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1. INTRODUCTION

A central question in the study of the few nucleon systems today is how to understand
nuclear structure in terms of the quark degrees of freedom. It is now clear that nucleons are
composite, and that QCD, the gauge theory of colored quarks and gluons, is probably the
correct theory of hadronic matter. The question is: At what points in our description of
nuclear structure do we have to abandon the conventional meson-nucleon theory in favor of
quarks? In this talk I review some of the evidence for quarks in nuclei from previous high
energy (E > 1 GeV) electron scattering experiments.!~® There is a great need for more
electron data on nuclear targets. In response to that need there are now plans for more
experiments in the near future.

2. WHERE TO LOOK FOR QUARKS?

Examination of the present high energy electron scattering data on the nucleons and
the A < 4 nuclei yields the following observations:

A. There appears to be a gradual transition from the conventional nuclear physics regime
" to the quark regime in the high energy electron data. As the energy and momentum transfer
to the hadronic system increases from the MeV range to the GeV range, there is a gradual
change from coherent scattering off collections of quarks (nucleons, mesons, isobars) to
scattering from individual point-like quarks (scaling region). This transition takes place in
the momentum transfer Q2 range up to approximately 4 (GeV/c)?, and can be seen in both
the elastic and inelastic data. In Fig. 1 the elastic form factors of the nucleons and the
nuclei A < 4 are observed to gradually approach the power law fall-off with increasing Q°
predicted by the quark counting rules.” The power law behavior follows directly from the
dominance at large Q2 of the minimal n quark component of the hadronic wave function,
and the scale invariance of the quark-quark interaction at short distances (quarks are point-
like), up to logarithmic corrections. Figure 2 shows a schematic® of the proton structure
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functions derived from ep data® covering the elastic peak, the nucleon resonances, and
the deep inelastic region. The peaks from coherent scattering sink into the continuum
of incoherent scattering from individual point-like quarks as the Q? is raised to 3 or 4
(GeV/c)2. For inelastic scattering from nuclei the picture is similar except the nucleon
resonant structures are smeared out due to Fermi motion and interactions in the nuclear

medium.
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sional scaling quark model (ref. 7).

B. There is a systematic pattern of deviations of the present high energy electromagnetic
structure function data from the predictions of the conventional meson-nucleon models.
These models generally give too small values for the cross sections at large Q2. In the
deuteron A(Q?), for example, the conventional nonrelativistic models10 fall below the data by
factors of 2 to ten at Q2 = 4 (GeV/c)?, and the relativistic corrections make the agreement
worse.!! Similarly the charge form factor of 3He is poorly described. Figure 3 shows one of
the recent calculations!? based on the best available Faddeev 3-body wave functions. When
contributions from meson exchange (MEC]) and isobars are included, there is improvement
in the size and shape of the diffractive features, but the theory still falls below the data
at the largest Q2. This pattern of too-low predictions can also be seen in the inelastic
data. In Fig. 4 the momentum space wave function ¥2(k) for nucleons in the deuteron
extracted!3 from quasi elastic ed scattering lies considerably above the conventional 2-body
wave functions above k = 200 MeV/c.. Similarly for 3He the Faddeev predictions!¥15 of
the inclusive electron spectra at large Q2 and small energy transfer (corresponding to large
internal momentum k) are all smaller than the measurements? by factors of 2 or more.
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These deviations of the conventional models from the high @2 data have been inter-
preted to be possible due to various deficiencies of the models: not enough high momentum
components in the wave functions; the need for inclusion of MEC and isobar contributions;
and relativistic effects. Unfortunately the present status of the conventional models is far
from satisfactory. We do not yet have a completely consistent relativistic treatment of few
. nucleon structure including meson and isobar currents. In some cases the addition of these
terms seems to bring the theory closer to the data. However closer examination prompts us
to proceed with caution. The ad hoc way the higher order terms are presently patched into
the nonrelativistic theory is open to question.u'18 The theoretical results also have a large
sensitivity to a large number of unknown parameters (nucleon form factors, meson-nucleon
couplings and form factors, relativistic effects).

It is also possible that what we are seeing is the slow breakdown of the conventional
picture and the gradual emergence of the quark degrees of freedom. In the Q2 range up to
4 (GeV/c)? we are looking at a transition region where on the one hand nucleons become
strongly overlapping at short distances and lose their identify, and on the other hand the
quarks are moving in the long range region dominated by nonperturbative dynamics. In this
dual region it is possible that both theoretical pictures will have some approximate validity,
and that a major goal of our study ought to be to understand one description in terms of
the other. To make progress in this program we need to continue to develop, if possible, a



completely consistent conventional relativistic theory!® so as to have a basis for identifying
the breakdown and the possible emergence of quark effects. It is also essential to press on

17-22 of cross sections including the nomalizations in

with more explicit QCD calculations
addition to the predictions of asymptotic form factors.” Eventually from intercomparison
of these competing models and the data we may begin to understand how the constituents
of nuclear matter at short distance can best be described. Clearly what is needed for
this program to succeed is extensive high quality data in this transition region. It is also
essential to make comprehensive comparisons with all available structure function data, not

just subsets of it. This leads to my third observation:

— - -

‘C.  Much of the necessary electromagnetic structure function data on the nucleons?® and
the few body nuclei is poorly known or entirely missing. Of all the possible 24 single arm
elastic and inelastic structure functions for the nucleons and A < 4 nuclei (Gg, and Gy,
for nucleons, G¢, G, and Gy for deuterium, Fp and Fyy, for 8He and 3H, vWs, W for
all) for Q2 > 1 (GeV/c)?, we have no information at all for eleven of them and in many
cases the others are not well measured at large Q2. This situation makes impossible the
kind of comprehensive comparison necessary to narrow the theoretical choices. Consider
the following cases:

Proton: In many processes the dominant contributions in the impulse approximation arise
from terms proportional to G pgy. At present for most purposes the error arising from the 2-
3% error on G pg, out to 4 (GeV/c)? is not the dominant uncertainty. However, eventually
we will need to know Gpg more precisely, especially as we move toward more detailed
questions about the difference between on-shell and off-shell form factors and the extent of
distortion of the free nucleons in the nuclear medium. Gp, is poorly know.24 The errors
at Q% = 2 (GeV/c)? are £20% and nothing is known above 3.8 (GeV/c)2. The lack of
knowledge of G, is a serious problem for nuclear structure calculations in the transition
. region.

Neutron: The 5% uncertainty® in Gy, out to 4 (GeV/c)? contributes to-the overall un-
certainty of many calculations. As with the proton, eventually we will need more accurate
measurements of G, as our tests of models become more refined. G, is very poorly
known,?5 partly because it is nearly zero. The present values extracted from elastic and
quasi elastic ed scattering have experimental errors of 50% to 100%, and they are subject
to large uncertainties from deuteron model dependence. There is no data above Q2 = 1.5
(GeV/c)2. This lack of knowledge is a major problem for few nucleon studies. In the
deuteron A(Q?), for example, large differences are possible depending on which values for
GE, are assumed.!! G, is also of high intrinsic interest because it tells about the charge
distribution of the neutron. This we now believe to arise from a delicate balance between
the charge on the +2/3 and the two —1/2 valence quarks and the cloud of ocean quarks
resulting in a spacial distribution of charge that is not everywhere zero.?6 Measurements of
GEgp will provide important tests of nucleon structure.



Deuteron Elastic: The major experimental goals here are measurement of the magnetic
form factor B(Q?) (or Gps) beyond®” Q% = 1 (GeV/c)? and a separation of the charge
G¢ and quadrupole Gg form factors. The Gy and G¢ are each predicted in the impulse
approximation1%11 to have sharp diffractive features which get shifted or even totally oblit-
erated when MEC10 or 6-quark!®20 contributions are included. A major advance in our
understanding of the relevant degrees of freedom at short distances for two nucleons will be

. made when these functions are measured.

Deuteron Inelastic: Threshold electrodisintegration of the deuteron is already identified®®

as a sensitive place to see effects MEC, and this data?? needs-to be extended to Q% above 1
(GeV/e)? tosee if the trends continue. In general a complete Rosenbluth separation of the
longitudinal and transverse response functions from threshold out into the nucleon resonance

region will be very useful for helping to identify the relevant scattering mechanisms.30

Helium and Tritium: Separation of the complete set Fo, Fs, W5, and Wj in the 3-body

nuclei over the whole kinematic domain accessible with high energy electrons is essential for
progress in this field. We have already seen the rich information contained in F, and vW,
for 3He. The magnetic elastic form factors are especially important as they are predicted!?
to be very sensitive to many ingredients of the conventional models. At present nothing is
known of 3H above 0.3 (GeV/c)?. Eventually 3H and 3He structure function data at large
Q? will give powerful constraints as the models are required to simultaneously reproduce
the diffractive features in all the structure functions in a consistent picture.

In addition to the single arm structure functions, we eventually will need measurements
~of as many of the coincidence cross sections as possible. Of particular interest are mea-
surements of the type (e, e/p) which can be interpreted in terms of the spectral functions!®
(convolutions of the initial and final state wave functions). The present measurements3! are
limited to nucleon momentum k < 300-400 MeV/c and separation energy E; < 60-80 MeV
‘primarily by the background of accidental coincidences. For extension of these experiments

it is essential to have high-intensity high-duty electron beams in the GeV region.

3. FUTURE EXPERIMENTS

There are two recent developments in the U.S. that promise to help provide the missing
data outlined above. First is the recent approval and appropriation of funds for construc-
tion of a new injector at SLAC. The other is a recent recommendation® by a DOE-NSF
review panel for construction of a new high duty 4 GeV electron machine in Newport News,
Virginia, as proposed by the South Eastern University Research Association (SURA).

The SLAC injector is a project originated by the American University Group at SLAC
to add a new electron gun and injector near the downstream end of the two mile long SLAC
linac to provide high intensity (35 pA average), good quality beams in the energy range
0.5 to approximately 5 GeV. The construction project is now getting underway (October



1983), and we expect to have beam for testing in early 1985. This new beam will be used
for a program of nuclear structure measurements using the existing facilities of SLAC End
Station A. The primary emphasis will be on elastic and inelastic electron scattering in the
A < 4 puclei. These experiments will take full advantage of the high energy and beam
current but do not need high duty factor. An example of the extension in sensitivity is
shown in Fig. 5 where the @ range accessible for a measurement of the deuteron B(Q?) is
plotted. In this case the elastically scattered electrons will be measured in coincidence with
the recoil nuclei. Similar extension of the separation of F¢ and Fys for 3He and 3H will be
possible as well as separation of ¥W; and Wj in all these nuclei.
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FIGURE 5. Sensitivity of experiments pro-
posed with the new injector at SLAC for
measurements of the deuteron B(Q?).

In addition to standard scattering measurements we are particularly interested in the
possibility to use polarized electrons to separate elastic form factors.32 In the case of scat-
tering longitudinally polarized electrons from nucleons, the polarization transferred to the
nucleons depends upon the form factors:

1/2 ) B
IOPz=—2[T(l+T)]/ GMGEtan(EG) D T=3

ILyP; =2r{(l + 1’)[1 + sin? (% 0)]}1/2 G3 4 sec (% 0) tan (% 0)



A measurement of the recoil nucleon polarization offers a new experimental method in ad-
dition to the Rosenbluth method to separate Gg from Gp4. It appears feasible to make
recoil neutron polarization analyzer/detectors based upon elastic np scattering with effi-
ciency adequate to make measurements of G, in the Q? range 0.5 to perhaps 2 (GeV/c)2.
A similar technique using pp scattering could be used to improve the knowledge of G,
above 2 (GeV/c)2. It should be noted that for the neutron a measurement of P is a direct
signature for Gg, that can be made in a ratio experiment (up-down asymmetry) completely
independent of models for deuteron wave functions and measurements of neutron detection
efficiencies or any absolute counting rates. Measurement of GE,, for any Q? > 0 would be
extremely helpful, and experimenters at low and medium energy electron facilities should
7exDlore the possibilities for such experiments, perhaps using elastic neutron-helium scatter-
ing for the analyzer.

In the case of elastic ed scattering with longitudinal beam polarization a, the cross
section for ed scattering followed by a second analyzing reaction is:

d’o d’s | 3 1
dd()s dﬂdﬂ2|0 { apsz sin g2 + - ) PzzAzz

2
-+ § pzzAzz COs ¢2

1
+ 8 (Pzz — Pyy) (Azz — Ayy) cos 2¢2}

The term proportional to p;, the vector polarization transferred to the recoil deuterons
(perpendicular to the recoil momentum and in the scattering plane), is present only when
the beam is polarized. p; depends upon different combinations of G¢ and Gg than does the
cross section, and it could be measured in an up-down asymmetry in a second scattering
~ provided the analyzing power Ay (2/1/3 iTy;) is known. If a recoil polarization analyzer
were available with full azimuthal symmetry, as for example using elastic scattering from
carbon with track reconstruction before and after the scattering, then with sufficiently
accurate data a Fourier decomposition would allow separation of the ¢, dependent terms.
In particular the ratio of the amplitude of the sin ¢, and cos ¢5 components would yield:

_g:_c___ 1/2 Ge 1 _ ¢
e [n(1 + n)] E+E’ (ﬂGQ+3) , Where g _24Md

Before such measurements can be undertaken, it is essential to have more precise and exten-
sive measurements of the analyzing powers for a suitable reaction. There are now underway
an important series of measurements33 at Saturne in Saclay on dp and dC scattering that
hopefully will yield the required analyzing powers and make possible and eventual separation
of G¢ and Gg.

The low duty factor of SLAC (10™4) will not allow performance of any inelastic coin-
cidence experiments, such as (e, €p). For these we eagerly await the development over the



next few years of high duty electron facilities. This will open up a vast new area for experi-
mental exploration of the inelastic final states and provide much new evidence for discussion
at future few body conferences.

4. WATCH FOR SURPRISES

I conclude with a reminder that we must continue to be awake for surprises that may
come along to modify our points of view and perhaps reorder the priorities of our experi-
mental programs. A recent example is the discovery by the European Muon Collaboration
at CERN,34 and confirmed by old SLAC data, 35 that deep inelastic scattering from the
quarks in deuterium is not the same as in iron. This dxscovery “has sent big ripples across
the boundary between nuclear and particle physics. The data indicate that the quark dis-
tributions are distorted when nucleons are embedded in a large nucleus compared to those
in (nearly) free nucleons. This effect provides an important new signature for quark degrees
of freedom in nuclei.

There have been several recent theoretical papers suggesting possible mechanisms for the
distortion of quark distributions in nuclei. These include nucleon overlap into multiquark
bags,30 the presence of quasi pions37 and isobars®® in nuclei, and changes in the eflective
mass and radius of nucleons found in nuclei.3® In the region z < 0.2 there are apparently
effects due to photon shadowing, and the region z > 1 (forbidden to free nucleons) will be

the place to look for cumulative effects.21,22:40

5. CONCLUSION

The field of high energy electron scattering from nuclear targets is at the threshold of
an exciting new era. High energy electron experiments are particularly good ways to look
for QCD effects in nuclear systems because they provide clean measurements of the charges

“and currents carried by the quarks in nuclei. We look forward in the near future to much
more data that that will provide important new tests of our understanding of the underlying
quark degrees of freedom in nuclei. '
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