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Scaling distributions of quarks, mesons, and proton for allpT , energy, and centrality

Rudolph C. Hwa1 and C. B. Yang1,2

1Institute of Theoretical Science and Department of Physics, University of Oregon, Eugene, Oregon 97403-5203, USA
2Institute of Particle Physics, Hua-Zhong Normal University, Wuhan 430079, China

~Received 5 February 2003; published 20 June 2003!

We present the evidence for the existence of a universal scaling behavior of the production ofp0 at all
transverse momenta in heavy-ion collisions at all centralities and all collision energies. The corresponding
scaling behavior of the quarks is then derived just before the quarks recombine with antiquarks to form the
pions. The degradation effect of the dense medium on the quarkpT is derived from the scaling distribution. In
the recombination model it is then possible to calculate thepT distributions of the produced proton and kaon,
which are scaling also. Experimentally verifiable predictions are made. Implications of the existence of the
scaling behavior are discussed.
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I. INTRODUCTION

In two recent papers we have discussed the scaling p
erties of the largepT distributions ofp0 produced in Au
1Au collisions at the relativistic heavy-ion collider~RHIC!
and presented their implications. As reported in the first
per @1#, hereafter referred to as I, we found energy scaling
maximum centrality, while in the second paper@2#, referred
to as II, we found centrality scaling at the highest ener
The two can be combined to yield one scaling distribut
for all energy and centrality. In I we derive the quark dist
bution from thep0 data in the framework of the recombina
tion model; we now do the same for all centralities and
termine the nature of degradation of the quark momentum
the dense medium, as we have done for thep0 momentum in
II. From the quark distribution we can calculate the prot
distribution for all centralities. Moreover, we can extend o
consideration to the production of kaons so that we can
culate not only thep/p ratio, but also theK/p ratio.

We are able to do all that for two essential reasons. T
first reason is that the discovery of the scaling proper
facilitates the analysis by avoiding the need to consider
variation of physics issues at different centralities and en
gies. The other reason is that the quark distribution we de
is for q andq̄ just before hadronization. It is not the result
some dynamical evolution starting from hard collisions,
which many complex issues must be considered@3–5#. The
recombination model that we use can only address the
ronization problem of the soft partons at low virtuality, but
any pT . From the pion data we infer the distributions of th
soft q and q̄, which in turn are used to give the proton an
kaon distributions through recombination. How the soft p
tons get to be where they are in thepT space is not consid
ered. However, by studying the momentum degradation
the quarks, we gain from the centrality dependence of thepT
distributions some understanding about how quarks lose
menta as they propagate through the dense medium. Ex
mentally verifiable predictions are made on the proton a
kaon transverse momentum distributions.

The physical interpretation of the scaling variable is giv
at the very end, where the term transversality is suggeste
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refer to the difficulty of acquiring transverse motion. Th
broader implication on the creation of quark-gluon plasma
finally addressed.

II. SCALING DISTRIBUTION OF PIONS

From the preliminary PHENIX data ofp0 production in
Au1Au collisions at RHIC @6# we have found a scaling
distribution at midrapidity,

F~z!5A~N!K2~s,N!
1

2ppT

d2Np

dhdpT
, ~1!

where

z5pT /K~s,N!. ~2!

The symbolN denotes the number of participants,Npart, for
brevity. The scaling factorK(s,N) is first found in I for N
fixed at its maximum,Nmax5350, to be~in GeV/c!

K~s!50.691~1.5531023!As, ~3!

whereAs is in units of GeV, andK(s) is normalized to 1 at
As5200 GeV. WhenN is allowed to vary, whileAs is fixed
at 200 GeV, it is found in II that the scaling factor is

K~N!51.2262~6.3631024!N, ~4!

normalized to 1 atN5350. We now combine the two an
assume the factorizable form

K~s,N!5K~s!K~N!. ~5!

In this paper we investigate the centrality dependence mo
at As5200 GeV. The normalization factorA(N) in Eq. ~1!
is found in II to have a power-law dependence on the num
of binary collisions,Nc ,

A~Nc!5530Nc
20.9, ~6!

whereNc in turn depends onN as

Nc50.44N1.33, ~7!
©2003 The American Physical Society02-1
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a relationship that is determined from the tables listed
Refs.@7,8#.

In Fig. 1 we show the combined plot ofF(z) exhibiting
theAs5200 GeV PHENIX data for five bins of centrality a
well as theAs5130 GeV data at 0–10 % centrality@6# and
the 17-GeV data at 0–12.7 %@9#. The p0 data, which are
only for pT.1 GeV/c, are supplemented by thep1 data for
pT,1 GeV/c at As5200 GeV and 0–5 % centrality@10#.
Evidently, all the data points fall on one universal scali
distribution that is invariant under changes inN andAs. The
17-GeV data are obtained by the WA98 Collaboration@9# for
Pb1Pb collisions and show a slight departure from the u
versal curve forz.3. It should be recognized that those da
points that deviate from the scaling distribution correspo
to pT.3 GeV/c, which is apT range that represents a ve
large fraction of the total available energy of 17 GeV. Th
the kinematic constraint of energy conservation introduce
nondynamical factor that suppresses the high-pT behavior,
not present in the other data atAs>130 GeV. Such a viola-
tion of scaling is expected, and should not be regarded a
invalidation of the general scaling behavior that we obser
On the contrary, it is amazing that the scaling behavior
cover such a wide range ofAs, when most of the 17-GeV
data points withpT,3 GeV/c are included.

The scaling data points can be well fitted@2# by

F~z!51200~z212!24.8~1125 e24.5z!, ~8!

which is shown by the solid line in Fig. 1. This formu
differs from the one given in I mainly by the addition of th
exponential term, which reflects the statistical behavior
small z represented by thep1 data, but is insignificant a
large z, where the power-law behavior is indicative of th
effects of hard collisions.

A number of consequences of the scaling distribution,
~8!, can be examined directly. First, the integral

I5E
0

`

dzzF~z!5
A~N!

2p

dNp0

dh
~9!
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FIG. 1. Scaling distribution of pion production. Data atAs
5130 and 200 GeV are preliminary and were presented
PHENIX @6,10# for Au1Au collisions. The data at 17 GeV ar
from WA98 @9# for Pb1Pb collisions. The solid line is a fit by Eq
~8!.
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can be evaluated to yieldI546.2. Using Eqs.~6! and~7! for
A(N)5A@Nc(N)#, we can calculate theN dependence of
dNp0 /dh at midrapidity. The data that are available for com
parison aredNch/dh/(0.5N) vs N at As5130 GeV @8#,
shown in Fig. 2. We plot in that figure in solid line ou
calculated result fordNp6 /dh/(0.5N), which is obtained
from Eq. ~9! by identifying dNp6 /dh with 2dNp0 /dh.
Sincep6 is the dominant part of all charged particles, o
should regard the comparison between the calculatedNp6

and the measuredNch to be satisfactory. Recall that althoug
the p/p ratio can exceed 1 aroundpT'3 GeV/c, it is small
at smallpT where the distributions are dominant, so the p
duction of proton does not contribute to the integrated re
as a large fraction of the totaldNch/dh.

Another consequence ofF(z) is the possibility to calcu-
late the nuclear modification factor

RAA~pT!5
d2Np0

AA/dhdpT

Ncd
2Np0

pp/dhdpT

. ~10!

The data available for that are given in Ref.@6#. We show in
Fig. 3 the data for two centrality bins: 0–10 % and 70–80
The corresponding values ofN are 317 and 9.5, respectivel

y
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FIG. 2. CalculateddNp6 /dh/(0.5N) compared to the data on
dNch/dh/(0.5N) @8#.
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FIG. 3. Nuclear modification factorRAA(pT) for p0 production.
The preliminary data are from PHENIX@6#. The lines are the cal-
culated results usingN52 extrapolation ofF(z) for normalization
rather than using independentpp distribution.
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SCALING DISTRIBUTIONS OF QUARKS, MESONS, . . . PHYSICAL REVIEW C 67, 064902 ~2003!
@7#, for which the calculatedRAA(pT) are shown by the solid
and dash-dot lines. ForNp0

pp in the denominator of Eq.~10!
we have usedN52. Experimentally, it is known that the
peripheral nuclear collisions cannot be identified withpp
collisions. The ratioRAA(pT) is defined withNp0

pp in the de-
nominator so as to have a definitive experimental normal
tion. We calculate the ratio withN52 in the denominator so
that no additional experimental input is used. Our point is
show the consistency ofF(z) when the value ofN is ex-
trapolated to extreme limits. Toward that end we find t
comparison between the data points and the calcul
curves in Fig. 3 to be acceptable.

The scaling distributionF(z) is a representation of th
data over nine orders of magnitude for all centralities and
all energies where the data exist. Since the fit is done in
log scale in Fig. 1, one can expect some deviations in
linear scale, as the tests in Figs. 2 and 3 are done. The
must, of course, be self-consistent; so any discrepancie
those figures are due to the extrapolation ofF(z) to very
small z in the calculation ofdNp0 /dh and to very smallN
for RAA . We conclude from those tests that formula~8! for
F(z) is quite reliable even down to very small values oz
andN.

III. SCALING DISTRIBUTION OF QUARKS

From the scaling distribution ofp0, it is possible to de-
rive the quark distribution in the framework of the recomb
nation model. Those quarks have low virtuality~hence, soft!
and are at the last stage of their existence just before
ronization. They are not to be confused with the partons
high virtuality ~hence, hard! just after hard collisions. The
evolution from the hard partons to the soft quarks throu
gluon radiation and conversion to quark pairs in the de
medium involve both perturbative and nonperturbative Q
processes that are complicated, only some of which can
calculated@3,5,11,12#. The last step to hadrons is circum
vented by use of the phenomenological fragmentation fu
tion that connects hard partons to hadrons directly. Our
of the recombination model treats only the last step from s
quarks to hadrons, and can make no statement abou
evolutionary process that begins from hard collisions. W
can be treated is how the soft quarks recombine in differ
combinations to form different hadrons. That is what w
shall do in the following sections. Here we first derive t
quark distributions and examine how they depend on cen
ity.

Before proceeding, we emphasize some points on nota
in order to avoid possible confusion. The quark distributio
denoted byFq(z) below, is not to be confused with the pa
ton distribution probed by deep inelastic scattering that
the same notation. The variablez is not a momentum frac
tion, but the scaling variable@defined in Eq.~2!#, which can
vary far above 1~as seen in Fig. 1!. The symbols in the nex
three equations are the same as the ones used in I, w
adhere to the same notation used in describing the reco
nation model for many years@13,14#. There is, however, one
important difference. Starting from I, this is the first time t
recombination model is applied to the transverse motion,z
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refers to scaled transverse momentum instead of the mom
tum fraction in the longitudinal direction. Moreover, scalin
refers to no explicit dependence on centrality and ene
instead of virtuality. We proceed with this clarification o
notation.

The application of the recombination model@13,14# to the
high-pT problem has been discussed in I. The recombinat
of a q and aq̄ to form ap0 ~whereqq̄ can either beuū or
dd̄, but not bothuū and dd̄) is described by@see I—Eq.
~13!#

dNp0

zdz
5E dz1dz2z1z2Fqq̄~z1 ,z2!Rp~z1 ,z2 ,z!, ~11!

where ourdNp0 /zdzis averaged over rapidity at midrapidit
and over the azimuthal anglef with the 1/2p factor in-
cluded, unlike the experimental distributio
(2p)21d2Np0 /dhpTdpT , which is an average overf that
shows the 1/2p factor explicitly, as in Eq.~1!. The joint
distributionFqq̄(z1 ,z2) is assumed~for heavy-ion collisions!
to have the factorizable formFqq̄(z1 ,z2)5Fq(z1)Fq̄(z2),
with Fq(z1) being the quark distribution in the scaling var
able z1 , and Fq̄(z2) for the antiquark. The recombinatio
function Rp(z1 ,z2 ,z) depends on the wave function of th
constituent quarks in the pion; in the valon model@1,14# it is

Rp~z1 ,z2 ,z!5z22dS z1

z
1

z2

z
21D , ~12!

where the valon distribution in the pion is determined by u
of the data on Drell-Yan production by pion, which is th
only way to probe the pion structure.

At N5Nmax, considered in I, the left-hand side~LHS! of
Eq. ~11! is identified withF(z), which in I is scaling ins.
Now for all centrality, the LHS of Eq.~11! is replaced by the
new F(z) given in Eq.~8!, scaling in bothN ands, and on
the right-hand side~RHS! the new scalingFq(z1) and
Fq̄(z2) are to be determined. Thus putting the various pie
together, we have

F~z!5E
0

z

dz1z1S 12
z1

z DFq~z1!Fq̄~z2z1!. ~13!

There is no explicit dependence onN or s in this equation,
but the q and q̄ distributions ~being scale invariant! have
implicit dependences onpT andN, which will be examined
below.

Since theq and q̄ in Eq. ~13! are at the end of their
evolutionary processes, and are therefore soft partons d
nated by the products of gluon conversion, their distributio
can differ in normalization, but not significantly in theirz1
andz2 dependences, a property that is supported by the
servation that thep̄/p ratio is nearly constant inpT @15#.
Denoting thep̄/p ratio by c, we thus use the relationship

Fq̄~z!5c1/3Fq~z!. ~14!
2-3
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RUDOLPH C. HWA AND C. B. YANG PHYSICAL REVIEW C67, 064902 ~2003!
At RHIC energies,c is roughly 0.7; at Super Proton Synchr
tron ~SPS! c is about 0.13@16,17#. Sincec depends on the
energyAs, Eq. ~14! is not strictly a scaling relationship. Th
smallness ofc at SPS energy is due to the difficulty of pro
ducing a large number ofp̄ compared top at As517 GeV
@18#. Such a scaling violation is expected, just like the d
viation of the diamond points atz.3 from the universal
scaling curve in Fig. 1 for kinematical reasons. Howev
over the whole range of variation ofFq(z) which we shall
determine, the effect due to the variation ofc is small by
comparison, as we shall see.

Let us put our emphasis on the scaling region ofc by
settingc50.7. Using that in Eq.~14! and then on the RHS o
Eq. ~13!, with Eq. ~8! on the LHS, we can vary the param
etrization ofFq(z) to achieve a good fit ofF(z). Our result
is

Fq~z!515~z210.47z10.72!24.25. ~15!

In Fig. 4 we show a plot of Eq.~8! by the solid line and our
fit of it using Eq.~15! in Eq. ~13! by the dashed line. Clearly
the fit is very good. The quark distribution given by Eq.~15!
is shown in Fig. 5 over a range of nine orders of magnitu
of variation. How would that be affected, ifc is lowered to
0.13? The normalization ofFq(z) in Fig. 5 would be in-

2 4 6 8
10
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10
4

10
2

10
0

10
2

Fit of data

Calculated

z

Φ
(z

)

FIG. 4. Comparison of fitted and calculated curves ofF(z). The
solid line is a plot of Eq.~8! obtained from the fit in Fig. 1. The
dashed line is the result of the calculation using Eq.~13!.
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FIG. 5. Scaling distribution of quarks before hadronization.
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creased by a factor of (0.7/0.13)1/651.3, which is insignifi-
cant compared to the nine orders of magnitude of variat
of Fq(z).

From Eq.~15! we can first determine the averagez,

^z&5

E dzz2Fq~z!

E dzzFq~z!

50.415. ~16!

We then define a new variable

u5z/^z&, ~17!

in terms of which we can define a new distribution

cq~u!5Fq„z~u!…/E du uFq„z~u!…

5^z&2Fq„z~u!…/E dz zFq~z!. ~18!

This distribution has not only the property that

E du ucq~u!51 ~19!

by definition, but also

E du u2cq~u!51. ~20!

These are the properties of a Koba-Nielsen-Olesen~KNO!
type distribution@19#. To be strictly KNO scaling, all higher
moments should be independent ofN, as we shall investi-
gate. The virtue of the scaling variableu is that it can be
expressed directly in terms ofpT , since from Eqs.~2! and
~17! we have

u5pT /^pT&N , ~21!

where^pT&N is the averagepT at fixed centrality ands. Note
that the scale factorK(s,N) is common for thepT of bothp0

andq. In the case of pions@2# the variableu can, in principle,
be determined unambiguously from the experiments direc
unlike the variablez that requires rescaling and fitting of th
data at eachN ands. Indeed, the variableu is constructed in
the same spirit as in the original derivation of KNO scali
@19#. Although in the case of quarks hereu cannot be experi-
mentally measured, it is useful to have a KNO distributi
cq(u) as a goal for theoretical modeling, since theu variable
can more directly be related to thepT of the quarks.

From the definition in Eq.~18!, we have

cq~u!51420~u211.13u14.18!24.25. ~22!

A plot of this distribution is shown in Fig. 6. The existence
such a scaling distribution in terms of an intuitive variab
given in Eq.~21! suggests that there is a great deal of reg
larity in the interplay betweenN andpT . Remembering how
J/c production is expected to have an anomalouspT depen-
dence inAA collisions when deconfinement occurs@20#, we
2-4
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find the lack of irregularity in thepT distribution of the
quarks to suggest that the subject ofpT dependences of low
mass particles is not a fertile ground to find signals of qua
gluon plasma—unless, of course, scaling violation is d
matically found at the large hadron collider~LHC!.

Having analytic forms forFq(z) andcq(u) enables us to
investigate the degradation of the partonpT in the dense
medium. To that end we define the momentum fraction v
able

x5pT /K0 , ~23!

whereK0 is a fixed scale, which we take to be 10 GeV/c. It
is tacitly assumed that there is no physics of interest here
pT.10 GeV/c. If that is not the case, an upward revision
K0 is trivial. From Eqs.~2! and ~23!, we have

z5x K0 /K~s,N!, ~24!

and we may rewrite the scaling quark distribution as

Fq~z!5Fq~x,N!, ~25!

where thes dependence is suppressed. We can then de
the normalized quark distribution

Q~x,N!5Fq~x,N!/E
0

1

dx xFq~x,N!. ~26!
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FIG. 7. Centrality dependence of normalized quark distribut
at As5200 GeV.
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FIG. 6. KNO-type distribution of quarks.
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Thex dependences ofQ(x,N) for various representative val
ues ofN are shown in Fig. 7 forAs5200 GeV. It is evident
that, asN increases, the highx tail of Q(x,N) is suppressed
with a concurrent slight increase at very smallx, since the
integral ofQ(x,N) over xdx is constant at 1. The crossove
is at x'0.04, corresponding topT'0.4 Gev/c. Thus the ef-
fect of the dense medium is to degrade thepT of the quarks,
which is a well-known property, but in a very regular wa
that we now describe.

Let us define the ratio

R~x,N!5
Q~x,N!

Q~x,2!
, ~27!

so that the suppression at mostx and enhancement at smallx
can be exhibited more clearly, as shown in Fig. 8, forAs
5200 GeV. Note that forx.0.3 the suppression is rathe
uniform. The rapid change in the range 0,x,0.3 can be
seen in a different plot, shown in Fig. 9. The decrease
x.0.04, asN is increased, is now clear, as is the increase
x,0.04. It should be recognized that in normalizingQ(x,N)
by Q(x,2) in Eq. ~27! it is not important whetherQ(x,2)
agrees well with the corresponding distribution inpp colli-
sions. The ratio removes the exponential dependence at s
x that is common for allN and displays better the relativ
change asN is varied. Also, the extrapolation to very smallx

n

0 0.2 0.4 0.6 0.8 1

10
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0

N=20

N=100

N=200

N=350

x

R
(x

,N
)

FIG. 8. Ratio of quark distribution relative toN52, exhibiting
the degradation atx.0.04 and the enhancement atx,0.04 forAs
5200 GeV.
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FIG. 9. Same as Fig. 8 but plotted for various fixed values ox.
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RUDOLPH C. HWA AND C. B. YANG PHYSICAL REVIEW C67, 064902 ~2003!
may not be accurate. The line forx50.01 in Fig. 9 is in-
tended mainly to give a rough idea of the nature of incre
for x,0.04.

To quantify the degree of degradation, we take the m
ments ofQ(x,N) and define

Qn~N!5E
0

1

dxxn11Q~x,N!. ~28!

We do not consider the order of the moment (n.5), since
higher moments demand more accuracy at higherx, which
we cut off atx51. The extrapolation of our scaling distribu
tion Fq(z) to higherz is not without uncertainties. Howeve
for n<5, our analysis is reliable, and provides adequate
sight into the nature of the degradation in the 0,x,1 re-
gion. In Fig. 10 we show lnQn(N) vs N for n51, . . . ,5; the
relationship can be well approximated by the linear dep
dence

ln Qn~N!5an2bnN, ~29!

where the slopebn is shown in the inset. Clearly,bn depends
linearly onn,

bn5ln, l55.3531024. ~30!

We can combine these two equations to write

d

dN
ln Qn~N!52ln, n<5, ~31!

or

Qn~N!5Qn~N0!e2ln(N2N0). ~32!

Since Eq.~28! implies Qn(N)5^xn&N , Eq. ~32! therefore
can also be written as

^xn&N5^xn&N0
e2ln(N2N0). ~33!

In particular, forn51,N052, andN5350, we have

^x&350/^x&250.83. ~34!
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FIG. 10. Centrality dependence of the moments,Qn(N), whose
log values are raised by the quantities in the parentheses. The
shows the slopesbn , the line being a linear fit.
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Thus even at the maximum separation betweenN and N0 ,
the averagepT of the quarks loses only 17%. This is becau
even severe suppression of high-x quarks cannot change sig
nificantly the averagêx&, which is dominated by the low-x
behavior. However, the same cannot be said about the hi
moments.

What we have found above are properties of the qua
before hadronization. Unfortunately, they cannot be chec
directly by experiments. For testable predictions we now
to the study of proton and kaon formation, whose spectra
be measured experimentally.

IV. SCALING DISTRIBUTION OF PROTON

The quarks considered in the preceding section can
only combine with antiquarks to form pions, but also com
bine with other quarks to form protons. The formulation
the problem is discussed in I, where centrality variation
not considered. Now we allowN to vary, starting from the
new quark distributionFq(z), whose scaling behavior in
cludes the implicit dependence on centrality. As before,
treatment of proton production is not reliable at lowz, where
pT of the proton is low enough to make the mass eff
important. Our calculation that is scale invariant cannot ta
into account the mass-dependent effects.

The proton distribution arising from the recombination
uud quarks is given@1# by

dNp

zdz
5E dz1dz2dz3 z1z2z3Fuud~z1 ,z2 ,z3!Rp~z1 ,z2 ,z3 ,z!,

~35!

where

Fuud~z1 ,z2 ,z3!5Fu~z1!Fu~z2!Fd~z3! ~36!

and

Rp~z1 ,z2 ,z3 ,z!50.057z22Gp~j1 ,j2 ,j3!. ~37!

Gp(j1 ,j2 ,j3) is the valon distribution in a proton, expresse
in terms of the valon momentum fractionsj i5zi /z @21#. It is
determined from the parton distributions that fit the de
inelastic scattering data, and is

Gp~j1 ,j2 ,j3!5g~j1j2!aj3
bd~j11j21j321!, ~38!

where

a51.755, b51.05, ~39!

g5@B~a11,b11!B~a11,a1b12!#21. ~40!

The recombination function for the proton is more comp
cated than that for the pion because the proton is no
tightly bound as the pion in terms of the constituent qua
masses, but the procedures for the determination of the
combination functions are similar.

Equation~35! is derived in I forN5Nmax. For N,Nmax
the new scaling function forFq in Eq. ~15! is to be used for
the quark distributionsFu andFd in Eq. ~36!. The resulting

set
2-6
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integral is to be identified with the new proton scaling d
tribution Fp(z), as in the pion case. We show in Fig. 11 t
result onFp(z), for which only thez.3 part is plotted,
since it is unreliable forz,3 due to the neglect of the mas
effect.

The relationship between the calculatedFp(z) and thepT
distributiondNp /pTdpT(s,N) is

Fp~z!5Ap~N!Kp
2~s,N!

dNp

pTdpT
~s,N!, ~41!

where, we repeat, ourdNp /pTdpT corresponds to the exper
mental (2ppT)21d2Np /dhdpT @cf. Eq. ~1!#. We have added
a subscriptp to each function in Eq.~41! to emphasize their
reference to proton; indeed, we should similarly add a s
script p to the corresponding functions in Eq.~1! to clarify
their differences, as we shall do below when we comparp
and p production. Whereas Eq.~1! is determined by the
phenomenological analysis of thep0 data in II, there are no
similar data on thep spectra to confirm Eq.~41!. However,
on theoretical grounds we expect that relationship to exist
the following reasons. First, since the quark distribution
scale invariant, the recombination model implies that ther
a scaling distributionFp(z) for the proton, as we have ca
culated. That gives the LHS of Eq.~41!. On the RHS we
expectKp(s,N)5Kp(s,N)5Kq(s,N), since the same sca
ing variablez has been used for pion, quark, and proto
Without that universal variablez the recombination mode
cannot be formulated in the form of Eqs.~11! and ~35!. Fi-
nally, we conjecture that

Ap~N!5Ap
3/2~N! ~42!

on the grounds of internal consistency, since the compar
among Eqs.~1!, ~11!, and ~13! suggests thatFq implicitly
absorbs anAp

1/2 factor. When that factor is applied to Eq
~35!, ~36!, and~41!, we expect Eq.~42! to follow. This con-
jecture can be independently checked when the centr
dependence of the proton distribution at highpT becomes
available and the existence of the scalingFp(z) can then be
examined directly from the data, as is done in II. If the co
jecture is verified, then the data provide empirical eviden
for proton being the hadronization product of three quar
rather than other mechnisms such as gluon junction@4,22#.
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FIG. 11. Scaling distribution for proton.
06490
-

-

r
s
is

.

on

ty

-
e
,

One way to check Eq.~42! is to calculate thep/p ratio
Rp/p at different centrality bins, where

Rp/p~pT ,N!5
dNp

pTdpT
~N!/

dNp

pTdpT
~N!. ~43!

In I this ratio has been calculated forN5Nmax. Using Eqs.
~41! and ~42! we now can calculate it forN,Nmax. There
are no data in thepT range where our prediction is reliable
However, PHENIX does have preliminary data onRp/p for
pT,3.7 GeV/c for two centrality bins, 0–5 % and 60–91 %
@15#. They differ by roughly a factor of 3 with large error
for pT'3 GeV/c. Assuming that the ratio of ratios is likely
to remain the same at higherpT , we can calculate it for
comparison, with the definition

r ~pT!5Rp/p~pT ,N5350!/Rp/p~pT ,N515!, ~44!

whereN515 is taken to correspond to 60–91 % centrali
The result is shown in Fig. 12 forAs5200 GeV. While the
tendency ofr (pT) to increase at lowpT is disturbing, the
level of r (pT)'3 for pT.5 GeV/c is in rough agreemen
with the data atpT'3 GeV/c. If Ap(N) were the same as
Ap(N), thenr (pT) would be much lower by a factor of 8.4
and can be ruled out even by the preliminary data@15#. Thus,
until sufficient data become available to test directly the sc
ing formula ~41! for protons, we shall use Eq.~42! for the
normalization factor.

On the basis of Eq.~41! we now can calculate thepT
distributionsdNp /pTdpT , which are experimentally measu
able. They are shown in Fig. 13 forN530,150, and 350 for
As5200 GeV. It is interesting to note that the distributio
for N5150 and 350 differ only slightly in the log scale, du
undoubtedly to the near cancellation of the two oppos
properties: the increase of the number of hard collisions
higher N and the suppression of high-pT protons in larger
dense medium.

V. SCALING DISTRIBUTION OF KAONS

For the production of kaons in the recombination mod
we need two inputs: the strange quark distribution and
recombination function for aK meson. The former has bee

0 2 4 6 8 10
0

2

4

6

8

10

p
T

r(
p T

)

FIG. 12. The ratio of thep/p ratio at N5350 to the same at
N515 for As5200 GeV.
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RUDOLPH C. HWA AND C. B. YANG PHYSICAL REVIEW C67, 064902 ~2003!
considered in our study of the strangeness enhancem
problem in heavy-ion collisions@23#. The latter is given in
Ref. @14#.

It is known that the number ofL and S hyperons pro-
duced in heavy-ion collisions is enhanced by more tha
factor of 2. Since the enhancement is due mainly to glu
conversion and Pauli blocking, the relevant question in
context of the parton model is what is the percentage of
gluon conversion into the strange quarks. The amazing
swer found in Ref.@23# is that it is only 8%. Due to the large
number of gluons produced in heavy-ion collisions, that
enough to raise the strange quark density by a factor of 2
2.3 from the intrinsic level in a free proton, depending
collision energy.

To be precise, let us use the notation where the symbo,
and s denote the total number of light and strange quar
respectively,, beingu1d, in contrast toq beingu or d. Let
,v , ,s , ss , and g denote the numbers of valence quark
light sea quarks, strange quarks, and gluons, respecti
before the gluons are converted to,,̄ andss̄ for recombina-
tion to form hadrons. Since only the ratios of these numb
will be relevant below, they will be given modulo a commo
multiplicative factor that needs not be specified. The nu
bers for RHIC at 130 GeV@23# are

,v50.30, ,s50.37,

ss50.18, g52.46. ~45!

It is also found that the fraction of gluon conversion to t
strange sector isg50.08, i.e.,

sc5gg, ,c5~12g!g, ~46!

where the subscriptc denotes converted quarks. The n
strange to light quark ratio after conversion is then

s

,
5

ss1sc

,v1,s1,c
50.128. ~47!

Settingu5d for simplicity, we have,52q and

s/q50.256. ~48!

0 2 4 6 8 10
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0
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p
T

dN
p/p

T
dp

T

FIG. 13. ThepT distribution for proton at three values ofN for
As5200 GeV.
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Since sc5gg50.197, the strange quark multiplicity origi
nally at ss is more than doubled by gluon conversion.

The above consideration is at the quark level. How t
translates to hadron abundance must take into account
peron production in addition to kaon production, since t
effects of associated production cannot be ignored. The p
lem of partitioning the total strange quark numbers into va
ous channels of strange hadrons competing for those qu
has been treated in Ref.@23#. It is found there that the frac
tion k of s quark formingK̄ andk̄ of s̄ antiquark formingK
can be deduced from the data. That is, defining

K̄5ks, K5k̄ s̄, ~49!

whereK̄5K21K̄0 andK5K11K0 denote the numbers o
K mesons of various types, one has at 130 GeV collis
energy,

k50.628, k̄50.713. ~50!

For the purpose of calculatingK1/p1 ratio, let us uses̄8 to
denote the number ofs̄ quarks to recombine withu quark to
form K1, and we have

s̄85
0.256

2
k̄q50.091q. ~51!

We shall assume that thez distribution of thes̄8 quark is the
same, apart from normalization, as that of theu quark, so we
get

Fs̄8~z!50.091Fq~z!. ~52!

It should be noted that in the preceding two paragra
we have considered the number of partons that are rele
to the problem of strangeness enhancement. Since we
been interested only in the ratios of the parton numbers, th
is a common unspecified factor, so the parton numbers
equivalent to the parton densities in the calculation. They
derived in Ref.@23# from the data on strangeness producti
in the central region, and the parton densities refer to thos
low Q2 and at midrapidity. Although the densities are orig
nally given in terms of the longitudinal momentum fractio
x, their ratios are used here to specify the ratio of the tra
verse momentum distributions without the implication th
the scaling variablez is thereby related to the longitudina
momentum fractionx. The result of the study is represente
by one number, which is 0.091 in Eq.~51!. It enables us to
determine the normalization ofFs̄8(z) relative toFq(z), as
shown in Eq.~52!. As in all parts of this paper,Fs̄8(z) and
Fq(z) refer to the transverse momentum distributions in
scaled variablez, even though their normalizations can b
obtained from the consideration of the parton densities
small longitudinal momentum fractions in a different co
text.

In the recombination model we expect the producedK1

to also have also a scaling distribution
2-8
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SCALING DISTRIBUTIONS OF QUARKS, MESONS, . . . PHYSICAL REVIEW C 67, 064902 ~2003!
FK~z!5E dz1dz2 z1z2Fq~z1!Fs̄8~z2!RK~z1 ,z2 ,z!.

~53!

The recombination function for theK meson is similar to tha
of the pion given in I,

RK~z1 ,z2 ,z!5RK
0 z22GKS z1

z
,
z2

z D , ~54!

whereGK(j1 ,j2) is the valon distribution in theK meson
@14#,

GK~j1 ,j2!5gKj1
aj2

bd~j11j221!, ~55!

with gK5B(a11,b11)21. The parametersa andb are de-
termined from the analysis ofKp collisions and are found to
bea51 andb52 ~see the second paper in Ref.@14#!. Since
K1 is the only state in the pseudoscalar octet that hasus̄
content, we haveRK

0 51, and thus

RK~z1 ,z2 ,z!5
1

B~2,3!

z1z2
2

z5 dS z1

z
1

z2

z
21D . ~56!

We now can calculateFK(z) using Eqs.~15!, ~52!, ~53!, and
~56!. Since forFK(z) we have, as in Eq.~41!,

FK~z!5AK~N!KK
2 ~s,N!

dNK

pTdpT
~s,N!, ~57!

whereAK5Ap andKK5Kp , we obtain for theK1/p1 ratio

RK/p~pT ,N!5
dNK

pTdpT
Y dNp

pTdpT
5

FK@z~pT ,N!#

Fp@z~pT ,N!#
,

~58!

wherep1 is taken to be the same asp0.
In Fig. 14 we showRK/p(pT) for N5350 and 200, and

As5130 GeV. Since the determination ofk a nd k̄ in Eq.
~50! is by use of the data on particle ratios, which are n
reliable for noncentral collisions, we have no confidence
the strangeness enhancement factor deduced whenN is low.
For N.200, Fig. 14 shows that theK/p ratio is not sensitive

0 2 4 6 8 10
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0.05

0.1

0.15

0.2
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N=350

N=200

Au+Au 130 GeV

p
T

R
K

/π

FIG. 14. The K/p ratio at two values of N for
As5130 GeV.
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to centrality, and is only mildly dependent onpT . This result
awaits direct check by experimental data.

VI. CONCLUSION

From the scaling distributionF(z) obtained from the data
on p0 production, we have derived many quantities by use
the recombination model. They are the distributions
quarks, protons, and kaons, and their respective depende
on centrality. All that is made possible by the discovery
the universal functionF(z) valid for all centrality and col-
lision energy. The scaling variablez that unites thepT depen-
dences for allN andAs quantifies the difficulty of producing
transverse motion, and for that interpretation it can be term
transversality. A particle produced at a particularpT at high
As has a lower transversality than that of the same part
produced at the samepT but at a lowerAs, because it is
easier in the former case that involves a smaller momen
fraction. Similarly, it is easier to produce a particle at a giv
high pT when N is low than to do the same at a higherN
because there is less degradation of the transverse mo
tum at lowerN. Thus the former particle has lower transve
sality than the latter. With this way of viewing transver
motion we see that it is the transversality of the produc
particles that has the universal property at any given cen
ity and collision energy.

The quantitative results that we have obtained have t
limitations due to the assumptions that we have made.
example, for the protonz distribution we have assumed th
Fq̄(z)/Fq(z) is a constant, which has some phenomenolo
cal support in that the observedp̄/p ratio is roughly constant
in pT ; however, that ratio fails to maintain constancy
highly peripheral collisions. Thus our result is not likely
be valid when N is very low. Similarly, whether
Fs̄8(z)/Fq(z) is a constant and over what range ofN, if it is,
are not known. The centrality dependence of the strange
fraction of gluon conversion is also unknown. Our result
K/p ratio can therefore only be regarded as prelimina
pending experimental guidance to improve our simplifyi
assumptions. Despite these uncertainties for noncentral
lisions, the recombination model has enabled us to calcu
the scaling behavior of the quark, proton, and kaon distri
tions, the latter two of which are subject to direct experime
tal test.

For noncentral collisions we have only calculated thepT
distribution, averaged over the azimuthal anglef. Clearly,
the dependence onf is important as it contains dynamica
information. It will be very interesting to investigate wheth
centrality scaling persists in restrictedf bins, and if it does,
how the scaling curves depend onf. On the basis of the
universality in transversality distribution, we expect th
suchf-dependent scaling curves can be put into an ove
f-independent scaling curve upon rescaling. At the price
lower statistics, this can be checked by an appropriate an
sis of thep0 production data.

Ultimately, the important issue to focus on is the implic
tion of the existence of the scaling behavior on the poss
formation of quark-gluon plasma. At this stage of our und
2-9
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RUDOLPH C. HWA AND C. B. YANG PHYSICAL REVIEW C67, 064902 ~2003!
standing, a conservative statement that can be made is
the discovery of scaling violation might provide a strong h
for a drastic change of dynamics, possibly associated wi
phase transition. Without waiting for LHC to enlighten u
with that possibility, a more urgent issue to settle is why
the quark-gluon plasma has been created already at exi
collision energies, the change of the nature of the dense
dium does not affect the scaling behavior that we have fo
to be universal between 17 and 200 GeV. Either the sca
behavior is insensitive to the change, or the change ha
ready occurred at a collision energy less than 17 GeV. If b
of these alternatives are incorrect, then the only way ou
II.
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that quark-gluon plasma has not yet been created at
RHIC. These are the unintended, but remarkable, con
quences of the scaling behavior. It is thus paramount to
derstand whether a phase transition can lead to a violatio
the scaling behavior found here.
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