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We study the energy dependence of 90° c.m. fixed angle scattering-ef'p’ and yp— 7' n at large
momentum transfer. The experimental data are found to be well described in terms of complex interfering short
and long distance amplitudes with dynamical phases induced by Sudakov effects. We calculate the color
transparency ratio for the corresponding processes in nuclear environméntsw'p(A—1) and yA
— wN(A—1), taking nuclear filtering into account. We predict that the transparency ratio for these reactions
will oscillate with energy. This provides an important test of the Sudakov phase shift and nuclear filtering
hypothesis, which can be checked in upcoming experiments.
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[. INTRODUCTION calculations predicting new phenomena observable in experi-
ments currently underway at CEBARO|, which may pro-

The strong interactions remain a mystery and a phenomvide fundamental information on how PQCD may be applied
enology. Color transparency separates conventional strori§ exclusive processes both in free space and in a nuclear
interaction physics from perturbative QCD. The perturbativemedium. Other experimental predictions can be checked at
calculation predictsuppressiomf strong interactions in cer- BNL or other hadron beam laboratories. The predictions are
tain exclusive reactions Containing a |arge momentum trang_ather diStinCtiVe, and tests of the entire framework of color
fer Q2> Ge\? subproces$l,2]. Suppression is supposed to transparency become available.
occur in initial or final state interactions with nuclear targets.

The pgrturbative QC[Z(PQCQ prediction is dramatic be- _ Il. FRAMEWORK

cause it apparently contradicts the older theory in a domain

of its validity [1,2]. Indeed it is not clear whether color trans-  Consider the reactionmp—m’'N’ compared to 7A
parency is capable of being described using hadronic coordi—~m’'N’(A—1), wherem’ represents a meson aid rep-
nates[3]. At the same time, the many shortcomings of theresents a nucleon. The nuclear target serves both as a probe
PQCD description at the moderate momentum transfer valand as a modifier of the corresponding free-space process.
ues of experimentst,7] are well known: hence the phenom- Let t be the Mandlestam variable for momentum transfer
ena of color transparency play a pivotal role from eithersquared by the mesons, be the center of mass energy
point of view. squared, and assume bathand |t| are large compared to

The BNL E850 experiment of Carrodit al. [4] compared Ge\2. We will be concerned with the fixed angle linstt
proton-proton elastic collisions with corresponding quasi-=const, whereby the cross sectida/dt| , is a function ofs.
elastic nuclear processggA—p’p”(A—1). The transpar- In this limit it is argued that the participating quarks are at
ency ratio showed a bump as a function of energy. The origishort distances relative to one another: the presence or ab-
of the bump(8,9] has been controversial, and the underlyingsence of a nuclear target provides ways to test this experi-
mechanism has often been assumed to be unique to protomentally.
proton reactions. In Ref8] it was predicted that the trans- Despite the popularity and immense impact of the quark-
parency ratio oscillates 180° out of phase with the oscillacounting factorization schenfé1], and the common miscon-
tions in free spac@p elastic scattering. The bump observed ception that it defines the approach of PQCD, we must ex-
in the transparency ratio is then interpreted as a segment gfain the reasons that this is not our framework. The meson
these oscillations. Higher energy experiments would be ablscattering processes contain Landshoff pinch singularities
to verify the prediction of oscillations. If confirmed this will [12,13 which are particularly relevant. In PQCD the pinch
also rule out the alternative hypothe$® which interprets  singularities allow hard scattering processes to proceed with-
the bump in terms of a charm threshold effect. Very recentlyput obliging all constituents to be at a relatively short dis-
the BNL E850 group5] has released results of improved tance. Note that theubsetsof constituents which actually
and extended measurements, which confirm the original dateollide have a short-distance interaction. Meanwhile the
and extend it slightly. separation between different, independent collisions is not

Here we show thatscillatory color transparencys also  kinematically small. The pinch integration regions in PQCD
expected in several processes involving the pion. We repodre dominated by Sudakov effedit4,15 represented na-
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ively by the exponentiation Of—a|ng(S/7\%)+i7Tb |og(g)\§), impact-parameter factorization. In genera_tl, h(_)wever_, the in-
wherex2,\3 are fixed scales and,b are parameters. The tegration regions differ, and the approximations differ, as
exponentiation ofilog(s) terms associated with 16 ~ Shown by the different power behavior. There is no contra-
—i€) terms is very general, and can be viewed as a necessafjction in generating two different asymptotic limits, because
consequence of analyticifyl6]. The existence of this com- the quark-counting model neglects the independent scatter-
plex phase structure has been shown to be a consistent pigg contributions, which contradict the assumption that hard
diction of factorization and perturbative QGm6,17,19. In- scattering requires short distance.
terference of the energy-dependent phase is expected to Finally there is the case & GeV? but s not asymptoti-
reveal itself via oscillations imlo/dt|, as a function of en- cally large This concept is simple, but confused in the lit-
ergy. erature, perhaps because PQCD was earlier associated with
The physics of pinch singularities, and Sudakov effectstasymptotic freedom.” We maintain thas must be large
demands a factorization scheme more general than thénough for the perturbative approach to be self-
asymptotic short-distance “quark-counting” methidd|. To  consistent—we would prefesGe\2, but no PQCD analy-
represent all the diagrams and integration regions, we takgis ever specifies an exact cutoff energy. We also maintain
this into account, and include integrations over the transversgat terms such ass's " are meaningless, or at least so
spatial separatiob between quark$15,18. We call this  conceptually dangerous as to be of little use, and we apply
“impact-parameter factorization.” After the transverse inte- 5, work to s>Ge\? as aconceptually separate perturba-
grations are done, one may take thgymptoticlimit of s {jye regimefrom the asymptotic one. A mathematical ex-
—oe, or study the limit ofs>Ge\?. These two limits are not - ample may suffice: one of the earliest asymptotic approxima-
the same: both are equally valid approaches to _PQCD, antbns is Stirling'sT[x+ 1]~ V27x** Y%~ Theratio of the
we wish to emphasize that the term “asymptotic” is not syn-eyact to the Stirling approximation is accurate to better than
onymous with *large” or “perturbative.” There is a third g 5o for all 1<x<. This is astonishing, and Stirling’s ap-
procedure, which is to take the asymptotic limit sifiort — ,5yimation is very useful. Perhaps less well known is that
distancein the first step, producing the distribution ampli- ¢ gifferencebetween the approximate and exact values is

tudes: this limit is distinct from the other two. generally huge, reaching about 30000 for 10, and the
difference actually diverges ax—o. It is the nature of
A. Factorization versus short distance asymptotic approximations that intrinsic limitations exist to

. . . their use. Similarly, we believe that asymptotic statements
Some time ago, Muelldl9] showed that mtegraﬂop OVET for the consideration of oscillations in amplitudes at current
the Sudakov factors reproduced power-law behavior in an

asymptotic saddle-point approximation fmp—pp fixed- laboratory values would be inappropriate.
angle scattering. Botts and Stermdrb] confirmed this fea-
ture with impact-parameter factorization, pointing out the
regulation of Sudakov effects via integrations over the trans- Regarding fixed-angle scattering, the factorization scheme
verse spatial separatidnbetween quarks. The Sudakov ef- and asymptotic limits of the quark-counting model have been
fects strongly damp amplitudes with large-1/Aqcp, but  tested again and again. We believe that the asymptotic model
are negligible at asymptotically short distances. The asymphas been ruled out, and this is progress. All agree that the
totically dominant integration region is somewhat in be-data [21,22 for pp—pp, wp—pp, and other spin-
tween, yet approachds—0 ass—oc. It is significant that dependent processes contradict the “hadron-helicity conser-
the power law obtained is not that of quark counting. More-vation” [23] which is a test of the quark-counting factoriza-
over, the power is such that the independent scattering cotion scheme. Meanwhile PQCD with impact-parameter
tributions remain the leading contributions &s. factorization predicts calculable transverse and helicity-
At the same time, the impact-parameter factorization previolating spin effects for large>GeV? [13] due to indepen-
dicts oscillations in the fixed-angle amplitude at firstéfhe  dent scattering. The large> GeV? perturbative description
method employs the concept of a purely imaginary anomais self-consistent, and for that reason just as valid as any
lous dimension, first suggested in REI6] and later estab- other application of PQCD.
lished in great detail17]. The use of a transverse degree of  Quark counting also does not predict the pattern of oscil-
freedom also retains the impulse approximation and concepations cited earlier that are clear evidence for interference
of factorization between a calculable hard scattering and unieffects. Indeed the quark-counting amplitudes are known to
versal hadronic wave functions. However the factorization ishave radiative corrections characterized by exponentials of
more complicated than that of deeply inelastic scattering andingle logarithms, namely real anomalous dimension effects,
the operator-product expansion. and cannot produce an energy-dependent phase. However,
In contrast, the quark-counting meth@20] prescribes a logarithmic oscillations occur naturally in impact-parameter
method of takingp— 0 in the first step. Universal “distribu- factorization, and the wavelength of oscillations is calculable
tion amplitudes” can then be defined which are calculated17]. There is sometimes confusion when the two descrip-
purely on the basis of short-distance physics, and which dtions appear to merge in a further asymptotic approximation,
not depend on the process of measurement. An operatand oscillations disappeft5]. This is a consequence of tak-
product expansion applies. If there are no pinches the quarlng a limit yielding pure power-law dependence, which by
counting method may reproduce the asymptotic limit ofanalyticity cannot yield an energy-dependent phase.

B. Perturbatively large s versus asymptotically larges
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Finally the literal use of quark-counting factorization can- Consider a proton in a nucleus with Fermi momentum
not encompass color transparency, although color transpak:~200-300 MeV. The Fermi momentum is very small
ency is a closely related phenomenon, indisputably inspiredompared to the beam momentuyp. . GeV. Neverthe-
by the ideas of the quark-counting modi¢l. The difficulty  |ess the Fermi momentum can produce a drastic effect on
again is the limitb—0 assumed in the first step: this limit high-energy observables, as follows. Calculate the c.m. en-

predicts complete transparency, which is again an asymptotigrgy variables with its uncertaintyAs due to Fermi momen-
limit. In order to describe color transparency in PQCD it wasy;m by

necessary to adopt the impact parameter factorizati&h

In a nuclear medium large-regions interact inelastically S+ AS~2[Ppeant M*Ke) ]~ So* 2PpeankE -

with exponential attenuation, while those regions of srhall

interact proportional td?—0 [24], resulting in transpar- Heres, is the nominal c.m. energy variable on a proton at

ency. By depleting the long distance amplitudes, “nuclearrest. Suppose that the reaction differential cross section goes

filtering” enhances the relative contributions of short dis-|ike a large power o, for examples~s~". Then the effects

tance processes in large nud|8j9]. of Fermi momentum smear reactions over a range of cross
9”6 might naively think that the large momentum transferge ctionsA o~ noAs/s,. It is not hard for the range of varia-

(Q%) dependence of color transparency was predicted by,ns in cross section to be larger than the cross section. The

quark counting. Unfortunately there is a limit interchange,,hqeryable reaction of certain experiments may be domi-
involving an important scale from the length of the nuCleusnated by events with the largest cross sections, coming from

__A13 o 2 _
Ra~A"". The limits of largeQ® and largeA do not com the configuration where the struck nucleon is moving away
mute. Impact parameter factorization predicts that at Iarg(?rom the beam

2 . aye - ._
Q®>GeV- the survival probability should scale in the vari These complications were observed in the early stages of

ableQ?/ A3, The BNL data were found to be consistent with .
this [25]. Attenuation cross sections extracted from the BNLN® BNL-E850 group, SLAC and CEBAF experimef#s7].

data[26] are also substantially smaller than the traditional 40t IS POsSible to overdetermine the kinematics by measuring
mb of conventional strong interaction physics at these ene2€veral final state momenta: in principle, Fermi momentum
gies. Consistently, the cross section in the nuclear targetan be divided out. The reality includes a good understand-
ShOWS neg||g|b|e Osci”ations W|th enerm] and apparent'y |ng Of the acceptance and the errors in the acceptance Of the
conforms to predictions of short-distance phy$i28,26. In  apparatus, which are not our subject. For our purposes,
contrast, a model based on the hadronic b&sisraret al. “quasiexclusive” reactions in the nuclear target are defined
[3]) fails to describe the data by many standard deviationsby those reactions satisfying the exclusive criteria, up to cor-
Recent worK 27] employing the impact-parameter factoriza- rections of Fermi momenta, and in no case allowing the dis-
tion and PQCD kernels predicts observable color transparuption of color flow caused by emission of a pion. If the
ency effects in future electron-beam experiments. Prelimiexperimental observables are adequate, then Fermi motion
nary data from CEBAH28] have been predicted very well causes no serious complication: indeed correlations in nuclei
[27]. can be measured directly and event by e\éit If the ac-

We have, then, a working framework describing numer-ceptance and resolution do not suffice to determine all the
ous interesting and calculable effects unique to the fisite kinematics, then a statistical average over unresolved Fermi
perturbative regime. Unfortunately the calculations at figite ,ometa is made. We assume in our calculations that the
are highly detailed, and there are technical difficulties. Argrmi momenta has been taken out. Alternatively, our calcu-

primary difficulty is that there exists no systematic way 10)41ions can be smeared as necessary for particular experimen-
extract the most important phase component of a perturqu conditions

tive amplitude. One can readily extract the phase of an am-
plitude that will dominate the asymptotic limithe proce-
dure of Ref[15]), but this is not the same thing as finding a
numerically dominant phase coefficient of a numerically The idea of imaginary anomalous dimensions and Suda-
dominant amplitude. It is likely that the theory of hadronic kov related “chromo-Coulomb” phases has been imple-
physics will have to proceed on a phenomenological basisnented as follows. Inclusion of running coupling effects
for some time. converts a generic Sudakov exponent from

B. Phase formulas and the running coupling

lll. CALCULATIONAL TOOLS log®(Q%/ Ar)—log(Q%)logl10g(Q¥ Adcp)]. (1)

In this section we will lay out the components for making Here A and Agcp are an infrared cutoff and the QCD
calculations. Some of these components are general, somgnning coupling scale, respectivel9? is a large scale con-
are particular to the experiments at hand, and some have thglled by dimensional analysis and the renormalization
ambiguities of calculational “spare parts” ready for assem-group (RG). The appearance ofocp suggests a renormal-
bly and tuning to make contact with physics. ization group origin for the second factor; indedgcp is
defined by its meaning within the RG. _

Any amplitudeM can be written adl = pe'®. An appro-

The kinematics of 2+-2 reactions in free space are famil- priate renormalization group equation for the phase factor
iar and need no review. The situation is more complicated'? must presupposefactorization The schematic nature of
when nuclear and free-space reactions are compared. phase factorization is the rule

A. Kinematics and quasiexclusive reactions in nuclei
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eid’(/\m ,Qz;a):Z(M;A|R;a)H(QZ;/-L;a)- 2) C. Phase phenomenology
) o ] ) ] Unfortunately, since we no longer have much faith in the
Here . is a renormalization point and=g*/4 is the cou-  asymptotically leading limit, we do not know the amplitudes
pling constant used diagram by diagram. Leading logarithmy, mch detail. We are obliged to consider a generic series in
approximations suffice to show such factorization for fixedext to leading logarithms, or powers, all of which are sub-
applies fora=a(u) the running coupling. evolution. Our rules for “counting phases on our fingers” are
Since u is an arbitrary factorization scale, the total de- g5 follows.

rivative d/du of a physical amplitude is zero, yielding by the  \ake a power series ansatz for the amplitude in the large

chain rule and partial derivative expansion variableQ? of the form
J (96!(,&) J i . 2\—B 2\—J 2\ —k
Mﬂﬂu P W“%[%a(#)] M,=(Q%) % Ca;j k(Q%) ~log(Q)
XH(Q? u?a)=0, () x @~ 9aS(Q% AR Aqep), (5
where . o
In other words, respect the quark-counting criteria for the
_ wdZ asymptotically leadingpower B, but allow the ansatz to be
Pyglm;a(p)]= za more general for subasymptotic, perturbatively related sub-

leading powers and logarithms to be incorporated. Compared

is the purely imaginary anomalous dimension appropriate fof© the two-component model assumed in R&6], one may
the phase evolution. Solutions to such equations have bedfclude more subleading long distance amplitudes, as illus-

obtained many timef29], and are generally of the form trated below in Sec. Il D. ) , _ _
Continue everything withQ“— —Q<“—ie. In doing this,

one does not assume that every function crosses a branch cut

- i (dp'In" )y gla(u')] . . : :
H(w, @) =H(po, ()@ o™t Iyl eti 2, in some particular process: proper continuations are

The initial conditionse' ?(#0) can depend on the infrared cut-
off. To lowest ordery,,= y,, which can be calculated from
a 1-loop diagram. Then giveng(x) and settingu?~ Q? as
conventional to avoid large logarithms, the phase evolves log(—t—ie)—log(|t]),
like

log(—s—ie)—log(|s|)—i,

ei¢(Q2)~eiC 71'09[|09(Q2/A2QCD)]_ @ log(—u—ie)—log(|ul]).

Theiy, are color matrices in general, as pointed out in Ref.The point of continuing everythings if timelike is to gen-
erate all possibilities.

[16], dealt with by diagonalization before exponentiation, ex- e ., . . : . '
plaining why the constant is left schematic here. The result is a “space” of trial functions with which to fit
Dispersion relations relate the real and imaginary parts of €€-Space data. Examine terms so generated, and select can-

amplitudes in field theory. The content of these relations ididates for observable effects, with preference toward terms

that amplitudes are analytic, except for singularities near th@ Most leading orderA priori this space is on much the

real axis. A complex function with analytic continuation con- S8me footing as the quark-counting laws, in the sense that
sistent with Eq.(4) is both are consequences of dimensional analysis and general

principles. Power law behavior of the data, and logarithmic

o~ S(@% AR Agep) oscillations with energy, are indications that the ansatz may
be relevant.
— o (cy1/mlog((~ Q2= ie)/A{R)I0gllog(Q¥A G )] For nuclear targets, terms withl7#°90°9Q7Aaco] come

from naive exponentiation of I16f{—Q?—i€)b?], whereb is
This reproduces Eq(1), and shows that the imaginary the transverse separation of quarks inside loop integrals.
anomalous dimensions are invariably associated with Sudd-hese are long distance amplitudes with Sudakov suppres-
kov effects. It also underscores that the phase structure &on. Treat these terms in the nuclear case with an eikonal-
exceedingly dynamical, depending on the whel¢, u ana- ized factor,|;=exp(—[kond2 wherez is the straight-line
lytic structure of the particular subprocess. Note that the inpropagation distance across the target from randomly chosen
frared cutoff contributes to the real but not the imaginary parstarting pointsn is the nuclear density, and is a hadron-
of the exponent. Referendd5] introduced the transverse j-hadronk absorption cross section of typical strong interac-
impact parameters of quarks to replace infrared cutoffs, antdon magnitude. Nuclear filtering is invoked here. Con-
showed how to separate subleading logarithms, at least forersely, the short distance amplitudes are attenuated by a
the case of the asymptotically leading Landshoff diagramsnodel with cross sectiorrs which decreases with momen-
for pp—pp studied. tum transferQ.
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Finally, eikonal reactiong“Glauber theory”) of hadrons do A \/ge—iclmg |ogQ2/AgCD
passing through the nuclear targets can generate constant P—=|Ap+ ! .
phasesp,, but not the logarithmically varying kind associ- dt (logs)™

ated with hard scattering.

This procedure generates predictive power, first by imple- n
menting the hypothesis that the free space amplitudes con- (logs)%
tain mixtures of large and small regions, explaining the

oscillations; seconq, by att_enuatlng the _Iatgeaglons W'.th fwheres is expressed in units of GEYWe have ignored the
color transparency; and third by predicting the reduction o . ; . .
overall slowly varying functionf(s/t) which will not play

oscillations in large nuclear targets. In the absence of deém role in our analvsis
tailed models, the predictive power of the approach has to be y YSIS. .
For the calculation in a nuclear medium we useg,

judged objectively: since parameters are used in fitting the:40 mb, ande,,—26 mb. For the short-distance ampli-

data, one takes into account the statistical efffects of th?udes we use a simple model for the attenuation cross sec
number of parameter mpared to other models. . . o -
umber of parameters compared to other models tion, 05’W=05’p=k/(X1X2Q2) with X;=X,=0.5. The limits

_ ) of integration on the integral in the exponentl pfire — to
D. Implementation details z, for the initial state particle ang, to o for the final state

We fit the free space data with a two- and a threefarticle where is the position of the hard scattering. Short-
component model. The scattering amplitude can be writtefiange nuclear correlations are includ@d]. We then calcu-

Azeficzlog log QZIAZQCD‘ 2

| )

as late the cross section per nucleon in the nuclear case by

M=My+M;+M,,

o gdoa N[ i f o f
dO' |M0+M1+M2|2 (6)
dt 16ms2 ' Al\/ge—icllog |ogQ2/A2QCD+i¢A o
. . + (lOgS)dl IL,ﬂ'IL,ﬂ'IL,p

whereM represents a short distance amplitude &hd M,
represent long distance amplitudes. We fit the data including A, e-ic2log IogQZIAZQCD+i¢A _ 2
all the three amplitude®!,,M,; andM, and by keeping only 2 - ol o ®
the two amplitudesVl, andM . For themrp— rp Scattering (logs)™ R

we parametrizéM ; as
where the superscripisandf refer to initial and final state
\/EAO attenuation factors, respectively, afdds the nuclear number.
— f(s/, N is a normalization factor taking into account the reduction
S in elastic cross section for configurations which have sur-
] ) ) ) vived to have a hard collision. In PQCD, this is implemented
wheref(s/t) is a slowly varying function o/t andAq is @ g integrations over the transverse regions of the hadron
real parameter. The long distance amplitide is param-  \ave functions remaining after filterif@7]. The parameter

MOZ

etrized as N needs to be fitted from data in the present formalism: we
_ P may expectN~0.3 on the basis of previous fits. Compared
JV16mA, \se ie1l09109Q%Aqcp to Ref.[8], which used a similar normalizatiod,, the ex-
1= Slogs)% f(s/t), plicit filtering factors account for théd dependence here.

Subscripts7 and p refer to the particle species suffering
attenuation in the nucleus, agandL refer to short and long
distance respectively. The explicit formsl@fw andl_ ., for
example, are

whereA,,c, andd; are real parameterd/, has the same
form asM; with A;,c; andd; replaced by the real param-
etersA,,c, andd, respectively.

The factorQ? in the exponent is the momentum transfer
squared, na}melyf: —t~s/2 at . ;»=90°. In accord with IfS,T=eXp< _ kaUs Wndz),
the discussionA; andA, represent regions of larde asso- ' '
ciated Sudakov effects, and logarithmically varying phases,
while smallb~1/Q regions should be described by short- _ Z

I'L',T=exp<—J kawpndz).

)

distance theory. The logfactors in the denominator of the

A, A, terms are included to model the additional suppres-

sion of largeb amplitudes due to the Sudakov form factor.

TheA, term represents a subleading long-distance amplitud&he formula Eq.(8) indicates that we took into account a

compared to thé\; term. potential relative phaseé, between the two amplitudes due
With these definitions our fit for the differential cross sec-to interaction with the nucleus: this phase affects the data
tion for the reactionmp— 7rp is given by comparison.
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' T ' reasonably good fit with a simple few-component amplitude.
(@ r p—n’p’ All dimensionful parameters are expressed in terms of appro-
priate powers of GeV. The fit does not change significantly if
we delete a few low energy points. If we include only one
g™ — ® 3 long distance amplitude settifp= 0, then the best fit gives

T T T Ay=-0.661, A,=-7.67, ¢,=23.2, d;=6.03 with
X?/DOF=5.01. In comparison the asymptotic moael® fit
gives xy>/DOF=99. If we were testing hypothesis here, the
asymptotic model would be convincingly ruled out, and ra-
diative corrections from the running coupling and anomalous
dimensions evidently could not save it. However the model
is somewhat arbitrary, and its predictive power is not in the
goodness of fit, but in the next step of application to nuclear
targets.

We turn to the corresponding pion-initiated reaction with
a nuclear target. We tregi, andk as parameters subject to
considerable uncertainty. However for the entire range of 0
s(GeV ) < Pp<27 and varying 5<k<10 the calculations are suffi-

ciently robust to predict rather dramatic effects. In Fi¢o)1

FIG. 1. (a) The free spacerp 90° cross sectiors®da/dt e show the results for the transparency ratio,
(10® GeV!® ub/GeV?) using the model described in E€¥) with

s® do/dt

o

T/N

o

T/N

— —_
h — o ol —m Lo © b — b

o

(=]

A,+#0 (solid curve and with A,=0 (dashed (b), (c) Calculated do(mA—m'N’(A—1);90°)/dt
color transparency ratio fak= 56,197 using nuclear filtering, in the T(QZ,A) = ’ 9
model described in Eq@8) with A,#0 andk=10 (solid), k=5 [Zdo(mp—m'p’;90°)/dt]

(long dashefdand the model withA,=0 andk=10 (dotted and
k=5 (short dashed The y axis isT/N, whereT is the transparency for the two different models. The plotgFigs. 1b), 1(c)]
ratio andN<'1 is a normalization parameter to be fitted from data, show a striking 180° phase shift between the oscillations of
as discussed in the text. The normalization parameter is defined ifhe transparency ratio and those seen in the free-space reac-
Eq. (®). tion. T(Q?,A) is less sensitive to variations ¢f, compared
to k: for all values of theg, we find thatT(Q? A) shows
IV. DATA COMPARISON significant oscillations with energy. Only for very large val-

Here we compare the basic features of our framework!€S otk 10 do these O.SCi".ationS dis_appear,_ a limit in_whic_h
with data and make predictions for reactions with nucleaf© short distance coptr!butlon effecpyely exists. In this limit
targets. For now we set the running couplingocp the transparengy ratio is very sen'smve to thg nuclear phase
=200 MeyV; effects of varying this parameter are discussed’s Since even in the nuclear medium all the interfering am-
below. p!|tudes have rough!y equal strength. 'I_'he _pI(ffsg. 1 are

given for large nuclei where the calculation indicates filtering

will be effective: forA>1, the impact parameter factoriza-
A. Pion-proton versus pion-nucleus scattering tion predicts[25] scaling in the variabl€?/AY3. The theory
As our first study, the existence of data for 90° c.m.May be extended to smallér~12, where our calculations

7 p— 7 p scattering compiled by Blazei21] [Fig. 1(a)] also show a substantial effect, with less confidence regarding

appears not to be widely appreciated. Oscillations in thest€ importance of the short-distance component.
data show much the same features as the free-gpacata. As in thepp case, the measurement of the transparency
Like the corresponding 90° c.npp— pp data, these oscil- ratio as a function of should show behavior contradicting
lations of about 50% relative magnitude tend to go unnoticed:onvent'onal strong |_nteract|_on physics. Observation _of this
when plotted on steeply falling logarithmic scales. would _be extre.mely mterestmg_. Thee dependgnce at fixed
The center of mass energy of the di2a] included in our largesis also pivotal: the effective cross sections that can bg
analysis ranges fros=4.36 GeV (Q?=1.3 Ge\)) to s extracted should be capable of ruling out the hadronic-basis
~38.2 GeV (Q?=18.2 GeV?). We fit all the data to find predictions for the same reaction, which are either monotonic

the minimum 2, defined as the sum of the squares of thel energy(Glauber theoryor linear in the energypointlike

difference between data and model, divided by the errors(.:laSSical expansion theoffFarraret al. [3])]

Explicit calculation shows thap? displays several local
minima and hence in order to find the best fit we have to
make a careful search in the parameter space. The best fit We next discuss the effect of varing the QCD scale pa-
gives Ap=—-0.638, A;=5.1, ¢;=25.6, d;=5.13, A,= rameterA ocp on our predictions for the transparency ratio.
—0.065, c,=—26.3, d,=—1.16 with y?/DOF=1.97 We variedA gcp from 100 MeV to 300 MeV. The resulting
(where DOF indicates degrees of freedoithis is not a bad  free space parameters for the fit obtained by vatrg are

fit: while Y2/DOF~1 is the lower limit for testing models, given in Tables I and Il for the two and three component fits
beyond which one has “overfit” a modek?/DOF~2 is a  respectively. In Table Il we have also included the param-

Multiple minima and running coupling effects
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TABLE |. The parameter values for the different fits to the 25 . T .
— qrp cross section corresponding to the two amplitude model. The
fits 1, 2, and 3 correspond to the QCD scale paramaiggp = 2r
=0.1, 0.2, and 0.3 GeV respectively. All the parameters are given in
units of an appropriate power of GeV, as explained in text. = sk @
L - i3
Flt no. AQCD AO Al Cl dl XZ/DOF L
1 0.1 —0.655 8.79 321 6.25 5.03
2 0.2 -0.661 -7.67 232 6.03 5.01 05 -
3 0.3 —0.654 10.3 19.6 6.51 4.77

s(GeV 2)

eters corresponding to a local minimumyA which gives a
x? slightly larger than that obtained in the case of absolute fig. 2. Comparison of different fits to free spaeg@— m'p’
minima. These fits are also interesting despite the fact that Ecattering data using the three component model. The parameter
is not the absolute minimum ig?. In the two component values of the fit are given in Table IIl. The fit 1 usésycop
case we give results only for the global minima since the=0.1 GeV, fits 2 and 3 usAocp=0.2 GeV and fits 4 and 5 use
remaining fits give very largg?. The statistical interpreta- Agcp=0.3 GeV.
tion of x? is meaningful at any local minimum, and does not
exclude the existence of multiple minima. The resulting fitsregion as can be seen from Fig. 2. The reason for the large
for the three component model are shown in Fig. 2. We findlifference in the transparency ratio for the case of fits 3 and
that the fits do not change too much as a functiodggp. 5 in comparison to fits 1, 2, and 4 can be understood as
The fits 3 and 5 which correspond to a local minimum do,follows. The absolute value of the paramefgrfor fit 3, for
however, show significant deviation from the fits 1, 2, and 4example, is less than half its value for fit 2. In the nuclear
in the region where the available data are rather scarce. Oumedium the long distance terms are filtered out which means
predictions for the transparency ratio for the two and thredhat the contribution of thé\; and A, terms is negligible.
component models are shown in Figs. 3 and 4 respectivelydence the normalization of the transparency ratio for fit 3 is
The parametek has been set equal to 7 for this calculation.expected to be one fourth of what is obtained for fit 2. This
We find for the two component model that the transparencyexplains the large reduction in the normalization of the trans-
ratio does not show a large deviation as a functioh gt . parency ratio in the cases of fits 3 and 5. We point out that in
In the case of the three component model, however, the dghe cases of fits 3 and 5, the relative contributions of the long
viation as a function of\ o, is larger in the region where distance terms are larger in free space in comparison to fits 1,
free space data are scarce. 2 and 4. Although the normalizations; and A, of these

For the case of local minima, corresponding to fits 3 anderms are also reduced in proportionAg we also need to
5, the transparency ratio shows a completely different behawake into account the logarithmic denominators. In the region
ior. It is much smaller than that obtained for the case of arof interest these factors give a relative enhancement of the
absolute minimum. The oscillations are still obtained, how-fits 3, for example, compared to fit 2. Hence the long dis-
ever, and are observable 180° out of phase with the oscilldance terms in fits 3 and 5 are larger in free space compared
tions seen in free space. At large valuesalie oscillations to fits 1, 2, and 4. It is interesting that such fits give further
in T are shifted compared to those seen in the case of absgustification of the overall normalization parameter intro-
lute minima. This happens because at lasghe free space duced in Ref[8] to fit the experimental result for the trans-
data are scarce and these two fits differ considerably in thiparency ratio.

TABLE II. The parameter values for the different fits to the— mp cross section corresponding to the
three amplitude model. We give results for three different choices of the QCD scale parAggterAll the
parameters are given in units of an appropriate power of GeV, as explained in text. For each of the chosen
values ofA ocp We give two different types of fit which correspond to two different minimafn such that
the x? for these two fits is very close. For the caseNfcp=0.1 we give results for only one fit since the
second fit was found at a very large valueydt

Flt no. AQCD AO Al C]_ dl A2 CZ d2 XZ/DOF
1 0.1 —0.623 6.49 36.0 551 —0.044 —-365 —161 1.81
2 0.2 —0.638 51 25.6 5.13 —0.065 —26.3 —1.16 1.97
3 0.2 —0.305 2.19 25.6 299 -0.0039 —-225 —4.28 2.12
4 0.3 —0.651 4.43 19.9 492 —0.087 —20.7 —0.76 2.26
5 0.3 —0.308 2.05 19.8 2.88 0.0046 —18.7 —4.01 2.06
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FIG. 3. The dependence of the predicted color transparency ra
tio on the QCD scale parametéfocp for the two component

model. The upper three curves are for nuclear nur#eb6 and Fitl —

the lower three curves use=197. The parameter values corre- 25| e Three Component Model 7
sponding to the different fits to the free spaep— #'p’ scattering < girg o (b) A =197
data are given in Table I. The fits 1, 2 and 3 Usgcp=0.1, 0.2 and 2 u AT

0.3 GeV respectivelyT/N is defined in Fig. 1. Ay
15 R
B. Photon-proton versus photon-nucleus scattering a0

Most exciting are experimental data and rapidly upcom- ' [ \ 7

ing prospects for the processgp— 7 n and yn—x p. L

Data exist fors<16 Ge\? and s<4 Ge\?, respectively 05 AR i
[31]. The Jefferson Lab and CEBAF are soon expected to e T N
extend the energy range ofn reactions to abouts 0 = 1'0 2'0 3'0

=16 Ge\? with high precision, as well as measure the color 5
transparency ratio for this proceE]. s(GeV®)

The short distance theory predias/dtg-~s™’, within FIG. 4. Comparison of the predicted color transparency ratio
which framework it has been shown for asymptotically largecorresponding to the three component model(8rA= 56 and(b)
momentum transfef32] that Landshoff pinches are absent. A=197. The parameter values corresponding to the different fits to
Unlike pp and 7rp reactions, then, where the pinch regionsthe free spacerp— 'p’ scattering data are given in Table Il. The
actually constitute the asymptotic prediction, here the Landfit 1 usesAqcp=0.1 GeV, fits 2 and 3 usAocp=0.2 GeV and
shoff and associated Sudakov phase physics is subleadiniijs 4 and 5 use\ ocp=0.3 GeV.T/N is defined in Fig. 1.

But the asymptotic limifinfinite energy has little weight for
laboratory energy, and there are pinches at subleading ordehese parameters. The valuesdyf and d, were chosen to
which we will investigate. obtain a relatively flat free-space behavior beyogd

Most interestingly, the existing data show considerable=3 0 Gev, where the presence or absence of oscillations
oscillations around power dependeriégg. 5@)]. Like the  remains experimentally unstudied. We arbitrarily imposed a
m-p case, the existence of these data also appears not to kéydel of short-distance physics for this region.
widely appreciated. We fit the experimental data fgp The best fit to the 17 data points available is shown in Fig.
—a"n with center of mass scattering angle 90° a8l 5. As in the case ofrp scattering, the fit does not change
>2 GeV. The center of mass energy of the data ranges fromignificantly if a few low energy data points are deleted. If
Vs=2.38 GeV Q?=1.96 GeV) to Ys=3.867 GeV Q?  we setA,=0 then the best fit gives,=0.89, A;=—4.15
=6.6 GeV?). The cutys>2 GeV is imposed so as to se- and ¢c,;=79.8 with y? per degree of freedom of 1.09. For
lect high energy data where the perturbative treatment isomparison the short-distance ’ model gives y?/DOF
most likely to be applicable. =2.9. While our fit is favored statistically, including effects

We use the same amplitude ansatz as(Bqfor s’do/dt, of extra parameters, the short-distance model is not ruled out
but with theA; andA, terms containing an additional factor in this comparison. Cutting the experimental uncertainties in
of sin the denominator. We do this because the Landshofhalf would be decisive. We mention this because the uncer-
pinches are absent at leading power. We ob#js-0.90, tainties are expected to decrease with the imminent experi-
A;=2.655, c;=64.5, A,=8.015, c,=—126.4 with ments.
x%/DOF=0.69. All dimensionful parameters are expressed For the nuclear procesgA— 7" n(A—1), we calculate
in units of appropriate powers of GeV. We have detd, s’do/dt with the same format as E8). Results for the
=4, as the quality of fit does not depend substantially ortransparency ratio foA=12,56,197 are shown in Fig. 5. In
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- 14

(d) A=197

25 3.0 3.5 4.0

Vs (GeV)

FIG. 5. (a) The free spaceyp— 7"n 90° cross section
s’do/dt(10° GeV**nb/GeVP) using the model described in Eq.
(7) with A,#0 (solid curve and with A,=0 (dashed (b),(c),(d)
Calculated color transparency ratio fare=12,56,197 using nuclear
filtering, in model described in Eq@8) with A,#0 and k=10
(solid), k=5 (long dashef and the model wittA,=0 andk=10
(dotted andk=5 (short dashed T/N is defined in Fig. 1.

PHYSICAL REVIEW D 65 094027

TABLE IV. The parameter values for the different fits to the
yp— 7 p cross section corresponding to the three amplitude
model. We give results for three different choices of the QCD scale
parameten ocp - All the parameters are given in units of an appro-
priate power of GeV, as explained in text. For each of the chosen
values ofA ocp We give two different types of fit which correspond
to two different minima iny?, such that theg? for these two fits is
very close.

F|t no. AQCD AO SAl C]_ SAQ C2 )(Z/DOF

la 0.1 0902 274 831 8.27-163.8 0.69
1b 0.1 0.860 —15.1 55.2 —29.8 —75.2 0.82
2a 02 090 265 645 8.01-1264 0.69
2b 0.2 0.851 —13.3 444 264 -529 0.87
3a 0.3 0904 273 50.2 846 —97.0 0.68
3b 0.3 0.853 145 34.1-288 —443 0.78

Observing Fig. 5, the predicted transparency ratio
T(Q?,A) again oscillates 180° out of phase with the free
space cross section. The overall normalization parameter in
the nuclear medium has been set equal to unity and can be
adjusted to fit the normalization of the experimental data
once they are available. The nuclear phase has also been
ignored in the calculation of the transparency ratio. Previous
hadronic-basis estimates for the transparency ratio have not
taken the oscillations in free space data into account, yield-
ing monotonically increasing energy dependeht@]. The
upcoming photon-initiated experiments, then, may be on the
verge of confirming a third case of oscillating fixed angle
data, and oscillating color transparency.

calculating filtering factors we conservatively assume that Color transparency with a photon beam remains signifi-
the incident photon does not attenuate significantly. Whilecantly different from hadron initiated processes. The distinc-
there are many models to attenuate the photon somewhafpon becomes clear when th@? dependence of a virtual
this choice allows a conservative presentation. Otherwise thghoton is used as an experimental tool. In the limit of large
effects of filtering, which generate the oscillating transpar-Q2sGe\?, experimental evidence from deeply inelastic
ency ratio, would be larger, creating more dramatic oscillascattering provides overwhelming support to the concept of a
tions. Of course some information can be gathered on thgointlike photon interaction, with negligible attenuation and
incoming photon cross section by studying the magnitude operturbatively understood hadronic components in scattering.
oscillations when they are observed. Let us note that experi-

mentally the final stat&l can be a proton or a neutron, but to

predict the neutron case definitively we would need free g
space neutron scattering data that we do not currently haveE 12

TABLE Ill. The parameter values for the different fits to the

yp— m*n cross section corresponding to the two amplitude model. 08T ’

The fits 1, 2 and 3 correspond to the QCD scale parametgyy

= 0.1, 0.2 and 0.3 GeV respectively. All the parameters are given in

units of an appropriate power of GeV, as explained in text.

Fit no. Agep Ag SA c; X2/DOF
la 0.1 0.887 4.17 108.6 1.09
1b 0.1 0.884 —3.96 95.7 1.17
2a 0.2 0.887 —4.15 79.8 1.09
2b 0.2 0.885 —3.96 70.9 1.18
3a 0.3 0.887 4.17 65.6 1.09
3b 0.3 0.885 —3.99 57.7 1.16

14

~
@ 1

Three Component Model

1 L 1
2.5 3.0 3.5 4.0

J5 (GeV)

FIG. 6. Comparison of different fits to free spagp—a'n
scattering data using the three component model. The parameter
values of the fit are given in Table IV. The fits 1a and 1b use
Agcp=0.1 GeV, fits 2a and 2b uskycp=0.2 GeV and fits 3a
and 3b use\ocp=0.3 GeV.
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FIG. 7. Predictions for color transparency fep— *n for FIG. 8. Predictions for color transparency fgp— 7 *n for
different two component models. The parameters corresponding tdifferent three component models. The parameters corresponding to
the free space fit are given in Table IM/N is defined in Fig. 1. the free space fit are given in Table IV/N is defined in Fig. 1.

The lack of pinch singularities of the short distance framePoints of this paper is that such oscillations generic The

work predicts fading of oscillations by an inverse power lawfailure of short-distance models, and dynamical importance

at largeQ2. Fading of oscillations should occur in both the Of the pinch regions forrp— pp is supported by observa-

free space cross section and the transparency ratio in tiions [22] of final-state p-polarization density matrix ele-

limit of Q?>Ge\2. The regime of largeQ? for photons mentsp, _, of order unity. If this is due to the pinch regions,

should coincide with the regime of Bjorken scaling, so that@S currently expecteid 2,13, then filtering in a large nucleus

the moderate? of existing electron beams should suffice. should remove them. Oscillating polarization effects would

This would be an extremely interesting and productive are®€ Very dramaticp, _, oscillating with energy at fixed angle

to explore experimentally. is expected if the dynamical phases are correlated with ex-
We again investigate thd ocp dependence of our pre- chapge of orbltallangular momer)tum. Cquntlng powers of

dicted transparency ratio. The fits for different values ofthe internal coordinat and the units of orbital angular mo-

Agcp are given in Tables Il and IV for the two and three rT]Zeptum, Wl‘? cgn preldlclt that at fl')iled 'a'l@é' eqclvspgwer of

component models respectively. We have also given resulfd” in amplitude calculations will scale a8 ue to

for a local minimum which gives the next larger valuexdf nuclear filtering. This counting is a short-distance estimate,

above the absolute minimum for all the cases. The resultingnd SO represents a maximal effect: it an experimental ques-

fits to the free space data are displayed in Fig. 6. Our prelon whether it would be achieved, but in no event would we

dictions for the transparency ratio corresponding to the twdrédict stronger suppression.

and three component models are shown in Figs. 7 and 8

respectively. The parameté&rhas been set equal to 10 for V. CONCLUDING REMARKS

this calculation. We again find that the predicted transpar-

. : . Oscillating color transparency is a generic prediction of
ency ratio varies only by a small amount as thgcp is

. 2C PQCD, testable with imminent experiments. We believe that
varied from 100 to 300 MeV. However the predictions forthe observation of oscillations in experimental data for the

the local minima do show significant differences from thetransparency ratio, consistently 180° out of phase with the

results obtained with the absolute minimum especially in th‘?ree space counterparts, and in three independent reactions,

region where the available free space data are very SCACeill be strong confirmation of nuclear filtering and the basic

PQCD understanding of color transparency.
C. Hadron-helicity conservation or nonconservation

Direct tests of the hadron-helicity nonconserving charac-
ter of the pinch-singularity regions are very interesting. Per-
turbative QCD explains these effe¢i3] as consequences of ~ We thank Haiyan Gao and Dipangkar Dutta for very use-
quark orbital angular momentum, generating certain interestul discussions and for providing data fop. We also thank
ing predictions. Gerry Blazey for help with data and Bernard Pire for helpful

A pion beam suggests studying reactions involving acomments. This work was supported in part under the De-
final-statep meson: again the process has pinch singularitiespartment of Energy Grant Number DE-FG02-98ER41079,
The PQCD analysis indicates that oscillations of fixed-angleand the Kansas Institute for Theoretical and Computational
scattering with energy will occur, and indeed one of theScience/ K*STAR program.
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