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Scaling behavior at highpT and the pÕp ratio
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We first show that the pions produced at highpT in heavy-ion collisions over a wide range of high energies
exhibit a scaling behavior when the distributions are plotted in terms of a scaling variable. We then use the
recombination model to calculate the scaling quark distribution just before hadronization. From the quark
distribution, it is then possible to calculate the proton distribution at highpT , also in the framework of the
recombination model. The resultantp/p ratio exceeds one in the intermediate-pT region where data exist, but
the scaling result for the proton distribution is not reliable unlesspT is high enough to be insensitive to the
scale-breaking mass effects.
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I. INTRODUCTION

There are three separate and independent aspects
the hadrons produced at large transverse momentumpT in
heavy-ion collisions at high energies that collectively co
tribute to a coherent picture to be addressed in this pa
One is the existence of a scaling behavior at largepT that we
have found by presenting the data in terms of a new varia
Another is the issue about the surprisingly large proton
pion ratio at moderatepT (;2 –3 GeV/c) discovered by
PHENIX @1# in central Au-Au reactions atAs5130 and 200
GeV. The third issue concerns the hadronization process
evant for the formation of hadrons at largepT and the appli-
cability of the recombination model@2#. It is our goal to
show that, in light of the scaling behavior of thep0 pro-
duced, the recombination mechanism naturally gives rise
p/p ratio that exceeds 1 in the 2,pT,3 GeV/c range.

Particle production in heavy-ion collisions at very hig
energies is usually described in terms of hydrodynam
flow @3#, jet production at highpT @4#, thermal statistical
model@5#, or a combination of various hadronization mech
nisms@6#. In none of the conventional approaches does
expect protons to be produced at nearly the same rate a
pions. If all hadrons withpT.2 GeV/c are regarded as
products of jet fragmentation, then the known fragmentat
functions of quark or gluon jets would suppress the pro
relative to the pion by the sheer weight of the proton ma
Such a discrepancy from the observed data led some to
gard the situation as an anomaly and propose the glu
baryon junction as a mechanism to enhance the proton
duction rate@7#. Their predictions remain to be verified ex
perimentally.

The parton fragmentation functions have been used e
at low pT in string models where the production of particl
in hadronic collisions is treated as the fragmentation of
quarks, as done in the dual parton model@8#. There has been
a long-standing dichotomy on whether particle production
the fragmentation region can better be described by fragm
tation @8,9# or by recombination@2,10#. It is possible that the
two pictures might be unified in a more comprehensive tre
ment of hadronization in the future. Here we extend the
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combination model to the central region at largepT . It
should be recognized that an essential part of the recomb
tion model is the determination of the distribution functio
of the quarks and antiquarks that are to recombine. In
case of large-pT hadrons, the underlying physics is undoub
edly hard collisions of partons and the associated radiatio
gluons. If the parton distributions can be calculated just
fore hadronization, then the final step of recombination c
readily be completed. If those distributions cannot be de
mined in pQCD, then the step between the initiating largepT

parton and the resultant hadrons can efficiently be descr
by a fragmentation function, determined phenomenologica
from experiments. Thus, in that sense the two approac
recombination and fragmentation, are not contradictory,
complementary.

We state from the outset that no attempt will be made h
to perform a first-principles calculation of the parton dist
butions at largepT before recombination. However, from th
observed data on pion production in central Au-Au collisio
at the Relativistic Heavy-Ion Collider~RHIC!, it is possible
to work backwards in the recombination model to determ
the quark~and antiquark! distribution at largepT . On the
basis of the quark distributions inferred, it is then possible
calculate the proton distribution in the recombination mod
The basic idea is that if there is a dense system of quarks
antiquarks produced in a heavy-ion collision, whatever
dynamics responsible for them may have been~gluons hav-
ing been converted toqq̄ pairs before hadronization!, then
the formation of pions and protons~and whatever else! is
prescribed by the recombination model without any arbitra
ness in normalization and momentum dependence.

One limitation of the recombination model, as it stands
present, is that it is formulated in a frame-independent w
in terms of momentum fractions and is therefore inapplica
to a system where the particle momenta are low and the m
effects are large. The physics of recombination is still va
at low momentum, but the details of the wave functions
the constituent quarks become important; they have not b
built into the recombination function that takes the simpl
form in the infinite momentum frame. Thus our calculatio
of particles produced at midrapidity is not reliable whenpT
©2003 The American Physical Society02-1
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is of the order of the masses of the hadrons under cons
ation. For protons, we can trust the results only forpT
.3 GeV/c. For pions, the lower limit of validity can be
pushed much lower.

Since our approach makes crucial use of the experime
data on the pion spectrum as the input, it is essential to re
the spectra determined at different energies to an invar
distribution so that the scale-invariant recombination mo
can be applied. To discover the existence of an invar
distribution with no theoretical prejudices is a worthful pro
lem in its own right. Fortunately, that turns out to be po
sible. The analysis for that part of the study will be presen
below first to emphasize its independence from the theo
cal modeling of hadronization. It should be mentioned t
the scaling of transverse mass spectra has been investi
recently @11#. The emphasis there has been on the dep
dences on the particle species and centrality formT
,3.8 GeV, while our focus is on the dependence on ene
(17,As,200 GeV) forpT,8 GeV/c. Thus the two stud-
ies are complementary to each other.

II. A UNIVERSAL SCALING DISTRIBUTION

The preliminary data of thepT distributions ofp0 pro-
duced at RHIC atAs5130 and 200 GeV were shown by th
PHENIX Collaboration at Quark Matter 2002@12# for cen-
tral Au-Au collisions together with the WA98 data for Pb-P
collisions atAs517 GeV @13#. They show that the level o
the tail at largepT rises, asAs is increased. We want to
consider the possibility that the three sets of data points
be combined to form a universal curve.

The p0 inclusive distributions at midrapidity are inte
grated overh for a range ofDh51 so that the data point
are given for the following quantity@12#:

f ~pT ,s!5
1

2ppT

dN

dpT
5E

Dh
dh~2ppTNevt!

21
d2Np0

dpTdh
.

~1!

In comparing the PHENIX data with those of WA98 on
should recognize that in addition to the difference in t
colliding nuclei there is a slight mismatch in centrality~top
10% for PHENIX and top 12.7% for WA98!.

To unify the three datasets, it is natural to first conside
momentum fraction variable similar toxF in longitudinal
momentum. However, so much momenta are taken by
other particles outside theDh51 range, it is unwise to also
useAs/2 as the scale to calculate the transverse momen
fraction. We assume that for everyAs there is a relevan
scaleK to describe thepT behavior relative to that scale. Le
us define

z5pT /K ~2!

and transformf (pT ,s) to a new functionF(z,K), where

F~z,K !5K2f ~pT ,s!5
1

2pz

dN

dz
. ~3!
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We adjustK for eachs and check whether all three datase
coalesce into one universal dependence onz, which we
would simply label asF(z), if it is possible.

In Fig. 1 we showF(z), where the three symbols repre
sent the three datasets for the three energies. Evidently
universality exists and is striking. While this behavior nee
to be confirmed by more data, and the theoretical implicat
remains to be explored, the existence of this scaling beha
is a significant phenomenological property of thepT distri-
butions that suggests some underlying simplicity. It is li
the Koba-Nielson-Olesen scaling of the multiplicity distrib
tions P(n,s) in pp collisions, where forAs,200 GeV they
can be expressed by one universal scaling functionc(z),
with z5n/^n& @14,15#.

The values ofK that are used for the plot in Fig. 1 are i
units of GeV: K51(200), 0.9~130!, and 0.717~17!, the
quantities in the parentheses being the values ofAs. TheAs
dependence ofK forms nearly a straight line, as shown
Fig. 2. Since the high and low energy data differ both
colliding nuclei and in centrality, one does not expect str
regularity in howK depends onAs. Nevertheless, an ap
proximate linear dependence is a simple behavior expe
on dimensional grounds. The straight line in Fig. 2 cor
sponds to the best fit

K~s!50.6911.5531023As, ~4!

whereAs is in units of GeV. It should be recognized that th
normalization ofK(s) is arbitrary; it is chosen to be 1 a
As5200 GeV for simplicity. If it is normalized to some
other value at that point, the linear behavior in Fig. 2
unchanged, only the scale of the vertical axis is shifted
cordingly. The scaling property in Fig. 1 is also unchang
the only modifications being the scales of the horizontal a
vertical axes. Thus the absolute magnitude of the dimens
less variablez has no significance.

FIG. 1. Scaled transverse momentum distribution of produ
p0. Data are from Refs.@12,13#. The solid line is a fit of the data by
Eq. ~6!.
2-2
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If the z dependence ofF(z) in Fig. 1 were strictly linear,
so that it is a power-law dependence

F~z!}za, ~5!

then there would be no relevant scale in the problem. T
fact that it is not a straight line implies that there is an
trinsic scale in thepT problem, which is hardly surprising
What is significant is that while there is no strict scaling inz,
there is no explicit dependence ons. That is, at any energy
we have the same universal functionF(z), which will be
referred to as the scaling behavior ins. That function can be
parametrized by

F~z!51500~z212!24.9, ~6!

which is represented by the smooth curve in Fig. 1. For la
enoughz, Eq. ~6! does have the form of the power law give
in Eq. ~5! with a59.8. It is a succinct statement of th
universal properties at highpT . The departure from Eq.~5!
at smallz reflects the physics at lowpT . Since there are no
data onp0 for pT,1 GeV/c, the extrapolation ofF(z) to
z,1 is not reliable. However, there is a more accurate
termination ofF(z) that includes the low-z region when the
chargep1 data are considered; it is given in Ref.@16#, and is
not needed here. Note that there is no fixed scale inpT that
separates the high- and low-pT physics. Equation~6! gives a
smooth transition from one to the other in the variablez, thus
implying different ranges of values of the transitionpT at
different s.

While Eq. ~6! gives a good parametrization of the scali
function F(z) throughout the whole range ofz, one notices,
however, that the WA98 data at 17 GeV show a slight dep
ture fromF(z) at the high-z end of that dataset. It should b
recognized that those data points havepT.3 GeV/c, which
represents a huge fraction of the available energy atAs
517 GeV. In fact, one expects the violation of universal

FIG. 2. The dependence ofK(s) on As. The line is a linear fit.
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to be more severe at higherz at thatAs, since energy con-
servation would suppress the inclusive cross section
higher pT . What is amazing is that most of the WA98 da
points are well described byF(z), even though the corre
spondingpT values take up a much larger fraction of th
available energy than the other data points from RHIC
demonstrates the significance of the variablez in revealing
the scaling property.

III. PION AND QUARK DISTRIBUTIONS
IN THE RECOMBINATION MODEL

Having found a scaling distribution for the producedp0

independent ofs, we now consider the hadronization proce
in the recombination model in search of an origin of such
scaling behavior. In previous investigations the recombi
tion model has been applied only to the fragmentation reg
where the longitudinal momenta are large and the transv
momenta are either held fixed at lowpT or integrated over
@2,10,17#. We now consider the creation of pions in the ce
tral region of AA collisions and study thepT dependence.
Unlike the former case where the longitudinal momentu
fractions of the partons are essentially known~from the
structure functions!, thepT distributions of the partons in the
latter case are essentially unknown. Indeed, it is the aim
this section to determine the partonpT distributions from the
p0 distribution found in the preceding section.

Let us start by writing down the basic equation for reco
bination in the three-space

E
d3Np

d3p
5E d3p1

E1

d3p2

E2
F~pW 1 ,pW 2! Rp~pW 1 ,pW 2 ,pW !, ~7!

where the left-hand side~LHS! is the inclusive distribution
of the pion with energy momentum (E,p). F(pW 1 ,pW 2) is the
probability of having a quark atp1

m and an antiquark atp2
m

just before hadronization.Rp(pW 1 ,pW 2 ,pW ) is the invariant dis-

tribution, Ed3Np
qq̄/d3p, of producing a pion atpm given aq

at p1
m and aq̄ at p2

m . Note thatRp has the dimension~mo-
mentum! 22, same as the LHS.

Writing the phase-space density in the form

d3p

E
5dy df pT dpT , ~8!

we define the inclusive distribution inpT , averaged overy
andf,

d3Np

pT dpT
5

1

DyEDy
dy

1

2pE0

2p

df E
d3Np

d3p
, ~9!

where Dy is limited to one unit of rapidity in the centra
region. Our focus will be on thepT distribution at highpT .
For the recombination distributionRp(pW 1 ,pW 2 ,pW ) we need
only consider the partons in the same transverse plane
containspW , since at highpT the partons with differentyi are
not likely to recombine. Indeed, we assume not onlyy1
2-3
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5y25y, but alsof15f25f so that the partons and the pio
are all colinear, and the kinematics can be reduced to tha
a one-dimensional~1D! problem. As in the usual parto
model, the parton momentum fractions in the hadron
vary between 0 and 1, but the deviation in the moment
components of the partons transverse to the hadronpW must
be severely limited because of the limited transverse siz
the hadron. Thus we write

Rp~pW 1 ,pW 2 ,pW !5R p
0 d~y12y2!d~f12f2!

3dS y11y2

2
2yD d2~pW 1T

1pW 2T
2pW T!,

~10!

whereR p
0 is dimensionless, sinced2(pW 1T

1pW 2T
2pW T) has the

dimension ofRp(pW 1 ,pW 2 ,pW ). If this delta function is further
written in the colinear form due to thed(f12f2) in Eq.
~10!

d2~pW 1T
1pW 2T

2pW T!5dS f11f2

2
2f D 1

pT
d~p1T

1p2T
2pT!,

~11!

then Eq.~7! can be reduced to the 1D form

dNp

pTdpT
5E dp1T

dp2T
p1T

p2T
F~p1T

,p2T
!R p

0 pT
22

3dS p1T
1p2T

pT
21D , ~12!

whereF(p1T
,p2T

) is theqq̄ distribution inpi T
averaged over

y andf.
We can reexpress this equation in terms of the sca

variablez5pT /K, introduced in Eq.~2!, and obtain

dNp

zdz
5E dz1dz2 z1 z2 F~z1 ,z2! Rp~z1 ,z2 ,z!, ~13!

where

F~z1 ,z2!5K4 F~p1T
,p2T

!, ~14!

Rp~z1 ,z2 ,z!5R p
0 z22 dS z11z2

z
21D . ~15!

SinceF(p1T
,p2T

) is the parton density inp1T
dp1T

p2T
dp2T

,

F(z1 ,z2) is the corresponding dimensionless density
z1dz1z2dz2. Equation~13! is now our basic formula for re
combination in the scaled transverse-momentum varia
The total number ofq andq̄ is *dz1dz2 z1z2F(z1 ,z2), which
should be invariant under a change of scale

z5lx, ~16!

so that
03490
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x5pT /K8, K85lK. ~17!

The corresponding change onF(z1 ,z2) is that it becomes

F8~x1 ,x2!5l4F~z1 ,z2!. ~18!

Thus the normalization ofF(z1 ,z2) is scale dependent, as
should in view of Eq.~14!.

So far, the recombination functionRp(z1 ,z2 ,z) is not
fully specified becauseR p

0 has not been. In Eq.~15! the
factor z22 is associated with the dimension of the pion de
sity, and the delta function with momentum conservation.
introduce the pion wave function in terms of the constitue
quarks, we rewrite Eq.~15! as

Rp~z1 ,z2 ,z!5Rp
0 z22 Gp~j1 ,j2!, ~19!

whereRp
0 is a normalization constant to be determined a

Gp(j1 ,j2) is the valon distribution of the pion@2,10#. Since
the recombination of aq and q̄ into a pion is the time-
reversed process of displaying the pion structure, the dep
dence ofRp(z1 ,z2 ,z) on the pion structure is expected. Du
ing hadronization the initiatingq andq̄ dress themselves an
become the valons of the produced hadron without sign
cant change in their momenta. The variablej i in Eq. ~19!
denotes the momentum fraction of thei th valon, i.e.,

j i5zi /z, ~20!

which is denoted byyi in the valon model@2,10#, a notation
that cannot be repeated here on account of the rapidity v
ables already used in Eq.~10!. In general, the valon distribu
tion of a hadronh has a part specifying the wave-functio
squared,G̃h , and a part specifying momentum conservati

Gh~j1 , . . . !5G̃h~j1 , . . . !dS (
i

j i21D , ~21!

where the functional form ofG̃h is determined phenomeno
logically. Although, for proton,G̃p is found to be highly
nontrivial @18#, for pion, G̃p turns out to be very simple@10#

G̃p~j1 ,j2!51, ~22!

which is a reflection of the fact that the pion mass is mu
lower than the constituent quark masses, so tight bind
results in a large uncertainty in the momentum fractions
the valons. Equation~22! implies that the valon momenta o
the pion are uniformly distributed in the range 0,j i,1.

What remains in Eq.~19! for us to determine isRp
0 . At

this point we need to be more specific about the quark
antiquark that recombine. If the colors ofq and q̄ are con-
sidered, then the probability of forming a color singlet pio
is 1/9 in 333̄. Similarly, for three quarks forming a proto
the probability is 1/27 in 33333. In the parton distribu-
tions,Fqq̄ for pion production involves two color triplets an
Fqqq for proton production involves three color triplets so t
color factors work out just right in that the factors of 9 fo
qq̄ and 27 forqqq are canceled by the corresponding inver
2-4
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factors in the recombination probabilities. In other words,
thep/p ratio to be considered later, we can ignore the fact
associated with the color degrees of freedom and proc
with the determination ofFqq̄ without specifying the quark
colors and summing over them.

The situation with flavor is not the same. For auū pair
and add̄ pair, they can formp0 and h in the flavor octet.
The branching ratio ofh to 3p0 is 32.5% and top1p2p0 is
22.6%. Thus for everyh produced there is, on averag
1.2p0. Due to the higher mass ofh we make the approxi-
mation that the rate of indirect production ofp0 via h is
roughly the same as the direct production fromuū anddd̄. If
we now useqq̄ to denote eitheruū or dd̄, but not bothuū

and dd̄, then each pair ofqq̄ leads to onep0. Since, in a
heavy-ion collision there are many quarks and antiqua
produced in the central region, it is reasonable to assume
the q distribution is independent of theq̄ distribution so that
we can writeFqq̄ in the factorizable form

Fqq̄~z1 ,z2!5Fq~z1!Fq̄~z2!, ~23!

whereFq stands for eitheru or d distributions, and similarly
for Fq̄ , but, for p0 production q̄ should be the antiquark
partner ofq.

The fact that we considerh production above, but not th
vector mesonr, requires an explanation. We defer that d
cussion until the following section, after we have presen
the formalism for the production of protons.

Returning now to the normalization ofRp(z1 ,z2 ,z), we
note that, using Eqs.~19!, ~21!, and~22!,

E dzzRp~z1 ,z2 ,z!5E dz

z
Rp

0 dS z11z2

z
21D5Rp

0

~24!

is the probability that aq at z1 and aq̄ at z2 recombine to
form a pion at anyz. According to our counting above, th
total probability forqq̄→p0 integrated over all momenta i

E
0

Zdz1

Z E
0

Zdz2

Z E dz z Rp~z1 ,z2 ,z!51, ~25!

whereZ is the maximumzi , whatever it is. This normaliza
tion condition is scale invariant, and we find, using Eq.~24!,
that

Rp
0 51. ~26!

Substituting Eqs.~19!–~23! and ~26! in Eq. ~13!, we ob-
tain

dNp

zdz
5E dz1dz2

z1z2

z
Fq~z1!Fq̄~z2!d~z11z22z!.

~27!

This is obtained from Eq.~9! wherey andf are both explic-
itly averaged over. The LHS is to be identified withF(z).
Note that the 1/2p factors in Eqs.~1! and~3!, whereF(z) is
03490
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defined, are there to renderf (pT ,s) an average distribution
in f; that is the notation for the experimental distributio
defined in Ref.@12#. The distribution defined by us in Eq.~9!
already includes the 1/2p factor, so ourdNp /z dz is just the
experimentalF(z). As we have mentioned earlier, the no
malization of z has no significance. By means of a sca
change in Eq.~16! we can move fromz to x, or vice versa,
without changing the scale invariant form of Eq.~27!. In Eq.
~6! we foundF(z) to have the form

F~z!5A~z21c!2n. ~28!

If we changez to x according to Eq.~16!, then by keeping
the total number of pions invariant, i.e.,

E dz zF~z,K !5E dx xF8~x,K8!, ~29!

we have

F8~x,lK !5l2F~lx,K !. ~30!

It thus follows that

F8~x!5l2(12n)A~x21c/l2!2n. ~31!

Similarly, in the x variable the transformed quark distribu
tions is

Fq8~x1 ,K8!5l2Fq~z1 ,K !. ~32!

Without having to specify the arbitrary scale factorl, let us
work with thez variable and rewrite Eq.~27! as

F~z!5E
0

z

dz1z1S 12
z1

z DFq~z1!Fq̄~z2z1!. ~33!

We must now consider how theq and q̄ distributions dif-
fer. Unlike the structure functions of the nucleon, whereq

and q̄ have widely different distributions, we are here de
ing with the partons at highpT in heavy-ion collisions just
before recombination. The dynamics underlying theirpT de-
pendences is complicated. Many subprocesses are invo
which include hard scattering, gluon radiation, jet quenchi
gluon conversion to quark pairs, thermalization, hydrod
namical expansion, to name a few familiar ones. At ve
large pT there are far more quark jets than antiquark je
since the valence quarks have larger longitudinal momen
fractions than the sea quarks. By hard scattering, the qua
therefore, can acquire largerpT than the antiquarks. Thus in
that way one would expect thepT distribution of the quarks
to be very different from that of the antiquarks. Howeve
that view does not apply to our problem. Those are theq and
q̄ that initiate jets, along with jets initiated by gluons. Th
conventional approach is to follow the jet production by
fragmentation, which can be modified by the dense ma
that the initiating partons traverse. As discussed earlier,
approach is not to delve into the dynamical origins of theq

and q̄ distributions, but to consider the recombination ofq

andq̄ just at the point of hadronization. Suchq andq̄ are not
2-5
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RUDOLPH C. HWA AND C. B. YANG PHYSICAL REVIEW C67, 034902 ~2003!
the partons that initiate jets, but are the parton remnants a
the hard partons radiate gluons that subsequently conve
qq̄ pairs. Those parton remnants have similar momen
distribution forq andq̄, since gluon conversion createsq and
q̄ on equal basis; those partons are the ones that recombi
form hadrons. They are not to be confused with the
initiating hard partons that fragment into hadrons in the fr
mentation model. In the recombination picture those h
partons that acquire largepT immediately after hard scatter
ing are not ready for recombination; they lose momenta
virtuality through gluon radiation until a large body of low
virtuality quarks and antiquarks are assembled
recombination—a view that is complementary to the fra
mentation picture. Of course, there are more quarks than
tiquarks, since the number of valence quarks of the par
pating nucleons cannot diminish. For that reason we al
Fq(z) to differ in normalization fromFq̄(z). However, as a
first approximation we assume that theirz dependences ar
the same.

There is some indirect experimental evidence in supp
of our assumption. In Ref.@1# the p̄/p ratio for central col-
lisions is reported to be essentially constant within erro
more precisely, it ranges between 0.6 and 0.8 forpT in the
range 0.5,pT,3.8 GeV/c. Sincep̄ is formed by the recom-
bination of threeq̄, while p is formed from threeq, a quick
estimate of theq̄/q ratio is that it varies between 0.61/3 and
0.81/3, i.e., from 0.843 to 0.928. Such a narrow range
variation is sufficient for us to assume thatFq̄(z) has the
samez dependence asFq(z). For their relative normalization
we take the meanp̄/p ratio to be 0.7. Thus we set theq̄/q
ratio to be

Fq̄~z!/Fq~z!5Fq̄
8~x!/Fq8~x!50.71/3. ~34!

With this input, we are finally ready to infer the quark di
tribution from the pion distribution.

We parametrizeFq(z) by

Fq~z!5a~z21z1z0!2m ~35!

and adjust the three parametersa, z0, andm to fit F(z) by
using Eq.~33!. We obtain an excellent fit with the values

a590, z051, m54.65. ~36!

In Fig. 3 we show with a solid line the data represented
the formula in Eq.~6! and the dashed line showsthe result
the theoretical calculation using Eqs.~33!–~36!. They coa-
lesce nearly completely in the interval 1,z,8. The quark
distribution Fq(z) is shown in Fig. 4. To appreciate thepT
range corresponding toz in Fig. 4, recall Eq.~2!, pT5zK,
and Fig. 2 forK. Thus atAs5200 GeV, pT is z in GeV.
Equations~35! and ~36! represent the main result of th
study. What is important is that we have found a scal
quark distribution that is independent ofs from SPS to
RHIC, and perhaps to LHC. It is a succinct summary of
effects of all the dynamical subprocesses in heavy-ion co
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sions. The nontrivialz dependence in Eq.~35! indicates that
there are intrinsic scales in the low-pT problem.

IV. THE pÕp RATIO

The quark distribution obtained in the preceding sect
cannot be checked directly. Since it is the distribution at
end of its evolution, massive dileptons would not be sen
tive to it due to their production at the early stages. Pro
production provides the most appropriate test, since hadr
zation occurs near the end. We shall therefore calculate
proton distribution at highpT and compare with the data o
the p/p ratio. This is not a completely satisfactory ventur

FIG. 3. The solid line is the fit of the data as shown in Fig. 1~in
a different scale! and the dashed line is the theoretical calculation
F(z) using the quark distribution in Fig. 4.

FIG. 4. Quark distribution inz.
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since the proton mass is large, so only at very highpT can
our scale invariant calculation be valid without explicit co
sideration of the mass effect. Present data on thep/p ratio
do not extend beyondpT;3.8 GeV/c @1#. Nevertheless, ou
calculation should provide some sense on the magnitud
the rate of proton production at the high-pT end.

The inclusive distributions in the scaledpT variable can
be obtained in the recombination model by generalizing
~13! to the recombination of three quarks

dNp

zdz
5E dz1dz2dz3z1 z2 z3F~z1 ,z2 ,z3!Rp~z1 ,z2 ,z3 ,z!,

~37!

whereF(z1 ,z2 ,z3) is given the factorizable form

F~z1 ,z2 ,z3!5Fu~z1!Fu~z2!Fd~z3!. ~38!

As in Eq. ~19!, we relate the recombination functionRp to
the valon distributionGp of the proton

Rp~z1 ,z2 ,z3 ,z!5Rp
0z22Gp~j1 ,j2 ,j3!, ~39!

where Gp has the general form given in Eq.~21!, and Rp
0

remains to be determined. In Ref.@18# a detailed study of the
proton structure functions has been carried out in deriv
the valon distribution from the parton distributions that fit t
deep inelastic scattering data. It is

Gp~j1 ,j2 ,j3!5g~j1j2!aj3
bd~j11j21j321! , ~40!

where

a51.755, b51.05, ~41!

g5@B~a11,b11!B~a11,a1b12!#21. ~42!

Single-valon distributionsGp(j i) can be obtained from the
three-valon distribution by integration and are peaked aro
j51/3, indicating that each of the three valons carries
average roughly 1/3 the momentum of the proton, their s
being strictly 1. Details of the valon model, described in R
@18#, are not needed for the following. It is only necessary
recognize that the recombination of twou quarks with ad
quark to form a proton has a probability proportional to t
proton’s valon distribution that accounts for the proton str
ture. The other point to bear in mind is that the valon dis
bution in the proton is obtained in the frame where the p
ton momentum is infinitely large so the finite masses of
proton and valons are unimportant. However, the validity
that result, when the proton momentum is only two or th
times larger than its mass, is questionable. With that ca
we proceed with our scale invariant calculation and see w
can emerge.

As discussed in the preceding section, there is no nee
consider the color factors for either pion or proton formati
since hadrons are color singlets, but the flavor octets
these hadrons do introduce some factors. Theuuud& state
appears in 1018188 of 33333; among them the first two
containD1 andp. Thus the flavor parts ofu^D1uuud&u2 and
u^puuud&u2 are 1/3 for each. SinceD1 decays top1p0 and
03490
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n
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e
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n1p1, u^puD1&u2 gives another factor 1/2. The spin decom
position of 23232 is 41212, among which theD1 com-
ponent is 4/8 andp is 2/8. Putting the flavor and spin factor
together, we have

u^puuud&u21u^puD1&^D1uuud&u25
1

3
3

1

4
1

1

3
3

1

2
3

1

2
5

1

6
.

~43!

We thus normalizeRp , as we have done in Eq.~25!, by

E
0

Z

)
i 51

3
dzi

Z E dz z Rp~z1 ,z2 ,z3 ,z!5
1

6
. ~44!

In view of Eqs.~21! and ~39!, we have

Rp
0E

0

Z

)
i 51

3
dzi

Z
G̃pS z1

zt
,
z2

zt
,
z3

zt
D5

1

6
, ~45!

wherezt5( izi . Using Eq.~40!, the above integral can b
transformed to

gE
0

1

)
i 51

3

dz i S z1z2

z t
2 D aS z3

z t
D b

52.924 ~46!

with z i5zi /Z andz t5( iz i . There is no explicit dependenc
on Z, and Eqs.~41! and ~42! have been used to obtain th
numerical value in Eq.~46!. It thus follows that

Rp
050.057. ~47!

At this point we should address the question why we c
siderD1 production above, but notr production in the pre-
ceding section. For the production ofp0, if we are to con-
sider the contribution fromr6 ~since r0 does not decay
strongly intop0), we would be extending our scope to oth
flavored states besidesuū anddd̄. Then other vector meson
and higher resonances, such asK* , that can decay intop0

must also be included. Similarly, forp production the con-
sideration of other states besideuud would involve many
resonances that can decay intop. The system is not closed
without more phenomenological input besidep0. Thus for a
closed system in which a prediction can be made, we li
ourselves to only theuū anddd̄ in the meson states anduud
in the baryon states; hence, onlyp0, h, p, andD1 are con-
sidered. To includeud̄ and dū, we must also includeuuu
andudd, and so on. We surmise that if more resonances
included in both the meson and baryon sectors, thep/p ratio
to be determined below would change somewhat; howe
the result is not likely to differ by a factor greater than 2.

With the recombination functionRp completely deter-
mined, and the quark distributionFq(zi) given by Eqs.~35!
and ~36!, we can now use Eq.~37! to calculate the proton
distribution inz. The result is shown by the solid line in Fig
5, where only the portionz.2 is exhibited. We have state
at the outset that the scale invariant form ofdNp /zdzcannot
2-7
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be expected to be valid when the mass effect is import
The relevant value ofz corresponding to the proton mass~let
alone theD1 mass! is

zm5mp /K, ~48!

which ranges from 1.3 atAs517 GeV to 0.94 at 200 GeV
As expected, the scaling violating effects are energy dep
dent. Thus we should not regard the calculated result to
reliable for z,3. At very low pT , the distributions of all
hadrons can be given exponential fits in the transverse m
The STAR data for most central collisions atAs5130 GeV
@19# give for p̄ production forpT,0.6 GeV

1

2pmT

d2Np̄

dmTdy
54 exp@2~mT2mp!/Tp#, ~49!

wheremT5(mp
21pT

2)1/2 andTp5565 MeV. To convert this
distribution to that forp we assume that only the normaliz
tion atpT50 needs to be adjusted. Thep̄/p ratio at lowpT is
0.6 @1#. Since mTdmT5pTdpT and the distribution inpT
changes by a scale factorK2 given in Eq. ~2!, where K
50.9 for As5130 GeV, the factor 4 in Eq.~49! should
therefore be changed to 430.81/0.655.4. ExpressingmT in
terms of z by use of Eq.~2! with K50.9, we show thez
dependence of the distribution forp in Fig. 5 by the short
dashed line. The region 0.5,z,2 is left blank because ou
scaling result cannot be reliably extended into that regi
Nevertheless, it is gratifying to observe that the theoret
calculation without any free parameters produces a pro
distribution at largez that is reasonable in normalization an
shape and can smoothly be connected with the low-pT dis-
tribution by interpolation.

With the proton distribution now at hand, we can calcula
thep/p ratio. For the pion distribution we useF(z) given in

FIG. 5. Proton distribution inz. Solid line is the theoretica
result; the dashed line is the fit of data at low-pT @19#.
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Eq. ~6!. For the proton we use the calculated result based
Eq. ~37!. Their ratio, defined by

Rp/p~z!5
dNp

zdz
/F~z! ~50!

is shown by the solid line in Fig. 6. The preliminary data
the p/p ratio were reported in Ref.@1#, which we show also
in Fig. 6 for bothAs5130 and 200 GeV. Note that becau
it is a ratio, there is no change in the normalizations ofRp/p

for the two energies, but in transforming frompT to z the
factor K in Eq. ~2! must be taken into account. Unlike th
pion case, the effects of the proton mass are not neglig
for pT&3 GeV/c, and one sees no scaling ins or z in Fig. 6.
Our scale invariant calculation is unreliable forz,3 and
shows a result that is obviously too high atz&2. There
seems to be a good chance that the theory and experim
can agree well forz.4. In Fig. 6 we show two curves tha
can connect our scaling result with the data. The dotted cu
is an eyeball fit of the 130 GeV data with a connection az
53.5, while the dashed curve fits the 200 GeV data with
connection atz54. In the absence of a theoretical study th
takes the mass-dependent effects into account in the inte
diatepT region, the only point we can make here is that it
not hard to produce ap/p ratio that exceeds 1 in the sca
invariant calculation in the recombination model, but it do
so in a region where both theory and experiment need refi
ment. Judging by what is self-evident in Fig. 6, we see
strong need for any exotic mechanism for proton product
~as proposed in Ref.@7#! beyond the conventional subproce
where three quarks recombine to form a proton.

FIG. 6. Proton-to-pion ratio: solid line is the scaling distributio
from calculation; data~preliminary! are from Ref.@1#. The dotted
and dashed lines are eyeball fits of the data as extrapolations
the scaling result.
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V. CONCLUSION

The discovery of a scale-invariant distributionF(z) for
pion production at intermediate and high values ofpT in
heavy-ion collisions, ranging over energies in excess of
order of magnitude of variation, is an important phenomen
ogy observation that should be checked experimentally
great detail. Additional energy points should be added
only to strengthen the validity of the scaling behavior, b
also to find the onset of scaling violation, if it exists.

The phenomenological properties of hadron product
provide useful insights into the hadronization process
into the nature of the quark system just before they turn i
hadrons. The usual approach to the study of heavy-ion c
sions is from inside out, following the evolution of the den
matter, either in terms of hydrodynamical flow or of ha
parton scattering and subsequent hadronization by fragm
tation @20#. Our approach pursued here is from outside in,
starting from the observed scaling behavior of the pions p
duced and deriving the momentum distribution of the qua
that can give rise to such a behavior. This is accomplished
using the recombination model. There is no direct way
check the validity of the quark distribution thus obtaine
However, we have used it to determine the proton distri
tion at highpT , where the mass effects are unimportant. T
data on proton production have not yet reached that reg
where the predicted scaling distribution can be checked
the region where data exist on thep/p ratio, we find that our
calculated result, though not reliable, is in rough agreem
with the imprecise data to the extent that the ratio exceed
a feature that is notable.

While the recombination model needs further work
take the proton mass into account at intermediatepT , its
formulation in the invariant form has been developed here
treat the very highpT region. We have made the assumpti
that the quark and antiquark distributions are the same, a
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from normalization, just before recombination. This assum
tion is supported by the constancy of thep̄/p ratio in the
PHENIX data in the central region. This experimental fa
can also be used to lend credence to our general approa
hadronization that is treated as a recombination process
which we have given arguments why the distributions
quarks and antiquarks should be similar before they rec
bine. In contrast, the fragmentation model would sugges
decreasing function ofp̄/p in pT because of the dominanc
of quark jets over antiquark jets at largepT @4#.

In this paper we have only considered the energy dep
dence of thepT spectrum at fixed maximum centrality. It i
natural to ask what the dependence is on centrality. We h
investigated that problem by making a phenomenolog
analysis of the data on centrality dependence without us
any hadronization model, and found a scaling behavior v
similar to what is reported here. The scaling distributi
found there@16# includes the very smallpT region in the fit,
and is therefore more accurate. But the fits in t
intermediate- and large-pT regions are the same. The impl
cation on the centrality dependence of thep/p ratio in the
recombination model is still under study.

To have an invariant quark distribution independent ofs,
just before hadronization provides an unexpected picture
the quark system. It suggests that the evolution of the sys
proceeds toward a universal form whatever the collision
ergy. We expect that universal form to depend on rapid
The origin of such a scaling distribution inz is not known at
this point and can form the focus of a program of futu
theoretical investigations.
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