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Scaling distributions of quarks, mesons, and proton for allp;, energy, and centrality
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We present the evidence for the existence of a universal scaling behavior of the productibrapll
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 qaik derived from the scaling distribution. In
the recombination model it is then possible to calculatepthédistributions 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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[. INTRODUCTION refer to the difficulty of acquiring transverse motion. The
broader implication on the creation of quark-gluon plasma is
In two recent papers we have discussed the scaling proginally addressed.
erties of the largepy distributions of #° produced in Au
+ Au collisions at the relativistic heavy-ion collidéRHIC) Il. SCALING DISTRIBUTION OF PIONS
and presented their implications. As reported in the first pa-
perLl], hereafter Tefe”e.d toas |, we found energy scaling aku+Au collisions at RHIC[6] we have found a scaling
maximum centrality, while in the second papgl, referred distributi . -
. . . istribution at midrapidity,
to as I, we found centrality scaling at the highest energy.
The two can be combined to yield one scaling distribution 1 d®N,
for all energy and centrality. In | we derive the quark distri- CI>(Z)=A(N)K2(S,N)F Jrdo
bution from the#° data in the framework of the recombina- Pr Gndbr
tion model; we now do the same for all centralities and deywhere
termine the nature of degradation of the quark momentum in
the dense medium, as we have done for#flenomentum in z=p7/K(s,N). 2
II. From the quark distribution we can calculate the proton
distribution for all centralities. Moreover, we can extend our
consideration to the production of kaons so that we can ca
culate not only thep/ 7 ratio, but also the</ 7 ratio.
We are able to do all that for two essential reasons. The
first reason is that the discovery of the scaling properties
facilitates the analysis by avoiding the need to consider th?\/here\/E
variation of physics issues at different centralities and ener-
gies. The other reason is that the quark distribution we deriv
is for g andq just before hadronization. It is not the result of
some dynamical evolution starting from hard collisions, for K(N)=1.226-(6.36x10 )N, (4
which many complex issues must be considdi@ds]. The
recombination model that we use can only address the hadrormalized to 1 alN=350. We now combine the two and
ronization problem of the soft partons at low virtuality, but at assume the factorizable form
any py. From the pion data we infer the distributions of the
K(s,N)=K(s)K(N). 5)

soft g and g, which in turn are used to give the proton and

kaon distributions through recombination. How the soft par- this paper we investigate the centrality dependence mostly

tons get to be where they are in tpe space is not cons_id— t J5=200 GeV. The normalization fact@¥(N) in Eq. (1)
ered. However, by studying the momentum degradation ofg o nq in |1 to have a power-law dependence on the number
the quarks, we gain from the centrality dependence opthe ¢ binary collisions,N

W NC

distributions some understanding about how quarks lose mo-

From the preliminary PHENIX data of° production in

@

The symbolIN denotes the number of participanté,,, for
|l_3revity. The scaling factoK(s,N) is first found in | forN
fixed at its maximumN,,,=350, to be(in GeVic)

K(s)=0.69+ (1.55x 107 3) /s, (3)

is in units of GeV, andK(s) is normalized to 1 at
s=200 GeV. WherN is allowed to vary, while/s is fixed
t 200 GeV, it is found in 1l that the scaling factor is

menta as they propagate through the dense medium. Experi- A(Ng) =530, %9, (6)
mentally verifiable predictions are made on the proton and
kaon transverse momentum distributions. whereN, in turn depends ol as
The physical interpretation of the scaling variable is given
at the very end, where the term transversality is suggested to N,=0.44N*33 7
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FIG. 1. Scaling distribution of pion production. Data ds
=130 and 200 GeV are preliminary and were presented by FIG. 2. CalculateddN_ = /d#/(0.5N) compared to the data on
PHENIX [6,10] for Au+Au collisions. The data at 17 GeV are dNg,/d#/(0.5N) [8].
from WA98 [9] for Pb+ Pb collisions. The solid line is a fit by Eq.

(8. can be evaluated to yielfi=46.2. Using Eqs(6) and(7) for
A(N)=A[N.(N)], we can calculate th& dependence of

a relationship that is determined from the tables listed indN_o/d» at midrapidity. The data that are available for com-

Refs.[7,8]. parison aredNg,/d7/(0.5N) vs N at \s=130 GeV [8],

In Fig. 1 we show the combined plot df(z) exhibiting  shown in Fig. 2. We plot in that figure in solid line our
the \s= 200 GeV PHENIX data for five bins of centrality as calculated result fordN_= /d#/(0.5N), which is obtained
well as the\'s=130 GeV data at 0-10% centralifg] and  from Eq. (9) by identifying dN_=/d% with 2dN,o/d7.
the 17-GeV data at 0-12.7 98]. The #° data, which are Sincew* is the dominant part of all charged particles, one
only for pr>1 GeV/c, are supplemented by the" data for  should regard the comparison between the calculbted
pr<1GeVlc at ys=200 GeV and 0-5% centralitfl0].  and the measureN, to be satisfactory. Recall that although
Evidently, all the data points fall on one universal scalingthe p/ ratio can exceed 1 arounm~3 GeV/c, it is small
distribution that is invariant under changesNrand\/s. The  at smallp; where the distributions are dominant, so the pro-
17-GeV data are obtained by the WA98 Collaborafiéhfor ~ duction of proton does not contribute to the integrated result
Pb+ Pb collisions and show a slight departure from the uni-as a large fraction of the totalN.,/d .
versal curve foz>3. It should be recognized that those data Another consequence d#(z) is the possibility to calcu-
points that deviate from the scaling distribution correspondate the nuclear modification factor
to pt>3 GeVlc, which is apy range that represents a very

large fraction of the total available energy of 17 GeV. Thus d2NA9/d 7d py
the kinematic constraint of energy conservation introduces a Raa(pT) = ZWT (10
nondynamical factor that suppresses the hpghbehavior, Ncd“N;o/d7dpr

not present in the other data =130 GeV. Such a viola-

tion of scaling is expected, and should not be regarded as athe data available for that are given in Rg]. We show in
invalidation of the general scaling behavior that we observeFig. 3 the data for two centrality bins: 0—10 % and 70-80 %.
On the contrary, it is amazing that the scaling behavior ca’he corresponding values dfare 317 and 9.5, respectively
cover such a wide range afs, when most of the 17-GeV

data points withpt<<3 GeV/c are included. . N=95 70 80%
The scaling data points can be well fittg2] by o I 10%°
1.4r
d(2)=120Q2%°+2) *§1+25e *%), (8) 1.2
5 1 |
which is shown by the solid line in Fig. 1. This formula ® o8 % J S S SR SN S0 R
differs from the one given in | mainly by the addition of the 0.6} ]
exponential term, which reflects the statistical behavior at o4l % ; ]
small z represented by ther™ data, but is insignificant at i I
2 T 0.2} i3 ]
large z, where the power-law behavior is indicative of the
effects of hard collisions. % 2 4 6 8

A number of consequences of the scaling distribution, Eq.

(8), can be examined directly. First, the integral o )
FIG. 3. Nuclear modification factd®a(p+) for 7% production.

A(N) dN The preliminary data are from PHENIP6]. The lines are the cal-
— 0 (9 culated results usinb=2 extrapolation ofP(z) for normalization
2w dp rather than using independemp distribution.

I= f:dzzd)(z)z
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[7], for which the calculate®aA(pt) are shown by the solid refers to scaled transverse momentum instead of the momen-
and dash-dot lines. Fmgg in the denominator of E¢(10) tum fraction in the longitudinal direction. Moreover, scaling
we have usedN=2. Experimentally, it is known that the refers to no explicit dependence on centrality and energy,
peripheral nuclear collisions cannot be identified witp msttetgd of virtuality. We proceed with this clarification on
collisions. The raticRaa(pr) is defined withNPG in the de-  Notton. o
nominator so as to have a definitive experimental normalizaﬁ. The application of the recpmblnathn modB, 14 to the .
tion. We calculate the ratio witN=2 in the denominator so igh-py probl_em has been dlscusseiln . The recom_bmatlon
that no additional experimental input is used. Our point is to°f 2 and aq to form arro_(whereqq can either beiu or
show the consistency ab(z) when the value oN is ex-  dd, but not bothuu and dd) is described bysee I—Eq.
trapolated to extreme limits. Toward that end we find the(13)]
comparison between the data points and the calculated
curves in Fig. 3 to be acceptable. dN,0

The scaling distributiortb(z) is a representation of the Zdz :f d2,d2,212,F 4(21,25)R(21,2,,2),  (11)
data over nine orders of magnitude for all centralities and for

all energie; Where the data exist. Since the fit i; QOne 'in thﬁ/here ourdN_o/zdzis averaged over rapidity at midrapidity
ng scale in Fig. 1, one can _expect some deviations in th nd over the azimuthal anglé with the 1/27 factor in-
linear scale, as the tests in Figs. 2 and 3 are done. The d A1ded unlike the experimental distribution

must, of course, be self-consistent; so any discrepancies |& 142 C
' : ) *d“°N o/dypsdpr, which is an average ovep that

thoslt? fl_gutrr(]as ar? dlute_ to t?jeNex/t(rjapolagclnCID(fz) to Velpl/ shows the 1/z factor explicitly, as in Eq.(1). The joint
smallzn the caiculation odN;o/dz and to very sma distributionF 44(z,,2,) is assumedfor heavy-ion collisions
for Rya. We conclude from those tests that form& for ; _
D(2) i i liabl d i Il val f to have the factorizable fornkq(z;,2,) =Fq(z1) Fq(Z2),
an(é)le quite reliable even down o very small valueszor i, Fq(z1) being the quark distribution in the scaling vari-

' able z;, and F(z,) for the antiquark. The recombination
function R(z;,2,,2Z) depends on the wave function of the
constituent quarks in the pion; in the valon mofigll4] it is

Ill. SCALING DISTRIBUTION OF QUARKS

From the scaling distribution of°, it is possible to de-
rive the quark distribution in the framework of the recombi- T
nation model. Those quarks have low virtualitence, soft Rn(21,22,2)=2 5(?+ z 1)' (12

and are at the last stage of their existence just before had-

ronization. They are not to be confused with the partons afyhere the valon distribution in the pion is determined by use
h|gh Virtuality (hence, har)jjust after hard collisions. The of the data on Drell-Yan production by pion’ which is the
evolution from the hard partons to the soft quarks throughynly way to probe the pion structure.

gluon radiation and conversion to quark pairs in the dense At N=N,,.,,, considered in I, the left-hand sideHS) of
medium involve both perturbative and nonperturbative QCDeq, (11) is identified withd(z), which in | is scaling ins.
processes that are complicated, only some of which can bRow for all centrality, the LHS of Eq(11) is replaced by the
calculated[3,5,11,12. The last step to hadrons is circum- pew d(z) given in Eq.(8), scaling in bothN ands, and on
vented by use of the phenomenological fragmentation funce,e right-hand side(RHS) the new scalingF4(z;) and

tion that connects hard partons to hadrons directly. Our USpE(Zz) are to be determined. Thus putting the various pieces
of the recombination model treats only the last step from SOongether we have

quarks to hadrons, and can make no statement about the

evolutionary process that begins from hard collisions. What , .

can be treated is how the soft quarks recombine in different q)(z)zf lezl( 1— _1) Fq(z1)Fq(z—12y). (13
combinations to form different hadrons. That is what we 0 z

shall do in the following sections. Here we first derive the

quark distributions and examine how they depend on centralfhere is no explicit dependence dhor s in this equation,

ity. but the q anda distributions (being scale invariapthave

Before proceeding, we emphasize some points on notatiofnplicit dependences op; andN, which will be examined
in order to avoid possible confusion. The quark distribution,pe|ow.

denoted byF,(z) below, is not to be confused with the par-

ton distribution probed by deep inelastic scattering that ha since theq and g in Eq. (13 are at the end of their

h tai Th s i wurn f %volutionary processes, and are therefore soft partons domi-
" € sgn:ethno a |<I)_n. € Vt?lna " sdn_o 2 m;menhyrn rac- nated by the products of gluon conversion, their distributions
ion, but the scaling variablgdefined in Eq{2)], which can can differ in normalization, but not significantly in thedg

vary far above Xas seen in Fig.)L The symbols in the next ;
thrge equations]( are the samg )as the gnes used in | Whigﬁ]d 22 dependencEs, a property that is supported by the ob-
adhere to the same notation used in describing the recombr€rvation that thep/p ratio is nearly constant ipr [15].

nation model for many yeafd3,14. There is, however, one Denoting thep/p ratio by c, we thus use the relationship
important difference. Starting from |, this is the first time the
recombination model is applied to the transverse motiom, so Fq(2)= cl’3Fq(z). (19
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— Fit of data
o | --- Calculated

FIG. 4. Comparison of fitted and calculated curve®d¢ft). 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 ).

At RHIC energiesc is roughly 0.7; at Super Proton Synchro-
tron (SPS c is about 0.1316,17). Sincec depends on the

energy-/s, Eq.(14) is not strictly a scaling relationship. The
smallness ot at SPS energy is due to the difficulty of pro-

ducing a large number cﬁcompared top at \/s=17 GeV

[18]. Such a scaling violation is expected, just like the de-

viation of the diamond points a>3 from the universal

PHYSICAL REVIEW C67, 064902 (2003

creased by a factor of (0.7/0.28= 1.3, which is insignifi-
cant compared to the nine orders of magnitude of variation
of Fy(2).

From Eq.(15) we can first determine the average

scaling curve in Fig. 1 for kinematical reasons. However,

over the whole range of variation &f,(z) which we shall
determine, the effect due to the variation ofs small by
comparison, as we shall see.

Let us put our emphasis on the scaling regioncdby
settingc=0.7. Using that in Eq(14) and then on the RHS of
Eqg. (13), with Eqg. (8) on the LHS, we can vary the param-
etrization ofF4(z) to achieve a good fit oP(z). Our result
is

Fq(2)=15z°+0.472+0.72 422 (15
In Fig. 4 we show a plot of Eq8) 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 Ef5)

f dzZF4(2)
(z)=—————=0.415. (16
f dzzFR(2)
We then define a new variable
u=2/(z), (17
in terms of which we can define a new distribution
wq(u)=Fq(z(u))/J’ du uFy(z(u))
=(z)2Fq(z(u))/f dz zFRy(2). (18
This distribution has not only the property that
f duuyg(u)=1 (19
by definition, but also
f du Pig(u)=1. (20)

These are the properties of a Koba-Nielsen-Ole@aiO)
type distribution[19]. To be strictly KNO scaling, all higher
moments should be independent df as we shall investi-
gate. The virtue of the scaling variableis that it can be
expressed directly in terms @, since from Eqs(2) and
(17) we have

u=pr/{Prin; (21)

where(p+)y is the averager at fixed centrality and. Note
that the scale factdf (s,N) is common for thepy of both 7°

is shown in Fig. 5 over a range of nine orders of magnitudedndq_ In the case of pionk2] the variableu can, in principle,

of variation. How would that be affected, dfis lowered to
0.13? The normalization of,(z) in Fig. 5 would be in-

10°

FIG. 5. Scaling distribution of quarks before hadronization.

be determined unambiguously from the experiments directly,
unlike the variablez that requires rescaling and fitting of the
data at eacN ands. Indeed, the variabla is constructed in
the same spirit as in the original derivation of KNO scaling
[19]. Although in the case of quarks haneannot be experi-
mentally measured, it is useful to have a KNO distribution
¥4(u) as a goal for theoretical modeling, since theariable
can more directly be related to thpg of the quarks.

From the definition in Eq(18), we have

Po(U)=142Qu%+1.1u+4.18 *% (22)

A plot of this distribution is shown in Fig. 6. The existence of
such a scaling distribution in terms of an intuitive variable
given in Eq.(21) suggests that there is a great deal of regu-
larity in the interplay betweeN andp;. Remembering how
J/¢ production is expected to have an anomalpysiepen-
dence inAA collisions when deconfinement occyiiX)], we
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FIG. 6. KNO-type distribution of quarks. FIG. 8. Ratio of quark distribution relative t§=2, exhibiting

) ) o o the degradation at>0.04 and the enhancementat 0.04 for \/s
find the lack of irregularity in thep; distribution of the =200 Gev.

guarks to suggest that the subjectpgfdependences of low-
mass particles is not a fertile ground to find signals of quark-The x dependences @(x,N) for various representative val-
gluon plasma—unless, of course, scaling violation is drayes ofN are shown in Fig. 7 fok/s=200 GeV. It is evident
matically found at the large hadron colliddrHC). that, asN increases, the hightail of Q(x,N) is suppressed,
Having analytic forms foF,(z) andy,(u) enables usto  wjth a concurrent slight increase at very smallsince the
investigate the degradation of the partpp in the dense jntegral of Q(x,N) overxdx is constant at 1. The crossover
medium. To that end we define the momentum fraction variis atx~0.04, corresponding tpr~0.4 Gevt. Thus the ef-
able fect of the dense medium is to degrade fheof the quarks,
which is a well-known property, but in a very regular way
x=pr/Ko, (23 that we now describe.

Let us define the ratio
whereKg is a fixed scale, which we take to be 10 GeViIt

is tacitly assumed that there is no physics of interest here for Q(x,N)
pr>10 GeVk. If that is not the case, an upward revision of R(x,N)= X2 (27)
Ko is trivial. From Eqgs.(2) and(23), we have '

so that the suppression at masind enhancement at small
can be exhibited more clearly, as shown in Fig. 8, {&r
=200 GeV. Note that fox>0.3 the suppression is rather
uniform. The rapid change in the range<®<0.3 can be
seen in a different plot, shown in Fig. 9. The decrease for
x>0.04, asN is increased, is now clear, as is the increase for
<0.04. It should be recognized that in normalizigx,N)
y Q(x,2) in Eg.(27) it is not important whetheQ(x,2)
agrees well with the corresponding distributiongp colli-
1 sions. The ratio removes the exponential dependence at small
Q(x,N):Fq(x,N)/J dx xFy(x,N). (26)  x that is common for alN and displays better the relative
0 change ad\ is varied. Also, the extrapolation to very small

z=xKq/K(s,N), (24
and we may rewrite the scaling quark distribution as

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

16

— x=0.01

FIG. 7. Centrality dependence of normalized quark distribution
at \/s=200 GeV. FIG. 9. Same as Fig. 8 but plotted for various fixed values. of
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Thus even at the maximum separation betwBeand Ny,

>8 A e Pl SoaL, the average of the quarks loses only 17%. This is because
= 67 PR S0 | even severe suppression of higliguarks cannot change sig-
o562 LR ] nificantly the averagéx), which is dominated by the low-
= (10 Te3 (259 behavior. However, the same cannot be said about the higher
641 4 . gA T4 ] moments.
66 3 T, (+6.5) What we have found above are properties of the quarks
. 122 / GO before hadronization. Unfortunately, they cannot be checked
' 1 directly by experiments. For testable predictions we now go
7 B : 1 to the study of proton and kaon formation, whose spectra can
79 L . . . be measured experimentally.
0 100 N 200 300

IV. SCALING DISTRIBUTION OF PROTON

FIG. 10. Centrality dependence of the momeRI§(N), whose The quarks considered in the preceding section cannot
log values are raised by the quantities in the parentheses. The inset q : ; . P : 9
shows the slopeb, , the line being a linear fit. only combine with antiquarks to form pions, but also com-

bine with other quarks to form protons. The formulation of
may not be accurate. The line far=0.01 in Fig. 9 is in- the problem is discussed in I, where centrality variation is

tended mainly to give a rough idea of the nature of increas8°! con5|dere_d. .NOW we allow to vary, sfcartmg from the
for x<0.04. new quark distributionF4(z), whose scaling behavior in-

cludes the implicit dependence on centrality. As before, the
treatment of proton production is not reliable at laywhere
pr of the proton is low enough to make the mass effect
1 important. Our calculation that is scale invariant cannot take
Qn(N)=f dxxX""1Q(x,N). (28 into account the mass-dependent effects.
0 The proton distribution arising from the recombination of
uud quarks is giverj1] by

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

We do not consider the order of the moment<5), since
higher moments demand more accuracy at highexhich N
we cut off atx=1. The extrapolation of our scaling distribu- Tp = f dz,d2,d23 2,2,75F 4 ((21,22,23) Rp(21, 25,23, 2),
tion F4(2) to higherzis not without uncertainties. However, z

for n<5, our analysis is reliable, and provides adequate in- (39
sight into the nature of the degradation in theX<1 re-  \here
gion. In Fig. 10 we show I®Q,(N) vs N for n=1, ... ,5; the
relationship can be well approximated by the linear depen- Fuoud(Z1,25,23) =F(21)Fy(25)F4(Z3) (36)
dence
and
In N)=a,—b,N, 29
nN= e 29 Ry(21,2,,23,2)=0.05% 2Gy(£1,6.62).  (37)
where the slopé,, is shown in the inset. Clearl},, depends ) o
linearly onn, Gp(é1,€2,£3) is the valon distribution in a proton, expressed
in terms of the valon momentum fractiofs=z,/z [21]. It is
b,=An, A=5.35x10 * (300  determined from the parton distributions that fit the deep

inelastic scattering data, and is

Gp(é1.62.63)=0(£16) E58(&1+ &+ E-1), (38

We can combine these two equations to write

d
g Qn(N)=—xn, n<5, (3D where
or a=1.755, B=1.05, (39
Qn(N)=Qp(Ng)e M(N-No), (32) g=[B(a+18+1)B(a+l,a+pB+2)] L (40)
Since Eq.(28) implies Qn(N)=(x")y, Eq. (32) therefore The recombination function for the proton is more compli-
can also be written as cated than that for the pion because the proton is not as
tightly bound as the pion in terms of the constituent quarks
(XM= (x")y e MN"No), (33)  masses, but the procedures for the determination of the re-
° combination functions are similar.
In particular, forn=1Ny=2, andN=350, we have Equation(35) is derived in | forN=Npay. FOr N<Npay
the new scaling function foF, in Eq. (195) is to be used for
(X)350/{X)»,=0.83. (34  the quark distributions, andF4 in Eq. (36). The resulting
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FIG. 11. Scaling distribution for proton. FIG. 12. The ratio of thg/= ratio atN=350 to the same at
: . o . _ _ N=15 for \/s=200 GeV.
integral is to be identified with the new proton scaling dis-
tribution @ ,(z), as in the pion case. We show in Fig. 11 the ope way to check Eqi42) is to calculate thep/r ratio

r(T:‘suIt_o_nCI)p(z)3 for which only thez>3 part is plotted, Ry at different centrality bins, where
since it is unreliable for<3 due to the neglect of the mass

effect.
p
The relationship between the calculatbg(z) and thepr Rp/=(P7,N) = ord pT(N)/
distributiondN, /p+dpr(s,N) is

m

prdpr

(N). (43

In | this ratio has been calculated fdk=N,,,,. Using Egs.
dN, (s,N) (41) (41) and (42) we now can calculate it foN<N,,,. There
prdpr are no data in th@; range where our prediction is reliable.

_ However, PHENIX does have preliminary data Bpy, for
where, we repeat, owtN, /pdpy corresponds to the experi- .<3.7 GeVk for two centrality bins, 0—-5 % and 60—91 %
mental (2rpy) ~'d°N,/dndpr [cf. Eq.(1)]. We have added [15]. They differ by roughly a factor of 3 with large errors
a subscripp to each function in Eq(41) to emphasize their for p,~3 GeV/c. Assuming that the ratio of ratios is likely

reference to prOtOI’l; indeed, we Sh0u|d Sim”arly add a Subto remain the same at h|ghﬂT’ we can Ca'cu'ate |t for
script 7 to the corresponding functions in E(l) to clarify  comparison, with the definition

their differences, as we shall do below when we compare

and 7 production. Whereas Edl) is determined by the r(pr) =Rp(pr,N=350/Ry(pr,N=15), (44)
phenomenological analysis of the® data in Il, there are no

similar data on the spectra to confirm Eq41). However, WwhereN=15 is taken to correspond to 60-91 % centrality.
on theoretical grounds we expect that relationship to exist foil he result is shown in Fig. 12 fofs=200 GeV. While the
the following reasons. First, since the quark distribution istendency ofr(py) to increase at lowpt is disturbing, the
scale invariant, the recombination model implies that there i¢evel of r(pr)~3 for pr>5 GeV/c is in rough agreement
a scaling distributiond ,(z) for the proton, as we have cal- with the data afp;~3 GeVlc. If A,(N) were the same as
culated. That gives the LHS of E¢41). On the RHS we A_(N), thenr(py) would be much lower by a factor of 8.4
expectK,(s,N)=K(s,N)=K,(s,N), since the same scal- and can be ruled out even by the preliminary da&j. Thus,
ing variablez has been used for pion, quark, and proton.until sufficient data become available to test directly the scal-
Without that universal variable the recombination model ing formula(41) for protons, we shall use E@42) for the

D (2)=An(N)K5(s,N)

cannot be formulated in the form of Eqdl) and (35). Fi- normalization factor.
nally, we conjecture that On the basis of Eq(41) we now can calculate thpy
distributionsdN, /prdpy, which are experimentally measur-
Ax(N)=AY%(N) (42)  able. They are shown in Fig. 13 fof=30,150, and 350 for

) ) ) ~ /s=200 GeV. It is interesting to note that the distributions
on the grounds of internal consistency, since the comparisogyr N=150 and 350 differ only slightly in the log scale, due
among Egs(1), (11), and (13) suggests thaF implicitly  yndoubtedly to the near cancellation of the two opposing
absorbs anmA}? factor. When that factor is applied to Egs. properties: the increase of the number of hard collisions at

(35), (36), and(41), we expect Eq(42) to follow. This con-  higher N and the suppression of high protons in larger
jecture can be independently checked when the centralityense medium.

dependence of the proton distribution at high becomes

availqble an_d the existence of the sqalihg(z)_can then be V. SCALING DISTRIBUTION OF KAONS

examined directly from the data, as is done in Il. If the con-

jecture is verified, then the data provide empirical evidence For the production of kaons in the recombination model
for proton being the hadronization product of three quarkswe need two inputs: the strange quark distribution and the
rather than other mechnisms such as gluon jundiéo22]. recombination function for & meson. The former has been
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o | e ] Since s,= yg=0.197, the strange quark multiplicity origi-

nally atsg is more than doubled by gluon conversion.

The above consideration is at the quark level. How that
translates to hadron abundance must take into account hy-
peron production in addition to kaon production, since the
effects of associated production cannot be ignored. The prob-
lem of partitioning the total strange quark numbers into vari-
ous channels of strange hadrons competing for those quarks
has been treated in RR23]. It is found there that the frac-

tion « of s quark formingK and of s antiquark formingk
10 0 2 4 p 6 8 10 can be deduced from the data. That is, defining
T

FIG. 13. Thep; distribution for proton at three values bfffor K=«s, K=x«s, (49)
Js=200 GeV. o o
whereK=K ™+ K% andK=K* +K° denote the numbers of

considered in our study of the strangeness enhancemelit mesons of various types, one has at 130 GeV collision
problem in heavy-ion collisionf23]. The latter is given in  energy,
Ref. [14].

It is known that the number oA andZ hyperons pro- k=0.628, k=0.713. (50)
duced in heavy-ion collisions is enhanced by more than a
factor of 2. Since the enhancement is due mainly to .gluor}:or the purpose of calculating®/« ™ ratio, let us use’ to
conversion and Pauli blocking, the relevant question in the — ) .
context of the parton model is what is the percentage of th@enote the number af quarks to recombine with quark to
gluon conversion into the strange quarks. The amazing ad®'m K™, and we have
swer found in Ref[23] is that it is only 8%. Due to the large

number of gluons produced in heavy-ion collisions, that is — 0256

enough to raise the strange quark density by a factor of 2.1— ST «q=0.091. (52)
2.3 from the intrinsic level in a free proton, depending on

collision energy. We shall assume that ttedistribution of thes’ quark is the

To be precise, let us use the notation where the symbols same, apart from normalization, as that of thguark, so we
and s denote the total number of light and strange quarksget

respectivelyf beingu+d, in contrast tagq beingu or d. Let

€,, s, S5, andg denote the numbers of valence quarks, Fo(2)=0.09F (2). (52)
light sea quarks, strange quarks_, and gluons, respectively, s a
before the gluons are converted{é andss for recombina- It should be noted that in the preceding two paragraphs

tion to form hadrons. Since only the ratios of these numberge have considered the number of partons that are relevant
will be relevant below, they will be given modulo a common tq the problem of strangeness enhancement. Since we have
multiplicative factor that needs not be specified. The numpeen interested only in the ratios of the parton numbers, there

bers for RHIC at 130 GeV23] are is a common unspecified factor, so the parton numbers are
equivalent to the parton densities in the calculation. They are

¢,=0.30, £s=0.37, derived in Ref[23] from the data on strangeness production
in the central region, and the parton densities refer to those at

ss=0.18, g=2.46. (45  low Q? and at midrapidity. Although the densities are origi-

_ _ _ nally given in terms of the longitudinal momentum fraction
It is also found that the fraction of gluon conversion to thex, their ratios are used here to specify the ratio of the trans-

strange sector ig=0.08, i.e., verse momentum distributions without the implication that
the scaling variable is thereby related to the longitudinal
sc=7v9, €c=(1-v)9, (46)  momentum fractiorx. The result of the study is represented

_ by one number, which is 0.091 in E¢p1). It enables us to
where the subscript denotes converted quarks. The netdetermine the normalization &fg (z) relative toF4(2), as

strange to light quark ratio after conversion is then shown in Eq.(52). As in all parts of this papefg (z) and
Fq(2) refer to the transverse momentum distributions in the
S_ STtSe —0.128 47) scaled variablez, even though their normalizations can be
¢ O, +es+€, T obtained from the consideration of the parton densities at
small longitudinal momentum fractions in a different con-
Settingu=d for simplicity, we havel=2q and text.
In the recombination model we expect the produked
s/gq=0.256. (48  to also have also a scaling distribution
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Au+Au 130 GeV

0.1} — N=350
-- N=200
0.05f
OO 2 4 p 6 8 10
T

FIG. 14. The K/x# ratio at two values of N for
Js=130 GeV.

dy(z)= f dzdz, 2,2,F o(21) F (22)Ri(21,22,2).
(53

The recombination function for th€ meson is similar to that
of the pion given in |,

Z; 2
RK<z1,z2,z>=R2zZGK(§,§), (54)
where Gg(&1,&5) is the valon distribution in th& meson
[14],

Gk(£1,6) =gk E1E58(&1+ 6, 1), (55)

with gx=B(a+1b+1)"1. The parametera andb are de-
termined from the analysis &fp collisions and are found to
bea=1 andb=2 (see the second paper in REE4]). Since
K™ is the only state in the pseudoscalar octet that lnsis
content, we hav&®% =1, and thus

5 1 #F [z oz L 56

K(Zl,Zz,Z)—M? ~*t- 1. (5§

We now can calculaté(z) using Eqs(15), (52), (53), and
(56). Since ford((z) we have, as in Eq41),

) dNk
Dy (2)=Ax(N)KK(s,N)

ppoT(S'N)’ &)

whereAc=A_ andKy =K, we obtain for thek " /7™ ratio

dNK/ dN, :q)K[Z(pT1N)]
prdpr prdpr @ [z(pr,N)]’
(59

Ri/=(P1,N)=

wheren " is taken to be the same a9d.
In Fig. 14 we showRy,.(pt) for N=350 and 200, and

Js=130 GeV. Since the determination &fa nd « in Eq.

PHYSICAL REVIEW C 67, 064902 (2003

to centrality, and is only mildly dependent pr . This result
awaits direct check by experimental data.

VI. CONCLUSION

From the scaling distributiof® (z) obtained from the data
on 7° production, we have derived many quantities by use of
the recombination model. They are the distributions of
quarks, protons, and kaons, and their respective dependences
on centrality. All that is made possible by the discovery of
the universal functionb(z) valid for all centrality and col-
lision energy. The scaling variab#ghat unites the depen-
dences for alN and /s quantifies the difficulty of producing
transverse motion, and for that interpretation it can be termed
transversality A particle produced at a particular at high
\Js has a lower transversality than that of the same particle
produced at the samp; but at a lowery/s, because it is
easier in the former case that involves a smaller momentum
fraction. Similarly, it is easier to produce a particle at a given
high pr whenN is low than to do the same at a highr
because there is less degradation of the transverse momen-
tum at lowerN. Thus the former particle has lower transver-
sality than the latter. With this way of viewing transverse
motion we see that it is the transversality of the produced
particles that has the universal property at any given central-
ity and collision energy.

The quantitative results that we have obtained have their
limitations due to the assumptions that we have made. For
example, for the protoa distribution we have assumed that
Fq(2)/F4(2) is a constant, which has some phenomenologi-

cal support in that the observedp ratio is roughly constant
in p; however, that ratio fails to maintain constancy at
highly peripheral collisions. Thus our result is not likely to
be wvalid when N is very low. Similarly, whether
Fs(2)/F4(2) is a constant and over what rangeNfif it is,
are not known. The centrality dependence of the strangeness
fraction of gluon conversion is also unknown. Our result on
K/ ratio can therefore only be regarded as preliminary,
pending experimental guidance to improve our simplifying
assumptions. Despite these uncertainties for noncentral col-
lisions, the recombination model has enabled us to calculate
the scaling behavior of the quark, proton, and kaon distribu-
tions, the latter two of which are subject to direct experimen-
tal test.

For noncentral collisions we have only calculated fhe
distribution, averaged over the azimuthal angle Clearly,
the dependence o is important as it contains dynamical
information. It will be very interesting to investigate whether
centrality scaling persists in restricteidbins, and if it does,
how the scaling curves depend @nh On the basis of the
universality in transversality distribution, we expect that
such ¢-dependent scaling curves can be put into an overall
¢-independent scaling curve upon rescaling. At the price of
lower statistics, this can be checked by an appropriate analy-

(50) is by use of the data on particle ratios, which are notsis of thew® production data.
reliable for noncentral collisions, we have no confidence in Ultimately, the important issue to focus on is the implica-

the strangeness enhancement factor deduced IWNheriow.
ForN>200, Fig. 14 shows that th€/ 7 ratio is not sensitive

tion of the existence of the scaling behavior on the possible
formation of quark-gluon plasma. At this stage of our under-
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standing, a conservative statement that can be made is thitat quark-gluon plasma has not yet been created at the
the discovery of scaling violation might provide a strong hintRHIC. These are the unintended, but remarkable, conse-
for a drastic change of dynamics, possibly associated with guences of the scaling behavior. It is thus paramount to un-
phase transition. Without waiting for LHC to enlighten us derstand whether a phase transition can lead to a violation of
with that possibility, a more urgent issue to settle is why, ifthe scaling behavior found here.

the quark-gluon plasma has been created already at existing
collision energies, the change of the nature of the dense me-
dium does not affect the scaling behavior that we have found

to be universal between 17 and 200 GeV. Either the scaling We are grateful to W. A. Zajc and D. d’Enterria for very

behavior is insensitive to the change, or the change has ahelpful comments. This work was supported, in part, by the
ready occurred at a collision energy less than 17 GeV. If botlJ.S. Department of Energy under Grant No. DE-FGO03-
of these alternatives are incorrect, then the only way out i96ER40972.
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