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Comparison of nuclear suppression effects on meson production at highpT and pL
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The medium effect on the pion distribution at highpT in AA collisions is compared to that of the pion
distribution at highpL in pA collisions. Both the suppression of the spectra and the energy losses of the
measured pions are studied. Although the medium effect onpT is larger than onpL , the difference is found
surprisingly to be not as big as one would naively expect.
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I. INTRODUCTION

When partons traverse nuclear medium, whether dens
not, they lose momenta by scattering and gluon radiation
high transverse momentumpT , the effect can be calculate
in perturbative QCD, although its reliability is not expect
for pT,10 GeV/c. At low pT , but high longitudinal mo-
mentumpL , the effect cannot be calculated in pQCD, a
though it is known that partons suffer momenta losses als
the beam direction. Experimentally, it is the momenta of
produced hadrons that are measured. How they are relat
the underlying partonpT andpL distributions is still contro-
versial. But even at the phenomenological level it is u
known what the relationship is between the properties
momentum degradation in the transverse and longitud
directions. We attempt to shed some light on that relations
in this paper.

There are currently good data on high-pT p0 produced at
the Relativistic Heavy-Ion Collider~RHIC! up to pT
58 GeV/c at various centralities@1#. One can therefore de
duce the suppression factor from thepT distributions as a
function of pT and centrality. There are no comparable d
on the pL distributions from RHIC. At lower energies th
data of NA49 at the Super Proton Synchrotron~SPS! provide
a good description of the effect of baryon stopping inpA
collision @2#. What we need for comparison with thepT of
p0 is thepL distribution of the produced pions, for which n
data are yet available. However, we do have a model ca
lation of the pion distribution that contains the degradat
effect extracted from the observed proton distribution@3#;
that will be our input in our study of the suppression factor
the pL distribution.

The two features that we shall compare are very differe
the degradation ofpT in Au1Au collisions at RHIC and the
degradation ofpL in p1Pb collisions at SPS. In the absen
of any information in the literature on the quantitative
qualitative difference between the two types of degrada
effects of the nuclear medium, even a crude estimate of
suppression properties described in a common langu
would be illuminating. Without a study of the type propos
here, one does not even know whether the strengths of
pression are within the same order of magnitude, espec
since the medium inAA collision at RHIC is dense and ho
while the medium inpA collision at SPS is uncompresse
and cold.
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There is a theoretical issue that is of interest to disc
here. For some time there has been a school of thought
all hadrons are produced by the fragmentations of parto
not only in the transverse direction in the form of jets~which
is generally accepted!, but also in the longitudinal direction
in the form of breaking of strings~as in the dual-parton
model @4#!. The effect of the nuclear medium has been re
resented by the modification of the fragmentation funct
@5# in transverse direction, but that of the longitudinal dire
tion is not known. However, fragmentation of partons is n
the only way to produce hadrons. Recent investigations h
shown that quark recombination can be important in the h
pT problem@6–8#, in addition to its relevance originally pro
posed for the highpL problem@9,10#. Since the multiparton
distributions needed for recombination are drastically diff
ent in the transverse and longitudinal directions, the effec
the nuclear medium is considerably more complicated.
this paper, we can avoid dealing directly with those comp
cations by putting the emphasis on the phenomenology of
hadrons produced. For thepT problem we shall use the sca
ing form of the data@11#, while for thepL problem the cal-
culatedxF distributions that follow from thepA data will be
used. Our task is made easier by not deriving thepT andpL

distributions, but by focusing on the centrality dependen
of those distributions.

Suppression of the meson distribution is like jet quen
ing at the parton level. In addition to the study of suppre
sion, we shall also consider energy loss, which is anot
way of quantifying the medium effect. It corresponds to
shift in pT or pL that is necessary for the inclusive cro
section in medium to be equivalent to a reference cross
tion with minimal medium effect. We shall find interestin
results in the shift that are very different from the predicti
of pQCD. That difference is much larger than the differen
between the effects on the transverse and longitudinal
tions of the produced mesons.

Since our comparison is betweenpT in AA collisions and
pL in pA collisions, they are two steps removed from ea
other. When goodpL data on identified pions inAA colli-
sions become available, they shall then serve as the inte
diate station to make possible two one-step comparisons~1!
betweenpT andpL in AA collisions, and~2! betweenpL in
AA andpL in pA collisions. What we do here therefore se
the stage for that work to come.
©2003 The American Physical Society07-1
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II. SUPPRESSION OF THE PION pT DISTRIBUTION IN
AA COLLISIONS

For thepT distribution of pions in nuclear collisions w
use the PHENIX data onp0 production at midrapidity with
pT extending to as high as 8 GeV/c @1#. A convenient scal-
ing form for that distribution has been found that summari
the dependence on energy and centrality in terms of a sim
analytical formula@11,12#. The quantity that we want to
study is the suppression factorS, which is the ratio of the
normalizedpT distributionP:

S~xT ,N!5P~xT ,N!/P~xT ,2!, ~1!

wherexT is the scaledpT variable,

xT5pT /K0 , ~2!

andN is the abbreviated notation for the number of parti
pants,Npart. The scaleK0 is set at 10 GeV/c for conve-
nience; it is trivial to move it higher when higherpT data
become available. IfxT

21dNp /dxT denotes thexT distribu-
tion of producedp0, averaged over midrapidity and over a
azimuthal anglef, thenP(xT ,N) is defined by

P~xT ,N!5
1

xT

dNp

dxT
/E

0

1

dxT

dNp

dxT
. ~3!

Instead of determiningP(xT ,N) directly from the data for
every N at any givens, it is simpler to derive it from the
scaling functionF(z) that is an excellent fit of all high-
energy data for all centralities@11,12#. Since the details of
the relationship betweenP(xT ,N) and F(z) are given in
Refs.@11,12#, there is no need for us to repeat them here.
the convenience of the reader, they are summarized in
Appendix.

The dependences ofP(xT ,N) on xT for various values of
N are shown in Fig. 3 of Ref.@11#. Since they are all nor-
malized to 1, it is clear howP(xT ,N) is suppressed at hig
xT but enhanced at very lowxT , asN is increased. It is tha
suppression phenomenon at highxT that we want to quantify.

From the analytical expression forS(xT ,N) obtained by
use of Eq.~A15! in Eq. ~1! we can examine theN depen-
dence for fixed values ofxT by plotting lnS(xT ,N) vs N for
some sample values ofxT , as shown in Fig. 1. Approximat
ing the nearly linear behaviors in Fig. 1 by straight lines,
obtain

ln S~xT ,N!5a0~xT!2a1~xT!N, ~4!

wherea0(xT) anda1(xT) are shown in Fig. 2. The solid line
in that figure are fits, using the parametrization

a0~xT!50.031@12exp~0.5212xT!#, ~5!

a1~xT!50.0043@12exp~0.225xT!#. ~6!

A general statement that can be made about lnS(xT ,N) is that
it is approximately linear inN, and that the parameters of th
linear fits are roughly independent ofxT whenxT>0.4.
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Since the number of participants~N! is associated only
with AA collisions, we must express it in terms of som
measure of nuclear length in order to be able to compare
suppression factors inAA and pA collisions. The depen-
dence ofN on the impact parameterb is known @13#. At a
fixed b, the lens-shaped overlap region in the transve
plane of two colliding nuclei of the same radiusRA has a
minimum distance between the center of the overlap and
edge of either nuclei~assumed to have a sharp boundary!,

Lmin5RA2b/2. ~7!

The maximum distance between the center of the ove
and the edge of both nuclei is

Lmax5~RA
22b2/4!1/2. ~8!

The distance that a parton would travel in the nuclear m
dium at midrapidity in the transverse plane can be as larg
2Lmax and as small as 0, depending on where the par
starts and in which direction. We shall set the average
tanceL traversed to be

L~b!5Lmin5RA2b/2, ~9!
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FIG. 1. The dependences of the suppression factorS(xT ,N) on
the number of participants~N! for various values ofxT .
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FIG. 2. The coefficientsa0(xT) and a1(xT), wherea0(xT) is
plotted with reference to the scale on the left, whilea1(xT) refers to
the scale on the right.
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COMPARISON OF NUCLEAR SUPPRESSION EFFECTS . . . PHYSICAL REVIEW C 68, 024907 ~2003!
which is an approximate average over all azimuthal ang
and origins of parton paths. Any more detailed geometr
averaging is pointless, since the nuclear density of the o
lap region is not uniform, and the nonuniformity depends
b. Knowing N(b) and L(b) enables us to plotN vs L, as
shown by the solid line in Fig. 3. We shall approximateN(L)
by a straight line,

N~L !5235.8162.2L, ~10!

~with L in units of fm!, shown by the dashed line in Fig. 3. I
view of the nonuniformity of the nuclear density traversed
a parton in the overlap regions, we believe that an appr
mation ofN(L) by a linear dependence in Eq.~10! is good
enough to represent the path length that enters into the
scription of the momentum degradation effect.

Substituting Eq.~10! into Eq. ~4! we obtain

ln S~xT ,L !5L0~xT!2L~xT!L, ~11!

where inL0(xT) the contribution from thea0(xT) term in
Eq. ~4! is negligible. Thus Eq.~11! may be rewritten as

ln S~xT ,L !52L~xT!~L20.58!, ~12!

where

L~xT!50.27@12exp~0.225xT!#, ~13!

which is nearly constant forxT.0.5, as shown by the solid
line in Fig. 4. This exponential dependence ofS(xT ,L) on L
is in a familiar form for nuclear attenuation. We remark th
although the lengthL is the approximate average distance
the nuclear medium that a parton traverses, no parton
namics has been assumed in the derivation ofS(xT ,L),
which is extracted from the data onp0 production without
dynamical modeling. The exponential form ofS(xT ,L) is
similar to Gerschel-Hu¨fner’s formula for theJ/c suppression
@14#, except that the latter refers to a quantity integrated o
all pT , and is related to the dissociation ofJ/c in the me-
dium. The quarks and antiquarks that form the producedp0

in our expression forS(xT ,L) are the results of gluon radia
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FIG. 3. The parametric dependence ofN(b) on L(b), where the
solid line follows from the use of Eq.~9! for L(b), while the dashed
line is a straight line fit of the solid line.
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tion and gluon conversion processes, most of which are
calculable in pQCD, especially near the end of the evolut
process.

III. SUPPRESSION OF THE PION pL DISTRIBUTION IN
pA COLLISIONS

Since no pL distributions of identified particles in the
fragmentation regions ofAA collisions at RHIC are avail-
able, we consider the processes at the SPS energies. At l
energies the projectile fragmentation region can contain p
ticles arising from the fragmentation of the target, and v
versa. It is therefore important to consider reactions that
free of such ‘‘spill-over’’ particles. The preliminary data o
NA49 on pA collisions at SPS have been analyzed to p
vide the producedp2 p̄ distribution of the projectile frag-
mentation only@2#. That is accomplished by determining th
pL distribution

Fp~p2 p̄!5~p2 p̄!p2 1
2 @~p2 p̄!p11~p2 p̄!p2#, ~14!

where (p2 p̄)h denotes the distribution ofh1A→(p2 p̄)
1X, since the quantity inside the square brackets conta
no beam fragments by charge conjugation symmetry. A si
lar distribution for pions,Fp(p12p2), unfortunately does
not exist, which is what we need for comparison with t
result obtained in the preceding section.

Although there are no experimental data for pion prod
tion in the proton fragmentation region free of target fra
ments, theoretical results on such distributions are availa
which are based on the centrality dependence of the exp
mental data ofFp(p2 p̄). In Ref. @3# the recombination
model is used to relate the data to the nuclear degrada
effect on thepL of the producedp2 p̄, which in turn is then
used to predict thepL distributions of the produced pions
Since the nuclear suppression factor on the produced pio
directly related to the experimental suppression of the p
ducedp2 p̄, we shall use the result in Ref.@3# for the pion
distribution inp1Pb collisions.

Let us useH(xL ,n̄) to denote the pion inclusive distribu
tion in the scaled longitudinal momentum, integrated ov
pT , i.e.,
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FIG. 4. The solid line is forL(xT) and the dashed line is fo
l(xL). The horizontal axis can be for eitherxT or xL .
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RUDOLPH C. HWA AND C. B. YANG PHYSICAL REVIEW C68, 024907 ~2003!
H~xL ,n̄ !5xL

dNp

dxL
, ~15!

wherexL52pL /As andn̄ is the average number of collision
with nucleons in the target nucleus. From Fig. 9 in Ref.@3#

one sees thatH(xL ,n̄) is essentially exponential inxL for
various values ofn̄. We use the following parametrizatio
for p1Pb→p11X:

H~xL ,n̄ !5exp@2h0~ n̄ !2h1~ n̄ !xL#, ~16!

where

h0~3.1!50.92, h0~6.3!51.61,

h1~3.1!55.89, h1~6.3!56.57. ~17!

These parameters provide a good fit for 0.2<xL<0.6. For
xL.0.6, the slopes are slightly higher, but the ratio
H(xL ,n̄) at the two values ofn̄ is about the same.

Since the data are for the two values ofn̄ only, our defi-
nition of the suppression factor is

S~xL ; n̄2 ,n̄1!5H~xL ,n̄2!/H~xL ,n̄1!, ~18!

with n̄153.1 andn̄256.3. Note that we have not normalize
H(xL ,n̄), as we have forP(xT ,N), for several reasons
First, there is only one source for pion production in t
beam fragmentation region ofpA collisions, unlike inAA
collisions. Second, the average multiplicity^n&pA in pA col-
lision depends onn̄ according to^n&pp(11 n̄)/2, which is
interpreted in the wounded nulceon model@15# to imply that
after the first collision in the nucleus, the projectile prot
does not fragment again. It means that the integral
H(xL ,n̄), which accounts for beam fragmentation only,
independent ofn̄. Third, in the ratio in Eq.~18! the normal-
ization integrals would cancel. Finally, the integral cannot
calculated because there are neither data nor model resu
small xL , since Eq.~16! is not valid forxL,0.2.

To proceed from Eq.~18!, we now make the assumptio
that h0( n̄) and h1( n̄) are linear functions ofn̄, partly be-
cause the averagêxL& can be shown to decrease expone
tially with n̄ @3#, and partly because all nuclear dampi
effects are empirically dependent on the path length in ex
nential form. With that assumption we can expre
S(xL ; n̄,1) for any n̄ relative ton̄51 as

ln S~xL ; n̄,1!52@u0~ n̄ !1u1~ n̄ !xL#, ~19!

whereu0( n̄) andu1( n̄) are the linear functions ofn̄,

u i~ n̄ !5hi~ n̄ !2hi~1!5u i8~ n̄21!, i 50,1. ~20!

The slopes are

u i85
hi~ n̄2!2hi~ n̄1!

n̄22 n̄1

. ~21!
02490
f

f

e
at

-

o-
s

From the values given in Eq.~17!, we find thatu08 andu18 are
very nearly equal. We denote them collectively by

u850.21, ~22!

and Eq.~19! becomes

ln S~xL ; n̄,1!52u8~11xL!~ n̄21!. ~23!

The exponential dependence ofS on n̄ is now explicit. The
specificxL dependence of the decay coefficient is a result
the distribution in Eq.~16! calculated in Ref.@3#.

If L denotes the path length in apA collision, then the
usual expression forn̄ in terms ofL is

n̄5spprL, r5
A

~4p/3!RA
3 . ~24!

Using RA51.2A1/3 fm andspp535 mb, we have

n̄50.48L, ~25!

whereL is in units of fm. Substituting this in Eq.~23! yields

ln S~xL ,L !52l~xL!~L22.1!, ~26!

where

l~xL!50.1~11xL!. ~27!

Equations~26! and ~27! for the suppression of thepL
distribution inpA collisions are the counterparts of Eqs.~12!
and ~13! for the suppression of thepT distribution in AA
collisions. Instead ofL(xT) that rises rapidly at smallxT but
saturates to a nearly constant value forxT.0.5, as shown in
Fig. 4, we now havel(xL) which is linearly rising, shown by
the dashed line in Fig. 4. Since Eq.~16! is not reliable for
xL,0.2, we do not show that portion ofl(xL) in Fig. 4. For
numerical comparison we can considerxT5xL at two values,
0.6 and 0.8:

L~0.6!50.25, l~0.6!50.16,

L~0.8!50.26, l~0.8!50.18. ~28!

Evidently,L(xT) is larger thanl(xL) whenxT5xL.0.5, but
not by much. Of course, there is no cogent reason to com
them atxT'xL since the scaleK0 in the definition ofxT is
arbitrary, whilexL is FeynmanxF and has scaling property
However, withL(xT) being roughly constant forxT.0.5, it
does not matter whatxT is exactly. The relative values o
L(xT) andl(xL) shown in Eq.~28! give us some indication
of how they differ.

IV. ENERGY LOSSES IN pT AND pL

Another way to quantify the medium effect is in terms
energy loss. Since our aim in this paper is to stay at the le
of observable quantities, we cannot descend to the pa
level and discuss the energy loss of partons traversing
nuclear medium. Nevertheless, the notion of energy loss
7-4
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COMPARISON OF NUCLEAR SUPPRESSION EFFECTS . . . PHYSICAL REVIEW C 68, 024907 ~2003!
be expressed in terms of a shift inxT in comparing the meson
inclusive distributions at two different values ofN. To be
specific, let us set the reference value ofN at N52, which is
not exactlypp collision, but is low enough to represent min
mal nuclear effect. Let us then define the shiftX in xT by

P~xT ,N!5P~xT1X,2!, ~29!

whereP(xT ,N) is the normalized pion distribution define
in Eq. ~3!. ThusX measures the degradation of the pionxT in
changingNpart from 2 toN. From Fig. 3 in Ref.@11# it can be
seen that the shiftX is a small fraction ofxT . Even atxT
'0.8, X is less than 0.15.

Using Eq.~A15!, where^xT& is calculable by use of Eq
~A13!, we can solve Eq.~29! and determineX in terms ofxT
and N. At fixed N, the dependence ofX on xT is nearly
perfectly linear. Parametrizing it as

X~xT ,N!5x0~N!1j~N!xT , ~30!

we find, for N5100, 200, and 350, the resultx0(N)
520.0047, 20.0023, and20.0039, andj(N)50.0432,
0.0916, and 0.1741, respectively. Sincex0 is negligible ex-
cept at very smallxT , we can regardj(N) as the fractional
shift, or more precisely as

j~N!5dX~xT ,N!/dxT , ~31!

whose dependence onN is shown in Fig. 5. Disregarding th
point atN52, where by definitionj(2)50, the three points
at N5100, 200, and 350 can be fitted by a straight line,
shown by the solid line in Fig. 5. Its parametrization is

j~N!520.0111~5.2631024!N ~32!

for N*50. Thus forAA collisions the fractional energy los
or fractional shift inpT is independent ofpT and depends
linearly onN with a coefficient

jN8 55.2631024. ~33!

This result can be obtained quickly, but only appro
mately, in two ways. First, if one ignores the dependence
N of the denominator in Eq.~A8!, an approximation tha
amounts to settingk(s,N) to be a constant~an error<20%)

0 100 200 300
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

N

ξ(
N

)

FIG. 5. TheN dependence of the fractional shiftj. The solid
line is a linear fit of the upper three points.
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compared to the many orders of magnitude of variation
F(z), then the condition of Eq.~29! is equivalent to identify
its two sides with the same functionF(z) with z evaluated at
Npart5N and 2, i.e.,

j~N!'
pT~2!2pT~N!

pT~N!
5

K~2!2K~N!

K~N!

5
6.3631024~N22!

K~N!
. ~34!

SettingK(N)'K(2)51.226 results in

jN8 '5.1931024, ~35!

which is only slightly less than the more accurate value
Eq. ~33!. The other approximate way of determining the fra
tional shift is to use Eq.~A15! and ignore theN dependence
of ^xT&2 in that equation so that the condition in Eq.~29!
becomes an identification of theu variable inC(u) at two
values ofN, i.e.,

u~N!5
xT

^xT&N
5u~2!5

xT1X

^xT&N52
. ~36!

Since^xT&N depends onN in a known way@11#,

^xT&N5^xT&N0
exp@2b~N2N0!#, ~37!

whereb55.54231024 ~denoted byl in Ref. @11#!, its use
in Eq. ~36! results in

jN8 'b55.5431024. ~38!

Note that the smallness ofb in Eq. ~37! roughly justifies the
treatment of̂ xT& as a constant in Eq.~A15! in the first place.
The value ofjN8 in Eq. ~38! is only slightly larger than that in
Eq. ~33!. Thus the two approximate methods yield resu
that bracket the correct value closely, and illustrate the c
cial role that the scaling variablesz andu play.

It is of interest to note that in pQCD the shift inpT of the
vacuum spectrum necessary to effect the in-medium sp
trum is proportional toApT @16#. It means that the fractiona
shift decreases withpT , whereas our phenomenological r
sult indicates that it is independent ofpT . However, since
pQCD is reliable only forpT.10 Gev/c, while our analysis
is based on data atpT,10 Gev/c, there is as yet no direc
conflict. Nevertheless, the disagreement in thepT depen-
dences is worth bearing in mind.

We now consider the energy loss ofpL of pions produced
in pA collisions. We define the shiftX by referring the in-
clusive cross section atn̄ to that atn̄51, i.e.,

H~xL ,n̄ !5H~xL1X,1!. ~39!

The use of Eqs.~16! and ~20! leads to

X~xL ,n̄ !5j~ n̄ !~xL11!, ~40!

where
7-5
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RUDOLPH C. HWA AND C. B. YANG PHYSICAL REVIEW C68, 024907 ~2003!
j~ n̄ !5jn̄
8~ n̄21!, ~41!

jn̄
85u8/h1~1!50.0385. ~42!

To compare with the result fromAA collisions, let us
convert bothN andn̄ to the average path lengthL. Using Eq.
~10! in Eq. ~32!, we get

jT~L !520.0310.0327L. ~43!

Using Eq.~25! in Eq. ~41!, we get

jL~L !520.038510.0185L. ~44!

In both cases the fractional shifts depend linearly onL with
the coefficients

jT850.0327, jL850.0185. ~45!

The ratio of these two coefficients is very nearly the same
the ratio ofL(xT) to l(xL) in the regionxT,L'0.5 @cf. Fig.
4#. Thus the study of energy loss and that of suppression
comparable results on the effects of the nuclear medium.
advantage of using Eq.~45! for comparing the nuclear effect
on the transverse and longitudinal motions is that the fr
tional shift is independent of the scaleK0 used in the defini-
tion of xT in Eq. ~2!. Thus the numerical values o
jN8 ,jn̄

8 ,jT8 , andjL8 are simple quantitative results of this in
vestigation that can be reexamined in the future when exp
mental data at different energies for different colliding nuc
become available.

V. CONCLUSION

We have studied the suppression effect of the medium
the energy losses of the produced particles. The former
comparison of the inclusive distributions in-medium
minimal-medium at the samexT or xL . The latter is the shift
in xT or xL necessary for the two distributions at differentN
to be equivalent. Both studies yield qualitatively the sa
level of effect. In the following, we shall use the suppress
effect to represent both in our discussion of the differen
between the transverse and longitudinal effects.

The primary remark to make is that the values ofL(xT)
andl(xL) given in Eq.~28! are amazingly close. There ar
many arguments one can give to suggest thatL(xT) and
l(xL) should not be similar in magnitude, and few are ava
able to explain that they are even within the same orde
magnitude. Let us present some of them.

The main difference between the two suppression effe
is that one refers to transverse, whereas the other refe
longitudinal motion. For transverse momenta of parto
caused by hard collisions, at least there is pQCD to desc
some aspects of the dynamics, although not reliably forpT
,8 GeV/c. For the longitudinal momenta of the particle
detected, there is no basic theory to describe their behavi
terms of partons without some substantial use of mod
Some properties of thepT degradation can be calculated, b
a recent result on the nuclear modification factor does
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reproduce even the trend of thepT dependence@17#. Never-
theless, much more work has been done in applying pQ
to the highpT problem than to the highpL problem. Since no
large momentum transfers are involved at highpL , naively
one would not expect the nuclear suppression effect to b
the same nature as at highpT . Yet we findL(xT) andl(xL)
to be comparable.

The media of the two problems are also different. InAA
collisions at RHIC one expects the nuclear medium to
dense and hot, if not a quark-gluon plasma. InpA collisions
at SPS the medium that the projectile traverses is the nor
uncompressed nucleus. One would therefore expect the
fects of the media on momentum degradation to be v
different, yet they are not.

The estimates of the average path lengthL involve differ-
ent approximations for the two cases, and it is difficult
assess the effects of those approximations. The only way
pT in AA collisions can be compared topL in pA collisions
is in the common language of exponential decay in terms
a path lengthL. To improve on this problem, we have to ga
more information from experiments at intermediate steps
measuringpL in AB collisions with various nuclear sizes o
A.

We can think of one reason that could possibly explain
closeness ofL(xT) to l(xL). The inclusive cross section
that we examine for the calculation of the suppression fac
Sare for pions, not nucleons or other baryons. Whereas le
ing baryons are strongly related to the valence quarks in
projectile, the pions are more associated with the gluo

which undergo conversion toqq̄ pair before hadronization
The depletion of gluons in the nuclear medium can lead
pion suppression in any direction. Evidence for gluon dep
tion even inpA collisions can be found in the suppression
J/c production at largexL @18,19#. Our result on the close
ness ofL(xT) andl(xL) may well suggest that gluon deple
tion is the main mechanism for the suppression of bothpT

andpL distributions.
In quantitative terms it must be recognized thatL(xT) is

undisputatively larger thanl(xL), and therefore provides
some comfort that the suppression effect is enhanced w
the medium is denser and hotter. What is unexpected is
it is not an order of magnitude larger. In order to fully u
derstand the suppression problem we need a whole se
experiments that measure identified pions at highpT andpL

for all combinations of nuclear sizes inAB collisions at high
energy. It is important to discover what is universal in t
nuclear effects on the produced particles, and what is
The finding in this paper constitutes an interesting and
triguing beginning in that direction.
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APPENDIX

In this appendix we summarize the basic formulas t
relateP(xT ,N) to two scaling functions found in Ref.@11#.
The first scaling function is

F~z!51200~z212!24.8~1125e24.5z!, ~A1!

which describes thepT distributions at allN ~number of par-
ticipants! and allAs in terms of one scaling variable

z5pT /K~s,N!, ~A2!

whereK(s,N)5K(s)K(N), with @6,12#

K~s!50.691~1.5531023!As, ~A3!

K~N!51.2262~6.3631024!N, ~A4!

As being in units of GeV andK(s,N) in units of GeV/c.
F(z) is related to thexT distribution by

F~z!5A~N!k2~s,N!
1

xT

dNp

dxT
, ~A5!

where rapidity density is implied, and

A~N!5530@Nc~N!#20.9, Nc~N!50.44N1.33, ~A6!

and

k~s,N!5K~s,N!/K0 , ~A7!

K0 being an arbitrary scale, fixed at 10 GeV/c for the defi-
nition of xT in Eq. ~2!. It is a phenomenological fact that th
combination of separate factors on the right-hand side of
~A5! that individually depend onxT , N, and s results in a
universal function that depends explicitly on one variablz
only.

Using Eq.~A5! in Eq. ~3! yields

P~xT ,N!5F~xT ,N!YE
0

1

dxTxTF~xT ,N!, ~A8!

whereF(z) is expressed in terms ofxT andN through

z5xT /k~s,N!. ~A9!

Dependences ofP andF on s will not be shown explicitly.
With Eq. ~A8!, the distributionP(xT ,N) can thus be analyti-
lk

lk

an
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t

q.

cally calculated. However, instead of performing the integ
tion in the denominator for everyN, there is an even simple
relationship that makes use of another scaling function.

It is found in Ref.@11# that there exists another scalin
function

C~u!5F„z~u!…YE duuF„z~u!…, ~A10!

where

u5
pT

^pT&
5

xT

^xT&
5

z

^z&
. ~A11!

The new scaling variableu endowsC(u) with a property
that is analogous to the Koba-Nielsen-Olesen~KNO! scaling
@20#. The averagêz&, defined by

^z&5

E dzz2F~z!

E dzzF~z!

, ~A12!

is a constant,̂z&50.414, and is related tôxT& by

^z&5^xT&/k~s,N! ~A13!

due to Eq.~A9!, where^xT& is defined by

^xT&5E dxTxT

dNp

dxT
/E dxT

dNp

dxT
. ~A14!

A comparison between Eqs.~A8! and ~A10! yields

C~u!5^xT&2P~xT ,N!. ~A15!

It is the combination of Eqs.~A11! and~A15! that has led us
to regardC(u) as a KNO-type scaling. The advantage
dealing withu instead ofz is that k(s,N) is not explicitly
involved in relatingu to the observablepT . Evaluating Eq.
~A10!, we have@11#

C~u!52.13104~u2111.65!24.8~1125e21.864u!.
~A16!

Using Eqs.~A13! and~A15!, we now have an algebraic for
mula for P(xT ,N), which can be used directly in Eq.~1! for
the suppression factorS(xT ,N).
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