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Abstract. Mapping the transition of the strong interaction from the hadronic degrees of freedom to the
partonic degrees of freedom of quantum chromodynamics (QCD), is an important goal in intermediate
energy nuclear and particle physics. One of the popular approaches used to study the transition between
these two regions involves searching for the onset of various phenomena which are naturally predicted in
QCD. One such phenomena is Color Transparency (CT), which refers to the suppression of final (and
initial) state interactions of hadrons with the nuclear medium in exclusive processes at high momentum
transfers. At Jefferson Lab the search for CT has focused on the (e,e’p) reaction. I will review the status
of the experimental search for CT covering these experiments and others spanning over a decade. Some of
the future experiments being planned for the 12 GeV upgrade of JLab will also be discussed.

PACS. 14.20.Dh — 13.40.Gp — 21.10.Ft

1 Introduction

Exclusive processes are essential in studies of transitions
from non-perturbative to perturbative QCD region. Map-
ping this transition from the hadronic degrees of freedom
to the partonic degrees of freedom is an important goal
in intermediate energy nuclear and particle physics. The
need for such a mapping arises from the fact that at low
energies or long distances the nucleon-meson picture in
the standard model of nuclear physics is very successful
in describing the overall features of the strong interac-
tion, while at high energies or short distances perturbative
QCD (pQCD) with its quark-gluon degrees of freedom al-
lows extremely precise description of the interaction. Un-
fortunately, there is no clear understanding of how these
two regimes are connected. Manifestation of the underly-
ing quark-gluon degrees of freedom of QCD naturally gives
rise to a distinct set of phenomena in exclusive processes
on nucleons and nuclei. One of the popular methods used
to explore the transition region is to look for the onset
of such phenomena. One such fundamental predictions of
QCD is the phenomena of Color Transparency (CT), it
refers to the vanishing of the final (and initial) state in-
teractions of hadrons with the nuclear medium in exclu-
sive processes at high momentum transfer [I]. It is based
on the idea that, at sufficiently high momentum transfer,
the dominant amplitudes for exclusive reactions involve
hadrons of reduced transverse size. These small color sin-
glet objects also known as point like configuration (PLC)
have long enough lifetimes to be able to pass undisturbed
through the nucleus because of reduced interactions with
the medium. This is a novel QCD phenomenon which, if
observed, would be a clear manifestation of hadrons fluctu-

ating to a small size in the nucleus. Moreover, it also con-
tradicts the traditional Glauber multiple scattering theory
in the domain of its validity. Nuclear transparency defined
as the ratio of the cross section per nucleon for a process on
a bound nucleon in the nucleus to the cross section for the
process on a free nucleon, is the commonly used observ-
able in searches for this phenomena. Therefore, measure-
ments of nuclear transparency have attracted a significant
amount of effort over the last two decades. A clear sig-
nature for the onset of CT would involve a dramatic rise
in the nuclear transparency as a function of momentum
transfer involved in the process, i.e. a positive slope with
respect to the momentum transfer.

2 The A(e, e’p) reaction

A number of searches for color transparency have been
carried out in the last decade in experiments using the
A(p, 2p) and A(e, €'p) reactions and coherent and incoher-
ent meson production from nuclei [2] — [§]. The A(e, e’p)
reaction was first used to measure nuclear transparency at
the MIT-Bates lab [9] and the NE-18 experiment at the
Stanford Linear Accelerator Center [3] was the first to use
this reaction to look for color transparency. These trans-
parency measurements using the A(e, e’p) reaction have
been continued at Jefferson Lab (JLab), where the advan-
tage of the continuous wave electron beam has helped im-
prove the precision of the measurements and extend them
to higher momentum transfer squared (Q?). In these reac-
tions an electron beam is incident on a nuclear target and
knocks out a proton from within the nucleus. The scat-
tered electron and the knocked out proton are detected



180

-

e o @9
N »® ©

o
o
R R RN RRRRRRNREREEREE

Transparency
o
a

e o
w &

‘ A A Au

o
N

1 2 3 4 6 7 8 9 10
025 (GeV/c)?

Fig. 1. Nuclear transparency as a function of Q2 for ?H
(stars), 2C (squares), °Fe (circles) and '*"Au (triangles).
The small open symbols are results from MIT-Bates [9], the
large open symbols are results from the SLAC experiment NE-
18 [3], the small solid symbols are results from the earlier JLab
experiment [4] and the large solid symbols are results from the
later JLab experiment [5]. The dashed line is a Glauber calcu-
lation of Pandharipande et al. [T0] and the solid lines are fit
to a straight line of the results for Q% > 2.0 (GeV/c)?
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in coincidence in a pair of magnetic spectrometers. The
proton transparency in the target nucleus is extracted by
taking the ratio of the experimental yield to the yield from
a Plane Wave Impulse Approximation (PWIA) simulation
of the experiment. The PWIA calculation does not include
any final state interactions, hence the ratio of the experi-
mental yield to the PWIA yield is a measure of the frac-
tion of the protons which are lost on the way out of the
nucleus. The CT prediction implies that for fast protons
there will a large decrease in these final state interactions
and thus one should observe a dramatic increase in the
transparency as a function of momentum transfer squared.

At JLab two A(e, e'p) experiments were performed in
experimental Hall C, to measure the nuclear transparency
of a wide range of nuclei over a large range ofQ?. The first
of these experiments was performed on 'H, 12C, *6Fe and
197 Ay and measured the nuclear transparency up to a Q?
of 3.2 (GeV/c)?. This experiment helped establish a base-
line for traditional nuclear physics calculation. The later
experiment extended the transparency measurements to a
high @2, in search of a deviation from the expectations of
the traditional calculations. The second experiment was
performed on 'H, 2H, '2C and %Fe nuclei and in both
experiments the 'H data were used for normalization pur-
poses only. The results of the nuclear transparency mea-
surements with A(e,e’'p) experiments from JLab, SLAC
and MIT-Bates are shown in Fig.[Il It is clear from Fig. [l
that the transparency is independent of Q2 up to a Q? of
8.1 (GeV/c)? and the results agree with the expectations
of conventional nuclear physics.

One can parametrize the hadron nucleus cross-section
as oy = 0gA®, where og is the N-N cross-section in free
space. Nuclear transparency can thus be parametrized as
T = A" One can then look at the A dependence of
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Fig. 2. The parameter a as a function of Q*. E91013 and
E94139 are the two JLab experiments
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the transparency by fitting the transparency at fixed Q2
to the form A'~®. Figure [ shows a plot of the parame-
ter a as a function of Q? for all the JLab transparency
results. For Q% > 2 (GeV/c)? the parameter « is equal
to 0.76 which agrees very well with the expectations of
conventional nuclear physics model based on just geomet-
rical arguments. Thus these results from JLab conclusively
rule out the onset of CT phenomena, up to a Q% of 8.1
(GeV/c)?, for protons produced in exclusive reactions in
a nuclear medium.

The (e, €’p) experiments searching for the onset of CT
will be an integral part of the proposed 12 GeV upgrade of
JLab and will be able to extend these measurements up to
Q? of 18 (GeV/c)?. The projected results for transparency
of 12C from an (e,€’p) experiments with a 11 GeV beam
at an upgraded JLab is shown in Fig. [3. It is clear that
these future measurements would be able to look for any
onset of CT at higher Q? and also be able to resolve the
wide range of predictions from various models of the CT
effect.

3 The vn — 7~ p reaction

It is more probable to produce a small transverse size in
a qq system than in a three quark system, thus one ex-
pects an earlier onset of CT for meson production. Sup-
port for this comes from recent results on coherent diffrac-
tive dissociation of 500 GeV/c pions into di-jets at Fermi-
lab [8], coherent and incoherent rho mesons production
from heavy nuclei in the HERMES experiment [7]. How-
ever, none of these results can be considered as conclusive
evidence for the onset of CT.
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Fig. 3. Projected results from a measurement of transparency
of 12C using the (e, ¢'p) reaction at JLab after the 12 GeV up-
grade, shown along with the predictions of various CT calcula-
tion, CT(I) [13], CT(II) [I1], CT(I1I) [I2] and also a traditional
calculation without CT [10]

A recent experiment at JLab used the yn — 7~ p re-
action on “He to measure the transparency of pions and
protons in He. There are several important advantages to
the choice of the #He nucleus and the yn — 7~ p process.
Nucleon configurations obtained from the Monte Carlo
method based on the exact nuclear ground state wave-
function are available for “He [14]. These configurations
along with the elementary hadron-nucleon cross-sections
can be used to carry out precise calculations of the nuclear
transparency [I5] in the framework of Glauber theory [16].
Therefore, precise measurement of nuclear transparency
from “He nuclei is a benchmark test of these traditional
nuclear calculations and can be used to explore where the
calculations start to break down. Furthermore, light nuclei
such as *He are predicted to be better for the search of
CT phenomenon because of their relatively small nuclear
sizes, which are smaller than the length scales over which
the hadrons of reduced transverse size revert back to their
normal sizes. [I7LI§].

The experiment was performed in Hall A at JLab. The
continuous wave electron beam impinged on a copper ra-
diator to generate an untagged bremsstrahlung photon
beam. The combined photon and electron beam was then
incident on either helium or liquid deuterium targets. The
two High Resolution Spectrometers (HRS) in Hall A, were
used to detect the outgoing pions and recoil protons in
coincidence. Based on two-body kinematics the incident
photon energy is reconstructed for each event using the
measured angles and momenta of the 7~ and p. In case of
“He we also assume that the residual nucleus is *He. The
experimental yield is obtained from the reconstructed pho-
ton energy spectra by integrating over a 100 MeV window
starting 25 MeV below the electron beam energy. This en-
sures that the contributions from multi-pion processes are
negligible. A Monte Carlo simulation of the experiment
was used to account for the spectrometer acceptances. As
per the definition of nuclear transparency one needs the
cross section for yn — 7~ p reaction in *He and in free
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Fig. 4. The nuclear transparency of *He(y,p 7~ ) at 67, =70°,
as a function of momentum transfer square |¢|. The inner error
bars shown are statistical uncertainties only, while the outer
error bars are statistical and point-to-point systematic uncer-
tainties (2.7%) added in quadrature. In addition there is a 4%
normalization/scale systematic uncertainty which leads to a
total systematic uncertainty of 4.8%

space to extract transparency. However, since there are
no free neutron targets a deuterium target was used and
a correction for deuterium transparency was applied. The
transparency was thus extracted from a super-ratio of the
data and Monte Carlo yields from *He and ?H targets
corrected for the deuterium transparency.

The extracted nuclear transparency for the *He tar-
get along with calculations is shown in Figs. @l and [5.
The Glauber calculation use *He configurations, which are
snapshots of the positions of the nucleons in the nucleus,
obtained from the variational wave function of Arriaga et
al. [T14]. These contain correlations generated by the Ar-
gonne vy4 and Urbana VIII models of the two-body and
three-body nuclear forces respectively. The classical trans-
parency was calculated from these configurations using
the method described in [15]. The hadron-nucleon total
cross-sections were taken from [19]. The calculation which
includes the CT effect was obtained by repeating the cal-
culation mentioned above with the hadron-nucleon total
cross-section modified according to the quantum diffusion
model [I7]. This procedure is also described in [I5].

In Figs. @ and [ the traditional nuclear physics cal-
culation appears to deviate from the data at the higher
energies. The absolute magnitude of the calculations with
CT was normalized to the calculation without CT at the
lowest energy point, however, it is the momentum transfer
squared (|t|) dependence of the transparency which is of
greater significance. The |¢| dependence is not affected by
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Fig. 5. The nuclear transparency of *He(vy,p 7~) at 67,, =90°,
as a function of momentum transfer square |¢|. The inner error
bars shown are statistical uncertainties only, while the outer
error bars are statistical and point-to-point systematic uncer-
tainties (2.7%) added in quadrature. In addition there is a 4%
normalization/scale systematic uncertainty which leads to a
total systematic uncertainty of 4.8%

the normalization systematic uncertainties. The deviation
from Glauber calculation is larger at 67, = 90°, as ex-
pected for a CT-like effect, since it is at a higher pion |¢|.
It is also interesting that the results are consistent with
the rise expected for CT at the same photon energy at
which the onset of scaling behavior was observed in the
cross-section for the yn — 7~ p and they p — 7" n pro-
cesses [20]. Thus, these data suggest the onset of deviation
from traditional calculations, but future experiments with
significantly improved statistical and systematic precision
are essential to put these results on a firmer basis.

4 The (e, e’m) reaction

As mentioned in the previous section it is more probable
to produce a small transverse size in a ¢g system than in
a three quark system, and thus one expects an earlier on-
set of CT for meson production. There are some hints of
experimental support for these claims, however, none of
these results can be considered as conclusive evidence for
CT. Thus there is an urgent need for a systematic study of
pion transparency over a wide range of Q2 and A. An ex-
periment to measure pion transparency over a Q2 range of
1-5 (GeV/c)? on 'H, 2H, 12C, 26Al, %4Cu and 19" Au has
been approved for Hall C at JLab. This experiment will
measure the electroproduction of pion from nuclei by de-
tecting the scattered electron and the knocked out pions
in coincidence using the HMS and the SOS spectrome-
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Fig. 6. The projected results for pion transparency in Cop-
per along with the CT calculations of [13]. The statistical and
systematic uncertainties have ween added in quadrature. Pro-
jections for both JLab upgraded to 12 GeV are also shown.
Traditional nuclear physics calculations (Glauber calculations)
predict an energy independent transparency
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ters in Hall C. The pion transparency will be extracted
by comparing the pion production from heavy nuclei to
that from hydrogen. The Q2 interval will be scanned in
steps of 1 (GeV/c)? to provide a baseline for comparison
with traditional nuclear physics calculations at the lower
Q? points, while at the higher Q2 points it will provide
invaluable data on the predicted early onset of CT in gq
systems. The combined statistical and systematic uncer-
tainty is expected to be 5—7%, while pQCD based calcu-
lations predict enhancements as large as ~ 40 % between
Q? of 1 to 5 (GeV/c)? for Gold nuclei [I3]. The projected
results along with a pQCD based calculation [13] is shown
in Fig.[6l This experiment would clearly be able to identify
an early onset of CT if it exists.

Experiments measuring the pion transparency will
greatly benefit form extension to higher Q2 range since
largest effects are predicted around @ of 10 (GeV/c)? and
thus are an integral part of the JLab 12 GeV upgrade pro-
gram. The projected results for experiments which will be
possible at JLab upgraded to 12 GeV are shown in Fig.[d.

5 Conclusions

Exclusive processes are crucial in studying the transition
from the nucleon-meson to the quark-gluon picture. One
of the signatures which forms an integral part of such stud-
ies is CT. Experiments at JLab has provided some useful
clues. They have shown that there is no conclusive evi-
dence for the onset of CT in gqq systems such as protons,
up to Q? of 8.1 (GeV/c)?. Another recent experiment [21]
has shown interesting deviations form traditional calcu-
lations, which support claims for an early onset of CT
in qq systems. However, future experiments with better
statistical and systematic precision in this energy range
together with improved theoretical calculations are cru-
cial for confirming these results. The upcoming (e, e’n)
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experiment should provide us some valuable information
on pion transparency at momentum transfers up to a Q?
value of 5 (GeV/c)2. The planned upgrade of JLab to 12
GeV will potentially resolve the issue of the onset of phe-
nomena such as CT by extending the search for CT to
very high Q2.
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