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We calculate quasi-exclusive scattering of a virtual photon and a proton or pion in nuclear targets. This is the
first complete calculation of “color transparency” and “nuclear filtering” in perturbative QCD. The calcula-
tion includes full integrations over hard interaction kernels and distribution amplitudes in Feynfrations
and transverse spatial separation sgacBudakov effects depending drand the momentum transfé? are
included. Attenuation of the hadronic states propagating through the medium is calculated using an eikonal
Glauber formalism. Nuclear correlations are included explicitly. We find that the color transparency ratio is
comparatively insensitive to theoretical uncertainties inherent in perturbative formalism, such as choice of
infrared cutoff scales. However, tig? dependence of the transparency ratio is found to depend sensitively on
the model of the distribution amplitude, with end-point-dominated models failing to be dominated by short
distance. Color transparency experiments should provide an excellent test of the underlying theoretical assump-
tions used in the PQCD calculations.

PACS numbd(s): 13.40.Gp, 12.38.Bx, 14.20.Dh

[. INTRODUCTION [9,10]. In its original rendition, color transparenf9,10] was
based on having large momentum trans@r select short
Exclusive processes are an exciting frontier. However thelistance, then free to propagate easily through a passive
applicability of perturbative QCD at the momenta currently nuclear probe. Nuclear filtering uses the nuclear medium in
accessible remains controversial. The quark-counting scalingn active way.
laws of Brodsky and Farrar tend to agree remarkably well
with data. This apparently indicates that a finite, minimal
number of quarks is being probed. However, the helicity
conservation selection rules of Brodsky and Lepage tend not The distinction between nuclear filtering and color trans-
to agree with datfl—3]. Failure of hadronic helicity conser- parency is sharpened by considering different kinematic lim-
vation rules out dominance by the short distance formalismits. For a given nucleuguclear numben), the limit of Q2
Then the agreement of the scaling laws becomes rather mygoing to infinity should show decreasing attenuation, and
terious. Theoretical criticisms focus on calculations found toultimately perfect “transparency” of a nucleus. The “trans-
include regions where the internal momentum transfers arparency limit” of Q?—c is unrealistic, however. The *“fil-
too small for perturbative QCIPQCD to reliably apply  tering limit” takes A>1 with Q? fixed and large enough to
[4,5]. For even the simplest model calculations, the case ofnotivate a PQCD approach. In this case layeshould
hadronic form factors, it is found that large contributionseliminate many long distance amplitudes. On this basis, it
come from the components of quark wave functions involv-has been predicted that calculations of exclusive reactions in
ing large quark spatial separations. This undermines restri?QCD are more reliable in a large nuclear target than in
tion of the calculation to short-distance wave functions,free-space.
which is nevertheless invariably done, causing problems These remarkable phenomena have some experimental
with the theoretical consistency of the subject. support. Experimentally one finds that the fixed-angle free
In contrast with exclusive processes in free space, it haspace procegsp’ —p”p" [11] shows significant oscillations
been claimed6-8| that the corresponding processes in aat 90 degrees as a function of energy. The energy region of
nuclear medium will be theoretically cleaner. Large quarkoscillations is not small, but extends over the whole range of
separations will tend not to propagate in the strongly interhigh energy measurements that exist, frem6 Ge\? to s
acting nuclear medium. Configurations of small quark sepa=40 Ge\?. The oscillations are not a small effect, but fill
rations, on the other hand, which happen to be the perturbaut roughly 50% of the &4° behavior, and are interpreted as
tively calculable region, will propagate with small coming from interference of long and short distance ampli-
attenuation. This phenomenon, called nuclear filtefgg], tudes. The corresponding process in a nuclear environment
is the complement of the idea called color transparencypA—p’'p”(A—1) shows no oscillations, and obeys the
PQCD scaling power law far better than the free-space data
[6,12,8. The A dependence, when analyzed at fixed,

A. Filtering versus transparency
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single experiment thaall long distance components have In contrast, we follow the PQCD approach. The impulse
been completely filtered away, only that interference be-approximation for the hard scattering postulates a normal
tween large and small distance components is different insized initial statd24]. While the struck state is full sized,
side the nucleus, and the long distance components are apre finds that only the short distance amplitudes dominate
parently reduced compared to in free space. inside the integrations. The zero-distance wave functions are
It is interesting, then, that other experiments appear t@odified in the distribution amplitude formalism, upon which
show the same phenomena. Data for the free space energye short-distance Sudakov factors are built. The perturbative
dependence ado/dt for yp—="n andmp—n'p’ atfixed treatment in the impulse approximation includes “expan-
90° c.m. angle shows oscillations quite like the OSCi”ationSSion” or diffusion in the quantum mechanical propagation of
seen inpp—p'p”. The existence of this data has not beengyarks sideways and longitudinallg5,26. We will discuss
widely appreciated. Recent wofk4] predicts filtering of the s in detail below. We will use an eikonal forf27] con-

oscillation phenomena and two more cases of the transpagjstent with PQCD for the effects of interaction with the
ency ratio oscillating with energy, which may be checked inp,clear medium.

the near futur¢15]. While primarily made for concept exploration, our calcu-
lations include all effects needed for comparison with data,
B. Sudakov effects as vacuum filtering except for important fine-tuning of kinematics to match de-

It has long been known that the transverse separation dfilS Of experimental observations. Such details vary from
quarks in free space reactions is controlled by effects know§XPeriment to experiment: in their absence, we have chosen
as the Sudakov form factor. The Sudakov effect is closely" idealized kinematic point of zero momentum transfer to
related to nuclear filtering. It is somewhat novel, but fair, toth€ nucleus. By explicit calculation, this point has been
observe that Sudakov effects are the filtering away of largéound to differ with a calculation involving realistic experi--
transverse separations in the vacuum, enforced by the strift€ntal resolutions to within less than 10%. When experi-
requirements of exclusive scattering. Li and Sternfia6] mental kinematics become available we can include them.
included Sudakov effects for the pion form factor, arguingSUrpPrisingly, we find that the main uncertainty in the nuclear
that a perturbative treatment become fairly reliable at mo<Calculation arises from uncertainties in the nuclear medium
menta of the order of 5 GeV. As low as 2 GeV. it was founditself. In particular, uncertainties in the nuclear spectral func-
that less than 50% of the contribution comes from the soffions and correlations are sizable. With standard assumptions

region. This countered earlier calculations, which argued tha@n€ can proceed with the calculation essentially using zero
in free space close to 95% of the contribution to the formParameters and no model dependence. However, we find that
factor comes from the soft regidd,5]. The situation with numerical differences between models of nuclear matter are

the proton form factor is similar but has a larger theoretical@'9e €nough to cause significant uncertainties. Indeed, com-
uncertainty[17]. For example, the proper infrared cutoff to Parson with data shows that the uncertainties in the nuclear
be imposed on the exponent in the Sudakov form factor haspectral functions and the nuclear correlations now dominate
been controversial. Jakob et #18] argued that the cutoff the theoretical uncertainties, and are larger effects than, for
used by Li[17] does not suppress all the end point singulari-€X@mple, the dependence on the choice of infrared cutoff
ties. By using a different infrared cutoff the magnitude of theSCale- This is surprising progress. , .

form factor was shown to decrease. However, an improved "€ Paper is organized by presenting the kinematic frame-
and much more complete calculatipto] recently incorpo- work for'electroprodug:tlon'of' pion targets from a nuclear
rated the full two loop correction to the Sudakov form factor. Medium in some detail. This is followed by the more com-
A very minor modification of the infrared cutoffs then finds Plicated calculation for nucleon targets. A separate section
good agreement with data. The remaining dependence d#VeS results and brief comparison with data.

infrared cutoff implies that a significant contribution remains
from a region of large distance. Il. y*a SCATTERING IN A NUCLEAR MEDIUM

) We briefly review the framework for calculation of had-
C. Calculational approach ronic form factors following Li and Stermaji6]. We first

Previous calculations of color transparency phenomengonsider the case of pion.
have followed several dynamical approaches. In one ap- LetP andP’ be the incident and outgoing momenta of
proach, an initial state with size of orderQlis postulated, the hadrons scattered by th&. From factorization the dia-
which expands explosively as time evolution progressesgrams are grouped into 3 kinds: the power-behaved hard
Different groups use different model dynamics: Farrar, Liu,scattering kernel, the resummed soft and collinear regions
Frankfurt and Strikmafi20] model the process with simple responsible for logarithmic evolution and Sudakov effects,
classical physics. Blaizd21] and Kopeliovich[22] model ~ and the non-perturbative wave functions. In the impulse ap-
the time evolution with harmonic oscillator wave functions. proximation we integrate over the respective “minus” mo-
Jennings and Millef23] use complete sets in the hadronic menta of partons moving fast in the proper “plus” direction
basis, along with experimental matrix elements, to model th@long P or P’. [Our convention ik™ = (k°+k®%)/\2.] The
time evolution. Calculations within the different model dy- conjugate variable™ is the light cone time variable of the
namics schemef8] show that the expansion rates dependpartons, evaluated at zero, setting up the impulse approxima-
strongly on model dynamics and the choice of initial statestion. The longitudinak- momentum fractions are denoted by
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the Feynman variable, for thei-th parton. We leb;; be the  the contribution comes from a region whesig/7 is less

transverse separation between quarksdj, or b the corre-  than 0.7 and hence could be regarded as perturbative.

sponding quantity for a single pair of quarks.

In the Brodsky-Lepage formalisn@?— is taken at the A. The pion: nuclear medium effects

first step. The result is thatis set to zero, leaving convolu-  the yclear medium modifies the quark wave function

tions of a hard scattering kernel and distribution amplitudeg ., tha{7]

that depend only orx and Q2. The innovation of Li and

Sterman includes the Sudakov form factor dependende on Pa(x,0,P,u)=FA(b;B,2)P(x,b,P, 1), (4)

inside the integrations, and afterwards takes the limit of large

Q2. Including theb dependence, the pion electromagneticwhereP, is the wave function inside the medium afidis

form factor can be written as the nuclear filtering amplitude. The formalism predates Li

and Sterman, and naturally has the same kinematic depen-
db R R dence(modification of theb-space wave functigrdue to the

Fw(Qz)Zf dxydx; ——=P(X2,0,P", ) Tiy(X1,X2,0,Q, ) parallel between nuclear filtering and vacuum filtering by

(2m) Sudakov resummation. An eikonal folff27,28 is appropri-

XP(X1,0,P, ). (1) ateforfy:

Here fA(b;B,z):exr{ —dez’(r(b)p(B,Z')/Z . (5)

P(x,b,P,u)=exp(—S) ¢(x,1b) + O(as(1/b)),
Here p(B,z') is the nuclear number density at longitudinal
plays the role of the hadron wave functions, wheex,1/0)  distancez’ and impact paramete relative to the nuclear
is the meson distribution amplitud®,(x; ,%,,b,Q, ) isthe ~ center. We have used the fact that the imaginary part of the
hard scattering kernel, which after incorporating the renor£ikonal amplitude for forward scattering is related to the total
malization group(RG) evolution from the renormalization CrOSS section, explaining our use of the symbb)/2. Fi-

scaleu to t, t=max(/X;x,Q,1b), is given by[16] ljally, we m_ust include the prob_ability to find a pion at posi-
tion B,z inside the nucleus, which we take to be a constant

times the probability to find a nucleon. Putting together the
factors, the transparency rafiois calculated from

- tdu —
TH(X11X21b1Q11u'):eXF{ _4j %Yq(as(ﬂ))
I

donuclear

X Th(X1,%2,0,Q,1). ) = Adoree space

Sis the Sudakov form factor: whereA is the nuclear number. Some theory groups prefer
5 division by a model calculation, which introduces a potential
model dependence of the definition, explaining why we use
S(xl,xz,b,Q)—iZl [s(xi,b,Q)+s(1x;,b,Q)] the origingl definition of Carroll et a[11]. EI)'he nu%lear)/cross
o section is calculated by incoherently adding the contribution
tdu — due to individual nucleons.
_4L: Yalas(n)). 3) The inelastic cross sectian is known to scale liké? as
K b—0 in PQCD[29,30. We parametrizar(b) as kb? and
Yq(as) in the above equations is the quark anomalous di—adeSt the value ok to find a .reasonable fit to the expgri—
mension. Our symbols are the same as used by Li and Ste'inental. data. Intrqductlon of th.'s parameter mlght be.av0|d'ed.
man[16], who give explicit formulas fofT,; ,s(x; ,b,Q), v There is a long history of rel_atln_g cross sections to diffractive
and so on. The improved factorization used[ %] retains calcul_atlons of the same_klnd in PQCD. For reasons to be
the intrinsic transverse momentukqr dependence in gluon explained below, we retain the parameter here.
propagators, since&k; need not be small compared to

VX1X2Q. In particular there is a dangerous region if any of B. Important details

thex; get close to zero. The variabltein Eq. (1) is conjugate Let us comment on some important details of the calcu-
to k11— Ky, Whereky,; andky, are the transverse momenta |ation.

of the incident and outgoing partons. As longxasand x, Nuclear densitiesNucleon number densities were taken

are not close to their endpoints, the dominant scale in thecom Atomic Data and Nuclear Data Tablgal]. The pion
scattering isyx;x,Q and the smalb region dominates the case uses straight densities as quoted and then proton case
amplitude. Close to the end pointgx;x,Q may become (discussed belowincludes nuclear correlations in the form
small. However, the largle region is strongly damped by the of an effective density distribution.

Sudakov form factor. The results for the free space form Wave functionsFor the x-dependence of wave functions
factor for the pion using this procedure are giveifilif]. The  we used the Chernyak-ZhitnitskfCZ) and asymptotic dis-
authors show that a)?=5 Ge\?, something like 90% of tribution amplitudes. We chose not to complicate the calcu-
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lation with models of the sott-space dependence. These canWe transform this partly to coordinate space to see the time-
be inserted as necessary: by leaving out such factors, one camolutionU(b,x*;p*) in light cone timex™ and transverse
more easily see from inspection the relative effects of Sudacoordinateb, obtaining
kov and nuclear filtering.

Experimental momentum resolutiom nuclear calcula-
tion we have integrated over the transverse impact parameter
B and longitudinal coordinate locating the targets in the
nucleus. From translational invariance, the coherent superpo-

sition over the nucleus with net momentum transein- This has been called “quantum diffusion,” but it repre-
cludes a phase exp(BtK:—iK,2). The phase is not indi- sents nothing more than propagation of a free, relativistic

cated because we st=0 for the numerical calculations particle from a point source. Ordinary perturbation theory
presented in Sec. lll. However, we also repeated the calcuncludes this expansio@and much morgin the convolution

lations for finiteK to check the dependence on this. In the©f Green functions over all points linked in the Feynman
region of K1,K, ranging from—25 MeV to 25 MeV, the diagrams: the series of integrals dfg(x*—x"*)Ag(x"*
results for the Ag-197 nucleus changed by less than 10%: ~X"“) - - - , Somewhat concealed when calculations are done
specifically decreasing by a maximum of 7.7% for the pion/n Momentum space. _ _ _
and 8.3% for the proton. For rigorous comparison with ex- 1€ question of expansion, then, is how much physical
periments one would want to include the effects of firte expansion Is reproduced by the propagation implemented by

integrated over the same range as experimentally Observeagrturpation thg ory. In c_oordinate—space the integration re-
The treatment of Fermi momentum is of course related, an§'°NS include light-like displacements much larger than the
should be matched consistently whenever models are usdtfclear size and extending over the entire volume of trans-
for experimental extraction. verse separation possible. Whatever the idealizations of fac-
Experimental subprocess identificatioFhe experimental torization arguments, the actual calculations include both far
extraction of the pion form factor in free space assumes ceRff-shell regions from the scattering kernel associated with
tain kinematic criteria are imposed. tichannel singularity, ~Short-distance propagation, and nearly on-shell regions
and consistency with the angular distribution of the spin-zerg®volving with proper perturbative quantum mechanical ex-
form factor are part of proper “Rosenbluth separation” ex- Pansion over long-distances. The system interacts with the
tracting the form factof32]. Experimental cuts determine Nhucleus over the entire process, as xhie,B,z integrals are
whether other subprocesses not involving the form factofotally coupled without any separation: Thus, sideways
[33] can contribute to the observables, leading to a well-Propagation is linked to thepropagation. This fact has been
defined procedure. We assume equivalent criteria are applighisunderstood, perhaps due to attention to asgmptotic
to the experimental study of knocking a pion out of thelimitin which this same formalism has been able to establish
nucleus, and note that this is compatible with the momentunthat the effects of the nucleus are decouglegd

transferk discussed above. With use of over-determined ki- Unfortunately we do not know how to translate the re-

nematics such as the BNL experiment has demonstrated, ﬂgéons of integration of the quark variables into the hadronic

identification of this quasi-elastic subprocess seems quitBas's' Given a pe.rfec.t rosetta stone” we C.OUId prgdlct ex
feasible. actly what hadronic picture applies, and which details of the

hadronic spectrum such as the masses and widths of reso-
nances are already included, or need to be added. The situa-
tion is exactly like the mystery of duality noticed by Bloom

A controversial element of color transparency and nucleaand Gilman[34] in deeply-inelastic scattering. Twenty years
filtering is the topic of “expansion.” The term describes the later, there has been little progress in explaining how a
time evolution of the struck system as it moves through thesimple perturbative quark-picture prediction of structure
nucleus. Some calculations model this using a hadronic basfanctions manages to interpolate precisely between reso-
assumed to be a complete set. Experience from nuclear physances and successive thresholds of daunting complexity in
ics calculations are then brought to the problem. On the othethe hadronic basis. On this basis, quark perturbation theory
hand, the foundations are unclear, because many phenomedefinitely reproduce multiparticle continuum hadronic states
involving quarks, including such basic features as scaling irin the time-evolution with some reliability. However, on the
inclusive reactions, defy successful description in a hadronisame basis, PQCD does not pretend to reproduce detailed
basis. The transformation between the fundamental quark batructure at particular momenta due to resonances. From this
sis in which transparency has been predicted, and the hadwe believe that the expansion occurring in our calculations is
ronic basis of model calculations, cannot be explicitly writ- of the nature of a multi-state average when viewed in the
ten down. Due to this clash there has been a great deal @fadronic basis. It is expansion of one kind, which would not
confusion. include fine details of particular resonant mixing of states. It

Perturbative calculations in the quark basis naturally inis an open question whether details of the hadronic spectrum
clude time evolution. The basic element in perturbationmatter in the problem: the problem is closely related to de-
theory is the Feynman propagatorpi+ie, for a free par- termining the precise kinematic region where PQCD would
ticle of momentump. The imaginary part i$7d(p?—m?). apply.

1
U(b,x";p*)~ —exp —ib’p*/2x" +im?x*/2p™).
p

C. Expansion
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D. Central versus endpoint wave function models convert this uncertainty into productive measurements of at-

The calculations we report depend on the models of th&t€nuation. This is discussed in Sec. IV.

distribution amplitudes. For discussion we can classify mod- On the other hand, the effects from uncertainties in
els as “end-point” or “centrally” dominated, with typical nuclear parameters are about the same for a pion or proton

endpoint models being those of QCD sum ryi8ss], and target. These uncertainties also do not cancel out in ratios, do

. . . . 2 . _
typical central models being the asymptotic distribution am-nOt disappear with increasir@°, and are not much amelio

plitude[2]. Experience in free space form-factor calculations,[ﬁéesde ?Jynlcaerg:?ht'iag; he moment we simply have to live with
teaches us that endpoint models tend to be contaminated by '
long distance contributions while central models tend to be
more dominated by short distance. Comparison of experi-
mental data with the pion form factor is fairly inconclusive
and does not favor either class of modedg]. If one allows The calculation of the proton form fact¢d 7] in free-

for some reasonable variations within the classes, for exspace is rather more complicated than for the pion. Underly-
ample not really believing the normalizations of the QCDing the difficulty is that there are two quark transverse sepa-
sum rule predictions, then the ambiguity becomes evemation scales, each of which must be controlled by Sudakov
worse. Given this situation, we made calculations using repand nuclear filtering.

resentatives from both classes, and without assuming too The factored decomposition for the proton form factor
much is known about the normalization of the distributionderived in[17] is similar to that for the pion but much more
amplitudes. We then compare the calculations to see whaiomplicated. Our notation follows RdfL7] which define the

1. y*-NUCLEON SCATTERING IN A NUCLEAR
MEDIUM

each type of model predicts. symbols with lengthy expressions we need not repeat in de-
tail here. All wave function terms are gathered together in a
E. Discussion symbol ¥;. The hard scattering kernels are gathered to-

Elsewhere we have emphasized that quasi-exclusive pio@€ther in a symboH;. There are altogether 48 separate
scattering in a nuclear medium should be very interesting t§ €ynman diagrams to be summed over, (ast shown by Li
measurd 25,26. While the pion’s small mass makes large [17]) symmetries of indices ~rela~ted by permutations reduce
momentum transfers more difficult, there are reasons to béhe sum ovej to two terms,H;,H,. The permutations re-
lieve that experiments at accessible momentum transfeguire introduction of symbold,,, t,; andty,, which are
should be pursued. notations for scales that are the larger df; 1%,Q. Internal

First, calculations of meson form factors are comparaquark light cone fractions are denoted kyand transverse
tively reliable: They are certainly much better than baryonseparations by, ,b,. There are # integrations, » integra-
form factors. The pion is uncomplicated compared to theions, and one relative angle integratiento calculate the
proton, lacking the infamous “double -flow” configuration form factor:

[36]. The pion also allows fewer covariant wave functions

that could allow orbital angular momentum to flow. Pion

decay directly measures a short distance wave function nor- 2 4w
malization, pinning down another variable. Finally, the FRQY)=2, WJ’ (dx)(dx")
short-distance prediction for the pion electromagnetic form I=1 0

factor is apparently not far from the data in free space. % 27

The upshot is that short distance concepts “almost work” XJ b,db;b,db, do[ f(cw)]?
for the pion in free space, and theory is easier. When one 0 0
does not have to rely much on nuclear filtering, it becomes a
good approximation to consider the calculation inside the
nuclear target as a free—spac;e fqrm factor followed by some xexd —S(x;, X ,cW,Q,tj1,tj2) ], (6)
propagation. In that approximation one does not need to
know the form factor, which is argued to cancel out in ratios
to free-space processendeed, much of the theory litera- yith
ture is locked into the approximation that the form factor
cancels out, because only propagation is calculatédder
those ideal conditions, the transparency ratio as a function of
Q? serves its naive f_unct|on of measuring transparency. (dx):dxldxzdxgé(

The general situation cannot be so simple. The instant one
acknowledges that the short distance component inside the
nuclear target is not the same as in free space, then the nor-
malization of the hard scattering is chandé@8]. The effect Herefy is the proton normalization constant acw play the
is not small when current calculations put 50% of the ampli-role of factorization scale, above which QCD corrections
tude as “soft”: One cannot then consistently argue that someive the perturbative evolution of the wave functigf) in
universal form factor “cancels out” in a naive ratio. Fortu- Eq.(6), and below which QCD corrections are absorbed into
nately one can also study tiedependence at fixe@? and  the model distribution amplitude.

XH; (%1, %] 107, Q,tj1,t2) W(x; ,x] ,cw)

3

xi—l).
1
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The Sudakov exponel@is given by Agreement with experiment can be good, but one can play
devil's advocate, and argue that if various contributions at

S(Xi X ,CW,Q,tj1,t)2) the 50% level exist, perhaps the short distance distribution
3 da amplitudes cu_rrently in vogue are not properly normalize_d,

:2 s(x; ,CW,Q)+3J’ Jl:'“ ')/q(as(;)) but are eff_ecuvely renormalized to arrange agr_eement Wlth.

=1 cow i data. The issue cannot be resolved because different contri-

3 butions with different signs may cancel. In our calculations
, tizd — we chose the infrared cutoff parameter 1.14.
+|:21 S(X| 'CW’Q)+3J'CW77’Q(0‘5(“))' () Nuclear correlationsFollowing the procedure of Lee and
Miller [37], the effects of short-range correlations were in-
Here s(x,,cw,Q) is called the Sudakov function and its cluded approximately by the replacement
explicit expression is given ifiL6], while y, is an anomalous

dimension. We have shown the Sudakov form factor to em- p(B,z")—p(B,z")C(|z—2'|), (8
phasize explicitly that the region of larde or regions ofx ) ) o
—0x—1 is suppressed d@— . wherep(B,z") is the nuclear density at the longitudinal po-
sition z’ and impact parametds relative to the nuclear cen-
The proton: nuclear medium effects ter andz is the longitudinal position of the point of hard

collision. C(u) is a correlation function estimated [B8] to
For the proton we use the same procedure for effects e C(u)=[g(u)]*2 with

the nuclear medium as used for the pion except that now we

use the inverse of the factorization scale to calculate the

attenuation cross section of proton inside the nucleus. Here g(u)=
1Av is taken to be the maximum of the three distances in a

proton i.e. W= b, =max@;,b,,bs). We again seK =0 for where

our calculations as used for the pion, as the effects of fifite
are less than 10%. Overall, then, the calculation of the pro- j1(keu)

cess in the nuclear target nesea 9 dimensional integration, h(u)=3 keu
which is performed by the Monte Carlo method. Results are
presented in Sec. IV. We now turn to specifying important
details.

h(u)?

==

[1+F(w)]? C)

(10

f(u)=—e **(1- Bu?) (12)

with a=1.1, 8=0.68 fm 2 and the Fermi momenturk

Calculational details iy
=1.36 fm .

Wave functions and infrared cutoffas in the pion case,
the calculations for the proton free-space and nuclear filtered
processes depend on the model of the distribution ampli-
tudes. End-point models tend to greatly exacerbate the prob- Experimental results have been reported as a “transpar-
lem of long distance contributions: at the same time thesency ratio” between cross sections. Such ratios depend
models tend to be the ones used to fit data for the protostrongly on what one chooses in the denominator. For the
form factor. We will report calculations with both the €Z]  purpose of reporting our calculations we have divided our
and King-Sachrajd#KS) [35] end point models, and also a cross sections b# times the cross section from a free proton
central model, and then compare them. which was also the choice adopted by the BNL experiment

There has been some controversy regarding the prop¢tl]. Thus our transparency ratio “T” is the ratio of the
choice of the infrared cutoff in the Sudakov exponent. Thesquare of a form factor with; Dirac structure for the
factorization scalew separates the perturbative and the nonnuclear target divided bF$(Q?). As mentioned earlier, de-
perturbative contributions in the wave functigh. The  tails of kinematic acceptance and assumed nuclear spectral

choicec=1 proposed i 18] uses the largest distance be- distribution are needed for precise comparison with data.
tween the three quarks as the cutoff. It was found that this

IV. RESULTS AND DISCUSSIONS

choice gave results about 50% smaller than the experimental .
A. The pion
data for the form factor. One can argue that the result may be _ )
reasonable, if other wave functiotand in particular, non- In Fig. 1 we show th&“ dependence of the transparency

zero quark angular momentinecontribute heavily in free ratio for electroproduction of pions using two different dis-
space. On the other hand, in RET9] it was observed that tribution amplitudes, th€Z and central forms. The scale of
the largest distance does not correspond to a physical size & ranging up to 5 Ge¥ may benefit from explanation. At
the three quark system. A more appropriate infrared cutofthe exclusive production point, the relativistic boost factor of
might consider a configuration of the quark-diquark type.a pion is given byy= Q?/(2m2)~25(Q%/GeV?). Since
The resulting cutoff value=1.14 uses the maximum dis- even a1 GeV pion is highly relativistic, we may suppose that
tance between quark and diquark. Remarkably, this smathe perturbative calculations may well apply in the compara-
modification with the KS distribution amplitude leads to re- tively small Q? regime. These calculations show a rather
sults in good agreement with the experimgh@)]. striking rise withQ? of the transparency ratio, which should
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FIG. 3. The transverse separation cutbffdependence of the
FIG. 1. The calculated pion transparency ratio for different nu-pion cross section in the nuclear mediusolid curvg and free
clei as a function ofQ2. The solid and dashed curves use the CZspace(dashed curvye The quantityo(b.) is a cutoff dependent
and asymptotic distribution amplitudes respectively and correspondeduced cross section calculated by putting alzubn the trans-
to A=12, 56 and 197 from top to bottom. verse separation between the two quarks. The results have been
normalized to unity a®. approaches its maximum valueAldcp.
be easily observable experimentally. The fact of the rise doe5he three different curves in each case, left to right, correspond to
not depend much on the distribution amplitude, butdtupe =~ Q=2 4 and 2 GeV, respectively. Calculations are Acs 197.
of the rise does: we discuss the reasons in the section dis-
cussing the proton. For these calculations we udegp The pion calculation is quite transparent, that is, one can
=200 MeV. We adjusted the value of k so that the pre-easily see the large transverse separation region being re-
dicted results for protoridiscussed laterare in agreement duced by nuclear filtering. To quantify this, we introduce a
with the SLAC datd39,40. This selects the value &fto be  working concept of theutoff dependent cross sectjavhich
10. This value was determined self-consistently. Its coinciwe define to be the scattering cross section calculated by
dence with the parameter chosen for the pion indicates conmposing a cutoff on the quark transverse separation param-
sistency between the two calculations. Of course, after theter b. This terminology should not cause confusion and
integrations are done, different regions contribute and theerves a purpose for quick visual inspectionQ@sf and cut-
proton tends to have larger cross sections than the piowff dependence. In Fig. 3, we show the cutoffdependence
More precise values d&f might be obtained after making a fit of the pion scattering cross section ratio. In an ideal short-
to data, or perhaps with more detailed comparison with difdistance dominated problem, the cut-off dependence would
fractive calculations. be absent, and 100% of the amplitude would occur after
Figure 2 shows thé dependence of the pion transparencyintegrating up tcb, of order 1Q?. Cut-off dependence per-
ratio at fixedQ?. The curvature of thé dependence at fixed sjsts, but compared to free space the nuclear medium signifi-

Q% is a way to extract the effective attenuation cross sectiomantly attenuates the large distance contribution. Thus PQCD
independent of the normalization of the initial state. The noris more reliable in the nuclear calculation.

malization of the ratio is an entirely different affair, which

drops out of the extraction of attenuation cross sections. B. Extracting the effective attenuation oo

0s . e Finally, we have extracted the effective attenuation cross
- section oe11(Q?), which serve as a litmus test of whether
“color transparency” has actually been achieved.

If one knew for sure that the hard scattering were a short-
distance process, then this procedure would be a complemen-
tary test. However, when the hard scattering cannot be
claimed to “divide out” of the process at realist@?, then
attenuation becomes central and should really be extracted.
Following Ref.[13] we defineoq+(Q?) by fitting the curva-
ture of theA dependence of the transparency ratio at fixed
Q2. In the process, we let a? dependentnormalization

02,5 - float. This process eliminates uncertainties caused by divi-
sion by a poorly understood free space process: one can di-
NUCLEAR A vide by anything fixed, or simply use the cross section in the

FIG. 2. The calculated pion transparency ratio as a function ofiuclear target without division.
nuclearA for different Q. The solid and dashed curves use the Cz  The results (Fig. 4 show a significant decrease of
and asymptotic distribution amplitudes respectively and correspond’eff(Qz) with increasing Q? to values well below the
to Q=1, 1.4, 2 and 3 GeV from bottom to top. Glauber model attenutation cross section. The calculations

0.7

0.5 -

TRANSPARENCY

04

Q=1,14,2,3GeV

03
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FIG. 4. Extracted pion effective attenuation cross sections FIG. 6. The sensitivity of the calculated transparency ratio to
oert(Q?) as a function ofQ? exhibit color transparency. The cal- different proton distribution amplitudes and the factorization scale
culations fit the curvature of thé dependence in terms of two parametec. The solid, dotted and dashed curves correspond to the
parameterd and o for eachQ?, whereN is the overall normal-  KS wave function withc=1.14, KS distribution amplitude witk
ization of hard scattering in nuclear medium amdneasures the =1.0 and the CZ distribution amplitude with=1.14 respectively.
nuclear attenuatiofil3]. The decrease of.(Q?) with Q? indi- All calculations useA=197.
cates that PQCD predicts very significant color transparency effect
for the case of pion. The CZ distribution amplitude has been emtg the experimental datg89,40. We find that a value ok
ployed for these calculations. =10 gives a reasonable fit. Since the dataTds available

. . .. .. onlyinthe region where the calculated free space form factor
were made in the CZ model; the asymptotic case is similar. y g P

We found that the normalization ranges from 0.88 to 0.94 a1'{;(3 in disagreement with the experimental result, the values of
: ) o obtained by this procedure cannot be taken too seriously. In
Q? varies between 1 GeéMto 36 Gel\f. We therefore find y TS p y

fact, parametek would be best obtained by fitting to the
that theo.¢{(Q?) which best describes the process is smaller, b y g

3 ; = experimental value of after it is measured at higher ener-
than what would have been obtained if the normahzatmrbies_ A reasonable range kfvalues, which we take to be
were arbitrarily set equal to unity. Thus the difficulty antici- '

q he basis of d h q k=9 andk=10 has been used in the figures. We note par-
pated on the basis of data some years[d@phas turned out g netically that the extrapolation of the short-distamce
to be a proven feature of the calculations.

Th ol scientifi | ; . o =kb? rule into the regime of largé might be modified to
e potential scientific value o measuring, Q") is explore other models. We did not pursue that here, in order
very great. The quantity has the power to rule out conven

. N fo report clearly defined calculations, perturbatively driven
tional nuclear physics, independent of rafld dependence, P y P y

d f. | and perturbatively consistent.
and confirm color transparency. Results for theQ? dependence of the proton transparency

ratio from various models are shown in Figs. 5, 6, and 7. The
C. The proton nuclearA dependence is shown in Fig. 8. A standard model
In our calculations the parametein the attenuation cross for the distribution amplitude, the KS model, was used to

sectiono=kb? was chosen so as to pro\/ide a reasonable figenerate Flg 5. One sees that the Calc_ulatio_n with the KS
model has a rather fl@? dependence. At first this result was

08 : : : : : : : surprising, assuming a short-distance picture and a rapidly

e
Q
T
1

0.7 T T T T T

&
206 = B
£ | 06 | .
="
§0°r T A =56........ 7 5 A=197
& T e Z 05F
04 1= ’ E T E
&
03 - 2 04r
“T <
ol 1T | &l
1 1 1 1 1 1 1
oy 5 10 15 20 25 30 35 40 ozr 7
2 2
Q (GeV ) 0.1 1 1 1 1 1
. . ’ 5 10 15 20 25 30
FIG. 5. The calculated transparency ratio for the proton for dif- Q2 (GeV 2)

ferent nuclei using the KS endpoint dominated model for distribu-

tion amplitude. The experimental points are taken from Refs. FIG. 7. The calculated transparency ratio using a central model
[26,27]. The solid curves are calculated witl= 10 and the dashed distribution amplitude foA=197. The result using KS distribution
curves withk=9. amplitude is shown for comparison
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FIG. 8. TheA dependence of the transparency ratio for different ™G 9- Dze_pendenc\i on transverse separation cuipffior
values ofQ2=36,16,5 GeV (top to bottom, calculated in the KS A=197 andQ“=36 GeV. The quantityo(b) is a cutoff depen-
end-point-dominated modeolid lines and a centrally peaked dent reduced cross section calculated by putting abgudn the
model(dashed lineswith k=10. The parallelism of the lines in the transve_rse separation between the quarks. Thg results have been
KS model illustrates next to no change in curvature ofatgepen- ~ normalized to the value at the maximum possible=1/Aqcp-

dence, consistent with little observable signs of short-distance il '€S€ calculations, in the KS end-point-dominated model, show
this model. little dominance of short distance consistent with the flat transpar-

ency dependence with? of the same model.

increasing function oQ?, but in retrospect the result appears
quite natural. As in the earlier discussion of the pion, our
results depend on the distribution amplitude model, which Evidence of dominance by the long distance contributions
can be categorized into two types. The KS model i€ad- in the endpoint models is shown in Fig. 9, the dependence on
pointdominated distribution amplitude, which is known to a transverse separation cutbff. The plot was generated by
produce its dominant contributions from long-distance com-integrating the largest quark separation from zero to an upper
ponents of the quark wave functions. For this reason use dimit given by b., and then normalizing the result to the
the KS wave function in the free-space form factor has led tovalue at the maximurb,=1/Aocp. Even with the filtering
many questions of theoretical consistency, which we needffects of the nucleus, there is very little saturation and very
not resolve here in this exploratory study. It is precisely thelittle difference between the nuclear and free-space cases.
lack of a substantial short-distance contribution which isFrom Fig. 9 we see that the dominant contribution arises
seen in our calculations to be responsible for the calculateftom a very narrow range df. This appears to be the main
flat dependence o®?. Turning to Fig. 6, which compares reason why we see greatly reduced filtering effects in the
the CZ and KS models, both of which are endpoint domi-proton compared to the pion. Numerical experiments showed
nated, one sees nearly identical {@f behavior. This indi- that by adjustingk arbitrarily, we could force substantially
cates that the details of the model do not matter so long asore filtering, and a higher proportion of short-distance con-
they are endpoint models. The figure also shows the depemrbution in the end-point models. However we were unable
dence on the infrared parameter Rather interestingly, a to make such adjustments realistically while maintaining rea-
substantial dependence anof form factors in free space sonable absorption cross sections, and therefore abandoned
drops out in the transparency ratio. the attempt to make thi€ S model into a short-distance one.

As pointed out by Abbotet al. [41], systematic errors in  We also note that we can enhance the short distance contri-
the transparency ratio due to the uncertainty in the nucledsution in any model by lowering the value of the infrared
spectral functions are of the order of 4% for C to 11% forcutoff parametec. Reducingc essentially forces the Suda-
Au. If one assumes an endpoint distribution amplitude of thekov exponent to cut off the integrals at a smaller value of b.
type currently in use, we find that these uncertainties inAn enhancement in filtering follows, which is expected since
nuclear modeling currently dominate the error in the calcuthe integral becomes less dominated by the region
lation. ~1/Agcp-

The Q? dependence of transparency ratio, shown in Fig. Many other wave functions can be conceived: We whole-
5, shows structure with “bumps,” whose origin appears toheartedly believe that the wave functions are unknown and
be numerical errors in the Monte Carlo integration. The errothat attempts to validate the CZ or KS models with data from
in the free space and nuclear cross section calculation iee-space are rather questionable. To explore the effects we
about 3% and 4% respectively. As the accuracy of the intetook a model which is highly central, a distribution ampli-
gration is increased, the amplitude of the bumps tends ttude with the structure
decrease. In many cases the bumps also are found to ran-
domly shift to different values of? and hence are consis-
tent with random fluctuations. Nevertheless the remote pos-
sibility that bumps might exist in the transparency ratio andin this context we ignoredQCD sum-rule lore about the
be experimentally observable cannot be dismissed. normalization of various wave functions and simply postu-

D. Long versus short distance

P(Xj) =X1X2X3.
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lated a typical central wave function. The coincidence be-‘of order unity.” However we find that the long distance
tween this model and the asymptotic one derived by Brodskgomponents of the amplitudes are considerably suppressed in
and Lepage is superficial, because any central wave functiaime nuclear medium, compared to the same calculation in
(such as some Gaussiamgould have been just as reasonablefree space. This implies that perturbative QCD is better ap-
for the exploration. We explored the central wave functionplied in the nuclear medium.
because suppressing the end-point singularities allows the Using the end point dominated model of the distribution
regions of smalleb to contribute more effectively in the amplitude, for the case of the proton we find a slow rise in
integrations. The results of the calculation with the centrakhe transparency ratio for energies that can be probed in the
model are shown in Fig. 7. One sees a rapid rise of théuture at CEBAF and ELFE. The pion, on the other hand,
transparency ratio with increasir@? with this model. This  shows a very rapid increase. It has been known for some
vindicates the correlation of a rising transparency ratio withyears that the rise witkQ? is not particularly definitive sci-
short distance dominance. entific standard13]. Taking into account nuclear filtering,
These results support the following comment on the thethe slope measures compensation between two processes:
oretical consistency of the perturbative treatment. Suppose @ne process tends to decrease the scattering rate: the purifi-
rapid rise of the transparency ratio wi? were observed: cation of wave functions to short distance. The other feature
then a central modeA>1, and the short-distance assump- of selecting increased short-distance increases survival of the
tions of the calculation, would all be internally consistent.struck hadron in propagation. We see this process of com-
This is in contrast to the free-space case, where unfortunatefyensation quite clearly in our calculations, and find that it is
Q? is not quite large enough to draw a similar conclusion,a very general feature of PQCD. We therefore conclude that
and nuclear filtering is absent. A naive interpretation thawhether or not a rapid rise wit®? is observed, the depen-
central models have been ruled out by free-space data alstence on nuclear numb@ryields a characteristic curvature
must be set aside as of questionable consistency. Supposdram which effective attenuation cross sections can be ex-
flat dependence of the transparency ratio vthwere ob-  tracted.
served: then one can interpret it as evidence favoring the Furthermore we find that models of distribution ampli-
endpoint models, but with the same questionable consistendydes that have wave functions more centrakiautomati-
as in free space. If one is optimistic the nuclear case isally tend to have a greater short-distance component, gen-
slightly better in consistency, and then the f@t depen- erating a faster rise of the transparency ratio vith The
dence becomes a prediction of the end-point philosophy. slope ofT(Q?) may serve as a way to probe the fundamental
On the last optimistic basis, our calculations indicate thagjuark wave functions. The distinction between distribution
one might be able to learn more than previously thoughemplitudes which are end point dominated and more cen-
possible about the internal structure of protons from therally dominated is very significant for the case of the proton.
nuclear target data. There is a simple rule: If the transparencyhe end-point-dominated distribution amplitudes give very
ratio rises quickly withQ?, then the distribution amplitudes slow increase in transparency ratio as a functiorQéfand
must be centrally peaked. If the transparency ratio risesan be clearly confirmed or ruled out in upcoming experi-
slowly with Q?, then it is consistent with strong end-point ments at CEBAF and ELFE.
contributions.
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