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Nuclear transparency with the yn— " p process in *He
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We have measured the nuclear transparency of the fundamental psocess p in “He. These measure-
ments were performed at Jefferson Lab in the photon energy range of 1.6—4.5 GeVédpe @0° and 90°.
These measurements are the first of their kind in the study of nuclear transparency in photoreactions. They also
provide a benchmark test of Glauber calculations based on traditional models of nuclear physics. The trans-
parency results suggest deviations from the traditional nuclear physics picture. The momentum transfer depen-
dence of the measured nuclear transparency is consistent with Glauber calculations that include the quantum
chromodynamics phenomenon of color transparency.
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Nuclear transparency is a very useful quantity for testingt also contradicts the traditional Glauber multiple scattering
calculations based on traditional models of nuclear physicgheory in the domain of its validity. Therefore, measurements
It is defined as the ratio of the cross section per nucleon foof nuclear transparency have attracted a significant amount
a process on a bound nucleon in the nucleus to the crosy effort during the last two decades. A clear signature for the
section for the process on a free nucleon. It is also a typicabnset of CT would involve a dramatic rise in the nuclear
quantity used in searches for deviations from the expectaransparency as a function of the momentum transfer in-
tions of traditional nuclear physics such as the phenomenowolved in the process, i.e., a positive slope with respect to the
of color transparencyCT). CT refers to the vanishing of the momentum transfer.
final (and initia) state interactions of hadrons with the A number of searches for color transparency have been
nuclear medium in exclusive processes at high momenturparried out in the last decade in experiments using the
transfer{1], and is a natural consequence of QCD. It is basedh\(p,2p) and A(e,e’p) reactions and coherent and incoher-
on the idea that, at sufficiently high momentum transfer, theent meson production from nucld2—8]. The A(p,2p)
dominant amplitudes for exclusive reactions involve hadronsiuclear transparency experiments carried out at Brookhaven
of reduced transverse size, which can then pass undisturb¢?] show a rise followed by a decrease in the momentum
through the nuclear medium. This is a novel QCD phenomitransfer squared range @°~3-10 (GeV/c}. This surpris-
enon, which, if observed, would be a clear manifestation ofng behavior can be explained in terms of mechanisms other
hadrons fluctuating to a small size in the nucleus. Moreovetthan color transparency9,10. A(e,e’p) experiments at

SLAC [3] and more recently at Jefferson Lé&bLab [4,5]
have not found any evidence for an increase of the nuclear
*Present address: FZ Rossendorf, Dresden, Germany. transparency up to @2 value of 8.1 (GeV/c). One would
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expect an earlier onset of CT for meson production than for L A B B
proton scattering11], as it is much more probable to pro-

duce a small transverse size img system than in @qq
system. Experiments performed at Fermilab and DESY seem
to support this ide@6—8]. More recently, the HERMES col-
laboration[7] has reported a positive slope in t&¢ depen-
dence of nuclear transparency from coherent and incoherent
p° production from nuclei at fixed coherence length.

In this paper, we report the first measurement of nuclear
transparency of then— o~ p process from*He. There are
several important advantages to the choice of fiie
nucleus and theen— 7~ p process. Nucleon configurations
obtained from the Monte Carlo method based on the exact
nuclear ground state wave function are available feie
[12]. These configurations along with the elementary hadron-
nucleon cross sections can be used to carry out precise cal-
culations of the nuclear transpareri@g] in the framework 001
of the Glauber theory14|. Therefore, precise measurement
of nuclear transparency frofHe nuclei is a benchmark test
of these traditional nuclear calculations and can be used to 0 b L ; :
explore where the calculations start to break down. This 2350 2400 2450 2500 2550 2600
could help identify the transition from the nucleon-meson Reconstructed E | (MeV)
degrees of freedom of the traditional nuclear physics to the
quark-gluon degrees of freedom of QCD. Furthermore, light FIG. 1. Reconstruct_ed photon energy spectrum_at 2.5_6 GeV and
nuclei such agHe are predicted to be better for the search offem=90°. The curve is from the Monte Carlo simulation. The
CT phenomenon because of their relatively small nuclea?hade.d area d.enotes the photon energy region used to extract the
sizes, which are smaller than the length scales over which tHexPerimental yield.
hadrons of reduced transverse size revert back to their equi-
librium size[15,16. tained from these spectra by integrating over a 100-MeV

The experiment was performed in Hall[A7] at the Tho-  window starting 25 MeV below the electron beam energy.
mas Jefferson National Accelerator FacilijLab. The con-  This ensures that the contributions from multipion processes
tinuous wave electron beam, with currents of approximatelyare negligible. The background yield from the electrons in-
30 A and energies ranging from 1.6 to 4.5 GeV, impingedcident on a target were obtained by repeating the same pro-
on a 6% copper radiator to generate an untagged bremsstratedure on data taken on that target without the radiator in-
lung photon beam. The combined photon and electron beaserted in the beam. Similarly the background yields from the
was then incident on a 15-cm target cell containing eithereal photons and electrons incident on the target cell walls
helium or liquid deuterium. The two high resolution spec-were obtained from the data taken for an empty target cell
trometers(HRS) in Hall A, with a momentum resolution of with and without the radiator inserted in the beam.
better than X 10 4 and a horizontal angular resolution of  The background-subtracted yield was then compared with
better than 2 mrad, were used to detect the outgoing piorihe yield from a Monte Carlo simulation of the experiment
and recaoil protons in coincidence. The backgrounds from thevith the same acceptance cuts. The Monte Carlo simulation
electron beam and from the target cell walls were measuredas performed with the JLab Hall A Monte Carlo program,
by taking data without the radiator inserted in the bédanly ~ MCEEP [19], which was adapted for photopion production
electron beam impinging on the production tajgatd also  experimentd18]. The input angular distribution and cross
with an empty target cell inserted in the beémoth with and  section used iMCEEP were obtained from a fit to ther"
without the radiator inserted in the beprAdditional details  photoproduction data at 4, 5, and 7.5 GE0]. The Fermi
on the experimental setup and the detectors used in this exaotion of the neutrons in the target nuclei was simulated
periment can be found in Rdf18]. using calculated momentum distributiongtwo-body

Based on two-body kinematics the incident photon energyreakup and separation energy distributions of neutrons. For
is reconstructed for each event using the measured angleguterium a calculated momentum distributj@i] and fixed
and momenta ofr~ andp. In case of*He we also assume binding energy were used in the simulation, while féte, a
that the residual nucleus #He. The resulting photon energy calculated momentum distributid@22] and an energy distri-
spectrum is a convolution of the bremsstrahlung distributionpution based on the missing energy spectra measured in
the Fermi motion of the neutrons, and the experimental ac?He(e,e’p) experiments for missing momentupy,= 100
ceptance. Cuts on trigger type, coincidence time, particle-60 MeV/c[23] were used. Additional details on the modi-
identification, and acceptance were also applied while obfications tomceep for photopion production can be found in
taining these spectra. A typical reconstructed photon energRef.[18].
spectrum is shown in Fig. 1. The experimental yield is ob- The photon energy spectrum was reconstructed in the

eld (artgj units)
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Monte Carlo simulation using the same method as used for 0.8
S o > * Jlab E94104
the data, which includes the assumption in the caséHsf § A Glauber with CT
that the residual nucleus #He. The quality of the simula- 5 HE8 Glauber
tion was studied by comparing the reconstructed angular and %
momentum distributions and the reconstructed photon energy =07 -

spectrum with those obtained from the simulation. An ex-
ample of the comparison of the reconstructed photon energy
spectrum for a*He target is shown in Fig. 1.

As per the definition of nuclear transparency one needs 06
the cross section foyn— 7~ p reaction in*He and in free
space to extract transparency. However, since there are no
free neutron targets we used a deuterium target and corrected

SN

for deuterium transparency. The transparency was extracted 03
from the data and Monte Carlo yields frofHe and 2H
targets, using the relation
045 1 15 2 25
Yieldpad “He) lt[(GeVic) 2]
4 Yieldyionte card *He) ) FIG. 2. The nuclear transparency dHe(y,pm ) at 67,
T("He)= Yieldp 2H) T(°H). ) =70°, as a function of momentum transfer squite The inner
Dat error bars shown are statistical uncertainties only, while the outer
Yieldyonte card °H) error bars are statistical and point-to-point systematic uncertainties

(2.7% added in quadrature. In addition, there is a 4%
normalization/scale systematic uncertainty that leads to a total sys-
All data yields were corrected for computer dead time. Atematic uncertainty of 4.8%.
number of corrections, such as pion decay, detector efficien-
cies, and absorption, in the spectrometer cancel when fomb'ffects
ing the ratio, shown in Eq(l). The ratio of the yields is
corrected for the nuclear transparency of deuterdsy)
which was obtained from the measured transparency of pr

. ; ormn .
tons ind(e,e’p) quasielastic scatteringp] and a Glauber 4 ,q4 \ith calculations is shown in Figs. 2 and 3; the results

calculation[13] of the transparency ofr~ in the deuteron. . : ;
. . are also listed in Table |. The Glauber calculation u$ee
This correction was found to be on the order of 20%. The

point-to-point variation of the transparency in the deuteron is
negligible, but there is a 3% normalization systematic uncer-
tainty associated with this correction. The assumption that
the residual nucleus i$He, which is used in reconstructing
the photon energy, introduces a normalization systematic un-
certainty of ~1.5% and a point-to-point uncertainty of
<0.5%. This was determined from the fraction of the Monte
Carlo events that are generated from the tail of the input
energy distribution above the two-body breakup energy. An-
other source of normalization systematic uncertainty is the
neutron momentum and energy distribution used in the
Monte Carlo simulation. This was found to be 1% f&H

and 2% for “He by using different calculated momentum
distributions. The total normalization systematic uncertainty
is 4.0%.

In this procedure of extracting transparency using a super-
ratio [Eq. (1)], a number of systematic uncertainties such as 04 R T T R
charge, beam energy, and bremsstrahlung photon flux cancel. 1 L5 2 25 8 85 4
This was checked rigorously by varying each of these quan- Ii(Gevie)“]
tities within their respective systematic uncertainties and g, 3. The nuclear transparency dHe(y,pm~) at 67,
then looking for the corresponding changes in the super=goe as a function of momentum transfer squiife The inner
ratio. This test was also repeated on all the different Cutgrror bars shown are statistical uncertainties only, while the outer
applied to the data, which were varied by 10—-20%. Fromerror bars are statistical and point-to-point systematic uncertainties
these tests the point-to-point systematic uncertainty is esti2.799 added in quadrature. In addition, there is a 4%
mated to be 2.7% with most of the contribution coming fromnormalization/scale systematic uncertainty that leads to a total sys-
uncertainty in the target density due to local beam heatingematic uncertainty of 4.8%.

€H 1%, “He 1.5% and the energy loss calculation
(1.4%. Thus the total systematic uncertainty of the transpar-
ency measurement is 4.8%.

0" The extracted nuclear transparency for tfide target

o
©

e JlLab E94104
N\ Glauber with CT
HE Glauber

Transparency

o
3
T

0.6 -

021001-3



RAPID COMMUNICATIONS

D. DUTTA et al. PHYSICAL REVIEW C 68, 021001R) (2003

TABLE I. The extracted nuclear transparency for— 7 p in “He nucleus a#7,,=70° and 90°. There
is an additional 4% normalization systematic uncertainty and thus the total systematic uncertainty is 4.8%.
The 2H transparency used in the extraction is also shown.

E, It] T (“He) Uncertainties T (H)
GeV (GeVig? Statistical point-to-point systematic
67 =70°
1.648 0.79 0.583 0.008 0.015 0.815
2.486 1.28 0.599 0.015 0.015 0.820
3.324 1.79 0.628 0.013 0.016 0.815
4.157 2.31 0.622 0.026 0.017 0.826
67.=90°
1.648 1.20 0.553 0.008 0.015 0.729
2.486 1.94 0.559 0.012 0.015 0.812
3.324 2.73 0.602 0.019 0.016 0.819
4.157 3.50 0.614 0.026 0.017 0.827

configurations, which are snapshots of the positions of théyy the Glauber calculations at1c (20) level for 67,
nucleons in the nucleus, obtained from the variational wave=70° (90°). The deviation from Glauber calculation is
function of Arriagaet al.[12]. larger atgZ,,=90°, as expected for a CT-like effect, since it

These contain correlations generated by the Arganne s at a higher piont|. It is also interesting that the results are
and Urbana VIII models of the two-body and three-bodyconsistent with the rise expected for CT at the same photon
nuclear forces, respectively. The classical transparency wasnhergy at which the onset of scaling behavior was observed
calculated from these configurations using the method dein the cross section for then— 7 p and theyp—="n
scribed in Ref[13]. The hadron-nucleon total cross sectionsprocesse$18]. Thus, these data suggest the onset of devia-
were taken from Refl24]. The calculation that includes the tion from traditional calculations, but future experiments
CT effect was obtained by repeating the calculation menwith significantly improved statistical and systematic preci-
tioned above with the hadron-nucleon total cross-sectiosion are essential to put these results on a firmer basis.
modified according to the quantum diffusion mod&b]. In conclusion we have measured for the first time the
This procedure is also described in REf3] and was nor-  nuclear transparency for the procegs— 7 p on a “He
malized to the Glauber calculation without CT at the Iowesttarget atd7.,=70° and 90° in the photon energy range from
energy point E,=1.648 GeV). There is=3% uncertainty 1.6 to 4.5 GeV. These measurements provide important tests
in the Glauber and CT calculations, arising from the uncerfor calculations based on the traditional model of nuclear
tainty in the measured hadron-nucleon total cross SeCtiO%ysiCS and on the Glauber theory_ The measured transpar-
and the*He wave function. The difference between the cal-ency shows interesting momentum transfer squared depen-
culation with and without CT show the possible range ofdence that seems to deviate from the traditional nuclear
effect allowed by the choice of parameters of the quantunphysics predictions at the higher momentum transfers, which
diffusion model used in the CT calculation. suggests a CT-like behavior. A first indication of CT-like ef-

A number of other CT calculatiorf25,26 have been per-  fect in this kind of reaction is interesting and calls for more
formed for theA(e,e’p) andA(e,e’ ) reactions. These dif- data. Future experiments with better statistical and system-
ferent calculations generally predict 10—25 % effect for theatic precision in this energy range together with improved
?C(e,e’p) reaction at aQ*=10 (GeV/c}. Nevertheless, theoretical calculations are crucial for confirming these re-
the positive slope of the transparency is very consistengylts.
among the different models.

In Figs. 2 and 3 the traditional nuclear physics calculation We acknowledge the outstanding support of JLab Hall A
appears to deviate from the data at the higher energies. THechnical staff and Accelerator Division in accomplishing
absolute magnitude of the calculations with CT was normal-
ized to the calculation without CT at the lowest energy point; TABLE Il The slope for thelt| dependence of the extracted
however, it is the momentum transfer squaréd) (depen- nuclear transparency obtained from the three points that are above

dence of the transparency which is of greater significancd€ résonance regidfabove s=2.25 GeV). The uncertainties are

The|t| dependence is not affected by the normalization sys-St"’mSt'cal and systematic, respectively.

tematic uncertainties. The slopes of the measured transpar- .

ency obtained from the three points that are above the resq-__°" Measured slope T Glauber

nance regior(aboveE ,=2.25 GeV) are shown in Table Il.  (deg (GeVic) 2 (GeVic) 2 (GeVic) 2
These slopes are in good agreement, within experimental 70 0.032-0.027+0.022 0.037 0.009

uncertainties, with the slopes predicted by the calculations gg 0.046-0.016+0.014 0.024 0.006

with CT and they seem to deviate from the slopes predicted
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