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Recombination of shower partons at highpt in heavy-ion collisions
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A formalism for hadron production at higpy in heavy-ion collisions has been developed such that all
partons hadronize by recombination. The fragmentation of a hard parton is accounted for by the recombination
of shower partons that it creates. Such shower partons can also recombine with the thermal partons to form
particles that dominate over all other possible modes of hadronization inthpg 8 8 GeV range. The results
for the highp spectra of pion, kaon, and proton agree well with experiments. Energy loss of partons in the
dense medium is taken into account on the average by an effective parameter by fitting data, and is found to be
universal independent of the type of particles produced, as it should. Due to the recombination of thermal and
shower partons, the structure of jets produced in nuclear collisions is different from thatcwllisions. The
consequence on same-side correlations is discussed.
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I. INTRODUCTION are produced by recombination at apy. FFs are phenom-
enological functions that do not specify the hadronization

In the production of hadrons at higlt in heavy-ion col- i i )
lisions there are by now three theoretical collaborations thaf’€chanism. Although string models can be useful in the de-

have shown the importance of quark recombinati®a3). scription of hadronization of a pair @f andq receding from

While there are some differences among the three ap(:;ach other after being created in vacuum in, for example,

proaches, they all agree in the basics and in the successfg€ annihilation, they cannot be applied to heavy-ion colli-

interpretation of the experimental data, among which the>'OnS Where the abundance of color charges renders _invalid
most outstanding ones are tpéw ratio being around 1 in any notion of stretched color flux tubes between pairs of

the 3<pr<4 GeV rang€g4] and the scaling law of elliptic partons produceq in hard collision8]. 'In the absence .Of .
flow in the number of constituents,6]. The differences are such models to give a conceptual basis for fragmentation, it

concerned mostly with the treatment of hadronization in the*'hsar;de (;)easrtssnrg g; I]'ir;%a meaningful hadronization scheme for
T.

4< pr<8 GeV range. In this paper we show how .the.par— Our view is that a hard parton creates a shower of partons
ticles produced in that range arise from the recombination of 5+ recombine subsequently to form hadrons. Although the
the thermal partons and the shower partons created by haganching process of gluon radiation and pair creation that
partons at higtpy. The determination of the shower parton gyentually lead to shower partons at low virtuality cannot be
distributions(SPD) has recently been achieved by studying calculated, the distributions of the shower partons can nev-
the fragmentation functiongFF) in the framework of the ertheless be determined from known FFs in the framework of
recombination modg]7]. This paper contains the first appli- the recombination model, analogous to how ¢hendq dis-
cation of the SPD outside the realm of parton fragmentationtriputions are determined from the experimental distribution
As a consequence we find a new component that stands beéN/pdp; of pions, as done in Refl]. In Ref.[7] a variety
tween the recombination of soft thermal partons at lopser of SPDs are given as functions of the momentum fractions of
and the fragmentation of hard partons at highef3], and is  the shower partons. In principle, there should be depen-
also different from the direct recombination of soft and harddences orQ?; however, for use in heavy-ion collisions at the
partons[2]. relativistic heavy ion collidefRHIC), the SPDs given in

In Ref.[1] we have avoided the need to specify the originRef.[7] for Q=100 GeV is adequate, since the dependence
of the partons before recombination in order to be indepenen Q? is not severe.
dent of the models describing the early and intermediate With the SPDs at hand, we can now consider their role in
phases of the evolution in heavy-ion collisions. We use théneavy-ion collisions. Hard scattering of partons gives rise to
measured pion spectra to infer the quark and antiquark digpartons with highpr, which undergo energy degradation as
tributions just before hadronization, and then use those dighey traverse the dense medi@ig)10]. Instead of tracing the
tributions to determine the proton spectrum. In that way thespatial coordinates of the hard partons, we shall use an ef-
calculatedp/ 7 ratio is a direct consequence of the recombi-fective parameteg to describe the average fraction of par-
nation model with essentially no dependence on the othetons that escape the dense medium and are able to hadronize
aspects of the dynamics such as the separation into soft amditside. The value of will be determined phenomenologi-
hard components. In this paper we do enter into the origingally, and will represent an independent check on the degree
of the partons. The main difference between our approacbf jet quenching/11]. A more important issue is thg; de-
and the conventional treatment of particle production at higlpendences of the hadrons detected and the origins of the
pr is that we do not use FF to represent the hadronization gbartons that contribute to the formation of those hadrons at
hard partons produced at highgy. In our view all hadrons different regions ofp;. The recombination of thermal and
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shower partons will be shown to be important with the con-after integration over the other five variables.
sequence that the structure of jets produced in heavy-ion col- In our present problem of heavy-ion collisions we shall
lisions is different from that produced imp collisions. That consider particle production in the transverse plane at rapid-
difference will manifest itself in the correlation between par-ity y=0 only. Although the transverse plane is two dimen-
ticles in the same jet. sional, we shall only consider the direction in which a hadron
The recombination of two shower partons in the same jets detected so that all partons relevant to the formation of
is the same as the usual fragmentation of hard partons arglich a particle move in the same direction. Thus, it is unnec-
becomes important at highgr. The recombination of two essary to carry the subscripton all our momentum labels to
shower partons arising from two neighboring hard partons iglenote “transverse.” The invariant phase space element is
also possible, but will not become important until the colli- thereforedp/p®, which we shall approximate bgip/p for
sion energy is very high, e.g., at the large hadron colliderelativistic particles.
(LHC). In the recombination modgll2] the invariant inclusive
In what follows the production of mesorigions and ka- distribution for a produced meson with momentpnis
ong will be considered first, and then the barydsgecifi-

cally protor). Same-side correlation will be discussed, but Mz d_pld_sz =(P1Po)Ru(PL P2 D), (1)
only qualitatively to explain some apparent puzzle in the dp pr P2
data.

whereFqz(p1,p,) is the joint distribution of a quark at p;
and an antiquark)’ at p,, andRy(p;,p,.p) is the recombi-
II. MESON PRODUCTION BY RECOMBINATION nation function(RF) for qq’ — M. For central collisions it is
A. General considerations immaterial which directiorp points. Although we only con-
siderp in the transverse plane here, EKf)) has been used in

In an overview of a heavy-ion collision we can divide the the |ongitudinal direction in Refg12,13, where the RF is
process into two stage¢i) the initial evolutionary phase, gpecified. It is

and (2) the final hadronization phase. Our concern in this

paper is mainly on the latter phase, although what partons Ry J = &)ml &)Ml
recombine depends on the former. A proper formulation of m{P1P2:P Ba+1,b+1)\ p p

the formation of a dense medium must be done in full three-

dimensional3D) space and time, but to describe hadroniza- % 5(& +P2_ 1>, ?)
tion at large transverse momentum can be much simpler. p P

Since the spatial volume in which recombination can occur i?/vhereB(m n) is the beta function. For pion it is shown in
small, any two partons that are not collinear cannot recomz ’ .

bine. Thus, collinear parton momenta in one dimengkid) F\’_ef. [13] from the analysis of Drell-Yan production data in
are éll that’ we need to consider for the production of a par—p lon-initiated proces414] in the frameworK (.)f the valon
. . . . X model[12] thata=b=0. Thus, we have explicitly
ticle with a particular momenturp. The spatial extension

along that direction is also constrained to the size of the PP (P11 P2

hadron, so an integration of the remaining spatial variable Ra(P1,P2,P) :?5(3+F_ 1)’

results in a momentum-space description in which the parton

momenta should reflect the wave function in momentum-The statistical factor for the recombination process [4]1
space representa’[ion of the produced hadron. We can therEOf kaon it follows from the constituent quark masses of the
fore formulate the recombination process in the onevalons and kaon-initiated inclusive producti¢h3] that a
dimensional1D) momentum space only. Starting wighwe =1 andb=2.

investigate the partons that can recombine to form the par- The ¢ function in Eq.(2) guarantees the conservation of
ticle at thatp. Of course, by not starting with a 3D space momentum in the recombination proceBg is an invariant
from the outset, we cannot calculate the density and expard.istribution that is related to the non-invariant probablllty
sion properties of the soft thermal partons, which will havedensityGy(ys,y») of finding the two valons iV with mo-

to be introduced phenomenologically. A more elaborate formentum fractions/; andy, by

mulation can be given in terms of Wigner functions in six- _ .
dimensional(6D) coordinate-momentum spag¢g,3]. Such Ru(P1,P2:P) = Y1yoGulyrya), i = pip- @
formulations do provide a more complete picture of the col-Thus, for pionG_(y;Y,) is a constant, apart from th&func-
lision process with the added advantage of being able ttion. It means that in the momentum space the wave function
specify the soft component dynamically. It should be emphaef pion in terms of the valons is very broad, corresponding to
sized that whereas the recombination process is considerdie pion being a tightly bound state of its constituent quarks.
by us in 1D, it does not mean that the formalism is insensi-That is not the case for kaon. The broadnes&gfx;x,) is

tive to the realistic problem of heavy-ion collisions and thean important reason why the thermal-shower recombination
3D nature of the colliding nuclei. We shall return to this in the formation of pions makes a dominant contribution in
point when we discuss centrality dependence. As far as thihe intermediatg; range, as we shall see below.
hadronization part of the problem is concerned, our formu- It should be noted tha , given in Eq.(3) differs from the
lation in the 1D momentum space is consistent with the reRF given in Ref.[1], where our formulation of the hight

sult of the formulation in 6D coordinate-momentum spaceproblem is in the two-dimensiongRD) transverse plane.

3
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Even the dimension oR, in Ref. [1] is equivalentlyp}z, Note that in Eq(5) p; is integrated over a wide range due
whereas it is dimensionless in E@). Thus, caution should to the broadness of the RF. There are two components of
be exercised in relating our treatment here to that in Rgf.  parton sources that contribute Eg. One is thermal7)

It is important to recognize that the RF describes the proband the other showe:S). Before giving the specifics of what
ability of recombination of quarkgand antiquarks In the  they are, let us first expre$g;y in terms of them in a sche-
recombination model the gluons are not regarded as partongatic way
that can directly hadronizgl2,13. They hadronize through
the g andq channels by conversion_qﬁpairs. ThusFqg in Fog =TT+ 7S+ (S8S5)1+(SS),. (6)

Eq. (1) must include all theq and g’ generated by gluon

conversion for the purpose of hadronization through the us@|| four terms make contributions at afl;, although each is

of Ry in Eq. (1). The sea is therefore saturated by completémportant in only restricted regions pf. (SS); denotes two
conversion from the gluons, a procedure that leads to thehower partons arising from one hard partbence, within
correct inclusive cross section for the hadronic production obne jey, and can be related through the useRab the usual
pions, both in normalizatiofl2] and in the momentum dis- fragmentation that is described by tBefunction. (SS), de-
tribution [12,13. The saturation of the sea gfandq’ makes  notes two shower partons that are from two separate but
possible that the momenta of the gluowhich carry  nearby hard partons, and are therefore associated with two
roughly half of the momentum of each nuclg@an be prop-  gverlapping jets(SS), is not expected to be important unless
erly accounted for in the produced hadrons in any hadronig,e density of hard partons is extremely high, such as that
or nuclear collision. This procedure of saturating the sea i?)ossibly at LHC. For brevity, we shall writesS); simply as
also followed implicitly in Ref.[7] for the determination of SS, when no confusion is likely to aris€ 7 signifies two

the shower partons in the fragmentation of an initiating paryyermal partons whose recombination yields the thermal had-
ton. We also note that the conversion of gluons to quark pair§ons, usually referred to as the soft componéit.denotes
@ncreases the number of degrees of freedom of all the partongermal-shower pairing and is the new component that has
in the medium and thereby overcomes the decrease of €Ruyer heen considered before. It turns out to be important in
tropy that one might otherwise conclude by focusing on in-o 3<p;<8 GeV range. We emphasize that ti8 term
dividual recombination processes. o _ would be absent if we do not treat the fragmentation of a

Last, we mention that soft gluon emission and absorptiorharq parton as the recombination of shower partons as done
are always possible in a recombination process; in fact, thahy ref. [7]. It is now evident that by considerin§ as the
is how color mutation can take place forgg’ pair to be-  gnowering effect of hard partons all hadrons are produced by
come colorless, while the partons dress themselves to b?écombination, as is made explicit by E@S) and(6) in the

come valons before forming a meson. Such soft processes ¢Q e of pions. Let us now specify whaand S represent.
not change the momenta of valons and therefore do not in-

fluence the momentum consideration in E2). We do not
consider quark-antiquark-gluon recombination with large
momentum fraction for the gluon because the valon repre- 7 is the thermal component including hydrodynamical
sentation is complete. That is precisely the reason why thélow. It is not our intention to derive soft parton distribution
valon model was constructed in the beginning to describérom hydrodynamics. We shall simply assume what is nec-
hadron structure on the one hand as well as the recombinassary to give rise to the observed distribution of pions for
tion function (for the time-reversed processn the other p;<2 GeV. Since the observetN,./pdp at low p is expo-
[12]. nential, the necessary invariant parton distribution for the
thermal component is

1. Thermal component

B. Pion distribution h

Restricting our attention to pion production for now, we T(py) = |010|4'L =Cpiexp(-py/T), (7)
obtain from Eqgs(1) and(3): PL
NG 1 (P where T is the inverse slope enhanced by flo@&.is the
-7 —Sf dp:iFgg (PP = P, (5) normalization factor to be adjusted to fit the pion data at low
pdp p°Jo p, and has the dimensigmomentun™*. For noncentral col-

_ o ) ~ lisions, which we do not consider in this papé&r,would
which clearly exhibits the simple dependence of the piorgepend on centrality. We assume that the thermal partons are

spectrum on the momentum distributions of thandq’ that  yncorrelated, except in special circumstances, so that we may
recombine. It should be recognized that, since we work inyrite F™ in the factorizable form
qq’

1D, dN,/pdp in Eg. (5) is actually the number density of
pions inpy dpy dyde evaluated ay=0. With the assumption th _ _
that it is independent ofp in central collisions, what we Faq (P1.P2) = T(P) 7 (p2) = C?pypz ex = (py+ p/T].
denote asdN_/pdp is equivalent to the experimental (8)
dN/(27p; dp;), where the numbeN refers to the integrated

result over all¢ so that when divided by 2 the average Substituting this into Eq(5) yields for the thermal compo-
density in 2D is the same as what we calculate in 1D. nent of the pion distribution
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dNt: 2 the momentum fractioam of partonj in partoni. Note that in
pdp = Eexp(— p/T), (9)  Eq.(12) there is no fourth column corresponding to gluons in
the shower. The determination of the five essential SPDs is
which is the exponential form aimed for. To fit the data thecarried out on the condition of no shower gluons so that all
parameters are hadrons specified by the fragmentation functions are formed

by gg’ recombination without gluons. The underlying phys-
— 1 —
C=232Gev’, T=0317GeV, (10 ics for this has already been discussed in the last two para-

as we shall see later. graphs of Sec. Il A. o
The distribution of shower partopwith transverse mo-

2. Shower partons mentump; in central heavy-ion collisions is then

collision let the partom be scattered into the transverse plane

at rapidityy=0 with probability f;(k), i.e.:
o wherep; andk are collinear. Since the input on hard parton
dN™ -tk (11) distribution f;(k) cannot be valid at lovk, we shall consider
kdkdy y:O_ R the earlier integral only fok>k,, for which we set the mini-

_ mum atky=3 GeV. In practice we cutoff the upper limit of
wherek is the transverse momenta of the parton. We Sha'lntegration at 20 GeV.

use the parametrization 6f(k) given in Ref.[15], obtained o
for the study of dilepton production in central collision of 3. Thermal-shower recombination

gold nuclei atysyy=200 GeV. Due to energy loss of the  Wwith the shower partons specified we can now combine
partons in the dense medium, not all partons emerge from thgiem with the thermal partons to describe fterm in Eq.
reaction zone to hadronize outside. Only a fraction of thenig). We have

do, and we shall uséto represent the effective fraction after

averaging over all central events such thgtk) denotes the _ —py/T f G
number of unquenched partons with momentuthat are to T(Py)S(pr) = C pre z,: dk kh (S (PK).
hadronize. Note that we do not refer to them as jets, since the (14)
notion of jets presupposes that a hard parton fragments into a

jet of hadrons. That supposition is, of course, just what wavhere the distributions of thermal light quarks are assumed
want to avoid. We regard as an effective fraction because to be flavor independent and the appropriate one is implied
we do not consider its dependenceloand do not delve into  to pair off with j to form the meson under consideration. The
the space-time properties of the hard scattering and subseentribution to the pion spectrum from thermal-shower re-
quent evolution. The value @fwill be determined phenom- combination is then, using E¢5):

enologically, and be regarded as an empirical quantification
of the degree of energy loss.

The hard partoi at momentunk creates a parton shower.
Since there are various types of shower partons for each type S
of initiating partoni, let us useg to denote the matrix of Where a sum ovej is implied to match the flavors of the
SPDs fori — j. Althoughi can beu, d, s, U, d. 5, andg, j is yalepce ?ugrks of ths deteccj:ted p|1c_)rr]1. Or:jly theé)verall.normal-
allowed to be quark and antiquarks, but not gluon. The role!-z"’lt'c.m.0 this term depends 0@ € p dependence 1S our

. S Jrediction, which is used to fit the data and thereby deter-
of gluons in the recombination process has already been d'gn']'ne P
cussed earlier at the end of Sec. Il A. The sea partons in the '
shower are saturated by gluon conversion. In the notation of 4. Shower-shower recombination
Ref. [7] we useKys to denote the valence quark in the
shower, L(Ly) the light (strange sea quarks in a quark-

initiated shower, an@(G,) the light (strangg sea quarks in (SS)(peps) = 52 fdkkfi(k){S(%),S-,( [ )}

Next we consider the shower distribution. In a heavy-ion S(py) = £ f dkkfi(k)S{(pllk), (13)
i Jko

dNTS 1 (P
= — | dp,7(p) S(p-py), 15
odp pgfo 7 (py) S(p-py) (15

For two shower partons in the same jet we have

a gluon-initiated shower. Thus, the shower maﬁifbhas the k-p;
form
(16)
K L Lg o o
where the curly brackets signify the symmetrization of the
§= L K L izudsg j=uds, (12 leading parton momentum fraction
L L KS 1 L L Ll L 1 1 1 Z 1 Z
: y ; 1y iy »
G G G {3(21),51 (1_21)}—2[3(21)3 <1-zl>

whereK=Kyst+L andK,=Kys+L,. The antiquarks, d, and {7 .

's have the same structure, and are related, td, ands as +3(;>3 (z)|. (17
sea, and vice-versa. The parametrizations for these SPDs 2

have been completely determined in R@ as functions of  We have shown in Ref7] that the SPDs can be determined
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from the recombination formula for the fragmentation func-

tion
xDiM(x):f {Q(xl).i'(l)i—z)q)}RM(xl.xZ,x).
(18)

A sum overj andj’ is implied in consort with thg andj’

labels hidden in the RF that are relevant fr The substi-
tution of Eq.(16) for the (SS), term in Eq.(6) into Eq. (1)

clearly yields

dxq dx,
X1 X

d P

k

(19

NS p
P~ ap =& fdkkﬁ(k);DiM(

which is the usual formula for the production of a meson atI
high pt in the fragmentation model, except for the presence

of & here for reasons that have already been discussed earli
There is finally the possibility of recombination of two
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o 7% (PHENIX)

10° — sum
o - - thermal-thermal
2 » »— thermal-shower
S 10 o—e shower—shower(1—jet)
o W = shower-shower(2-jet)
* .
~ 10 r
prd
°

107 1

10

6

P (GeV)
FIG. 1. Transverse momentum distributiont in Au-Au col-

isions. Data are from Ref.16]. The solid line is the sum of four

contributions to the recombination of partoAs? (dashed ling 7S

ﬁrhe with crossef (SS),, two shower partons in one jéine with

open circleg and(SS),, two shower partons from two overlapping

shower partons from two different but partially overlapping jets (line with squarep

showers. The correspondifgsS), term in Eq.(6) should
then be

(88)2(p1,py) = 5y¢,§22

H

><fdkdkkk’fi(k)fi,(k')s{<%)3, P2

)

(20)

where a multiplicative factow, is included to reflect the
probability of overlap iny and ¢ of the two showers in order
for collinear recombination of the partorjsand j’ to take
place. The value o, can be estimated by studying the size

estimate just to put its contribution on the figure. It is indi-
cated by the line with squares, which is much lower than all
others.

The result that thermal-shower dominates over shower-
shower (1-jet) recombination forp;<<8 GeV is our main
finding in this work. It shows the importance of considering
the interaction between the thermal partons and the partons
created by hard scattering. That interaction becomes particu-
larly significant at the hadronization scale where recombina-
tion occurs.

One way to see wh{S is greater tharSS in their con-
tributions to Eq(1) via Eq.(6) is to examine their sum in the

of the jet cone, and is expected to be small. Thus, this modllowing form:

of recombination is not likely to be important at RHIC. How-
ever, at very high energy, such as at LHC, whé«&) is
orders of magnitude higher, th8S), term may well become
significant.

5. Result on the pion spectrum

Collecting all the pieces of Eq6) together and substitut-
ing them in Eq.(5), we obtain the four contributions to the
pion spectrum. The parametetsandT in Eqg. (10) are de-
termined by fitting the lowp; data. Ignoring th€SS), con-
tribution on the basis tha,, is very small, there is only one
parameter¢, to adjust to fit the data fopr>2 GeV. The
result is shown in Fig. 1. With the value

£=0.07 (21)

the fit of the idata from PHENIX[16] on central Au-Au
collisions at\syy=200 GeV is excellent up tpr=10 GeV.
Note that in the region 8 pr<8 GeV, the dominant contri-
bution is from thermal-shower recombinatidaitine with
crosses The conventional jet fragmentation is from shower-
shower recombination in one jéline with circles; it be-
comes more important than tH&S contribution only for
pr>9 GeV. To show the relative size of tH8S), recombi-
nation from two jets, we assum&,,=0.01 (a very rough

TS +55= £ fdk ki (k) q’(%)

P1

3l

2

o (22

X [Cple‘pl’T + SJ(
putting aside the other symmetrizing termS§ without any
impediment to our argument. The figherma) term inside
the square bracket is much larger than the segshdwej
term whenp; is small (but not infinitesima), which is a
region ofp, that is relevant for the soft parton to recombine
with a shower parton gb,>3 GeV only if R,(p1,p2,p) is
broad enough to encompass both. This linking between soft
and semihard partons not only enhances the spectrum over
simple fragmentation, but also modifies the structure of what
is usually regarded as minijet. Since there are no thermal soft
partons inpp collisions, the pion distribution at intermediate
and highpy in pp collisions must differ from that inAA
collisions. Furthermore, the same-side correlations in the two
cases are necessarily different, as we shall discuss in Sec. IV.

6. Dependence on the recombination function

To see how the thermal-shower recombination depends on
the broadness of RF, consider the general form of the valon
distribution
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pr>6 GeV in central Au-Au collisions. To understand their
difference, let us examine what they measure, respectively.
Raa(py) is defined by the ratio

dN/pr dpr (AA)
NcoIIdN/pT de (pp) '

whereN is the average number of binary collisions. In the
denominator the production of particles at high in pp
collisions can be well described by the fragmentation of hard
partons. However, we have seen that the usual fragmentation

Raa(py) = (25

- ash SR

8 . . corresponds to the shower-shower recombination in 1-jet,
10, 6 8 10 which is not the important part of hadronizationAa colli-
P, (GeV) sions for 3<p;<8 GeV. The suppression factgrmay, in
the spirit of EqQ.(25), be written in the schematic form
FIG. 2. (a) Various valon distributions in momentum fractign
according to Eq(24). (b) The correspondingy distributions from é= w , (26)
7S recombination. ~
j TSR (AA)
G(y1,Y2) = m(ylyz)a y1+y,—1). (23 whereS is the shower component expressed in @¢), but

without the¢ factor. The angular brackets denote an average
Equations(3) and (4) follow from Eq. (23) for a=0. If a over all pr. The denominator is the thermal-shower recom-
were larger, as one would expect for tpemeson(since bination in AA collisions, if all hard partons get out of the
smalla corresponds to a tightly bound stgtéhen the valon medium to hadronize. It is then clear wiiyis smaller than
distribution would be more sharply peakedyaty,=1/2.In  Raa. It should not only account for the suppressed number of
that case the recombination of a thermal parton atpgwnd  hard partons in the numerator that get out from the dense
a shower parton at intermediapg is suppressed. To make medium to hadronizevhich R, does alsp but is also made
this point transparent, we show in Figagseveral possible smaller by the denominator where td& recombination is
widths of a single-valon distributiois(y) obtained from |arger than the scaled contribution frapp collisions.

G(y1,Y») by one integration, i.e.: Another way to exhibit the effect of energy loss on our
result is to calculat®a(py) directly from our pion distribu-

G(y):;[y(l—y)]a, (24)  tion, assuming that the pions dominate over all other par-
Bla+1la+1) ticles. That assumption is invalid fger<4 GeV, since the

which is normalized to 1 by one more integration. The cor-prOdl_JCt'on of proton is knowr_l to be roughly equ_al_ o that_ of
responding RF is given by Eqed) and (23). When we use pion in the < pr<4 GeV region. Neverthelt_ass, itis |I!Tum|-
that RF in Eq(1) and calculate the distributiciN/pdpwith ~ Nating to see what the pion component giveall it Ry,
only the7S contribution toF g taken into account, the result relative to the experimentdy, for pr>4 GeV. SinceSS
is shown in Fig. #b) for a=0,1,2,5. It isevident that the recombination is just the fragmentation component in

recombination of thermal-shower partons is significantlyAA dCOII}SiOSS as s_tateld gn Eq.(;g), ;}Ne can obtain
suppressed at highy whena is large, and becomes negli- NeoidN,./ pr dpr(pp) simply by omitting the factorg from

gible whenR(p;,p,,p) tends toward being proportional to dN>*/pdp. That is, we have

3(p1=p/2)3(po—p/2). RE.(p) = dN,/pdp
AA

£l Tpdp 0

C. Energy loss where the numerator corresponds to the solid line in Fig. 1
In the absence of a space-time study of the problem thaand de;S/pdp corresponds to the line with open circles in
includes the locations where hard collisions occur, it is nothe same figure. The result f&%, is shown in Fig. 3 by the
possible to consider the medium effect on each and evergolid line, which is in reasonable agreement with the data on
hard parton that traverses the medium. We have used tH&sa [18] that is not limited to the pions. It is now clear that
parameteré to represent the overall effect after averagingthe ratio of those two lines is equal to the raff,/ & which
over all events in central collisions. The valge0.07 given in turn is approximately equal tBya/ €. Since the thermal-
in Eq. (21) is a quantity deduced from fitting the pion spec- thermal recombination is negligible fpr->4 GeV, the ratio
trum. It clearly indicates that not all hard partons created in zidNW/pdp)/(def/pdp) is essentially independent of.
heavy-ion collisions can get out of the dense medium toThus,R7,/ ¢ is roughly independent of energy loss and there-
hadronize. As suggested by the STAR dgitd], only those fore of centrality.
near the surface can escape the quenching effect. Our result It is worth remarking on how the nuclear-size effect enters
on the value of¢ seems low by comparison to the nuclearinto our one-dimensional treatment of the hadronization pro-
modification factor Raa(py), which is roughly 0.2 for cess. We emphasize that hadronization occurs outside the
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1 ' ' investigation, especially if the experimental determination of
Ryj;; is forthcoming.
In a Monte Carlo calculation, such as that employed in
— R" Ref.[2], where space-time trajectories of the hard partons are
AR tracked, it is possible to compute the parton momenta after
energy losses are taken into account. Those emergent partons
then generate shower partons whose recombination with
% thermal partons presumably results in a yield that can check
I the value of our mean suppression facgotn our treatment
% in the momentum space only, we determgby fitting the
pion data, but once fixed the relative magnitude betw&gn
, , , andSsS is also fixed. Moreover, there is no more freedom in
4 6 8 10 the determination of the inclusive distribution of other par-
p; (GeV) ticles, such as kaon and proton.

o STAR

RAA

0.5¢

FIG. 3. Nuclear modification factdRa, compared to the calcu- D. Kaon production

lated result using only pion$y .. ) o
A For the production of kaon the RF has the explicit form

volume of dense matter and along the direction of the deEhat follows from Eq.(2) with a=1 andb=2 [13]:

tected particle. The 3D nuclear-size effect influences the pipg

properties of the partorizeforethey enter into the interaction Rc(p1,p2,p) = 12— 8(p1 + P2 — P)- (28)

region for hadronization, and is therefore not explicitly P

present in the recombination formula. The recombining parUsing this in Eq.(1) yields for K*:

tons are either the soft thermal ones or the semihard shower dN 12 (P

partons. Centrality obviously affects the magnitude of the K _ 14 _n2 _

thermal source, i.eC, and the degree of energy loss, i&., pdp pGJO dpy PP = p)” FadPup =Py (29

We have made a preliminary study of the centrality depen- ] ) .

dence ofdN,/pdpand found agreement with the data by the Note thgt because the kaon is not as tlghtly bound as pion,

appropriate adjustment o€ and ¢ in essentially the same the RF is not as broad as that .for pion, with the consequence

way as we have done in this paper for the most central colthat the factom,(p—p,)? in the integrand forces the and's

lisions. We mention this only to point out that the 1D de- quarks to have closer momenta than those in(&y.

scription of recombination does not preclude the possibility There are four terms foF s as in Eq.(6). The calcula-

of accounting for the nuclear-size effect, which is manifestlytional procedure is basically the same as for pion. A slight

3D, but occurs prior to the hadronization process. complication arises from the strange quark being different
The suppression factdt as expressed in E¢R6), cannot ~ from the light quarks. In the thermal component we shall

be measured directly. There is, however, a measurable quagimply attach a multiplicative factox, for the s sector

tity that is closely related t@. Since only the hard partons T\ T (30)

that are created near the surface of the collision region can s s

get out, most jets detected WA collisions do not have a where we sek to be the Wroblewski factor at,;=0.5[19].

partner in the opposite direction. That does not mean th&he thermal-shower recombination now has two terms

nonexistence of back-to-back jets. A pair of hard partons that

are created near the edge, but directed at around 90° relative T (pD)Sy(p2) + S(pD)Zs(p2)

to the radial position of creation measured from the center, D

and yet remain in the transverse plane., roughly tangent =£CY, Jdk kfi(k)[ple‘pl’T §(f)
i

to the cylindey, do not go through the bulk of the medium.

Those two hard partons can then lead to back-to-back jets P

that are detectable. It is then of interest to measure the total + )\sze‘pZ’TS‘(—lﬂ. (3D
number of events that contain back-to-back jets.FEjp]t(ﬁT) K

be the ratio of events with back-to-back jets to the total num-The (SS); and (SS), contributions are as expressed in Egs.
ber of events containing any jets, wheggis the minimum  (16) and(20), respectively, with{j,j’} identified as{u,s}.

value ofpy that any particle must have to be counted as part The four contributions to the kaon spectrum are shown in
of a jet. Thus, for example, fqur=5 GeV,R;j;(pr) refersto  Fig. 4. No adjustable parameter has been used beyond what
the fraction of events containing two particles with has already been determined in the previous section. The
pr>5 GeV in opposite directions out of all events with any agreement between the susolid line) and the data is evi-
particle havingo;>5 GeV.R;;(py) is then a measure of the dently very good. The data are f&€ at 0-5% centrality and
fraction of space near the surface that can give rise to paextend topr~ 6 GeV[20], farther than folK* [4,21]. As in
ticles at highpy through thermal-shower recombination. It the case of pions the thermal-shower recombination is more
can have dependence on centrality. The precise relationshimportant than both thermal-thermal and shower-shoider
betweené andR;j;; is a separate problem worthy of detailed jet) for 3<p;<8 GeV. As in Fig. 1 the shower-showe2-
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* Kg (STAR preliminary)

1 0 — sum
'> - -- thermal-thermal
D ~— thermal-shower
O 1n2 .
=10 | o—o Shower—shower(1-jet) 1

=—=a shower—shower(2—jet)

6
P, (GeV)

FIG. 4. Transverse momentum distributionkf in Au-Au col-
lisions. Data forKg are preliminary from Refl.20]. The symbols for
the four contributions are the same as in Fig. 1.

jet) curve is shown fois ¢—O 01 and is negligible. There are
some small differences in the various components of the pio
and kaon spectra, but on the whole the two are basicall
similar.

IIl. BARYON PRODUCTION BY RECOMBINATION
A. General considerations

The extension of the treatment in the preceding section t

PHYSICAL REVIEW C70, 024905(2004

2{)u+{yp=1. (38)
For hyperons, the lack of information about their parton dis-
tribution functions deprives us of any such detail knowledge
of their valon distributions, and consequently of their RFs.
Nevertheless, on the basis that the constituent quarks in all
baryons are not tightly bound, we expect the exponens
and y for hyperons to be also in the range between 1 and 2.
The 3-quark distribution now has more terms in the vari-
ous possible contributions from the thermal and shower par-
tons. Schematically, it takes the form

Foqqr =TTT+TIS+T(SS),+
+(5(88)1), + (8585)s.

(SSS),+ T(SS),
(39

They are arranged in increasing order of the number of hard
partons involved: the first term has none, the next three one,
the following two two, and the last term three. We shall
gonsider only the first four terms, since they involve thermal

artons and the shower of only one hard parton. The fifth
erm involves partons from two overlapping jets, and is ig-
nored at RHIC energy despite the enhancemeni.by

B. Proton production

0 Let us focus our attention on proton production at high

baryon production is conceptually straightforward. The genAs before, we omit the subscrifitin referring to momenta

eralization of Eq(1) is clearly
dNg f

P—— dp
whereF(p;, P2, Ps) is the joint distribution of three relevant
quarks to form the baryoB. The RF is related to the non-
invariant valon distribution by

dp, dp, dps

F( 1 L )R( 1 L 1)
01 P Pa P1,P2,P3) Re(P1,P2,P3,P

Ra(P1, P2, P3.P) = Gst Y1Y2Y3 Ge(Y1.Y2:Y3),Yi = P/ P,
(33

where g; is a statistical factor, an&g(y4,Y,,Y3) has the
general form

Ga(Y1,Y2Ys) =0 Y1VoYE 8y1+Y,+ys—1), (39

gs=[B(a+1,8+y+2) B(B+1y+1]*. (35

For proton,y; andy, refer to the momentum fractions of
the U valons, andy; to that of theD valon. The exponents
a, B, andy have been determined in R¢22] to be

a=B=1.75 y=1.05 (36)

from parton distribution functions of the proton. Note that

although thdJ andD valons have the same constituent quark
masses, they have different average momentum fractions cal-

culable from Eq(34) [22]:
(y)y=0.3644, (y)=0.2712, (37)

which satisfies the sum rule

in the transverse plane, and obtain from E@2)—35):

dN Ost P=pP1
pdp —"—pzmw dp: | dp, (P1P2)“(P = P1 = P2)”

XF(Pp1, PP~ P1— pz)- (40)

The 777 contribution can be computed analytically. Using
Eq. (7) for each?, we obtain for the thermal spectrum

N G eBla+ 2.y + DBlart 2.t v+ 4
pdp 6 Bla+1,y+DBla+la+y+2)’

(41)

whereC and T are given in Eq(10), and «, y in Eq. (36).
The statistical factogg, is 1/6 when the spin-flavor consid-
eration is taken into accoufit]. Equation(41) is not reliable
at very smallp, since the proton mass effect invalidates our
essentially scale-invariant formulation for relativistic par-
ticles. Furthermore, at smath the problem becomes 3D, so
our treatment should be modified accordingly.

The 77§ contribution is

dNJ® g c2¢
pgp = GF‘)’MM dpydp, (p1p2) ™ (p ~ py = p2) ™!
x2 f dk k (k) Ui(k,p1,P2,P), (42)
I
where
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0| e p (PHENIX)
— 10 — sum e PHENIX
@ --- th-th—th 1.5} — proton mass neglected |
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100 s—a sh-sh-sh (1-jet) &
o o 1r
N o
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Z ,b
S - #
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~ ¢
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2 4 6 8 10 o
P (GeV) 2 4 6 8
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FIG. 5. Transverse momentum distribution of proton in Au-Au
collisions. Data are from Ref16]. The solid line is the sum of four
contributions to the recombination of partori§7 7 (dashed ling
778 (line with crossey 7 7S, one thermal parton with two shower
partons in one jetdashed-dot ling andSSS, three shower partons
from one jet(line with squarep

FIG. 6. Comparison of calculatedf 7 ratio with data from Ref.
[4]. The solid line is the ratio of the solid lines in Figs. 5 and 1,
without the mass effect taken into account. The dashed line is the
result afterp is replaced bymy in the way described in the text.

Au-Au collisions atysyy=200 GeV for 0-5% centrality4].
D We emphasize that there are no free parameters to adjust to
(—2> achieve the good agreement. The result bepgw?2 GeV is

Uik pupp) = e 0T S“(p—l) F e T o
P1 k not compared with data, since the proton mass effect be-

P2
1 —(pytoT P-p1- P> comes important there and invalidates our scale-invariant
+ e 'R S} k) formulation. All three contributions that involve thermal par-
P=P1=P2 tons have about the same strengthpat=4 GeV. What
(43) dominates at higherpy is the 78S component until
pr>9 GeV where theSSS component takes over. The data
available now are only fop; up to 4.2 GeV and therefore
cannot check our prediction in detail. At this point we can
J dpdp, (P1P2)“(P = P1 =~ P2)” only conclude that the departure from the exponential behav-
ior in the data forpy> 3.5 GeV is well accounted for by the
two types of thermal-shower recombination, but not by direct
XEi f dk k (k) Vi(k.p1,P2.p), (44) hard-parton fragmentation. That may be regarded as empiri-
cal support for the role of thermal-shower recombination.
where Having obtained both the proton spectrum here and the
pion spectrum in Sec. Il, we can now calculate fier ratio
Vi(k,ppppp) = py €PYT {S(&)Sd(w)} and compare it to the data. Since the calculated result shown
k k-p, in Fig. 5 is only forpr=2 GeV/c due to our neglect of the
) S’(p_ pl—pz>} proton massm, in our formulation, thep/s ratio that is

The 78S contribution is

dNT;SS _ g, C¢
pdp 6p2a+y+4

+p, e P27 {SJ(& — represented by the solid line in Fig. 6 is not shown for
k K=py pr<<2 GeV/c. It has the broad feature that the ratio is greater
+(p=py—py) € P PPIT than 1 atpy=3 GeV/c. For low p; where the proton mass

effect is important we adopt the Ansatz by replacing the fac-
X{S“(%),Su(k pzp )} (45  tor p~?¢*Y in Eq. (40), which arises fronGg in Eq. (34), by
~ M1
The curly brackets in Eq45) denote symmetrization as in

~(2a+y)
mT v
Eq. (17). Finally, we also have&SS which is simply related
to the fragmentation of a hard parton into proton. The latte
has already been studied in Rgf]. The corresponding FF,
DP(2), can be used here as in E49) to give

, where mr:(mf)+p2)l’2. The result is shown as
dashed line in Fig. 6 and exhibits excellent agreement with
the data[4,23. It should be noted that the amendment is at
Pest kinematical, since no dynamical effect at lpw has
been considered. What is noteworthy is that the maximum
exceeds 1 at the peak, which is the anomaly that the frag-
mentation model cannot explain. The slow decrease of the

dNSSS & p ratio aspy increases is a prediction of our model that can be
_p_pdp = F_)E dk fi(k) D?(;)- (46)  checked by future data @ >3 GeV/c.
i

. . IV. SAME-SIDE CORRELATION
The result of our calculation for the four types of contri-

butions are shown separately in Fig. 5. Their sum is shown We have stated that because of the thermal-shower recom-
as solid line, and agrees well with the data from PHENIX inbination the structure of jets iAA collisions must be differ-
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ent from that inpp collisions. One way to probe that differ- duces the ones gi; and p,, i.e., in Eq.(47) we make the
ence is to study same-side correlation of particles. In Réf. replacement
we have calculated the 2-pion correlated distribution in a R .,
u-quark initiated jet. That type of calculation can be incor-  (S8)1(P1P2)T(P)T(P2) — (SSSS)1(P1,P2: P1, P2/,
porated into the study of same-side correlatiorpmcolli- (48)
sions by integrating over hard-parton momentum and sum- i L )
ming over all types of hard partons. FAA collisions one  Where(SSSS) is a generalization ofSS), in Eq.(16) to four
would consider 8 and 2q from thermal and shower partons Shower partons. . _
and then recombine them to form two pions. Quantitative Ve now see that |ppcoll|5|or)§ when the trigger momen-
computation of the process will not be attempted here. InfUm. Py, is high, it forcesp; or p; in (SS5S)1(py. P2, P1.P2)
stead, we make some qualitative remarks in light of somd® be high, with the consequence tipatandp, must be low.
data from RHIC that has some relevance. Shower partons§(z) at small momentum fractiorz are
In Ref. [17] a quantityl ,, is defined to be the ratio of all known to have high density. They are shown in Fig. 2 of Ref.
charged particlegabove a modeled backgroundithin a  [7]. Indeed, the 2-pion distribution in a hard parton based on
range of azimuthal angld¢ around the trigger particle in (SSSS); has been calculated in Réf], where it is shown
Au-Au collisions to the same quantityvithout backgrounyl  that the distribution for the momentum fractio=P,/k of
in pp collisions. If there is no medium effect and if jetsA®  the(nontriggey second particle becomes very high at By
and pp collisions are the same, thdp, should be 1. It is The high density at lowp; renders(SSSS), to be of the
found in Ref.[17] that if the trigger momentum is in the same order ag (p,) in AA collision, resulting in an increase
range 4< ptT”9< 6 GeV, the value ofp, in central collisions  of the 7rar distribution inpp collisions. For that reasoi, is
is consistent with 1, though being more like 1.1. However,lower (near 3 at higherp?. In other words, sincéaa is
for 3<pl9<4 GeV, I, is significantly higher, roughly 1.5 dominated by the large number of particles in the lpw
for Npa«from 150 to 350. The former case for highglt? has  range in the jets, it masks the differences in the structures of
been regarded as evidence that the nearside azimuthal pedke jets(at intermediate and highy) produced in nuclear and
in AA and pp collisions are similaf17,24, but no explana- hadronic collisions.
tion is given for the discrepancy whepi'? is lower. The The drawback in usinda, as a measure of same-side
azimuthal distribution of the nearside particles is not showrcorrelation is that it involves integrations in ball® andP,,
in Refs.[17,24 for 3< p¥'9<4 GeV. It is also not clear for a procedure that is likely to suppress the distinctive features
that case whether the particles associated with the trigger agd thermal-shower recombination. It is recommended that the
integrated over the range<2pr< p¥'9 only, as it is stated momenta of all particles in a jet are projected along the trig-
explicitly for the case of & p['9<6 GeV[24]. ger momentumpP,, and then the distribution in those pro-
In our view there is no reason why, should be equal to jected momentaP,, is determined for several values Bf.
1 for the same-side particles. Indeed, we regard the value
Ian= 1.5 for 3<p{'9<4 GeV to be an evidence in support of
the enhancement due to thermal-shower recombination. The
question that we should address is why is lower at higher By showing the importance of considering shower partons
pre. created by hard partons, we have called into question the
Although our formalism does not facilitate the calculation conventional paradigm in particle production at highin
of the azimuthal distribution, we can regard the integral oveheavy-ion collisions. The usual approach is to regard such
A¢ under the same-side peak that enters the determination ghrticles as the products of parton fragmentation. We have
lan @s being roughly equal to an appropriate integral of theshown that all particles are the result of parton recombina-
two-particle distributiondN/dP,dP, over P,, with P, being tion, including but not limited to the ones usually regarded as
assigned the role of the trigger momentum. Despite our refragments. The important input that makes feasible our ap-
striction to collinear momenta, the integfaP, accounts for  proach based entirely on recombination is the shower parton
all associated particles, as dof\ ¢ in the data analysis by distributions derived in Ref7]. Those distributions are de-
STAR [17]. In our approach we have a hard partonkat termined by analyzing the fragmentation functions for
creating a shower in which two partonsmtandp, combine  parton-initiated jets in the recombination model. Once they
separately with two thermal partonsgtandp; to form two  are known, it is conceptually unavoidable to consider the

V. CONCLUSION

pions atP;=p;+p; andP,=p,+p5. The distribution is recombination of thermal and shower partons in heavy-ion
collisions. The result of such subprocesses turns out to be
) very important in the 3p;<8 GeV range, as we have
PlPZ% =f d—pld—pzd—rfld—?z(SS)l(pl,pz) shown. The usual subprocesses of hard scattering followed
dP,dP, P1 P2 P1 P2 by fragmentation are found to be unimportant until higher
XT (P T (PH)R,(P1, Py P1R(P2, Db, Py). pr. That results in a paradigm shift that has far reaching
(47) conseqguences.

The phenomenon of energy loss of partons traversing
dense medium can be related to experimental observables
For pp collisions the thermal partons are replaced by otheonly by means of some valid model of hadronization that
shower partons initiated by the same hard parton that proconnects the partons to hadrons. If fragmentation is not im-
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portant in the region op; under investigation, then serious the measurement of two-particle inclusive distribution at
modification of the quantitative implications of jet quenching high pr would provide a more accurate description of the jet
must be considered, since the content of a jet has been atructure and can be used to check the prediction that can be
tered from that produced ipp collisions. What such a modi- made in our framework.

fication should be has not been studied in this paper. We have At this point the single-particle spectra that we have con-
only used an effective parametgto account for the fact that sidered provide sufficient encouragement from the agree-
not all hard partons can get out of the dense medium tanent with existing data to suggest that the recombination
hadronize. We admit that such a method of treating energgpproach has captured the essence of hadronization @tany
loss is very rudimentary in this first attempt to study theand that shower partons play an important role in the pro-
effects of shower partons. Yet we have found consistency icess. More data at highg@r and on other species will give
being able to reproduce the spectra of pion, kaon, and protomore stringent tests that the recombination model must pass
A more detailed investigation that tracks the space-time hisin order to establish the solidity required for a reliable
tory of the produced partons would require an evolution codenechanism of hadronization.

that is beyond the scope of this paper.
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