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We summarize the results of two experimental programs at the Alternating Gradient Synchrotron of BNL to
measure the nuclear transparency of nuclei measured i(th@€p) quasielastic scattering process nearifi0
the pp center of mass. The incident momenta varied from 5.9 to 14.4 Ge\brresponding to
4.8< Q%< 12.7(GeV/c)2. Taking into account the motion of the target proton in the nucleus, the effective
incident momenta extended from 5.0 to 15.8 GeVFirst, we describe the measurements with the newer
experiment, E850, which had more complete kinematic definition of quasielastic events. E850 covered a larger
range of incident momenta, and thus provided more information regarding the nature of the energy dependence
of the nuclear transparency. In E850 the angular dependence of the nuclear transparency aedrt§@
nuclear transparency deuterons were studied. Second, we review the techniques used in an earlier experiment,
E834, and show that the two experiments are consistent for the carbon data. E834 also determines the nuclear
transparencies for lithium, aluminum, copper, and lead nuclei as well as for carbon. A determination of the
(7", 7*p) transparencies is also reported. We find for both E850 and E834 thA{ph2p) nuclear transpar-
ency, unlike that forA(e,e’p) nuclear transparency, is incompatible with a constant value versus energy as
predicted by Glauber calculations. TA€p, 2p) nuclear transparency for carbon and aluminum increases by a
factor of two between 5.9 and 9.5 Ge¥/ihcident proton momentum. At its peak ti#ép, 2p) nuclear trans-
parency is~80% of the constanA(e,e’p) nuclear transparency. Then the nuclear transparency falls back to a
value at least as small as that at 5.9 GeVdnd is compatible with the Glauber level again. This oscillating
behavior is generally interpreted as an interplay between two componentsifl theattering amplitude; one
short ranged and perturbative, and the other long ranged and strongly absorbed in the nuclear medium. A study
of the A dependent nuclear transparency indicates that the effective cross section varies with incident momen-
tum and is considerably smaller than the fp@écross section. We suggest a number of experiments for further
studies of nuclear transparency effects.
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I. INTRODUCTION illustrated in Fig. 1 would simply be the ratio of the differ-

If the nucleons in a nucleus were at rest and very "ghﬂyential cross section for quasielastic scattering from the pro-

bound, then nuclear transparency #(p,2p) reactions as tons in the nucleuge.g., carbop to the differential cross
section for freepp scattering corrected for the number of

*Corresponding address: Yerevan Physics Institute, Yereval‘?rmOnS in the nucleqs?,. The nuc_lgar transparency is then a
. measure of the survival probability for the protons to enter

375036, Armenia. . . . . .
and exit the nucleus without interacting with the spectator

t ; . ; ;
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Gatchina, St. Petersburg 188350, Russia. riucleons in the target nucleus. The actual situation is signifi

+ ] , . . cantly complicated by the momentum and binding energy
o resent address: 71 +|<enda| D|:r|ve, Ober::?, |Oh'°_44074’ USA. distributions described by the spectral function of the protons
Present address: Carleton College, Northfield, Minnesota 5505¢, 1he nucleus. Note that in this paper we will be implicitly

U”SA' o _ _ integrating the spectral functions over the binding energy
Present address: University of Arizona, Tucson, Arizona 85721distributions and considering only the nuclear momentum

UEA' distributions. Even with the assumption that the scattering
Deceased.

can be factorized, a detailed knowledge of the behavior of
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torization assumption, and the equality of the longitudinal
and transverse portions of the nuclear momentum distribu-

tion for the carbon nucleug5]. Short range correlations,
proton, which give rise to the high momentum tails of the momen-
tum distributions, were reported in papers by Aclaneteal.,
Tanget al, and Malkiet al. [6-8]. A(p,2p) measurements
T - from both the E834 detector by Heppelmaginal. [9] and
pp™ the E850 detector by Mardoet al. [5] showed that the

Z do/dt for proton; nuclear momentum distributions determinedA(p, 2p) re-
\ ~ actions were in agreement with those foundAfe,e’'p) ex-
proton periments.
\ . Color transparency refers to a QCD phenomenon, inde-
protons pendently predicted in 1982 by Brodskg0] and Mueller
FIG. 1. lllustration of the quantities used in the determination of.[l.l.]' involving a reduction of soft mteractlons,.ln bqth the
nuclear transparency for a representative nuclé#®,in the nu- m't.lal (IS) and flnal'(FSI) states, for a hard quasielastic scat-
merator, for freepp scattering in the denominator. The incident tering. These theorists deduced from QCD that when a pro-

proton is proton, and the struck proton is protanThe two outgo- ton traversing the nuc_leus experiences a hard CO”'.S'On’ a
ing protons are designated as pratamd protog. special quantum state is selected. That special state involves

the part of the proton wave function that is most “shock
the elementaryp differential cross section, and of the spec- resistant” and tends to survive the hard collision without
tral function of the nucleus is required since fhedifferen-  breaking up or radiating gluons. This state is also expected to
tial cross section at large angles depends so strongly on egurvive long enough while traveling through the nucleus to
ergy. In the experiments described below, either a sample dfave a reduced interaction with the spectators in the target
protons with a narrow range longitudinal momentum is se-ucleus. The state is predicted to involve a rare component
lected, or the observed quasielastic distributions are cofef the proton wave function that is dominated by 3 valence
rected with the known differentighp cross section. Similar quarks at small transverse spatial separation. The color trans-
transparencies can be defined for other quasielastic scatteripgrency prediction of QCD is that the fraction of nuclear
processes by other incident hadrons or leptons. Transpareprotons contributing toA(p,2p) quasielastic scattering
cies for A(e,e’p) have been extensively measured as disshould increase from a nominal level consistent with Glauber
cussed below. absorption[12,13, at low Q?, and then to approach unity at
In this paper we report on the combined results of twovery high Q2 However, the fall of nuclear transparency
AGS experiments to measure the nuclear transparency of nabove 9.5 GeVd indicates that additional amplitudes are re-
clei in theA(p, 2p) quasielastic scattering process near 90° inquired.
the pp center of massgc.m.). In the first part of the paper we Due to the very steep dependence of the 9 tross
describe the measurements with the newer experiment, E858ection on the center of mass energy squased, and the
which features a more complete kinematic definition of theuncertainties in the nuclear momentum distributions, it is
quasielastic events. E850 extends the range of incident enasseful to measure a ratio close to the kinematic point where
gies, and provides more information regarding the nature ofhe target proton is at rest, particularly in the longitudinal
the unexpected fall in the nuclear transparency abovéirection. This ratio will demonstrate the energy dependence
9.5 GeVk [1,2]. In the second part, we review the tech- of the nuclear transparency with a minimum of assumptions.
niques used in the earlier E834 experimi8ijt For the E834  We refer to this as the nuclear transparency rafig,, for
experiment, the directions of each final state particle werguasielastic scattering on carbon, compared to that for hydro-
determined but the momentum of only one track was meagen. Then using our best knowledge of the energy depen-
sured. The E850 experiment allows full and symmetricaldence of thepp cross section, and the nuclear momentum
tracking with momentum reconstruction of both final statedistributions we can determine the nuclear transparefgy,
particles. The E850 measurement addresses the concelingegrated in the entire longitudinal direction.
about the background subtraction in the determination of the There have been a number of investigations of nuclear
quasielastic signal in the E834 experiment. We show for theransparency in addition to those involving quasielastic reac-
overlapping carbon measurements that these two expetiions. Transparencies in exclusive incoherghiproduction
ments are consistent in the energy dependence of the nucleaive been measured at Fermilab, CERN, and DESY. At Fer-
transparency. E834 measures the nuclear transparency frlab [14], increases in exclusive nuclear transparency have
five different nuclei, and also yields initial results regardingbeen measured as the photon becomes more virtual, as ex-
transparencies fok(=*, 7*p) interactiong4]. While most of  pected in the color transparency picture. CERN data, also
the principal results have been reported previously, wénvolving muon production op®s, but at higheiQ?, indicate
present a more detailed and consistent view of the two prothat the effect is smallgil5]. Coherence length effects have
grams. been investigated in the HERMES experiment at DES4.
Other measurements with these two detectors allow us tii is important to distinguish between coherence length,
investigate a number of the factors involved with the meawhich is the distance at which the virtual photon fluctuates
surement and interpretation of nuclear transparency. Thmto aqq pair, and the formation length in which the initially
publication of Mardoret al. reported on a study of the fac- point like qq pair grows to the normap® size. It is the

do/dt for /
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FIG. 2. Schematic drawing of E850 solenoidal detector, which shows a vertical, midplane section. C1—-C4 are the four-layer arrays of
straw tube cylinders. C1 and C2 were completely within the solenoid, while C3 was only partially inside the solenoid, @dCB0
targets were located inside the C1 straw tube cylinder. The counter-weighted pole piece returns the magnetic flux emerging from the right
hand end of the solenoid. A reentrant cavity in the pole piece absorbs the incident beam downstream of the detecting elements. H1 and H2
were the scintillation trigger counters of about 256 elements each. The bold arrows show typical trajectories of the incident partigle, proton
and two scattered protons, protand protop. For scale, the length of the magnet frame was 10.9 m, and the straw tube cylid@e(S3,
and C4 were 2 m long.

formation length that enters into the determination of colorl second long spill were delivered to a2 cn? spot. Two

transparency. The coherence length is not a factor in quaspressurized C@differential Cerenkov counters;-30 m up-

elastic scattering. stream of the detector, allowed identification of the pions,
Another important investigation of nuclear transparencykaons, and protons in the incident beam on a particle-by-

has been the coherent diffractive dissociation ofparticle basig18,19. The incident particles were tracked by
500 GeVk =~ into dijets on nuclear targets at @ series of scintillation hodoscopes along the beam line. We

Q2>7 (GeV/c)? [17]. Unlike the other experiments, dijet Measured the incident beam flux with an ion chamber cross-
calibrated with direct particle counting at lower intensities,

production is not an exclusive reaction, and therefore its in= . . .
terpretation may be different than other searches for colo .nd then corrected for the proton fraction with the differen-

transparency. The power law behavior withdetermined ial Cerenkov counters. The final hodoscope was the one

from the A dependence in this experiment is considerablydeno'[ed by BH just before the nuclear targets in Fig. 2
larger, ~1.5 than the~0.7 usually found in inclusiverA The EB50 experiment embedded the cartd) CH,, and

. . . . CD, targets inside a 2 m diameter, 3 m long superconducting
reactions. The very high energy of this experiment make%olenoid with a 0.8 T field as shown in Fig. 2. The solenoid

color transparency effects likely, but does not allow a StUdX/vas a modification the CLEO I solenoid originally used at
of thg threshold' for nqcleqr transparency. . . . __Cornell[20Q]. The pole piece intercepts most of the magnetic
This paper will COUf'F‘e itself to only quasu—:;lastlc reactionsg, . emerging from the solenoid to form a reasonably uni-
th_at haye involved incident hadrong,and ™, and thosg form, horizontal magnetic field through out the solenoid vol-
with incident electrons. The mechanisms of these qua5|ela%—me The precise shape of the field was determined by a
MEombination of a large number of Hall probe measurements
in regions of high gradients and three-dimensio(iaD)
mesh calculation§21]. The annular space between the pole
Il. EXPERIMENT E850 piece and the solenoid allowed particles scattered negy, 90
f{o reach the detectors outside the solenoid. This arrangement

This section will cover measurements of nuclear transpaf i ; . : db Ui
ency with the E850 detector during two experimental runs'aCltates easier triggering and better momentum resolution

Details of the detector characteristics and of the kinematicatlh""n having all the detecto_r elements inside the splenmd. The
analysis are discussed. targets were 5.X5.1 cnf in area, and 6.6 cm in length,

spaced~20 cm apart. The positions of the C, gtand CQ
targets were interchanged regularly to minimize the differ-
A. The E850 detector (EVA) ences in flux and acceptance.

A 24 GeV proton beam from the AGS produced second- Surrounding the targets were four concentric cylinders
ary hadrons at Othrough its interaction with a3 cm long  (C1-C4 of mean radii 10, 45, 90, and 180 cm. Each cylin-
platinum target. After magnets in the C1 transport line dis-der was fabricated from four layers of thin wall straw tubes
persed the secondary hadrons with respect to charge and m@-14 um Mylar with 8 um of aluminum cladding except for
mentum, collimators selected the particles to be transporte@4, which had double the wall thickngsheir diameters
to the experiment. The momentum spread of the beam wasere 0.50, 1.04, 1.04, and 2.16 cm, and their total number
typically +0.5%. Every 3 seconds, up to5L0" particles ina  was 5632[22]. C1 and C2 were complete cylinders, but C3

pared in a relatively straightforward manner.
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FIG. 4. The 8 GeV¢ invariant cross section at 9§ for pp
— p+X, normalized to 1 aP+=0, is shown as the solid ling5].
The peak at the end is a representation of elastic scattering contri-
bution. An approximate E850 trigger acceptance is shown as the
dashed line.

labeled C2, C3, and C4. The time that this calculation took
was ~1 usec, but depended on the complexity of the event.
Some further checks were carried out by microprocessors
attached to this trigger system to ensure that there were two
tracks and they were very crudely coplanar. A microproces-
sor then read out the CAMAC-based time-to-digital convert-
FIG. 3. A transversér-¢) projection of a portion of the spec- ers(TDC's) and the FASTBUS-based analog to d,'g'FaI (_;On'
trometer(EVA) used for E850. C1—C4 are cylinders of straw tubes, Verters (ADC’s) from the straw tubes and scintillation
and H1 and H2 are hodoscope arrays of scintillation counters. Thounters. Details of these trigger systems can be found in the
relative sizes of the elements are only approximate. Radially, théeference of Wiet al. [23]. Figure 4 shows the inclusivep
coil of the superconducting solenoid just surrounds the C3 cylindercr0oss section at 90° for 8 GeW¥/incident protons, and the
and the magnetic field is nearly confined within this radius. Theapproximate trigger efficiency, which rejects Iy inelastic
number of elements listed for each array is nominal. A few elementackgrounds while retaining all of the events near the exclu-
are missing in top and bottom in C3, C4, and H2 to allow for sive limit. This arrangement provided an acceptable trigger
support structures. C1, C2, and H1 cover the entire azimuth. Theate of less than 100 Hz for incident beams of up t& H@ (
elements of H2 were one-third overlapped to provide twice the~10’ interactions per spil
resolution in¢. The curved track labeled with the was rejected In a large detector such as EVA, the location, identifica-
by the trigger system, while the higher momentum, straighter trackion, and measurement of tracks are a complex matter that
indicated by the/ was accepted. will only be described briefly in this article. For more de-
tailed information, see the theses of Rg&6—-30. The ini-
and C4 had small gaps-2% and~5% in the azimuthal tial location of all the straw tube elements was determined
coverageg at the top and bottom to allow for support struc- using a precision 3D survey using the computer linked Man-
tures. They were filled with a 50-50 mixture of argon-ethaneCat (surveying system[31]. This achieved a precision of
at slightly above atmospheric pressure. All the tubes measutsetter than 1 mm, which was further reduced~450 um
the drift distance from the track to the central wire with anby fitting to magnet-off, straight tracks.
accuracy of 15Qum, and for C2—C4, the longitudinal dis- Legitimate hits in the straw tubes were selected by check-
tance was measured to=2 cm by charge divisiofi23,24. ing that the drift times were within physical limits, and that
The momentum resolution was dominated by multiple scatthe ADC values were above the noise level. Neighboring hits
tering, and wasr(p)/p=7% as determined fromp elastic ~ within the 4 layers of each cylinder were collected into
scattering. The tracks scattered nea;t,g@assed through the “bunches” of typically 3 or 4 hits. Then these bunches were
annulus between the solenoid and the steel pole piece unttbombined with the bunches from the other cylinders to form
they reached the two fan-shaped scintillation counter arrayg,omplete tracks. A multistep process was used to select the
H1 and H2, and the two larger straw tube cylinders, C3 andest hits in the case of ambiguities, and to find the best fit to
C4. the tracks’ curvature in the magnetic field. The sagitta of
As illustrated in Fig. 3 the trigger system selects onlythese tracks in the-¢ plane between C1 and C3 and the
events with particles above a minimum transverse momendeviation from the straight line extended inward from hits in
tum, P [23]. This selection was done in two stages. The firstC3 and C4 were used to determine the particles’ momentum.
selection was done ir-75 nsec by checking the correlation Charge division as measured by the ADC values read from
in ¢ between H1 and H2. Then a second more precise selethe two ends of the straw tubes determinedzlteordinates
tion was performed by logic arrays, which measured the moef the straws selected in the¢ fit. Thesez coordinates in
mentum by a 3-point correlation with the hits in the cylindersturn were fitted to calculate the polar angles of the tracks.
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Final selections of events were the result of an adegyftie 300 | 1000
ther-¢ fit, and a consistency of the vertex position as deter- & 250 L
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mined by the two tracks. 9 500 & 800
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. . . . . .0 F

In this experiment, the exclusive quasielastic process inz 0 [ i i

vcr)]lvefs aI single hargp int;araction withQ2>4(GeV/c§. 0 s 0 oo 0 ot o2 0 025 03

The final state consists of two energetic protons and a re-

sidual excited nucleus. The presence of more than two tracke Pmx [GeVic] Pmy [GeVic]
in the detector identified the class of events with primary and

secondary inelastic interactions. This allowed for back- . "
missing momentak,,, and Py, for selected hydrogen events from

ground subtraction as described below. . . the CH, targets for 5.9 GeWd. The width of theP,, distribution is
The fundamental subprocess of our quasielastic events IS_ Loom L
. . 0=0.150 GeVt and for the Py, distribution it is o

the pp interaction

FIG. 5. The distribution of the transverse components of the

=0.035 GeVE.
proton + protor, — protory + protory
at a pp scattering angle near 99 We associate proten |5m:(me, Py Pma s
with the beam particle, and protpwith the target proton in
the nucleus. The quasielastic events are charac;[enzed by a Pt = Pk + Proy¥. )

small missing energye,, and missing momentuni,,,. We _ )
define missing energy, missing momentum, and missind "€ m-plane_momentum componeiy,, depends directly
mass squaredyi,, in terms of measured; and resulting on the the difference of th& components ofP; and P,.

energyE; of each proton Hence, P,,x has broader resolution than the out-of-plane
component,Pp,,, which is largely determined from the azi-
€m=EztE4s—E;—mp, muthal angles. The distribution of tH@, ; variables for the
hydrogen events in CHs shown in Fig. 5.
Ppn=Ps+P,— Py, To account for the effects of longitudinal component of
the nuclear momentum it is useful to consider the momentum
-5 distribution in light-cone coordinates. Definirg,= €,+my,
mﬁA = fﬁw" P ) the light-cone momentum components are derived from the

In the spirit of the impulse approximation we identify the nuclear momenta: (Em, Pm) — (EmtPm). The ordinary
measured missing momentum with the momentum of théucleon momentum distribution can be reexpressed as a dis-
struck proton inside the nucleus. For quasielastic scatteringibUtion function of light-cone components. The ratio of the
at c.m. scattering angles of 90°, the pair of final state proton§imensionless light cone fraction carried by a single proton
is produced at approximately equal momenta, polar angle$0 that carried by the entire nucleusdg¢A. Specifically, we
and opposite azimuth angles. The simple symmetrical naturé/rite
of the final state is altered by three classes of phenomena: the (En— P P —¢ =
small variation in c.m. scattering angles around 90°; the ef- a=A——M g M2 _M_q__T (3)
fects of the motion of the struck proton determined by the Ma My My

nuclear momentum distribution and the interaction of initial 11, approximate expression farcomes from neglecting,
or final state protons with the spectator nucleons in the,,q taking the mass of the nucleMs, = Any, "

nuclegs. . ) . Analogous to the use of pseudorapidity based on angles as
By including a range of c.m. scattering angles around 90°4, approximation to rapidity, which includes the particles’
one induces a spread in the final state energies and polgtomentum. we define

angles, which are proportional to ¢@s,,) [1]. The detector

is configured to have acceptance for c.m. scattering angles in -1 2B cog (63— 6,)/2]cod (65 + 6,)/2] — py, 4

the range~86°< 6, ,, <90° at each beam energy. % =-L" m, (4)
The removal of a proton with momenturR,,, from the ith

nucleus implies a transfer of that three-momentum from theVit

nucleus to the observed two-proton final state. A small deficit E.+m.\2
in final state energye,, also can in principle be observed. B= (1—'9) - mﬁ
We define the direction to coincide with the incident beam 2

direction. The final state proton pair has transverse momen- For a given beam momentunag is a function only of the
tum P, with the X direction to be in the scattering plane of final state laboratory polar angle4, and 6,, and not the final
protory andy to be normal to this scattering plane. By our state momentaP; and P,. It is obtained from the exact ex-
convention, protophas the smaller polar angle. So compo- pression by assuming that the final state momegtaare
nents of the nuclear momentum are equally shared between two final state protons. For the lim-
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-
oFs \ FIG. 7. Missing-energyk,,, distribution forP;=5.9 GeV Lt The
0.7 08 09 10 1.1 left hand figure is plot shows the events with one or more extra
aO tracks in the straw tubes. The right hand plot is Eyedistribution

with no extra tracks. The dotted line represents the quasielastic

FIG. 6. The distribution of the longitudinal component of the distribution after the interpolated background is subtracted.

light-cone momentumg, for selected hydrogen events from the

CH, targets. The approximationy,, is substituted fora as de- normal to the scattering plane. In the first E850 publication

scribed by Eq(4). regarding nuclear transparency, the separation of signal from
background was done in the missing-enelfgy) distribution

ited range of angles of this experiment, [d@s—6,)/2] is  @s illustrated in Fig. 71]. A model for the background dis-

~1.0. Since for our experiment, is better determined than tribution, based on events with at least one extra track ob-

a, We useag in our analysis. The distribution af, for se- ~ Served in the straw tube cylinders provided a parameterized

lected CH events at 5.9 Ge\W is shown in Fig. 6. The Shape for the background subtraction. Although this method

resolution of then,, distribution isc=0.025, and calculations Was satisfactory for the 5.9 and 7.5 Gevanalysis, it be-
indicate the difference betweenand a is less than 0.005 came less satisfactory as the incident momentum increases
for our range of angles. and the missing energy resolution broadens.

The width(~200 MeV/c) of the nuclear momentum dis- We now describe an improved analysis procedure used for
tribution for the longitudinal momentum results in approxi- the second publication where the background subtraction uti-
mately a 20% spread in the measurediistribution around lizes the variation in the density of measured events per unit
unity. Because the measured distribution is strongly influfour-dimensional missing-momentum spg@g. This distri-
enced by thes'° behavior of thepp cross section, the shape bution shows a sharp _quasu_alastlc peak, and a n_early flat
of the distribution is strongly skewed toward<1. In the Packground. The four-dimensional volume element is
kinematic region of interest, the center of mass energy of the - >

g 9y dey @y — PP,y dad(n,), )

pp— pp subprocess will be nearly independent Ry but
will depend critically upor. For fixed beam energi;, we  where P, ; is the transverse part of the missing momentum
find thats (the square of the center of mass energy ofghe  vector as defined in Eq2), and the longitudinal portion
system depends o according to a(ap) is given by Eqgs(3) and(4).
Elastic pp scattering occurs at a singular po'(mnf,lzo,
PﬁqT:O, a=1) in this four-dimensional phase space. Quasi-
() elastic scattering is observed as an enhancement in a region
around that elastic singular point in missing momentum

wheres, corresponds to the value sffor the case of the SPace. The basic idea of the extraction of elastic and quasi-
struck proton at resia=1). In this paper we will consider an elastic scattering is that the four-dimensional peak is distinct

effective incident beam momentuPy¢; calculated from an from t_he_smpoth backgrour_1d2and C;’; b_e identified. In Fig. 8
effective beam energf, . the distribution of events Py, vs my, is presented. The

only kinematic selection criterion for events displayed in this
s figure is a selection of light-cone momentum for
Betf= om. my = Esa, (6)  0.95< ap<<1.05. From Eq(7) we note that each square bin
P in Fig. 8 represents equal four-dimensional phase spaces. We
where the approximation reflects the relativistic limit. Use ofassume that the background below the quasielastic scattering
the variablePq¢; has been studied in Refg,27]. peak is smooth. The constant background under the quasi-
We identify the missing momentum of E@l) with the elastic peak will be determined from the background level
momentum of the nucleon in the nucleus in the spirit of theper unit phase space in the region around the peak.
impulse approximation. In the longitudinal direction thisis a  An objective of this analysis is to extract the quasielastic
very good approximation. In the transverse direction, thissignal from background with the inclusion of events that
relation is less exact because of elastic rescattering. Becausadergo secondary elastic scattering. In the high energy
the 94 ,, pp cross section strongly depends on one longitudimit, and for quasielastic scattering in the=1 region, the
dinal light-cone component of the missing momentum, weeffect of secondary elastic scattering is to smear the peak
express the missing momentum in light-cone coordinatesseen in Fig. 8 to Iowenmﬁ,I and IargerP,ZnT. Studies of the data
The coordinate system tak&sas the beam direction and  and with Monte Carlo simulations have indicated that we can

S= a8y,

So= 2MyE; + 2,
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Carbon (0.95<a <1.05) i Carbon 5.9 GeVic | b CH,5.9 GeVic
“ L] "
5 12 E 8
: 5 Z
210 s u} 5 "
“g S wt S
Z. 0
0 - 05 % 2
0 G\?\ ;—-...---.___________.“.. Ah PR n
6 0. i 2 @ ot i v M A d |1 M A7
[Gev? 0 o 00 01 02 03 04 00 01 02 03 04
4 1 E| d, 4
P (GeVic P (GeV/c)
CH, (0.95<u <1.05) ( )
2 FIG. 9. The distribution of thé®* variable for the 5.9 GeW
§ 40 data set for carbon and GHargets. The cuts of E@9) define these
= selected events. The dashed line in the carbon distribution shows
g the distribution of events, which are explicitly inelastic due to the
z 20 presence of an extra track in the straw tubes.
g : 05 <0. <0.
oo 02 S & |Pmd < 0.5 GeVk, |Pmyl 0.3 GeVe,
My [Gev? ] 0 |1 - ap| < 0.05, |63 - 6, < A6. (9)

FIG. 8. The distribution ofP%; vs mé, for two tracks events The CUt.(|93_04|<A0) re_SUItS in a range of c.m. Scattering
observed at beam momentum of 5.9 GeV/and with angles in thepp scattering subprocess. The modest differ-

0.95< ap< 1.05. The upper frame shows carbon data and the lowefNCEeS in the angular region are indicateq ir_1 Table I for each
frame shows Chidata. No other kinematic cuts have been appliedof the 5 beam momentum data sets. This is the same set of

to these data. cuts used in previously published analy$gZ].

The P* distributions for both C and Cjare shown for alll
include nearly all of elastic rescattering in our data sample® Incident momenta in Fig. 10, subject to the cuts of &.
without accepting excessive levels of background. We observe that the level of background relative to signal

With the assumption of smooth background in 1, remains about 10% even as we increase the incident momen-

mﬁ,l plane, we extract a signal above a constant backgroun m fro_m 5'_9 to 1.4'4 GeW. This appears to indicate that
using the radial projection of the distribution shown in Fig. (€ various inelastic background processes decreasesaith
8. We define the variablE* to be the sum of the squares of least as rapidly as the elastic or quasielastic reactions.

the horizontal and vertical displacement from the elastic
peak location, C. The nuclear transparency ratio

Pi= P4 i (8) The secondary interactions associated with quasielastic
mre M scattering in this energy range aré30% absorptive, leading

The distribution of this variable corresponds to a constanto the break up of one or more of the primary protons. In this
four-dimensional phase space pieP* bin. The distribution  analysis elastic secondary scattering introduces minor pertur-
of the P* variable has the quasielastic signal concentratingations in the trajectories of observed final state particles, but
nearP*=0 of the distribution as shown for the 5.9 Ge// it is not expected to reduce the quasielastic event count if the
data in Fig. 9. It is quite natural to extend the smooth backcuts defining quasielastic scattering are fairly open as given

ground measured in the interval 04%*<0.35(GeV*/c% by Eq. (9). We will compare our observed nuclear transpar-

in this variable wunder the quasielastic peak forency to an application of the Glauber model where it is only
P4<0.1(GeV*/c*. We can test this with events, which are the absorptive secondary interaction that reduces the nuclear
explicitly inelastic by selecting those which have an extratransparency to less than unity. For both the measurement
track in the straw tube cylinders. The dashed line plotted irand the Glauber calculation, one must distinguish between
the 5.9 GeV¢ carbon distribution of Fig. 9 indicates that the the inelastic rescattering, which removes the event from the
background distribution is indeed flat below the elastic peakquasielastic channel, and a small-angle elastic rescattering,
The distributions ofP* are shown in Fig. 10 for data which does not. Independent of these difficulties, we observe
collected at 5 beam momenta. The figure shows both distrithat the Glauber absorption will be independent of beam en-
butions for carbon and CHtargets. For data shown in the ergy in this higher energy range. At high energy, elastic res-
figure, the event selection is defined by the selection of exeattering is known to become transverse, exchanging trans-

actly two nearly back-to-back charged tracks in the specverse momentum rather than longitudinal momentum with
trometer with a vertex at the appropriate target. Kinematicspectator particles. This will smear the transverse compo-
cuts applied to the events shown in Fig. 10 are as follows: nents of the reconstructed final state momentum, but will not
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Carbon 5.9 GeV/e CH, 5.9 GeV/e

significantly affect the measured light-cone momentum. With
this in mind, this analysis will involve selecting data with 140 F 80
broad cuts on transverse momentum so that elastic seconda10® | 3
interactions are nearly all included in the event selection in .o b, | . . 40p
agreement with Monte Carlo simulations. —— " 0 e

The uncertainties associated with the normalization of the ~ %1 402 08 04 0. 01 02 03 04
nucleon density distribution is also independent of energy.

PGeviiet PGeviich)

By relaxing the requirement for an absolute normalization so: Carbon 8.0 GeVie | 300 "|\CH2 pliseyls

for nuclear transparency, we can make a measurement in ]

volving the ratio of cross sections for hydrogen and carbon. 40}

We first calculate the nuclear transparency ratio to establist ¢ === ¢

the energy dependence without reference to specific assumj o o1 40'2 40'34 04 0. 01 02 03 04

tions about the normalization of the nuclear momentum dis- . P(GeV /c) M

tribution. In the next section we will use the best nuclear gpfh Carbon9.1GeV/e | 120f S Rt |

momentum distributions available to compare the absolute 4of

normalization of nuclear transparency to the Glauber calcu- 20f

lation. so that the two experiments can be directly compared ¢ I . oE e i —
The method of analysis for determining the C to H trans- ¢ 01 02 03 04 0. 01 02 03 04

parency ratio is similar to that discussed previoyd)28§|. ~ P(GeV ) P(GeV /e

Signals forpp elastic and(p,2p) quasielastic events from 30 Carbon 11.6 GeV/c 80 CH, 11.6GeV/c

runs with CH and C targets, respectively, are extracted from 20

the P* distributions given in Fig. 10. Equatiof®) lists the 10} 40

kinematic cuts used for the selection. For this set of kine- gk S s a 0 s

matic cuts, we determinelc and Ry, the event rates per 0. 01 40.2 40.‘!:1 04 0. 01 02 03 04
incident beam proton and per carbon atom in the carbon ol P(GeV /c) P(GeV /c)

CH, targets. Measurements of the thickness of the target: | Carbon 14.4 GeV/e 16
and densities allowed a determination of the carbon atomr

6

4
densities in the two targets. The yield from the two hydrogen  2f

o

CH, 14.4GeV/c |

8
nuclei in the CH target wasRcn,~Re. Then the experimen- | 3 - T .-l,—-flfh
tal nuclear transparency rafig. is defined in terms of these 0. 01 40.2 40.34 04 0. 0.1 40.2 40.:5 0.4
event rates, P(GeV /c) P(GeV /c)
Tey= EL (10) FIG. 10. TheP* distribution of events as defined by the cuts of
3 RCH2 -Rc Eq. (9) for carbon and Chltargets at each of 5 beam momenta. The

horizontal lines show the level of the constant background deter-

The% in Eq. (10) reflects the relative number of free protons mined from the 0.15 P*#<0.35(GeV*/c?) region, and subtracted
in each CH complex to the number of protons in each car-from under the signal peaks f&#<0.1(GeV*/c?).

bon nucleus.

There are systematic errors from our fitting and analysi¢one momentum, where the differential element is expressed
procedures, which include the estimated error in background]! light-cone coordinates. With EgL5) below, we can relate
subtraction due to variations in the background fitting func-th€ nuclear transparency ratibg,, measured over a narrow
tion of 1%, target misidentification due to a vertex resolution@19€ 0fa; 10 @, around unity to the nuclear transparency,
of 2%, uncertainties in the acceptance calculations of 1%TPP' over the entire huclear momentum dlstr|but|qn. I

Our formulation of the nuclear momentum distribution

and a maximum beam normalization error of less than 3%, . L
Overall these combined to a 4% error. which is small inparaII(_aIs .the.descr|pt|.on. ofanon(elanws_tlc nucleon momen-
comparison to the statistical errors ' tum distribution by Ciofi degli Atti and Simul§32]. By in-

- . . tegrating the spectral function over all remoyalissing en-
The values fofTcy are plotted in Fig. 1(8) and listed in ergies E,, they arrive at their spherically symmetric nucleon

Table I. We see that there is a striking energy dependence i omentum distributiongy(k), wherek is the wave number.
the simple ratio of the rat_e of carbon quasielastic events tQ .aiculation of the distributionp(k), requires only a knowl-
that of the hydrogen elastic events. edge of the ground-state wave function. In our analysis, we
accomplish the same task by using a generous cht,irAs
D. The nuclear momentum distribution discussed in their paper, their nucleon momentum distribu-
, , tions include both the mean field, low momentum component
To determine the nuclear transparencigg, we intro- o the distribution, and the high momentum component with
duce a relativistic nuclear momentum distributiota, P,1), NN correlations. The main effect of théN correlations is to
that specifies the differential probability density per unitdeplete states below the Fermi level, and to make the states
four-momentum. The nuclear momentum distribution is asabove the Fermi level partially occupied as seen in our
sociated with the momentum distribution of protons in theneutron-proton correlation measurements with the E850 de-
nucleus. We discuss this function as a distribution of light-tector[6-8§].
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TABLE I. Table of carbon and deuterium transparencies from E850. Column Plisthe incident beam
momentum in GeV¢, and column 2 give$,. ,,, the range of c.m. angles accepted by the detector. Column
3 lists @; and a,, the limits toag. «g is the approximation to the longitudinal light-cone fraction as described
in Sec. Il B. Py is the effective incident momentum resulting from the rangexggiiven by Pq=0.5a;
+a,)P;. The nuclear transparency ratio of C to H in the interwgk ag<a, is Tcy. The value of the
integral,fgi, [fgidaN(a)[(da/dtpp)(s(a))]/[(da/dtpp)(so)]], measures the fraction of the momentum dis-
tribution contained with the limits ofr and corrects fors dependence oflo/dt,,. The inverse offg?
multiplies Ty to give the nuclear transparency f8(p,2p) quasielastic scatteringi,,. The experiment
specific systematic error is +4% as discussed in Sec. Il C. There is an additional overall uncertainty of +15%
due to theoretical considerations as discussed in Sec. IV A.

P,(GeV/c) 0. m(deg ag P.:1{(GeV/c) Teh I gi Top
E850 carbon data: Leksane¥ al. (2000 [2]
59 86.2-90 0.95-1.05 5.9 0.071+0.012 0.350 0.20+0.03
8.0 87.0-90 0.95-1.05 8.0 0.120+0.018 0.350 0.34+0.05
9.1 86.8—90 0.95-1.05 9.1 0.164+0.038 0.350 0.47+0.11
11.6 85.8—-90 0.95-1.05 11.6 0.079+0.021 0.340 0.23+0.06
14.4 86.3-90 0.95-1.05 14.4 0.033+0.024 0.340 0.10+0.07
E850 carbon data fos>1 [29]
9.1 86.8—-90 1.05-1.15 10.0 0.059+0.015 0.11 0.53+0.15
11.6 85.8—-90 1.05-1.15 12.8 0.016+0.007 0.12 0.14+0.07
14.4 86.3-90 1.05-1.15 15.8 0.007+0.007 0.11 0.06+£0.07
E850 carbon results: Mardet al. (1998 [1]
5.9 85.8-90 0.95-1.05 5.9 0.054+0.006 0.350 0.16+£0.02
7.5 85.8-90 0.95-1.05 7.5 0.072+0.006 0.350 0.20£0.02
E850 deuterium results: Mardet al. (1988 [1,28
5.9 85.5-90 0.85-1.05 5.6 — ~1.0 1.06+0.07
7.5 85.5-90 0.85-1.05 7.1 — ~1.0 1.10+0.10
Implicitly integrating over the missing energg,, we Knowledge of the nuclear momentum distribution repre-

characterize the nuclear momentum distributiofy,P,,;),  Sents a practical limit in interpreting the normalization of the
over transverse momentum and light-cone fractioriThen ~ Nuclear transparency. As we primarily focus on measure-

we introduce the integral of this nuclear momentum distribu-Nents arouna=1, it is the normalization of the momentum
tion over the transverse coordinates: distribution near the origin that is most critical. The measure-

ment of the shape of the energy dependence of the nuclear
- - transparency can be extracted with knowledge of the nuclear
N(a):f f dPy(e, Py (1) momentum distribution. However, for detailed comparison
with the prediction of conventional Glauber absorption, the
The integrated nuclear momentum distributidigy) can  quantityN(1) must be known. It is fortunate thal(1) is well
be estimated from nonrelativistic nucleon momentum distri-constrained by a comparison yoscaling data.
butions of Ciofi degli Atti and Simul§32]. Their parameter- It has been pointed out that this dimensionless normaliza-
ization for carbon in terms of the wave numbeis tion constantN(1) is connected td-(y), they scaling func-
tion. They scaling function evaluated =0 is associated
with a transverse integral of the nucleon momentum distri-

_1 ~2.66¢ 2 -1.60
ne(k) = 477[2'6:le (1+3.54) +0.42¢ bution [33]. The relationship is

—.2K2 N
+0.023% 1, (12 477f nc(p)p’dp=1,

where the units fok andn¢ are fermi* and fermi®, respec- 0

tively. They also provide nucleon momentum distributions
for “He, %0, 4°Ca, 5Fe, and**®Pb [32].

Equation(12) can be associated with the light-cone distri-
bution N(«) by integratingns(k) over transverse momentum
and by noting that neax=1 as in Eq(3). The momentum distribution used here is normalized such

that F(0)=3.3 (GeV/c)™%, which agrees witty scaling data
a=1-Py/m,. (13)  at about the 10% level.

* 1
277] Nc(p)pdp=—N(1) =F(0). (14
0 my
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Mardor [1] & perimentally measured ratifi;, reduces to a simple propor-
(@ Leksanov [2] ° tionality,

0.2t
Ten = TppN(D) (a2 = ay). (17
Our actual determination of the normalizationqf, will
be directly obtained from Eq15) with the evaluation of the
integral by the Monte Carlo method, including a weighting
0.1 l g of the integrand by experimental acceptance. The shape of

Ten
+

the nuclear momentum distribution, taken from work by Ref.
[32], is used to calculate these integrals. With the normaliza-

tion fixed, a Monte Carlo program is used to select a region
of c.m. angular range where the geometrical acceptance is
0 . ! ! ! . the same for elastic and quasielastic events. Typically this
6 8 10 12 14 corresponds to a range of 86° to 90°c.m. as given in Table I.
06 B (b) T
E. Nuclear transparency for E850
051 | The evaluation of the integral given in E@5) using the
04 | i form the momentum distribution in Eql12) yields the
N + nuclear transparencyl,,, given in Table I. Now the mea-
= 03t ] sured nuclear transparency can be directly compared to the
+ nuclear transparency calculated in the Glauber m@tig.
0.2 _.i . 1 The limits of the Glauber prediction are shown as the two
1 T horizontal lines in Fig. 1(). The limits of the Glauber pre-
01 + diction and uncertainty were calculated using published as-
sumptiong33]. The magnitude of the Glauber nuclear trans-
0 L . ' : . parency is uncertain at the level indicated but there is a
6 8 10 12 14 general consensus that Glauber model predicts no significant
Beam momentum [GeV/c] energy dependence for nuclear transparency in this momen-

tum range. However, from the pure perturbative quantum
chromodynamics(pQCD) perspective it is unclear what

. L would generate a scale for a peak in the nuclear transparency
parencyT,, as a function of the incident beam momentum. The -
events in these plots are selected using the cuts of®gand a near 9.5 GeV¢. The probabﬂﬁy that the E850 result for the
restriction on the polar angles as described in the text. The error%arbOn _tranSparenCy 'SoconS'Stem with the band of _Gla,Uber
shown here are statistical errors, which dominate for thes&/@lues is less than 0.3%, and compared to a best fit with a

FIG. 11. (a) (top frame The nuclear transparency rafigy as a
function of beam momentungb) (bottom frame The nuclear trans-

measurements. constant transparency of 0.24, the probability is less than
0.8%.
We can relate the experimentally observed quaiyto
the convolution of the fundamentalp cross section with a F. Deuteron transparency
nuclear momentum distribution(a, Py, For the earlier experimental run of E850, we used,@p
dor well as CH targets. With an appropriate C subtraction we
a —pp(S(a@)) are able to obtain a D/H transparency as given in (&£8),
— 2p 5
TCH - Tppfa da f d Pan(a', PmT) do— y (15) RCD2 _ RC
' ~pr(%) Ton=5 - (18)
dt Ren, ~Re

wheres ands, are defined by Eq5). Further noting that for - We include essentially all of the deuteron wave function by
fixed beam energy the ratio pp cross sections in Eq15)is  using an expanded interval, 0.85< ap<1.05. The Tpy
well approximated with a function o& only, we can also transparencies for incident 5.9 and 7.5 Ge\ife 1.06+0.07

write and 1.10£0.10 as listed in Table I. The fact that they are
dor consistent with 1.0 provides a further check on the normal-
a app(s(a)) ization of the nuclear transparency. Further details are to be
TCHszpf daN(a) 5 (16) found in Ref.[28].
ag _0' ( )
dt PP % G. Discussion of angular dependence

Finally, if the range(ay, a») is restricted to a narrow interval Figure 12 shows the angular dependence as well as the
around unity, we see that the relationship between the cormomentum dependence for the carbon transparencies from
ventional definition of nuclear transparen€y, and the ex- E850 as reported in Refl]. There is a significant decrease
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FIG. 12. The dependence of the carbon transparency on the —~,
effective incident beam momentuf®.;;) and on center of mass i ” =
scattering angle(6. ). The data are from the E850 (| 2p) L//
experiments. NUCLEAR
TARGETS
in the nuclear transparency at 5.9 Ge\s 6, ,, goes from s | 49D48

85° to 90° (the probability that the distribution is flat is pwc3  MAGNET

0.02%. The poorer statistics at 7.5 Ge¥do not allow any ) _ . .

conclusion to be drawfthe probability that the distribution ESS'):A"G' diféciihegﬁgligxgi O;r:]e(;;f?fﬁ) m‘:es'(iﬁavrft‘)’frs(’f;:g

is flat is 29%. Measurements of the spin-spin correlation : . . 2

. . . PWC3-5 are proportional wire chambers. The twerenkov

parameterCyy, showerapld.varlatlon OCN.N Wlt.h respect FO counters detect pions and kaons in the spectrometer, and the scin-

the c.m. angle near 991 Since the§e Spin-spin correlations tillation hodoscopes(BH, AHOD, and TH1-2 are used for

are the result of additional scattering amplitudes, they May;agering.

also be related to changes in the nuclear transparency

[28,34,33. assumption that the interaction occurred within a small axial
region of the target. Then a more precise momentum deter-

IIl. EXPERIMENT E834 mination for trjggering is made wit_h the wires of DWC1 and

DWC2. The Cerenkov counters in the spectrometer arm

This section will describe the nuclear transparency meaidentified pions and kaons so that protons could be selected.
surements with the E834 detectors during the run of 1987Most of the details of the wire chambers, beam, and spec-
The analysis methods employed by E834 will be comparedrometer Cerenkov counters, and the spectrometer magnet
to those used in E850. can be found in Ref[19]. When it was realized that mea-
surements of nuclear transparency had an important relation-
ship to exclusive reactions, this apparatus was adapted for
that purposg3].

The E834 detector was originally built for the measure-  The liquid hydrogen target was replaced by an array of
ments of a large number of different two-body exclusive re-nuclear targets placed between two planes of lead-scintillator
actions at~90, ,, with a liquid hydrogen target19,36,37.  sandwiches to detect possible additional particles in addition
The location of the experiment and the beam line employedo the two protons from a quasielastic scattering. As shown
was the same as that used later for E850. As indicated in Fign Fig. 14, there were four identical targets of natural isotopic
13, one long-lived, positive particle was detected with aabundances; either Li, C, Al, Cu, or Pb. The number of
high-resolution magnetic spectrometer with a resolution obound protons in the four nuclear targets is approximately 5
(Ap/p=1%). Both the direction and momentum of the par- times the number of free protons in the two 5 cm long targets
ticle in the spectrometer were measured with drift wireof CH, on either end. Each of the veto planes consisted of
chambers DWC3-4, and DWC1-2. The acceptance of spe¢wo layers of lead of one radiation length sandwiched be-
trometer in the scattering plane A89,,,~ £2° and~5% of  tween 3 scintillators of 4.8 mm thickness. Their size was
the azimuth. An array of very-large-acceptance proportionasuch that 2/3 of the solid angle seen from the target was
wire chambers, PWC3-5, measured the directions of conjusovered by the veto counters. Events in which charged par-
gate particles that are elastically scattered or that result frorticles or #%s produced signals in two or more layers of scin-
the decay of a resonance. The acceptance of the side chatillator were considered to be inelastic background. The trig-
bers was approximately +30° horizontally and +35° verti-ger system was set to select events with at least 70% of the
cally, so that nearly all of the quasielastic distribution wasmomentum of elastipp events.
measured at one setting. Initial fast triggering was done by The observed distribution of vertices is shown in Fig. 15.
the two scintillation hodoscopes, TH1 and TH2, with theThe four targets of each element were regularly inter-

A. The E834 detector
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is small compared to the momenta of the initial and final
state particles. The components of the four-momenRyn
Beam ——> |_| H H H H |_| are (M, + €m, Py, Pmy: Pm). We neglecte,, and use energy

| | conservation to solve fog, in the first line of Eq.(19).
Neglecting these terms in the energy balance gives a small
(0.5% effect in the determination of the nuclear momenta

FIG. 14. Schematic side view of the target assembly and vetdor quasielastic evenfg]. Figures 18b) and 1%c) show how
counters for the E834 experiment. Starting from the beam on thg"]e Sharp hydrogen elastic Signa| is eas”y extracted from the

ness; a 5 cm long CHblock, four nuclear targets of either Li, C, of |5 andl5
3 4

Al, Cu or Pb; and another 5 cm long GHlock. All of these targets P inlv det ined by th t-of-pl imuthal
rest on a support of light aluminum sheet metal. The length of the = my IS mainly determined by the out-ol-plane azimutha

top and bottom veto assemblies is 76 cm and their width is 30.5 crrf'?mgle and is only weakly dependent on the magnitude of the

Each veto assembly consists of 2 layers of lead sandwiched bdnomentum ofP; andP,. The difference of the magnitude of
tween 3 layers of scintillator. the x components oP; and calculated®, yield the error on
Pmx Pmy is determined to +30 MeW, while the error on

changed. The free hydrogen in the two Oblocks provides Pmx IS deduced to be about +100 Me¥//The transverse

the normalizer for the nuclear transparency ratio. components have a negligible effect on center of mass en-
ergys, and sincePy,, is the better-determined component, we
B. Kinematics for E834 plot the number of events versu,, as shown in Figs.

The kinematic analysis of E834 proceeds along lines similqa)_lac) for aluminum. The “Lego plots” of missing
lar to that for E850. The equations for missing energy ands o <o momentutPy, versusbr,) are shown in Figs.
o 4 . 9 ) 9y 6(a) and 16b) for the aluminum target data in the quasi-
momentum are similar to those used in E§&gs. (1)]: elastic region. Figure 16) presents all of the events, and
en=E3+E,—E;-m, Fig. 16b) shows the distribution after background subtrac-
(19 tion. _The upper curve in Fig. 16) displays the events Wlth
S S no signals from the veto array, and bottom curve displays
Pm=Ps+ Py~ Py. those events with veto signals inl scintillator planes. The

As in E850, theZz component is along the incident beam bottom background curve in Fig. & has been multiplied
direction. The scattering plane, containing fheomponent, by @ constant slightly larger than unity to match the upper

is defined as the plane containifg and Py, Py is the par- curve for the regiongP,, | >0.50 GeVkt. The quasielastic

ticle traversing the magnetic spectrometer, which has no vet%Ignal Is the difference of these two curves. The events ap-

9 pearing this plot are selected for &%,<1.2, and have
from the spectrometdrerenkov counters. The component of |Pmd <0.25 GeVk. The events selected as quasielastic are

P, out this plane is a measure Bf,. ) given by the following cuts:
Since there is a momentum measurement of éhlyand
> . . . . . ! |Pmd < 0.25 GeVE, [P, | <0.25 GeVE,
not P,, quasielastic reactions are in principle lacking one

constraint. However, the missing energy of the struck proton (20)
0.9< ay<1.2.

The range of 0.9 ap<1.2 was selected in the E834 ex-
periment to provide good statistical accuracy from an inter-
val where there is a good signal to background ratio. Also the
acceptance of quasielastic and elastic events is nearly iden-
tical. Since the CHand nuclear targets were exposed to the
same beam, there is automatic beam normalization for the
quasielastic and frepp events.

The primary systematic error associated with the E834
experiment is the uncertainty in the background subtraction.
The background was determined from the smooth shape
fixed by the events with hits in the veto counters, and then
normalized to the total distribution fofPy,|>0.50. The

: background to signal is typically 20% with an estimated er-
o l|| al] u L ror +5%.
-15-10-5 0 5 1015 05 0 0.5
Vertex Distribution P, (GeV/c)
(inches) C. Nuclear transparencies for E834

FIG. 15. Vertex distributions of near elastic events for the two ~ Figure 17 shows the comparison of the carbon transpar-
CH, and four nuclear(Al) targets(a) and py,, distributions from  ency measurement of E850 to that reported in our E834 pa-
E834 for a CH target(b) and a carbon target) at 5.9 GeVt. per. The E834 analysis used a form for the nucleon nuclear
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Leksanov [2] ®
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FIG. 17. Comparison of all carbon transpareii€y,) data from
E850 and E834. The 1988 data have been rescaled from published
values using the momentum distribution of the form and with the

1 ) L normalization described in R€f32]. The two horizontal lines indi-
@ (c) cate the range of values f65p as calculated by the Glauber method
*E 200 |- ~ [12]. The horizontal error bars represent the total spread in effective
g momentum resulting from the accepteg range.
= n ]
5 transparencies by multiplying by the ratio of integrated
'E 100 [- 4 nuclear momentum distributions given by
= ]
Z : J ) t,)p<s<a>>
f daf d? PanCS(a PmT)
0 PP L l N N f (SO)
1.0 0.5 0.0 0.5 1.0 op dt dt PP
= 22
Py (GeV/c) (22
_ dt 1. PP (s(a))
FIG. 16. The distribution of missing transverse momenté, E834 J daf d’P anG(a Pnp)———
versusPy,) at 5.9(GeV/c) is shown for aluminum target data in do ()
the quasielastic regio¢a). In (b) the same distribution after back- tpp

ground has been subtracted. The projectiorfapffor events with
|Pmd <0.25 GeVE and 0.9< ap<<1.2 is shown in(c). The lower
curve represents events with two or more hits in the veto scintilla:
tors, and the upper curve is for events without such hits.

whereng is the spherical Gaussian distribution used in E834
as given in Eq(21). ncs are the nuclear momentum distri-
butions derived from Ciofi degli Atti and Simula of the forms
given in Eq.(12). The E834 transparencies from events in
the range of 0.9 «<<1.2. listed for Li, C, Al, Cu, and Pb are

momentum distributions, which consisted of 35% har dmcluded in Table II.

sphere with radius of 0.22 Ge¥/for carbon and 65%
Gaussian with standard deviation of 0.25 GeVitted to our
experimental resultf9]. The form of the functionng(p), is IV. ENERGY DEPENDENCE OF THE TRANSPARENCIES

given below FROM E834 AND E850
. (1-f.) ) A. Systematic errors due to theoretical uncertainties
Ne(p) = —-———=-0(p-pp) + —prexp{—p—z] Before we present the theoretical interpretations of our
[(473) pF] [27pG] 2pg combined results, we will discuss some of the uncertainties

(21 connected with the theoretical treatment of elastic scattering
from protons bound in nuclei. We have attempted to mini-

wherefp is the fraction of the distribution in the Fermi gas Mize their effects through our methods of analysis.
distribution, ps is the radius of the Fermi sphere AS noted earlier, the extraction of nuclear transparency
(0.22 GeVk for carbon, andpg is the radius of the spheri- depends on the assumption that the scattering process can be
cal Gaussia0.25 GeV k). The step functionP(p-pg), is  factorized into a product of two functions: the free scat-
1 inside the Fermi sphere and 0 outside. The relative propof€ing at an appropriate center of mass enegyyand a
tion of hard sphere to Gaussian remains the same, but theiclear momentum distributiom(a, PmT) This is expected
radius of the hard sphere is varied from 0.170 toto be a good approximation at high incident momenta and
0.260 GeVE for Li to Pb nuclei. For the present publication large momentum transfers where the impulse approximation
the E834 data are made consistent with the E850 nucleas valid.
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TABLE Il. Table of nuclear transparencies for Li, C, Al, Cu, and Pb from EB84Detector acceptance
is 80 < 6., <90". The averagd of this natural isotopic abundance targets is listed. The first three columns
have the same meaning as in Table I. The column labBlgsl, gives the transparencies as reported in Ref.
[3]. The ratio of integraldsee Eq.(22)] listed in column 5 corrects the approximate nuclear momentum
distributions used in E834 with the improved nuclear momentum distributions derived fronj3Refas
employed in the analysis of E850,, is the product off ggz4With the ratio of these integrals. The experiment
specific systematic error is £5% as discussed in Sec. llI B, and a +15% overall error from theoretical
consideration as discussed in Sec. IV A.

P, (GeV/c) g Pt (GeV/c) Tesaa Jpo! [esaa Top
Lithium (6.9)

59 0.9-1.2 6.2 0.46+0.02 0.713 0.33+0.02
10.0 0.9-1.2 10.5 0.54+0.09 0.713 0.38+0.06
Carbon(12.0
59 0.9-1.2 6.2 0.33+0.02 0.736 0.24+0.02
10 0.9-1.2 10.5 0.43+0.04 0.736 0.32+0.03
12 0.9-1.2 12.6 0.33+0.10 0.736 0.24+0.07
Aluminum (27.0
5.9 0.9-1.2 6.2 0.23+0.15 0.715 0.16+0.01
10 0.9-1.2 10.5 0.35+0.02 0.715 0.25+0.02
12 0.9-1.2 12.6 0.20+0.03 0.715 0.14+0.02
Copper(63.5
5.9 0.9-1.2 6.2 0.13+0.02 0.713 0.09+0.02
10 0.9-1.2 10.5 0.27+0.04 0.713 0.19+0.03
Lead(207.2
59 0.9-1.2 6.2 0.058+0.010 0.762 0.044+0.008
10 0.9-1.2 10.5 0.084+0.025 0.762 0.064+0.019

In our first 1988 publication we quoted an overall error B. Combined nuclear transparency data

due to possible off-shell and momentum distribution uncer- e o
tainties of +25%]3]. Since then the knowledge of nuclear After unifying the normalization of the E834 and E850

momentum distributions has been considerably improved'@nsparencies, we can plot the carbon transparency results

For the combined experiments we have settled on the recef@’ POth experiments as shown in Fig. 17. If we interpolate
parameterization by Ciofi degli Atti and Simula of the the E850 results to compare to the E834 transparencies at the

nucleon momentum distributiong82]. Their nucleon mo- Same incident momentum, then we find very good agreement
mentum distributions are based on a careful study of electro@s to their magnitudes despite the different analysis methods
scattering experiments. The nuclear momentum distributio@nd « ranges. The ratios of ,(E850/T,,(E834 at 6.2,

has been measured to large values of the nuclear momentub®.5, and 12.6 GeW are 0.91+0.12, 1.06+0.20, and
by studying the enhanced contribution from valuesxdéss 0.76+0.30.

than 1.0. We found equivalent distributions in both the trans- The most striking aspect of the these two experiments is
verse and longitudinal directiorj§,38]. The high degree of the confirmation of the peak in nuclear transparency at about
two-body correlations above the carbon Fermi level of9.5 GeV/ incident momentum. Neither the Glauber model
220 MeV/c is dramatically verified in our measurement, nor the naive prediction of the color transparency model can
which correlated neutron momentum with the proton nucleaexplain the data. The range of the conventional Glauber cal-
momentum determined in(@,2p) reactions with the E850 culation is indicated on the figure by the two horizontal lines
detector[6,7]. at 0.15 and 0.2033].

How to deal with the off-shell nature of thgp scattering To further emphasize the emerging pattern, we add the
in the nucleus is a difficult question. Fortunately, the energiesluminum data measured in E834 to all the carbon results.
of the experiment are large compared to the nuclear bindingor consistency, we again must make the correction for dif-
energies. However, the ° energy dependence of thgp  ferences in nuclear momentum distribution used here and in
cross section magnifies even relatively small effects in thehe E834 analysis. In Table Ill, the E834 data are corrected
longitudinal direction. The effect of the struck proton beingfirst with a ratio of the new to old nuclear momentum distri-
off-shell is liable to suppress the 3-quark Fock state as glubution integrals. Then from the 1988 analysis of the E834
ons are exchanged to bring it on-shell. The effect of thedata it was determined that at fixed energy, the dependence
binding on the effectives of the interaction, also needs to be of the nuclear transparency was compatible with the inverse
considered. We estimate a systematic error of +15% for thesef the nuclear radiusA 3. So the statistically more precise
theoretical uncertainties for the present publication. aluminum data can be compared to the carbon transparencies
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TABLE I1ll. Table of aluminum transparencies from E834 far+ 1.0. Detector acceptance is
80 < A, <90. Columns 1 to 6 have the same meaning as Tables | and Il including the correction of the
nuclear momentum distributions from those of E834 to E850. Column 7 is the proddg@f) by the
approximateA dependence to compare with the corresponding transparencies for carbon. The experiment
specific systematic error is £5% as discussed in Sec. llI B, and a +15% overall error from theoretical
consideration as discussed in Sec. IV A

P, (GeV/c) ap Pt (GeV/c) Tegaa fpp/fE834 Tpp Tpp(i_z)ll3

5.9 0.8-0.9 5.0 0.18+0.03 0.85 0.15+0.03 0.20+£0.04

5.9 0.9-1.0 5.6 0.25+£0.03 0.65 0.16£0.02 0.21+£0.03

5.9 1.0-1.2 6.5 0.22+0.04 0.78 0.17+£0.03 0.22+0.04

10 0.8-0.9 8.5 0.32+£0.04 0.86 0.28+0.03 0.37£0.04

10 0.9-1.0 9.5 0.48+0.05 0.65 0.31+0.03 0.41+0.04

10 1.0-1.2 11.0 0.25+£0.06 0.81 0.20+£0.05 0.26+0.07

12 0.8-0.9 10.2 0.24+0.08 0.85 0.20+0.07 0.26+0.09

12 0.9-1.0 11.4 0.20£0.04 0.66 0.13+£0.03 0.17+£0.04

12 1.0-1.2 13.2 0.12+£0.04 0.79 0.09+£0.03 0.12+0.04
by multiplying by this expected dependencd27/123, as In Fig. 18 we fully exploit our knowledge of the energy
shown in Fig. 18. dependence of thpp cross section and the nuclear momen-

When we include the normalization and shape of thetum distribution to extract transparencies from the 9, 11.6,
nuclear momentum distribution, we obtain not only transparand 14.4 GeV runs at larger values @f(1.05< a<1.15).
encies,T,,, ate=1 for the nominal incident momentum, but These points are plotted at their correspondig. We see
we can also interpret data far# 1.0. We note from Eq6)  that they fill in to form a smooth curve extending to higher
that with a fixed incident proton momentum, it is possible toenergy. In E834P; was calculated for 3 bins ia (0.8-0.9,
study quasielastic scattering at an extended range of center 8f9—1.0, and 1.0-1)&s given in Table Ill. These points also
mass energies, corresponding to effective beam momenturfgll on a smooth curve between the points corresponding to

Pets, above and below the nominal value. a=1.0. Figure 18 demonstrates that there is a peak in the
0-7 v I v 1 v 1 M 1 v 1 v ) i
i T Mardor [1] -
Leksanov [2] +@+
0.6 | Carroll-C [3] v&1 -
o Carroll-Al [3] H&~
o = 1/R(s) —
= 051 .
[5)
&
g 04 .
o
(7]
&
= 03r .
5
o 02r 4
3 -
pd
0.1 —— 4
e 8 10 15 |
0 M 1 L 1 L 1 M 1 1 ] L

4 6 8 10 12 14 16 18
P« Effective beam momentum [GeV/c]

FIG. 18. TheT,, values for carbon and the aluminuiscaled by(27/12%3] are plotted versus theR.; values. For a single incident
beam momentunP,, a range ofP.; values is obtained by using E). This allows us to place more points on the nuclear transparency
curve and extend the range of momenta. The curved line is the invergs)adétined by Eq(24), and adjusted with an amplitude for a best
fit to the magnitudes of the measured transparencies. The horizontal error bars represent the total spread in effective momentum resulting
from the acceptedy, range. AQ? [(GeV/c)?] scale is included at the bottom of the figure.
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nuclear transparency at 9.5 GeVhearly independent of the expansion distance at 5.9 Ge&vghould correspond to
whether the combined data set, or the separate E850 and0.9 fm for linear expansion, and2.4 fm for the quadratic
E834 sets are used. Beyond 9.5 GeWie nuclear transpar- case depending on the form of their intermediate siaé?)
ency returns to the Glauber level or below at 12 Ge¥hd  [40]. The shape of the expansion is approximated by that

higher momentum. given in Eq.(23).
However, the drop in the nuclear transparency above
C. Discussion of energy dependence 9.5 GeV L requires additional mechanisms. We will discuss

The initial rise in the nuclear transparency between 5.9"/° possible explanatiqns that have been introduced for the
P y energy dependence. First, Ralston and P#4# suggested

and 9.5 GeV¢ was thought to be a manifestation of color that the struct fh lear t ice f
transparency, namely the expansion of a very small configu- at the structure of the nuciear transparency may arise from

ration of valence quarks over distances comparable to th@" interferenc_e betwee_n two distinct f”‘mp"t.“des that contrit_)-
nuclear radius. In expansion models, the hRghinteraction ute topp elastic scattering. One amplitude is the hard ampli-

is presumed to select nearly pointlike configuratigpk’s) tude th?t W? asspmate. W'tr; qualr_ks at Shmi” trhansi\éecrjse §patt|al
of valence quarks in the interacting protdig4]. These plc’s Seéparation for dimensional scaling, which should dominate

proceed to expand as they recede from the point of interaé—he high energy cross section. The other amplitude is a soft

tion. The rate of expansion has been described in both pap_omponent, essentially a remnant of the higher order radia-

tonic and hadronic representatioi89,40. Farrar, Liu, tive (Sudakoy process that strongly attenuates the large dis-

Frankfurt, and Strikman suggested a convenient expansio‘i"fm_?;]a pgrt of fjhe prot(?? wavle fltj_”Ct'on' i .
parameterization given as followW89]: e dependence of tEp elastic cross section near )

varies nearly as a power &f
T 2\2 T
o5t (2.Q%) = Uint({ (%) + <@) [1 - <E> }}ﬁﬂh -2
h Iy I

d—"(e: 90, ) =R(s)s ™. (24)
+6(z- |h)>, (23)

dtyp

Compared to th@p cross section, which varies over 5 orders
where oy, is the freepN interaction cross sectiot, is the  of magnitude, the variation iR(s) is only about a factor of
expansion distance of the protons, and the distance from g in the region of spanned by these experimefd.,432.
the interaction pointof{(z, Q%) expands linearly or quadrati- The dependence of the cross sectioncomill reflect both
cally from its initial size depending on the value afand  the nuclear momentum distributidiq. (12)] and the cross
then assumes the free space valug, whenz=I,. The ac-  section dependence of E(R4). The short distance part is
tual value ofo;, used in the fitting procedure is less than thepredicted to have an energy dependency that scales’4s
free pN total cross sectiongio(pPN) ~40 mb, because nearly |n the picture of Ralston and Pire the long-ranged portion of
all (~90%) of the elastic cross section is within the accep-the amplitude is attenuated by the nuclear matter, and the
tance of our detector. The exponentllows for two sug- interference largely disappears for the numerator of Fig. 1
gested pictures of expansion. For 1, the expansion corre- but not in the freepp scattering of the denominatgéi].
sponds to the quantum diffusion pictuf@9]. For this  Therefore these authors predicted that this picture would
picture, |=2p;/ A(M?) wherep; is the momentum of a pro- naturally lead to an energy dependence of nuclear transpar-
ton traveling through the nucle(89]. At distances compa- ency, which could vary aR(s)™* whereR is defined in Eq.
rable to nuclear sizes, the effective cross sections should re24). The curveR™(s) is shown in Fig. 18 arbitrarily normal-
vert to their free space values. The authors of R88]  jzed to the approximate scale of the nuclear transparency.
indicate the values of(M?) between 0.5 and 1.1 Gé\are  This model suggests that the nuclear transparency should rise
acceptable withA(M?)=0.7 being favored. This range of again at~20 GeVL/.

A(M?) corresponds to values f=0.36; to 0.7&; fm. For Another possible perspective on the energy dependence is
a momentum of 5.9 Ge\¢/the expansion distance will be suggested by Brodsky and de Teram@#48]. They observed
between 2.1 and 4.7 fm. that the excess in thep elastic cross section above the

The case ofr=2 is considered to be the “naive quark scaled cross section associated with a peaR(8) at beam
expansion” scenario in which the light quarks fly apart at anomenta above 9.5 Ge¥/could correspond to a resonance
maximum rate and the distance is determined by the Lorentar threshold for a new scale of physics. They suggested that
boost to the hadrons. In this cage ~ E/m, wherem, is the  one candidate involved the charmed quark mass scale corre-
mass of the hadron involveg@9]. For protons at 5.9 Ge\¢/  sponding to~12 GeV/ incident protons, but other exotic
the expected expansion distance~§.3 fm. The quantity QCD multiquark states could also be considered. They con-
<rt(Q2)2>/<rt2> represents the fraction af,, at the time of nected this resonance model with the anomalous spin depen-
interaction. This quantity is approximated byl/Q?, corre-  dence of thep elastic cross section at these energs=g. In
sponding to 0.21 at 5.9 Ge¢/and falling with an increase their model, the increase in nuclear transparency from 5.9 to
of incident momentuni39]. 9.5 GeV is associated with ordinary color transparency but

Since we are dealing with hadrons, Jennings and Millethe rapid reduction of nuclear transparency back to Glauber
reasonably suggested that a hadronic representation of thevels would signal a contribution from a new mass scale or
interacting protons should be considefdq]. In this picture, new dynamic QCD scale. The connection to the polarization
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dependence of these cross sections indicates that the ner 300
scale behaves as a spin 1 resonance.

We note that our measurement Bf, in the peak region
~9.5 GeV is approaching 50%, and is more than twice the 100
Glauber level. At the peak, we find that tAép, 2p) carbon
transparency is almost as large as tbge’p) nuclear trans-
parency as described in Sec. VIl later. This comparison is u 200
surprising and interesting even without reference to a de-3 150
tailed Glauber calculation. o, 100

In conclusion, we note that both the Ralston-Pire model © 50
and the Brodsky—de Teramond picture can probably accom- 0
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modate our measurement. The Brodsky—de Teramond model2 - = 1 -l R _
however, would predict a dramatic dependence of nuclearg 8o E- = 3
transparency upon the initial state spins of the protons. Wez, g E__(e) Pb 3 E_(f) Al 3
believe that a double spin measurement the nuclear transpai 40 E- = E- —
ency of light polarized nuclei may be the best way to distin- 20 - == —3
guish these two mode[d4]. A measurement of tha depen- 0 Fet | e Bt | s
dence at 12 GeW and above as described in the next ~0.5 0 05 -05 0 05
section would be valuable. In the Ralston-Pire picture, the

absorption cross section would continue to decrease from P, [GeV/c]

previous value$41].

FIG. 19. The missingPy,, distributions for the five elements
V. A DEPENDENCE FROM E834 used in E834 after corrections for acceptance and for background
subtraction. Distributions fo(a) to (e) are at 5.9 GeVd, and the
As well as observing the energy dependence of the carbogfistribution (f) is at 10 GeV£. The form of the model of Moniet
transparency, we also determined the nuclear transparency &f is superimposed over each distributipts].
Li, Al, Cu, and Pb at incident momenta of 5.9 and

10 Ge\(/c. Transparencies for carbon and aluminum are als%nalysis by Jain and Ralst¢#8]. Further analysis by Carroll
determined at 12 Ge\¢/ but the carbon transparency has as,,nq that most expansion models are not compatible with
relatively large error since this transparency was determineg,. measured transparencids.

from the CH targets rather than a pure carbon target. The g ghservation of the energy variation of the attenuation
wide range of radii from lithium(2.2 fm) to lead (6.5 fm s an independent indication that the absorption of protons

enables us to determine the atte_znuation of protons in nuclegg, large Q2 quasielastic events is less than that predicted by
matter, and to determine in an independent manner that thgae pycleon-nucleon scattering. The errors on the transpar-
effective absorpyon cross section is less t.han Fhat used iBncies of the two adjacent nuclei at 12 Ge\o not allow
Glauber calculgtlons. The numbers of quasielastic events fqis 1o measure the attenuation for this momentum.
all the 5 nuclei are extracted in the same manner as for the
aluminum targets in Sec. Il B. The cores of tRg,, distri-
butions are compatible with known electron distributions as VI. (w7, 7'p) TRANSPARENCIES
seen in Fig. 199]. We list in Table Il and plot in Fig. 20 the )
transparencies for these 5 nuclei for the range of Both E850 and E834 are were performed in secondary
0.9< a<1.2. These transparencies have been normalized jadron beams, and used d|fferen+1¢i?;é£enkov counters for
multiplying by the ratios of the integrals using Ciofi degli P€am particle identification. Ther", #"p) 90° differential
Atti and Simula nucleon momentum distributions to the in-Cross sections are 10 to 25 times smaller than (#1@p)
tegrals using the nuclear momentum distributions of theCross sections. However, we were able to make initial mea-
original 1988 analysis as given by E@1). For Li, Al, and  surements of the ratios of th&", 7"p) to A(p, 2p) trans-
Cu an interpolation between the published nucleon momenparencies for all 5 targets at 5.9 Ged/ and for the Al target
tum distributions is applied to the integrals. For Li we useat 10 GeVt. We multiply by theA(p, 2p) transparencies to
4He and!®O; for Al it is between'®O and“°Ca; for Cu itis  obtain the transparencies plotted in Fig. 21; these are also
between°’Fe and?°%Pb [32]. tabulated and presented in Table [¥]. The ratios are mea-

As can be seen in Fig. 20, the 10 GeMtfansparencies of sured on the slightly larger interval, G:8x,<1.2, but the
all 5 nuclei are consistently higher than those at 5.9 andffect is negligible compared to the statistical errors. Due to
12 GeV/, in agreement with the energy dependence obthe large statistical errors, and the measurement of a single
served with the carbon and aluminum data. The solid line¢ransparency at 10 Ge¥/ attempts to determine effective
passing through the 5.9 and 10 GeMata points represent Cross sections from thegé =", 7"p) transparencies were not
fits with a constant effective cross section of 1#.9mb at  useful as they were for thé(p,2p) transparencies in the
5.9GeV/c) and 12.35 for 10 GeVl, and a floating nor-  previous section. We only note that tAér*, r*p) transpar-
malization[46]. These values are consistent with the quali-encies are-1.5X the correspondiné\(p, 2p) transparencies.
tative analysis performed by Heppelmdwd] and a detailed More details, including the identification of the* in the
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FIG. 20. Nuclear transparency vs atomic mader the A(p, 2p) FIG. 21. T+, andT, transparencies for Li, C, Al, Cu and Pb at

measurements from E834 for incident momenta of 5.9, 10, an®.9 GeVk, and Al for 10 GeVE. The T+, values(solid symbol$
12 GeV/ as indicated on the figure. The error bars reflect the staare consistently larger than those Ry, (open symbols
tistical uncertainties and a 10% target-to-target systematic error.
The solid curves represent the fits with constant effective crosgpproximation. These studies use a prescription for the off-
sections to the five nuclei at 5.9 and 10 Ge\és described in the  shell o, However, inserting the on-shell form changes
text. Tep(Q?) by less than 1%. o
. . . . As seen in Fig. 22, these measurements begin Wih
gsa:/rvnuta]the differential counters, can be found in the thes'BeIow 1(GeV/c)2, and extend taQ?=8.1(GeV/c)2. Above
' aQ? of ~2 (GeV/c)? the measurements are consistent with a
VII. COMPARISON TO OTHER EXPERIMENTS constant nuclear transparency for the deuterium, carbon,

The A(p,2p) experiment of Tanihataet al. had iron, and gold targets. Note th&@*=8.1(GeV/c)* corre-

1.46 GeVk protons incident on a set of 5 different nuclei  tag| g v Table of A(w,7p) nuclear transparencies from
(ranging from C to Pb in sizetheir results indicate a mean ggasr4) The experiment measurd+,/ Ty, ratios, which we have

free path of~2.4 fm[49]. With a nuclear density 0% fm3, multiplied by theT,, transparencies of Table Il to obtain*, *p)

this corresponds to=25 mb. Theo, for the two outgoing  ransparencies. The experiment specific systematic error is 5% as
protons of 0.95 GeW is ~25 mb [50]. We therefore con- jiscussed in Sec. Il B.

clude that the value of the nuclear transparency, below the

minimum momentum studied in our experiments, is close t

the Glauber limit. P P (Gevio
The other major investigations of nuclear transparencyithium (6.9

have been with quasielastic scattering in #{e,e’'p) reac- g5g 08-12 0.33+0014 1.10+0.15 0.36+0.05

tion at SLAC[51,52, and at Jefferson Laboratof$3,54. In Carbon(12)

these experiments, the nuclear transparefigy, as a func-

ag TPP Tﬂ_+p/Tpp T7r+p

tion on2 is 5.9 0.8-1.2 0.24+0.015 1.42+0.17 0.34+0.05

Aluminum (27)
PP AEY exf Eme Pr) 5.9 0.8-1.2 0.16+0.02 1.39+0.19 0.23+0.04
\% 10 0.8-1.2 0.25+0.02 1.65+0.31 0.41+0.08

Tep(Qz) = ) (25) Co

3 - pper(63.5
Vd PrdEmYpwiA(Em, Pm) 5.9 08-12 0094001 1.63+0.30 0.15+0.04

Lead(207.2
whereYexpis the experimental yield of quasielastic scatters,s g 08-1.2 0.044+0.008 1.45+0.41 0.06+0.02

andYpy 4 is the calculated yield in the partial wave impulse
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1 : # after the nuclear transparency stops rising~&.5 GeVl
S SRS VS S [56]?
09 p & ’H' * ! * b (3) At the higher energy ranges of these experiments the

: spin effects are expected to be greatly diminished. However,
they continue to persist, as shown in both single and double
+ spin measurementg34,57. So it is important to see, in
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quasielastic scattering inside a nucleus, whether a relatively
pure pQCD state is selected, and if the spin dependent effects
are attenuated.

(4) Measurements of nuclear transparency with antipro-

Transparency
Q
(5]

0.4 + tons, pions, and kaons will be informative. These particles
) i o Fe have widely different cross sections at 90 For instance,
03k ? the pp differential cross section at 9@, is 50 times larger

i 1 Au than thepp differential cross sectiofil9]. How should this
02 | T small size of thepp cross section affect the absorptionpsd

' by annihilation?
0.1 0 ;éé;;é ; “; é 10 (5) The production of exclusively produced resonances

provides a large testing ground for nuclear transparency ef-
fects. This is especially true for those resonances that allow

FIG. 22. (e,e'p) transparencies taken from R§&4]. The open the determination_of final_ state spin orientation, sucltp’as
symbols correspond to the SLAC experimefffd,52, and the or A's [19,3q._W|II the mterfergnce ter_ms that gene(ate
closed symbols are from the more recent results of Jefferson Lab@Symmetries disappear for reactions which take place in the

ratory [53,54. nucleus? o _ _
(6) Measurements in light nuclei that determine the prob-

ability of a second hard scatter after the first hard interaction

Spﬁ%?é?/;%}!?ﬂgg:r‘::;;Z%;:gggr};u?;eﬁ]&?ef\oq carbod € an alternative way to study nuclear transparency effects.
is predicted by Glauber models to be much larger(ée’ p) With the proper kinematics selected, the probability of the

: . : o second scatter is dependent on the state of the hadrons at the
quasielastic scatterin@,,. This is because of the nonabsorp- first hard interactiorf58]

tive nature of the two legs of the electron diagram as they
pass through the nucleus. For exampleTdf for carbon is
~0.6, then one would expect the correspondifhg to be IX. SUMMARY

;?l'jt' mHS(\;\;]e;]lierhgrottﬁ;:E;’tkt]éhféggaf)trgﬁgle:rretrr]instparer)lcy Presented here is a summary of the results and interpreta-
9 P y lgr,@p tions of ourT,, investigation results, as well as other quasi-

at its peak. These experiments reported no significant dewae-IastiC experiments

tion from the Glauber prediction, althou_gh the size of the (1) Two separate experimental programs, E834 and E850,
effect would have been smaller than that in &g, 2p) case. that employed entirely different detectors and different

This may suggest that the phenomena that we observed may,, sjs methods, showed a consistent and striking energy
be specific to the QCD dynamics of hapg collisions. Both - gependence in the,, nuclear transparency for effective mo-
the Ralston-Pire and the Brodsky—de Teramond models fqf,onia from 5 to 15.8 Ge\¢/ This corresponds to a range in
energy dependence would applyfip but not toep scatter- 2 (rom 3.9 to 14.0(GeV/c)2 There is a peak in the nuclear
ing [41,43. Both models do, of course, contain elements Oftransparency at-9.5 GeVk. At the peak, the nuclear trans-
colqr transparency that would be commoneand pp ex- parency is a factor of 2 above the maximum expected by the
periments. Glauber prediction. For 12 Ge¥/and above, the nuclear
transparency is at or below the Glauber level. The probability
that these transparencies are consistent with a constant is less
than 1%. The interpretations for the rise and fall of the

Clearly there remain a number of interesting investiga-A(p,2p) transparencies all involve the presence of two am-
tions involving nuclear transparency of protons and otheplitudes in thepp scattering procesgl1,43.
hadrons. A revival of the AGS fixed target progrg##], or (2) The A-dependent transparencies from E834 provide
the construction of the 50-GeV accelerator as part of then independent method for measuring the effective cross sec-
J-PARC complex in Japalb5], would provide excellent op- tion as the incident momentum is raised. At 5.9 GeWie
portunities to expand the range of these nuclear transparencyoss section is 18+2 mb, while at 10 GeV/it is
studies. Some of the remaining questions are the following12+2.6 mb.

(1) What happens at higher incident momentum? Does (3) A number of other measurements have been made
nuclear transparency rise again above 20 Ge\ds pre- with the E834 and E850 detectors.
dicted in the Ralston-Pire pictui&6]? (@) Measurements on deuterium yielded a nuclear

(2) A-dependent studies in the 12 to 15 GeWange; transparency consistent with 1.0, as expected for this small
will the effective absorption cross section continue to fallnucleus.

Q? [GeVcY

VIIl. SUGGESTIONS FOR FUTURE EXPERIMENTS
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(b) The angular dependence fdp, at 5.9 GeVt is  expand the precision and range of our experiments with pro-

unexpectedly sharp. tons and other hadrons.
(c) An initial measurement foA(#",7*p) has been
made and indicates that the nuclear transparencyrforis ACKNOWLEDGMENTS
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