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We first show that the pions produced at hjghin 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 Ipigh also in the framework of the
recombination model. The resultgot# ratio exceeds one in the intermedigteregion where data exist, but
the scaling result for the proton distribution is not reliable uniegss high enough to be insensitive to the
scale-breaking mass effects.

DOI: 10.1103/PhysRevC.67.034902 PACS nunier25.75.Dw, 24.85tp

[. INTRODUCTION combination model to the central region at large. It
should be recognized that an essential part of the recombina-

There are three separate and independent aspects abtioh model is the determination of the distribution functions
the hadrons produced at large transverse momertrim of the quarks and antiquarks that are to recombine. In the
heavy-ion collisions at high energies that collectively con-case of larggs; hadrons, the underlying physics is undoubt-
tribute to a coherent picture to be addressed in this papeedly hard collisions of partons and the associated radiation of
One is the existence of a scaling behavior at lgrg¢hat we  gluons. If the parton distributions can be calculated just be-
have found by presenting the data in terms of a new variabldore hadronization, then the final step of recombination can
Another is the issue about the surprisingly large proton-toteadily be completed. If those distributions cannot be deter-
pion ratio at moderatg; (~2-3 GeVk) discovered by mined in pQCD, then the step between the initiating lgvge-
PHENIX [1] in central Au-Au reactions af's=130 and 200 parton and the resultant hadrons can efficiently be described
GeV. The third issue concerns the hadronization process reby a fragmentation function, determined phenomenologically
evant for the formation of hadrons at large and the appli- from experiments. Thus, in that sense the two approaches,
cability of the recombination modgP]. It is our goal to recombination and fragmentation, are not contradictory, but
show that, in light of the scaling behavior of the? pro-  complementary.
duced, the recombination mechanism naturally gives rise to a We state from the outset that no attempt will be made here
p/ ratio that exceeds 1 in the2p;<3 GeV/c range. to perform a first-principles calculation of the parton distri-

Particle production in heavy-ion collisions at very high butions at largep+ before recombination. However, from the
energies is usually described in terms of hydrodynamicapbserved data on pion production in central Au-Au collisions
flow [3], jet production at highpy [4], thermal statistical —at the Relativistic Heavy-lon CollidgiRHIC), it is possible
model[5], or a combination of various hadronization mecha-to work backwards in the recombination model to determine
nisms[6]. In none of the conventional approaches does onéhe quark(and antiquark distribution at largepr. On the
expect protons to be produced at near|y the same rate as théSiS of the quark distributions inferred, it is then possible to
pions. If all hadrons withp;>2 GeV/c are regarded as calculate the proton distribution in the recombination model.
products of jet fragmentation, then the known fragmentationl he basic idea is that if there is a dense system of quarks and
functions of quark or gluon jets would suppress the protorfhtiquarks produced in a heavy-ion collision, whatever the
relative to the pion by the sheer weight of the proton massdynamics responsible for them may have béginons hav-
Such a discrepancy from the observed data led some to réng been converted tqq pairs before hadronizationthen
gard the situation as an anomaly and propose the gluonithe formation of pions and protongnd whatever elgeis
baryon junction as a mechanism to enhance the proton prgrescribed by the recombination model without any arbitrari-
duction rate[7]. Their predictions remain to be verified ex- ness in normalization and momentum dependence.
perimentally. One limitation of the recombination model, as it stands at

The parton fragmentation functions have been used evepresent, is that it is formulated in a frame-independent way
at low p+ in string models where the production of particles in terms of momentum fractions and is therefore inapplicable
in hadronic collisions is treated as the fragmentation of dito a system where the particle momenta are low and the mass
guarks, as done in the dual parton modl There has been effects are large. The physics of recombination is still valid
a long-standing dichotomy on whether particle production inat low momentum, but the details of the wave functions of
the fragmentation region can better be described by fragmerthe constituent quarks become important; they have not been
tation[8,9] or by recombinatioi2,10]. It is possible that the built into the recombination function that takes the simplest
two pictures might be unified in a more comprehensive treatform in the infinite momentum frame. Thus our calculation
ment of hadronization in the future. Here we extend the reof particles produced at midrapidity is not reliable whep
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is of the order of the masses of the hadrons under consider- 102,
ation. For proton_s, we can trust _th_e result_s_only for i . AuAu 200 GeV
>3 GeV/c. For pions, the lower limit of validity can be L ]
pushed much lower. 1 AuAu 130 Gev

Since our approach makes crucial use of the experimental 1L o PbPb 17 GeV |
data on the pion spectrum as the input, it is essential to relate :
the spectra determined at different energies to an invariant
distribution so that the scale-invariant recombination model
can be applied. To discover the existence of an invariant
distribution with no theoretical prejudices is a worthful prob-
lem in its own right. Fortunately, that turns out to be pos-
sible. The analysis for that part of the study will be presented i
below first to emphasize its independence from the theoreti- 10 4
cal modeling of hadronization. It should be mentioned that
the scaling of transverse mass spectra has been investigated
recently[11]. The emphasis there has been on the depen- :
dences on the particle species and centrality fof 10 6f
<3.8 GeV, while our focus is on the dependence on energy

TN
St
© 10 3

(17<\/s<200 GeV) forp;<8 GeV/c. Thus the two stud- 1 z 10
ies are complementary to each other. FIG. 1. Scaled transverse momentum distribution of produced
0. Data are from Ref§12,13. The solid line is a fit of the data by

Il. A UNIVERSAL SCALING DISTRIBUTION Eq. (6).

The preliminary data of the; distributions of7° pro-  We adjustK for eachs and check whether all three datasets
duced at RHIC at/s=130 and 200 GeV were shown by the coalesce into one universal dependence zprwhich we
PHENIX Collaboration at Quark Matter 20022] for cen-  would simply label asb(z), if it is possible.
tral Au-Au collisions together with the WA98 data for Pb-Pb  In Fig. 1 we showd®(z), where the three symbols repre-
collisions at\s=17 GeV[13]. They show that the level of sent the three datasets for the three energies. Evidently, the
the tail at largep; rises, asy/s is increased. We want to universality exists and is striking. While this behavior needs
consider the possibility that the three sets of data points cat® be confirmed by more data, and the theoretical implication
be combined to form a universal curve. remains to be explored, the existence of this scaling behavior

The #° inclusive distributions at midrapidity are inte- is a significant phenomenological property of the distri-
grated overy for a range ofA »=1 so that the data points butions that suggests some underlying simplicity. It is like

are given for the following quantitj12]: the Koba-Nielson-Olesen scaling of the multiplicity distribu-
tions P(n,s) in pp collisions, where for/s<200 GeV they
1 dN . d?N 0 can be expressed by one universal scaling functidn),
f(pr.s)=5— —=f dn(2mPrNeyt) " with z=n/(n) [14,15.
2mprdpr Jay dprdn ' N .
(1) The values oK that are used for the plot in Fig. 1 are in

units of GeV: K=1(200), 0.9(130), and 0.717(17), the

In comparing the PHENIX data with those of WA98 one duantities in the parentheses being the valuegsofThe Vs -
should recognize that in addition to the difference in thedeépendence oK forms nearly a straight line, as shown in
colliding nuclei there is a slight mismatch in centraligp ~ Fig- 2. Since the high and low energy data differ both in
10% for PHENIX and top 12.7% for WA98 colliding nuclei and in centrality, one does not expect strict
To unify the three datasets, it is natural to first consider degularity in howK depends onys. Nevertheless, an ap-
momentum fraction variable similar tge in longitudinal ~ Proximate linear dependence is a simple behavior expected
momentum. However, so much momenta are taken by th&n dimensional grounds. The straight line in Fig. 2 corre-
othe\;_particles outside th&7=1 range, it is unwise to also SPOnds to the best fit
use ys/2 as the scale to calculate the transverse momentum
fraction. We assume that for everys there is a relevant K(s)=0.69+1.55<10~°\s, “)
scaleK to describe thg, behavior relative to that scale. Let

. Where\/§ is in units of GeV. It should be recognized that the
us define

normalization ofK(s) is arbitrary; it is chosen to be 1 at
Js=200 GeV for simplicity. If it is normalized to some
other value at that point, the linear behavior in Fig. 2 is
_ unchanged, only the scale of the vertical axis is shifted ac-
and transfornt(pr,s) to a new function(z,K), where cordingly. The scaling property in Fig. 1 is also unchanged,

the only modifications being the scales of the horizontal and
o d_N 3) vertical axes. Thus the absolute magnitude of the dimension-
27z dz”’ less variablez has no significance.

z=pr/K )

®(z,K)=K?f(pr,s)=
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R to be more severe at higherat that /s, since energy con-
servation would suppress the inclusive cross section at
higher pr. What is amazing is that most of the WA98 data

Tr ] points are well described b (z), even though the corre-
spondingpt values take up a much larger fraction of the
available energy than the other data points from RHIC. It

075 | i demonstrates the significance of the variabli@ revealing
the scaling property.
K
F 1 I1l. PION AND QUARK DISTRIBUTIONS
05 ] IN THE RECOMBINATION MODEL

Having found a scaling distribution for the produced
: : independent o§, we now consider the hadronization process
0.25 | 1 in the recombination model in search of an origin of such a
I ] scaling behavior. In previous investigations the recombina-
tion model has been applied only to the fragmentation region
o ] where the longitudinal momenta are large and the transverse
0 0 50 100 150 200 momenta are either held fixed at lgwy or integrated over
N [2,10,17. We now consider the creation of pions in the cen-
tral region of AA collisions and study the@; dependence.
FIG. 2. The dependence &f(s) on \/s. The line is a linear fit. ~ Unlike the former case where the longitudinal momentum
fractions of the partons are essentially knofrom the
If the zdependence ob(z) in Fig. 1 were strictly linear, structure functions the p; distributions of the partons in the

so that it is a power-law dependence latter case are essentially unknown. Indeed, it is the aim of
N this section to determine the partpa distributions from the
P(z)> 27, (®) 70 distribution found in the preceding section.

Let us start by writing down the basic equation for recom-

then there would be no relevant scale in the problem. Th%ination in the three-space

fact that it is not a straight line implies that there is an in-
trinsic scale in thepr problem, which is hardly surprising. 4°N d®p, d3p
What is significant is that while there is no strict scalingin E— ’T:J = e = 2 F(p1,P2) Ro(P1,P2:p),  (7)
there is no explicit dependence enThat is, at any energy d°p 1 2
we have the same universal functidn(z), which will be _ _ . S
referred to as the scaling behaviorsiriThat function can be  where the left-hand sideLHS) is the inclusive distribution
parametrized by of the pion with energy momentunk(p). F(p4,p,) is the
robability of having a quark gbf and an antiquark gb%
®(2) = 1500 2+ 2) 42, e P Y 19 @ quark ap; and an antiquark a0
just before hadronizatior? .(p;,p,,p) is the invariant dis-
which is represented by the smooth curve in Fig. 1. For largéribution, Ed*N%d®p, of producing a pion ap* given aq

enoughz, Eq.(6) does have the form of the power law given 4 p% and aq at p%. Note thatR, has the dimensiofmo-
in Eq. (5 with «=9.8. It is a succinct statement of the meniym -2, same as the LHS.

universal properties at highr. The departure from Eq5) Writing the phase-space density in the form

at smallz reflects the physics at low. Since there are no

data on® for pr<1 GeV/c, the extrapolation ofP(z) to a3

z<1 is not reliable. However, there is a more accurate de- £ —dyd¢prdpr, (8

termination of®(z) that includes the love-region when the

charger " data are considered; it is given in RET6], andis e define the inclusive distribution ipy, averaged ovey
not needed here. Note that there is no fixed scalerithat 54 ¢,

separates the high- and Igw- physics. Equatiorn6) gives a

smooth transition from one to the other in the variahléus d3N 1 1 (2= d3N
implying different ranges of values of the transitipp at — T = —f d —f dop E T 9
dif?e}r/en?s. ? " prdpr AylJay Yol ¢ d3p ©

While Eq.(6) gives a good parametrization of the scaling o _ o
function ®(z) throughout the whole range af one notices, WhereAy is limited to one unit of rapidity in the central
however, that the WA98 data at 17 GeV show a slight depar’€9ion. Our focus will be on they distribution at highpr.
ture from®(z) at the highz end of that dataset. It should be For the recombination distributio® .(p;,p,,p) we need
recognized that those data points haye>3 GeV/c, which ~ only consider the partons in the same transverse plane that
represents a huge fraction of the available energy/st containsp, since at highpy the partons with differeny; are
=17 GeV. In fact, one expects the violation of universality not likely to recombine. Indeed, we assume not oy
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=y,=Y, but also¢, = ¢,= ¢ so that the partons and the pion x=p7/K’', K'=\K. (17
are all colinear, and the kinematics can be reduced to that of
a one-dimensional(1D) problem. As in the usual parton The corresponding change &i{z,,z,) is that it becomes
model, the parton momentum fractions in the hadron can

L F'(Xq,X2)=N*F(21,2,). (18
vary between 0 and 1, but the deviation in the momentum 172 1,42

components of the partons transverse to the hagromust  Thys the normalization d§(z;,z,) is scale dependent, as it
be severely limited because of the limited transverse size afhould in view of Eq(14).

the hadron. Thus we write So far, the recombination functioR_(z;,z,,2) is not
. s s 0 fully specified becaus®° has not been. In Eq15) the
Ra(P1,P2,P) =R 75(y1~Y2) (b1~ ¢2) factorz~ 2 is associated with the dimension of the pion den-
Vi+Y, R R ) _sity, and the de_lta function With momentum conservatiqn. To
X 5( 5 —y) 52(p1T+ P2~ P1), introduce the pion wave function in terms of the constituent

quarks, we rewrite Eq15) as
(10 0,2
R’?T(ZJ.’ZZ’Z)ZR’)TZ Gw(§1!§2)1 (19)

whereR 2 is dimensionl inc&?(p,_+p,.— pr) has th . o .
ereR , is dimensionless, sinc#(py, + pz, ~ pr) has the whereR? is a normalization constant to be determined and

dimension Owa(F_;l,laz,IS)- If this delta function is further G _(¢&,,¢,) is the valon distribution of the piof2,10]. Since
written in the colinear form due to thé(¢1—¢;) in EA. he recombination of aj and q into a pion is the time-

(10 reversed process of displaying the pion structure, the depen-
dence ofR(z;,2,,2) on the pion structure is expected. Dur-
5, = - b1+ &, 1 . o o —
0Py, +P2,—PT)=6 5 ¢ | —0(p1,+ P2, ~P1), ing hadronization the initiating andq dress themselves and
Pr (11) become the valons of the produced hadron without signifi-
cant change in their momenta. The variajjein Eq. (19
then Eq.(7) can be reduced to the 1D form denotes the momentum fraction of thé valon, i.e.,
dN &=1zlz, (20)
" = | dp,.d F(p1.p2)Rop72
prdpr f P1,0P2;P1.P2; (plT pzT) P1 which is denoted by; in the valon mode[2,10], a notation

P1,t P2,

that cannot be repeated here on account of the rapidity vari-
T ) ,

(12) ables already used in ELO). In general, the valon distribu-
tion of a hadronh has a part specifying the wave-function

squaredGy,, and a part specifying momentum conservation

X0

where}“(plT,pzT) is theqadistribution in Pi. averaged over

y and ¢. Gh(é1, ... )=Cn(&y, ... 5( -—1) 21
We can reexpress this equation in terms of the scaling (€1 ) =Gl ) EI § ’ @)

variablez=p; /K, introduced in Eq(2), and obtain 5

where the functional form o6, is determined phenomeno-

logically. Although, for proton,G, is found to be highly

dN
—W = d d F f R y y i 13 .. . = H
zdz j 142212, F(21,2) Re(21.2,2), - (139 nontrivial [ 18], for pion, G, turns out to be very simpleLQ]

where Galér,&)=1, (22
F(z1,25)=K* F(P1,:P2,), (14  which is a reflection of the fact that the pion mass is much
lower than the constituent quark masses, so tight binding
o 2,+2, results in a large uncertainty in the momentum fractions of
R.(21,2;,2)=R %22 5(7 - 1) (15  the valons. Equatiof22) implies that the valon momenta of

the pion are uniformly distributed in the range<@;<1.

Since F(py..p,,) is the parton density ipy dp; p, dp;., _Wha}t remains in Eq(19) for us to_c_letermlne iR, . At
F(z,.2,) is the corresponding dimensionless density inthls point we need to be more specific about the quark and

2,d2,2,d2,. Equation(13) is now our basic formula for re- antiquark that recombine. If the colors qfandq are con-
combination in the scaled transverse-momentum variableidered, then the probability of forming a color singlet pion

The total number ofj andq is [dz,dz,2,2,F(2;,2,), which 1S 1/9'in 3x 3. Similarly, for three quarks forming a proton

should be invariant under a change of scale the probability is 1/27 in ¥3X3. In the parton distribu-
tions, F 4 for pion production involves two color triplets and
Z=\X, (16) F 4qq for proton production involves three color triplets so the
color factors work out just right in that the factors of 9 for
so that gq and 27 forqqq are canceled by the corresponding inverse
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factors in the recombination probabilities. In other words, fordefined, are there to rendé¢py,s) an average distribution
thep/ ratio to be considered later, we can ignore the factorsn ¢; that is the notation for the experimental distribution,
associated with the color degrees of freedom and proceedkfined in Ref[12]. The distribution defined by us in E()
with the determination oF ;; without specifying the quark already includes the 1f2factor, so oudN_/z dzis just the
colors and summing over them. B experimentakd(z). As we have mentioned earlier, the nor-
The situation with flavor is not the same. Foua pair ~ Malization of z has no significance. By means of a scale
and add pair, they can formz® and 7 in the flavor octet. charl]nge '?1 Eq(16) \;]ve car: move _frorr? to x, for vice versa,
The branching ratio of; to 37° is 32.5% and tar* 7~ 7° is wit OUth a;%ng t esca € rv?rlant orm of £@Y). In Eq.
22.6%. Thus for everyy produced there is, on average, (8) We found®(z) to have the form
1.27-_r°. Due to the highe_r mass of we make the _apprc_)xi- d(2)=A(Z+c)™". (28)
mation that the rate of indirect production af via 7 is
roughly the same as the direct production framanddd. If If we changez to x according to Eq(16), then by keeping
we now useqq to denote eithetu or dd, but not bothuu  the total number of pions invariant, i.e.,

anddd, then each pair o(qq leads to oner®. Since, in a
heavy-ion collision there are many quarks and antiquarks f dz ZCID(Z,K)zf dx xd'(x,K"), (29
produced in the central region, it is reasonable to assume that

the q distribution is independent of the distribution so that we have
we can writeF 4 in the factorizable form

Faa(Z1,22) =F (21)Fq(22), (23

whereF stands for eitheu or d distributions, and similarly
for Fy, but, for 7% productionq should be the antiquark
partner ofq. Similarly, in the x variable the transformed quark distribu-
The fact that we considey production above, but not the tjgns is
vector mesorp, requires an explanation. We defer that dis-
cussion until the following section, after we have presented F(’](xl,K’)z)\qu(zl,K). (32
the formalism for the production of protons.
Returning now to the normalization &,(z,,2,,z), we  Without having to specify the arbitrary scale faciarlet us
note that, using Eqg19), (21), and(22), work with the z variable and rewrite Eq27) as

f dzzF;T(zl,zz,z)—f—R0 (lezz 1)=R?T CD(Z):JOZdzlzl(l——
(24)

d' (x,AK)=N2D(\X,K). (30
It thus follows that

@' (x)=N2A"MA(X2+c/N?) " (31

Fo(z)Fq(z—2zy). (33

_ We must now consider how tteeandq distributions dif-
is the probability that ay at z; and aq at z, recombine to  fer. Unlike the structure functions of the nucleon, where

form a pion at anyz. According to our counting above, the 444 q have widely different distributions, we are here deal-
total probability forqq— #° integrated over all momenta is ing with the partons at higlp+ in heavy-ion collisions just
before recombination. The dynamics underlying thmirde-
JZ%jZ%J 422R(2.2,.2)~1 25 pendences is complicated. Many subprocesses are involved,
12 ' which include hard scattering, gluon radiation, jet quenching,
gluon conversion to quark pairs, thermalization, hydrody-
whereZ is the maximung; , whatever it is. This normaliza- namical expansion, to name a few familiar ones. At very

tion condition is scale invariant, and we find, using Ef), large p; there are far more quark jets than antiquark jets,
that since the valence quarks have larger longitudinal momentum
fractions than the sea quarks. By hard scattering, the quarks,
RO=1. (26)  therefore, can acquire largpr than the antiquarks. Thus in

o ) that way one would expect the; distribution of the quarks
Substituting Eqs(19)—(23) and (26) in Eq. (13), we ob- {5 pe very different from that of the antiquarks. However,

tain that view does not apply to our problem. Those aregtla@d
dN_. 22 g that initiate jets, along with jets initiated by gluons. The
E f dzldz2 Fq(z0)Fq(22) 8(z1+2,—2). conventional approach is to follow the jet production by jet

5 fragmentation, which can be modified by the dense matter
(27) that the initiating partons traverse. As discussed earlier, our

This is obtained from Eq(9) wherey and ¢ are both explic- 2PProach is not to delve into the dynamical origins of the
itly averaged over. The LHS is to be identified widh(z). and g distributions, but to consider the recombinationcpf
Note that the 1/2 factors in Eqs(1) and(3), where®(z) is  andq just at the point of hadronization. Sugrandq are not
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the partons that initiate jets, but are the parton remnants after 10 2 , : :

the hard partons radiate gluons that subsequently convert to i ]
gq pairs. Those parton remnants have similar momentum B — Fit of data |
ﬂstribution forg andg, since gluon conversion creatgand E s Bl bl

g on equal basis; those partons are the ones that recombine to 1 F E

form hadrons. They are not to be confused with the jet-
initiating hard partons that fragment into hadrons in the frag-
mentation model. In the recombination picture those hard i
partons that acquire large; immediately after hard scatter- 10
ing are not ready for recombination; they lose momenta and i
virtuality through gluon radiation until a large body of low- L
virtuality quarks and antiquarks are assembled for
recombination—a view that is complementary to the frag- 1 4
mentation picture. Of course, there are more quarks than an- g
tiquarks, since the number of valence quarks of the partici-
pating nucleons cannot diminish. For that reason we allow i
F4(2) to differ in normalization fromF(z). However, as a -6 ‘ ‘ . ;
first approximation we assume that theidependences are 10 ' - — -
the same. 7
There is some indirect experimental evidence in support

of our assumption. In Refl] theﬁ/p ratio for central col-
lisions is reported to be essentially constant within errors
more precisely, it ranges between 0.6 and 0.8pfptin the

range 0.5-pr<3.8 GeVk. Sincep is formed by the recom-  gjns The nontriviak dependence in E435) indicates that
bination of thre_eq, while p is formed from threeg, a quick  there are intrinsic scales in the lguy problem.
estimate of thay/q ratio is that it varies between ¢/8and
0.8 i.e., from 0.843 to 0.928. Such a narrow range of
variation is sufficient for us to assume thigg(z) has the
samez dependence d5,(z). For their relative normalization The quark distribution obtained in the preceding section
we take the meap/p ratio to be 0.7. Thus we set tigq ~ cannot be checked directly. Since it is the distribution at the
ratio to be end of its evolution, massive dileptons would not be sensi-
tive to it due to their production at the early stages. Proton
F=(2)/F(2)=FX(X)/E!(x)=0.73, (34) production provides the most appropriate test, since hadroni-
q d 4 . zation occurs near the end. We shall therefore calculate the
proton distribution at highpr and compare with the data on
the p/ 7 ratio. This is not a completely satisfactory venture,

—~
N

~

©

FIG. 3. The solid line is the fit of the data as shown in Figinl
a different scalpand the dashed line is the theoretical calculation of
®(z) using the quark distribution in Fig. 4.

IV. THE p/@ RATIO

With this input, we are finally ready to infer the quark dis-
tribution from the pion distribution.
We parametrizé=(z) by

102
Fo2)=a(+z+z5) " (35)
and adjust the three parametersz,, andm to fit ®(z) by 1
using Eq.(33). We obtain an excellent fit with the values
a=90, z,=1, mM=4.65. (36) 10 -2
~ i
In Fig. 3 we show with a solid line the data represented by E_‘/'

the formula in Eq(6) and the dashed line showsthe result of -4
the theoretical calculation using Eq83)—(36). They coa-
lesce nearly completely in the intervaklz<<8. The quark
distribution F(2) is shown in Fig. 4. To appreciate thpg 6|
range corresponding tin Fig. 4, recall Eq.(2), pr=zK, 10
and Fig. 2 forK. Thus at\s=200 GeV, p7 is z in GeV.
Equations(35) and (36) represent the main result of this

study. What is important is that we have found a scaling 10 : . : .
quark distribution that is independent sffrom SPS to 0 2 4 6 8 10
RHIC, and perhaps to LHC. It is a succinct summary of the

effects of all the dynamical subprocesses in heavy-ion colli- FIG. 4. Quark distribution irz.
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since the proton mass is large, so only at very lpghcan  n+ 7", |(p|A™)|? gives another factor 1/2. The spin decom-

our scale invariant calculation be valid without explicit con- position of 22X 2 is 4+ 2+ 2, among which thé&* com-

sideration of the mass effect. Present data onpthwe ratio  ponent is 4/8 ang is 2/8. Putting the flavor and spin factors

do not extend beyong;~3.8 GeVk [1]. Nevertheless, our together, we have

calculation should provide some sense on the magnitude of

the rate of proton production at the high-end. ) e , 11111 1
The inclusive distributions in the scalgm} variable can [(pluud)|?+[(p[AT)(A T [uud)| =3%2173%53%5% %"

be obtained in the recombination model by generalizing Eq. (4

(13) to the recombination of three quarks

dN We thus normalizdR,, as we have done in Eq5), by
_P

7dz f dz,dz,d 232y 7, 23F (21,2,,23)Rp(21,2,, 23, 2),

22 dz .
(37 OE;J 22 R(21,2,.23,2)= 5. (42

whereF(z;,2,,23) is given the factorizable form
In view of Egs.(21) and(39), we have

F(z1,25,23) = Fy(z1)Fy(22)F4(Z3)- (38
3
As in Eq. (19), we relate the recombination functidg), to RO ZH Eé Z1 23 Z3 _ } (45
the valon distributiorG, of the proton Ploizi Z Plz,'z'z) 6’
_p0,-2
Rp(21,22,23,2) =Ryz"“Gy(€1,62,83), (39) wherez,=3,z,. Using Eq.(40), the above integral can be

where G, has the general form given in EQ1), and RO transformed to

remains to be determined. In R€18] a detailed study of the 3

proton structure functions has been carried out in deriving 11—[ a4 6182 a(é)ﬁ_z 924 (46)
the valon distribution from the parton distributions that fit the g 0i=1 G I L) T

deep inelastic scattering data. It is

Gp(&1,62,62)=0(£162)E80(61+ &+ E3-1), (40

where

with {;=2z,/Z and{;,=Z2,¢; . There is no explicit dependence
on Z, and Egs.(41) and (42) have been used to obtain the
numerical value in Eq46). It thus follows that

0__
a=1.755, B=1.05, (41) R9=0.057. (47)

g=[B(a+18+1)B(a+la+p+2)]"". (42 At this point we should address the question why we con-
) o ) siderA* production above, but ngt production in the pre-
Single-valon distributions5,(&;) can be obtained from the ceding section. For the production of, if we are to con-
three-valon distribution by integration and are peaked aroundiqer the contribution fronp™ (since p° does not decay

¢=1/3, indicating that each of the three valons carries onongly into?), we would be extending our scope to other

average roughly 1/3 the momentum of the proton, their S o § states besidess anddd. Then other vector mesons
being strictly 1. Details of the valon model, described in Ref. . . 0

: . and higher resonances, suchkgs, that can decay inter
[18], are not needed for the following. It is only necessary tomust also be included. Similarly, fqy production the con-

recognize that the recombination of twoquarks with ad sideration of other states besideid would involve many

quark to form a proton has a probability proportional to the ; .
proton’s valon distribution that accounts for the proton struc- S>0nances that can decay imtoThe system is not closed

ture. The other point to bear in mind is that the valon distri-W'thOUt more phenomenological input besid®. Thus for a

bution in the proton is obtained in the frame where the pro—CIosed system in which a prediction can be made, we fimit

ton momentum is infinitely large so the finite masses of thePurselves to only theu anddd in the meson states andid
proton and valons are unimportant. However, the validity ofin the baryon states;_henceimh?, 7, p, andA™ are con-
that result, when the proton momentum is only two or threesidered. To includeud and du, we must also includeiuu
times larger than its mass, is questionable. With that caveandudd, and so on. We surmise that if more resonances are
we proceed with our scale invariant calculation and see whancluded in both the meson and baryon sectorspthe ratio
can emerge. to be determined below would change somewhat; however,
As discussed in the preceding section, there is no need tihe result is not likely to differ by a factor greater than 2.
consider the color factors for either pion or proton formation  With the recombination functiorR, completely deter-
since hadrons are color singlets, but the flavor octets fomined, and the quark distributidi,(z) given by Eqs(35)
these hadrons do introduce some factors. ined) state and (36), we can now use Eq37) to calculate the proton
appears in 18 8+8’ of 3X3X3; among them the first two distribution inz. The result is shown by the solid line in Fig.
containA ™ andp. Thus the flavor parts df A *|uud)|? and 5, where only the portioz>2 is exhibited. We have stated
|(pluud)|? are 1/3 for each. Sinca&™ decays top+7° and  at the outset that the scale invariant formdd,/zdzcannot
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FIG. 5. Proton distribution ire. Solid line is the theoretical

result; the dashed line is the fit of data at lgw{19). FIG. 6. Proton-to-pion ratio: solid line is the scaling distribution

from calculation; datdpreliminary are from Ref.[1]. The dotted

. o and dashed lines are eyeball fits of the data as extrapolations from
be expected to be valid when the mass effect is importantye scaling result.

The relevant value af corresponding to the proton magst

alone theA* mas$ is
Eq. (6). For the proton we use the calculated result based on

Zn=m, /K, (48) Eq. (37). Their ratio, defined by

which ranges from 1.3 af's=17 GeV to 0.94 at 200 GeV. dN
As expected, the scaling violating effects are energy depen- Ropra(2) = _p/q)(z) (50)
dent. Thus we should not regard the calculated result to be zdz
reliable forz<3. At very low py, the distributions of all
hadrons can be given exponential fits in the transverse mass.
The STAR data for most central collisions @= 130 Gev IS shown by the solid line in_Fig. 6. The preliminary data on
[19] give for p production forp;<0.6 GeV f[he p/w ratio were reported in Ref1], which we show also
in Fig. 6 for both\/s=130 and 200 GeV. Note that because
1 d2N- it is a ratio, there is no change in the normalization&gf;
e dp =4 exg —(mr—my)/T,], (490  for the two energies, but in transforming fropt to z the
mMmy dmrdy factor K in Eq. (2) must be taken into account. Unlike the
NN 3 ~ pion case, the effects of the proton mass are not negligible
wheremy=(m;+p7)~* andT,=565 MeV. To convert this  for n. <3 GeVic, and one sees no scalingsior zin Fig. 6.
distribution to that forp we assume that only the normaliza- oyr scale invariant calculation is unreliable fax3 and
tion atpr=0 needs to be adjusted. Thép ratio at lowpris  shows a result that is obviously too high z&£2. There
0.6 [1]. Since mydmy=pdp; and the distribution inpr  seems to be a good chance that the theory and experiment
changes by a scale fact#t? given in Eq.(2), whereK can agree well for>4. In Fig. 6 we show two curves that
=0.9 for \/s=130 GeV, the factor 4 in Eq(49 should can connect our scaling result with the data. The dotted curve
therefore be changed t0x40.81/0.6=5.4. Expressingny in is an eyeball fit of the 130 GeV data with a connectiorz at
terms ofz by use of Eq.(2) with K=0.9, we show thez  =3.5, while the dashed curve fits the 200 GeV data with a
dependence of the distribution forin Fig. 5 by the short connection az=4. In the absence of a theoretical study that
dashed line. The region 0<5<2 is left blank because our takes the mass-dependent effects into account in the interme-
scaling result cannot be reliably extended into that regiondiate pt region, the only point we can make here is that it is
Nevertheless, it is gratifying to observe that the theoreticahot hard to produce g/ ratio that exceeds 1 in the scale
calculation without any free parameters produces a protomvariant calculation in the recombination model, but it does
distribution at largez that is reasonable in normalization and so in a region where both theory and experiment need refine-
shape and can smoothly be connected with the pgwelis-  ment. Judging by what is self-evident in Fig. 6, we see no
tribution by interpolation. strong need for any exotic mechanism for proton production
With the proton distribution now at hand, we can calculate(as proposed in Ref7]) beyond the conventional subprocess
the p/ = ratio. For the pion distribution we usk(z) givenin  where three quarks recombine to form a proton.
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V. CONCLUSION from normalization, just before recombination. This assump-
tion is supported by the constancy of thép ratio in the

_ ; . . X X PHENIX data in the central region. This experimental fact
pion production at intermediate and high valuespafin .51 5150 be used to lend credence to our general approach to

heavy-ion collisions, ranging over energies in excess of a,yronization that is treated as a recombination process, for
order of magnitude of variation, is an important phenomenols

. , which we have given arguments why the distributions of
ogy observation that should be checked experimentally iny ks and antiquarks should be similar before they recom-
great detail. Additional energy points should be added n

g ) ) bine. In contrast, the fragmentation model would suggest a
only to ;trengthen the val|d|fcy of_the .scal]ng behawor, bUtdecreasing function ob/p in p; because of the dominance
also to find the onset of scaling violation, if it exists. of quark jets over antiquark jets at large [4]

The phenomenological properties of hadron production '

The discovery of a scale-invariant distributidn(z) for

sions is from inside out, following the evolution of the denseanalysis of the data on centrality dependence without using

matter, e|ther.|n terms of hydrodynam|cal flqw or of hard any hadronization model, and found a scaling behavior very
parton scattering and subsequent hadronization by fragmegimilar to what is reported here. The scaling distribution

tation[20]. Our approach pursued here is from outside in, byfound there[16] includes the very smafs; region in the fit
starting from the observed scaling behavior of the pions proz -4 ic therefore more accurate BTut the fits in 'the
duced and deriving the momentum distribution of the quark?ntermediate- and largp; regions are the same. The impli-

that can give rise to such a behavior. This is accomplished by_.. ; I
using the recombination model. There is no direct way toXatlon on the centrality dependence of fler ratio in the

check the validity of the quark distribution thus obtained.recomblnatlon model is stll under study.

However, we have used it to determine the proton distribu- To have an invariant quark distribution independens,of
. ! P just before hadronization provides an unexpected picture of
tion at highpt, where the mass effects are unimportant. Th

he quark system. It suggests that the evolution of the system

\c/ivakl}taror:hprot;)n dip:oguctlol?nhac\i/ietrr?gt t)i/erg rea:f;)ed tr?atkreg'rﬂgroceeds toward a universal form whatever the collision en-
ere the predicted scaling distribution can be cnecked. rgy. We expect that universal form to depend on rapidity.

the region where data exist on thér ratio, we find that our he origin of such a scaling distribution iris not known at
calculated result, though not reliable, is in rough agreement . ;

. . ! ’ . i int an n form the f f rogram of futur
with the imprecise data to the extent that the ratio exceeds S point and can form the focus of a program of future

a feature that is notable.

While the recombination model needs further work to
take the proton mass into account at intermediate its
formulation in the invariant form has been developed here to We wish to thank D. d’Enterria for a helpful communica-
treat the very higtp region. We have made the assumptiontion. This work was supported, in part, by the U.S. Depatrt-
that the quark and antiquark distributions are the same, apament of Energy under Grant No. DE-FG03-96ER40972.

heoretical investigations.
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