal component of the hadron
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momentum along the photon direction, and P_, is the maximum hadron
momentum in the photon-nucleon C.M. system.

In Figure 21, the z-distributions of hadrons produced in é+e—
annihilations at SPEAR of SLAC'® are shown, where z = x,. 1In Figure
22, the x-distribution for hadrons produced by neutrinos in the 15'
bubble chamber at Fer‘mﬂab43 is shown. In both Figures 21 and 22,
the solid lines are the results from muoproduction. By comparing
these results, it is most interesting to notice that the hadron dis-
tributions are identical in interactions with space-like photons,
time-1like photons, and neutrinos. This observation provides strong
support for the constituent models of nucleon structure. Similar re-
sults at SLAC were also published by a SLAC-UC/Santa Cruz co]]aboration.44

B. The Charge Ratio

The charge ratios, N /N, - and Nﬂ+/Nﬂ—, measured at SLAC by
an MIT-SLAC col]aboration45 with good Cherenkov identification, are
shown in Figure 23 as functions of g?. The targets were liquid hydrogen
and deuterium. The data for the neutron were obtained by subtraction.
Also, in the same electroproduction experiment, the kaon and
antiproton components were measured to be Nk/N1T = 10% and Na/Nn = 1%.
The production of kaons contradicts a prediction by K. w1]son46 which

anticipates approximately 50% of hadrons are kaons.

C. The x{-Distribution

It was found that in pp collisions, at ISR of CERN and at
Fermi]ab,47 the invariant cross sections for observing a single pion

can be parameterized in the following form:
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3 n
E S;% = fx)/W

where x; = P;/P,, in the C.M. system, W is the C.M. energy, and n is
an empirical constant and found to be between 8 to 11. If this scaling
law in x; also holds in virtual photoproduction, then the quark-parton
model can be regarded as more fundamental than we expected.

A Cornell-Harvard co]]aboration48 has measured the 7' inclusive
cross sections in the reaction Yy P~ n+ + anything. The results
are shown in Figure 24. At fixed values of g2, the rafio of the in-
variant cross section, Ed3o/d35 to the total virtual photoproduction
cross section, oy, does not scale in x;. It decreases more rapidly for
higher values of W. Figure 25 shows the value of n. It varies over a

much wider range than in pp collisions.

IX. The Future Outlook

up or ep scattering experiments are rather difficult experimental
undertakings as compared to hadron-hadron scattering experiments. How-
ever, the experimental results are relatively easier to interpret
because only one hadron is involved in the initial state. It is stim-
ulating to see that there are many experiments being carried out/or
planned in this field. In particular, a muon beam of intensity
]Og/pu1se is expected to operate at the SPS at CERN within a year. Two
large-scale muon scattering spectrometers are currently under construc-
tion. Also, we anticipate new results from the following experiments

currently in progress or in the planning stage:
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A. The Exclusive Channels

An electroproduction experiment49 at Cornell is due to com-
plete shortly. The apparatus consists of a magnetic spectrometer
equipped with a large number of arrays of MWPC's. The experiment
will yield high statistics results on vector meson and resonance pro-
duction. Some typical raw data are shown in Figures 26 through 28.

B. The Nuclear Emulsion Experiment

A Cornell-Europe-Fermilab-Seattle co]]aboration50 has fin-
ished the running of a charm search experiment with nuclear emulsions
at Fermilab. The ingenious feature of this investigation is that it
is an electronically triggered experiment. Stacks of nuclear emul-
sions are placed in front of a toroidal magnetic muon scattering
spectrometer. The nuclear emulsions are sandwiched between two sets
of high-resolution drift wire chambers. Upon occurrence of a muon
scattering trigger, the interaction vertex can be located by the
drift chambers to the accuracy of <150 p. This will greatly reduce
the scanning time. The high resolution of the nuclear emulsion will
permit the detection of short-lived charmed particles to a high pre-
cision.

C. Tri-Muon Experiment

A Michigan State University groupS] has finished the running
of a tri-muon search experiment at Fermilab with muons at energies of

up to 270 GeV. The reaction under investigation is

u++A-+p+ + C+C+ X
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where C and C denote the charmed and the anti-charmed states. The
extra muon-pair could also originate from the production of heavy
lepton-pairs. Presumably the CC production rate can be related to
that observed in neutrino interactions at Fermilab through the use of
CVC theorem.

D. ep Colliding Beam Facility

Thus far the maximum q® value reached in electron/muon scat-
tering experiments is only about 50 (GeV/c)?, and the maximum v value
is less than 300 GeV. It is difficult to see how these numbers can
be increased by more than a factor of four in the future for fixed
target accelerators. The most effective way to increase the g2 and v
limits is by an ep colliding beam facility, first suggested at SLAC.52
The ep colliding beam facility would provide the opportunity to study

both the electromagnetic and weak interactions. The strengths of the

electromagnetic and weak interactions are comparable when

G.”S ) 4ro?

T S

or when S = 4,000 Gevz, where S is the C.M. energy squared. Beyond

this S value, the weak interaction process e + p ~» Ve t X will dominate.
This neutrino inclusive reaction offers the best opportunity to study
the production of W-bosons. In the old Fermi theory of weak inter-
actions, the cross section for the process e + p > Vo + X is proportional
to S. If W-bosons exist, the cross section will be modified by the
propagation factor 1/(1 + qz/sz)Z, where My is the mass of the inter-

mediate boson. If My is ~100 GeV or larger, the deviation from a linear
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rise of the cross section with respect to S can be easily detected if
q? 2 My?. This high value of g* can only be reached with ep colliding
beams.

There have been many studies on ep colliding beam facilities.
Recently, this subject was rediscussed at the 1976 Fermilab Summer

53 It was found that a 20 GeV electron storage ring can be

Study.
built fairly economically at Fermilab by placing it inside the main
ring tunnel. Since the radius of the proton synchrotron is 1 km,

the magnetic field required for 20 GeV electrons is only 670 gauss

and the energy losses due to synchrotron radiation are quite moderate.
If this 20 GeV electron is allowed to collide with the 1,000 GeV
protons in the future Energy Doubler, the g® and v limits can be ex-
tended to 80,000 (GeV_/c)2 and 40,000 GeV respectively. The estimated
counting rate for deep inelastic electrpn-proton scattering is shown

in Figure 29. The counting rate for weak interactions, assuming the

Fermi theory, is shown in Figure 30.
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Table 1

Polarized Electron Source-Photoionization of polarized Li6 atomic beam

180 pulses per second 1.5 usec pulse length

1.2 X 10° e /pulse on target 50 + 6% polarization

5 X 107 pulses accumulated

Flux on target - 6 X 10!® e~ Polarization reversal ~every 2 minutes

Kinematic Points-E; = 19.4 GeV

20-GeV/c spectrometer 8-GeV/c spectrometer

8 = 3.5° 6 = 13.3°

p = 16.5 GeV/c momentum p = 4.0 GeV/c momentum
Q% = 1.2 GeV/c? Q% = 4.2 GeV/c?

W= 2.3 GeV W=15.1 GeV

w=4.6 w=26.9

2.9 GeV v = 15.4 GeV

<
i
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FIGURE CAPTIONS

The ratio of ep elastic scattering cross section measured
at SLAC to that calculated with the dipole form factor.
Comparison of ep and up elastic scattering cross sections.
The up scattering data are from several experiments at
BNL.

The inelastic proton structure function measured at SLAC
as a function of the Bjorken scaling variable w.
Comparison of 150 GeV and 56 GeV muon scattering from an
iron target. The quantity V is defined as V = q2/2ME.
Comparison of the muon-iron scattering data to a Monte
Carlo calculation using scale-invariant form factors.

The g?-dependence of W, for different ranges of w.

This figure illustrates the scaling (or nonscaling) be-
havior of 2MW, for various scaling variables. The average
value of ZMW,; in the x or x' or x4 range from 0.6 to 0.7
is evaluated at a value of the scaling variables of 0.65
and is plotted as a function of Q?. For x and x', 2MW,
decreases as Q% increases, indicating a breakdown of
scaling in these variables. For xg the data are consistent
with scaling.

VW, measured at SLAC as a function of q2 for all values

. e inqer. L @
of w'. The curve is a fit by J. Schwinger, ¥ 2 +0.36

vW, as a function of q? for data in the range 90 < v <

130 GeV.
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v, as a function of q? for all values of w. The data
was measured at Fermilab by scattering muons from an
iron target.

Inelastic electron scattering in the parton model.
Photon emissions and gluon emissions in electron-quark
inelastic scattering. The gluon-quark coupling constant
is g/4r.

Comparison of experimentally observed scaling violation
with that anticipated from asymptotically free color
gauge theory. F(w,q2?) is wN,. The siope is equal to
(g/47)?%, the gluon-quark coupling squared.

vW, as a function of the Feynman scaling variable x = q2/2Mv
measured at Fermilab.

vW, as a function of x', where x' = ¢?/(2Mv + M?). The
data is from muon-copper scattering measured at BNL.

A parton model fit to the uD data by Barger, showing the
relative contributions of the valence quarks and the sea
of qq pairs.

Shadowing effect in photoproduction and electroproduction.
This figure is taken from Ref. 35. The curves are pre-
dictions of generalized vector dominance model with q2
values indicated.

Aeff/A measured with electron scattering from C and Ta.
Curves are calculations of Spital and Yennie with a

vector dominance model.
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Preliminary data on A-dependence of muon scattering at
BNL. No shadowing effect was seen.

The x,-distribution for hadrons produced in the kinematic
region 1 £ q < 10 (GeV/c)? and 90 < v S 130 GeV.

The z-distribution of hadrons produced by e+e- annihila-
tions at SPEAR. The straight 1ine is the numerical fit
of the muoproduction data shown in Figure 20.

The z-distribution of the hadrons produced by neutrino
interactions at Fermilab. The straight line is the
numerical fit of the muoproduction data shown in Figure
20.

The positive-to-negative charge ratios as functions of
q? measured at SLAC. The solid points are for N +/N,-,

the open circles are for Nﬂ+/Nﬂ".

3
Plots of the invariant structure function - 9;%— vs.
g, dp

the scaling variable x..

A plot of the fit parameter n vs. x; for electroproduction

+
of w .

wnn® invariant mass plot of an electroproduction experi-

ment at Cornell University.

Invariant mass plot of . and ﬂ+p events of an electro-
production experiment at Cornell University.

Invariant mass plot of Kp events of an electroproduction

experiment at Cornell University.
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Figure 29 Deep inelastic ep scattering event rate assuming:
(1) Wy = (T - x)/4 and Wi/Wy = v?/q?,
(2) 100% detection efficiency.

Figure 30 Weak interaction event rate for spin 1/2 parton model
assuming:
(1) ogn

(2) \)wz % (] - X),

39 2

=8 X107y, cm?,

(3) g =0 = 0,

(4) 100% detection efficiency.
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