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High-pt pion and kaon production is studied in relativistic proton-proton, proton-nucleus, and nucleus-
nucleus collisions in a wide energy range. Cross sections are calculated based on perturbative QCD, augmented
by a phenomenological transverse-momentum distribution of pattamsinsic k{”). An energy dependent
width of the transverse-momentum distribution is extracted from pion and charged hadron production data in
proton-proton/proton-antiproton collisions. Effects of multiscattering and shadowing in the strongly interacting
medium are taken into account. Enhancement of the transverse-momentum width is introduced and parameter-
ized to explain the Cronin effect. In collisions between heavy nuclei, the model overpredicts central pion
production cross sectiongnore significantly at higher energjesinting at the presence of jet quenching.
Predictions are made for proton-nucleus and nucleus-nucleus collisions at relativistic heavy ion collider ener-
gies.
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I. INTRODUCTION production[4,5]. Significant amounts of experimental data
on 7~ andK production inpp collisions are available in the
As the bombarding energy is increased, hjghparticle  energy range 20 Ge¥\s<60 GeV[6-12. Higher ener-
production becomes a prominent feature of nuclear colligies are less thoroughly explored, with mostly calorimetric
sions, as evidenced recently by the data beginning to emerggta on total hadron productidim lieu of the identified pion
from the relativistic heavy ion collide(RHIC) [1]. These  and kaon spectra at lower energids the present paper, we

data call for concentrated theoretical efforts to overcome thgse CERN UA1[13-15 and Tevatron CDF16] data from
challenges presented by the high-energy and many-body fea=—

g : Pp—>ht reactions to bracket the RHIC energy range from
tures of nuclear collisions at center-of-mass energies Oabove
100A GeV=/s<200A GeV. Relying on asymptotic free- i - -
dom, perturbative quantum chromodynam@QCD) can be The presence of nuclear effects modifies the predictions

applied at sufficiently high energies. To use PQCD as a pracQf the PQCD-improved parton model for hard particle pro-

tical tool, one takes advantage of the factorization theorer’n‘fiUCtIon .|npA collisions, as |nd|cat§ad by avallallqhe'-\ hadron
which provides a simple connection between the level ofroduction datd6,7,11,17,1& While hard particle produc-
observed particles and that of the underlying quark-gluorfion (usually disregarding nuclear effeptsas been used as a
(parton structure. Briefly, the observable cross sections aréesting ground for PQCD, the nuclear modifications are cru-
expressed in terms of a convolution of partonic cross seccially important for RHIC experiments and planned nuclear
tions with parton distribution function®DF9 and fragmen-  €xperiments at the large hadron collideHC). In particular,
tation functions(FF9, which encode some of the perturba- to assess the effects of jet quenchjd§-21, precise back-
tively noncalculable low-energy aspects of the physics. Thground calculations and the knowledge of the gluon density
resulting calculational scheme adopted here is referred to af the medium responsible for the energy loss are necessary
the PQCD-improved parton modgd,3]. To assure the valid- [22].
ity of a perturbative treatment, we limit the discussion to In a recent papef23], we suggested a specific form
hard particle production, requiring the transverse momentum(“saturation”) of the nuclear modification for the cross sec-
of the inclusively measured produced particle to be above #on enhancement observed at highin pA collisions over
certain thresholgp+=pro. Typical values ofpy are around  what would be expected based on a simple scaling of the
1-3 GeV in the literature. appropriate pp cross section(Cronin effeci [6,7]. The
Hard pion and kaon production in proton-protqrp) and  present paper provides a more detailed account of our work,
proton-nucleusfA) collisions at these energies is in itself of incorporating not only neutral but also chargedand K
interest, but it is also imperative to study these reactions as production, with applications and predictions at RHIC ener-
step in the process of understanding hardndK production  gies and folAA collisions. The saturation prescripti?3] is
in nucleus-nucleusXA) collisions. The necessity of this sys- looked upon as a limiting case, with the opposite limit cor-
tematic approach has been made particularly clear by theesponding to the participation of all available nucleons in
high-visibility parallel developments in the subfield &  the enhancement of the transverse-momentum widde
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Sec. Il B. We study the dependence of the results on the Il. PION PRODUCTION AT CENTER-OF-MASS
possible choices between these limits, and suggest a connec- ENERGIES BELOW ~60 GeV

tion of the preferred value of the number of semihereb- In this section, we first summarize the treatment of par-

mentum transfer~0.5 GeV) collisions to the results of e hroduction in the PQCD-improved parton model, listing
lower-energy experimentf24-27. Further measurements 5rious assumptions and ingredients. We introduce the intrin-
are needed to clarify the physical picture, and we argue thafic transverse-momentum distribution of partons and fit the
the plannedbA runs at RHIC[28] are likely to play a very  width of this distribution to availabl@p data in the energy
important role in this regard. range 20 Ge¥t/s<60 GeV in Sec. Il A. A large body of

A similar effort (with somewhat different emphagias  pjon and kaon production data can be utilized in this energy
published recently29]. Initial RHIC data and the interest in jnterval to extract information on the width of the transverse-
jet quenching warrant an independent detailed study of thenomentum distribution. In Sec. Il B the Cronin effect is dis-
PQCD background to which jet quenching should be applie¢ussed inpA collisions. Section Il C deals with hard pion
to achieve agreement with centrAlA collision data. Our production inAA collisions.
work differs from Ref.[29] on the basic PQCD level in the
choice of scales and in the use of the newly published
Kniehl, Kramer, and Piter (KKP) fragmentation functions A. Parton model and PQCD
[30]. Furthermore, we take the position of consistently using with intrinsic transverse momentum
leading orderLO) PQCD in the present paper, without in-  The invariant cross section for the production of hadnon
troducing a so-calledK factor,” which we found to be en- in a pp collision is described in the PQCD-improved parton
ergy and transverse-momentum dependent in another pubinodel on the basis of the factorization theorem as a convo-
cation[31]. In this way we have fewer parameters, and thejution [3]
burden of obtaining a good fit to thgp data rests entirely on

the transverse-momentum distribution, without mixing the  dofP
' intrinsi En—= AdX,0Xp 0z fap(Xa, Q%) fo/n(Xp, Q%)
effects of theK factor with those of the intrinsic transverse En F oy aOXp0Ze To/p(Xa, b/p(Xp »
momentum. We determine the energy-dependent width of the P
transverse-momentum distribution by fittipg data, in con- dor Dy/e(26,Q'?)
trast to the prescribed scale dependence used in[ Bf. X—A(ab—>cd)lc—0'2§5(§+f+a), (6N
Our strategy in this paper is to first examine hard pion dt TZe

production inpp collisions up to\/s<60 GeV center-of-

mass(c.m, energy. We find that satisfactory agreement with

the data can be achieved in this energy region in LO PQCDWheref,,(x,Q%) and fy,(x,Q?) are the PDFs for the col-
utilizing the width of the intrinsic transverse-momentum dis- liding partonsa andb in the interacting protons as functions
tribution of partons in the colliding nucleons. We treat this of momentum fractiorx, at scaleQ, do/dt is the hard scat-
quantity (also measured in dijet events, see e.g., R&d]),  tering cross section of the partonic subprocebs-cd, and

as an energy-dependent nonperturbative parameter. This tise FF,D,,.(z.,Q'?) gives the probability for partow to
discussed in Sec. Il A. Having extracted the best value of thécagment into hadrom with momentum fractiorz, at scale
transverse-momentum width from thep data, we apply Q’. We use the convention that the parton-level Mandelstam
these ideas to pion production pA collisions in the same  yarigples are written with a “hat{similar tot above. The
energy range. Our choice for the effective number of semiy.gjes are fixed in the present work @s=p/2 and Q’

hard collisions is described in Sec. Il B. We then discigs  _ pr/(22,).

collisions, and compare our results to CERN datah In this investigation we use LO partonic cross sections,
production in S-S and Ph-Pb collisions atys~20A GeV.  together with LO PDF$GIiick, Reya, and VOgtGRV)] [33]

In Sec. Il we move toK= production inpp, pA, andAA  and FFs(KKP) [30]. This ensures the consistency of the
collisions at the same energies, with the parameters as fixqchiculation. An advantage of the GRV parameterization is
above. A major step towards calculations at RHIC energies ighat this fit uses data down to a rather small scale
covered in Sec. IV A, w_herfe we attempt to extenq the energy~0.25 Ge\?), and thus provides PDFs with approximate
range of the parametrization in terms of the width of theyajidity for hard processes down to relatively small trans-
transverse-momentum distribution of partons in the nucleonyerse momentay;=pro=1 GeV (with our scale fixing. It
This is made difficult by the availability of a smaller number can pe argued that, to the extent that LO and next-to-leading
of pp experiments, most of them at a significantly highsr  order (NLO) PDFs and FFs are fitted to the same data, they
than the RHIC energy domain, limited to the measurement ofepresent different parametrizations of the same nonperturba-
total charged hadron production. The implied uncertaintiesive information. However, going to NLO will reduce the
need to be kept in mind when we display predictionsgér  scale dependence of PQCD calculati¢84]. A NLO study
andAA collisions at RHIC energies, in Secs. IV B and IV C, along the lines of the present work is in progrg35]. An
respectively. Section V contains our summary and conclualternative approach is to use the “Principle of Minimal Sen-
sions. In the Appendix, we discuss the valence and sea cositivity” [36] to optimize these scales, as e.g. in R&#].
tributions to quark fragmentation into charged pions and kaHowever, fixing the scales is more convenient as a point of
ons. We uséi=c=1 units. departure fopA andAA studies.
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Since the fragmentation functiom.(z.,Q’?) are nor-
mally given for neutral hadrons or equivalently for the com-
bination h*=(h"+h~)/2 (using isospin symmetjy as-
sumptions need to be made to obtain the charge-separated
FFs form", w—, K*, andK™~ [37]. These assumptions are
connected to the physical picture used to consider fragmen-

7° [ R806 ] J]

T

ko> (GeV?)
[8Y]
T

0

tation from valence and sea quarks, respectively. The sim- L |
plest approximation corresponds to allowing a meson to 2r O
fragment only from quarks that appear in it as valence con- I

tributions. We find this prescription too restrictive, and use a 1.5F 0

equal division of sea quark contributions between positive
and negative mesons in the present wook=(0.5), unless
indicated otherwise. The value of hardly influences pion

production, but has a more visible effect on kagimspar- Poe s:/2=30.6 GeV *
ticular onK ™). We illustrate this by also showing=1 re- 0.5F © 31/§=44-8 GeV
sults for comparison in figures witki/ ratios. The details - 4 5"2=62.8 GeV
of the approximation are discussed in the Appendix. ) P N N A B

The PDFs in Eq(1) express the probability of finding a 3 4 5 6 8 9
parton in the proton with longitudinal momentum fractian pr (GeV)
integrated over transverse momentum ugkfe= Q. Recent FIG. 1. The width of the transverse-momentum distributicf)

studies have considered parton distributions unintegratefecessary in Eq3) to fit the measured value of the spectrum at the
over the transverse momentukq of the parton[38]. In a  givenpy, point by point, forz? production inpp collisions at three
more phenomenological approach, Ef).can be generalized energies. The data are from RE8).

to incorporate intrinsic transverse momentum by using a

product assumption and extending each integral over the par-
ton distribution functions td; space[39,40, However, a larger average transverse momentun{kej
~1 GeV was extracted from jet-jet angular distributions

2 2 " 2 (see, e.g.,[32]). Recently, new theoretical efforts were
OxTarp(x, Q) = dakrg (k) Farp (X, Q7). @ mounted to understand the physical origin dky)
[38,43,44. Intrinsic transverse-momentum distributions have
been utilized in the contexts of photon productjd8,23,45
andJ/ ¢ production[46,47]. The description of deep inelastic
scattering in the pomeron framework also appears to require
a broad intrinsidky distribution[48].

To test the validity of the above approach, we calculated
- ex —ki/(k?)]. (3 @ m", andw" production inpp collisions in the energy

7T<k$ range 20 Gets<=60 GeV, and compared the results to

data from several independent experimdiits12]. The cal-

Here(k?) is the two-dimensional width of thie; distribution  culations were performed using the finite rapidity windows
and it is related to the magnitude of the average transversgf the data. The Monte Carlo integrals were carried out by
momentum of one parton a&3)=4(kr)?/m. Kinematical  the upgraded/EGAs routine [49]. As discussed above, the
details can be found in Reff29,39,40. We note here that scales are fixed a®Q=p/2 and Q' =p;/(2z;). At each
endowing the partons with a transverse momentum modifiemeasured transverse-momentum valpe$t2 GeV) we de-
the definition of the Mandelstam variablsst, andu. If k;  termined the width of the transverse-momentum distribution
becomes too large, one of the Mandelstam variables ma§k$) necessary to fit the data point at the giyen together
approach zero, leading to a divergence in the partonic crossith its error bar. The values of the extracl(éé) are shown
section. To regularize this singularity, we follof@9] and in Fig. 1 for #°, and in Fig. 2 form* (top panels and 7~
earlier studie$41] and make the replacement in the partonic(bottom panels production. The error bars are determined
cross section @/dt(ab—cd) of, e.g., 16—1/(s—M?), from the experimental errors.
where M=0.8 GeV is a regulator mass. As discussed in It is clear from Figs. 1 and 2 that the description of the
[39], the resultant spectra are sensitive to the choic&lof data in terms of a PQCD calculation augmented by a Gauss-
only at py~M, where soft physics becomes important andian transverse-momentum distribution makes sense only in a
our PQCD calculations are no longer reliable in any case. limited pr window in the energy range 20 Ge\/s

The need for intrinsic transverse momentunpip colli- =60 GeV. In addition to the requirement bhrd particle
sions was investigated as soon as PQCD calculations wefgoduction @r=pr,) imposed for the applicability of
applied to reproduce highy hadron productiorf2,42. An  PQCD, in most data sets there appears to be an upper limit in
average intrinsic transverse momentum  ofky) transverse momentum, to whieﬁk%) can be extracted with
~0.3-0.4 GeV could be easily understood in terms of thereasonable accuracy. In broad terms, the procedure may be
Heisenberg uncertainty relation for partons inside the protonconsidered sensible for, say 2 Gey;=7 GeV, depend-

whereg(IZT) is the intrinsic transverse-momentum distribu-
tion of the relevant parton in the proton. We follow the phe-

nomenological approach in the present work, talg'(r@T) to
be a Gaussian

>

g(kr)
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FIG. 3. The best fit values ¢k2) in pp— X [7—-12] reactions,
where larger error bars would overlap, the  point has been
shifted slightly to the right for better visibility.

necessary in Eq3) to fit the measured value of the spectrum at the[31]). At present, we focus on the utility of this parameter-

given value ofp, point by point, form" (top panels and 7~

ization to describe thpp data and view Fig. 3 as a basis for

(bottom panelsproduction inpp collisions at several energies. The addressingg A andAA collisions at the same level of PQCD.

data are from Refd.7,10-13.

As an example to illustrate the degree of accuracy of the

description in thepp sector, Fig. 4 compares calculated

ing on the details of the experiments. Within this window,
one may reasonably extract an approximately congiamt

ergy dependeht(ki) for 3 GeV=p;=6 GeV in the full 108 E"“:=200 st E E"“:=3OO cel E E""'2"=4OO d ;
energy range(Note that the lower limit of the considergg % 107y 877176V qle>=2 0V Rek>=2.2 6eV
interval can be lowered with increasing c.m. energt & 10 - -
higher transverse momentand fixed\s) the effect of in- X 105F - -
trinsic ky becomes less important, and thus it is not surpris-"a 104F - -
ing that, using the error bars on the data, the witkk) 3 103 - =
acquires a large uncertainty. Although 3 Geyr %5 10%k - k-
<6 GeV is a rather narrow transverse-momentum interval,™ 10 £ C L
the Cronin effect inpA collisions, to be addressed in the 5 1 | L C
following subsection, is most prominent in this range. This & 157'C a L
motivated us to use an energy depend@st,independent 10 2EL F Ly B
(k%) in what follows, as an approximation. — 2 0 | 9 > 0 5

Concentrating on the above intervalpp, we next deter- >\, 5 £ © E E
mined thep; independentk?) that best fits the pion produc- o 2 o O?# 2 8 090 . ogé
tion data inpp collisions as a function of c.m. energy. In a : T LT
slight departure from our earlier wofR3], we fitted the data 05 (e
minimizing the standard y2= 3 (Data—Theory?/ (Expt. . _ .
uncertainty¥ to obtain an optima{k) for each energy. Fig- Tos b a\a 2F a2

T = E E

ure 3 summarizes these results. Data are from a range ¢ 06 F 3 \ 3 .
independent experimenfg—12]. 8"2‘ = o/t = o/t E o/

We conclude from this figure that the value @) for b BB
hard pion production shows an increasing trend as a functior 0 5 0 5 0 5
of \/s from 20 to 60 GeV(and may be leveling off towards Pr (GeV)

the high-energy end of the interyalThe numerical values

are significantly larger than expected solely on the basis of FIG. 4. Invariant cross section ef* and 7~ production from
the Heisenberg uncertainty principle. It needs to be kept irpp collisions (top row), D/T: data/theory ratiogmiddle row), and
mind that these values are obtained in the framework of a LQR: =~ /=™ ratios (bottom row as functions of transverse momen-
calculation. At NLO, smaller transverse width should be re-tum at c.m. energieg's=19.4, 23.8, and 27.4 GeV. Data are from
quired for the best fit of the dat@ee some results in Ref. [7]. The calculations are carried out in LO, as explained in the text.
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andw~ spectra andr /" ratios to the datfi7] at the c.m.  the colliding partons and the enhanced wid#) for the
energies\s=19.4, 23.8, and 27.4 GeV, respectively, ob- other. The functiorh,(b) will be discussed shortly.

tained with the values ofk?), indicated in the top panels. ~ According to the Glauber picture, the hard pion produc-
We find that the data/theory and /=" ratios are well re- tion cross section fronpA reactions can be written as an
produced for 2 Ge\s pr=< 6 GeV. Based on this and similar integral over impact parameter

examples, we believe that hard pion productiorpm colli-

sions is reasonably under control at the present level of cal- doP? 5 daE’f((k%)pA,(k%)pp)
culation. With the parameterization of the transverse- " #p :J d*bta(b)E, & , (5
momentum  distribution we separated any PQCD

uncertainties from the nuclear effects, which we address iYhere the proton-proton cross section on the right hand side

the following subsection. represents the cross section from Ex). with the transverse

extension as given by Eq&) and(3), but with the widths of

these distributions as indicated. Hergb) = fdz p(b,z) is

. . the nuclear thickness functigm terms of the density distri-
Interest in the nuclear dependence of hard particle produgsytion p) normalized asfd?bt,(b)=A. Furthermore, it is

tion was triggered by the discovery of the Cronin eff&¥],  \yell known that the PDFs are modified in the nuclear envi-

and revived with the study of collisions of particles at the  yonment(*shadowing”) [58,59. We approximately include

CERN interacting storage ringSR) [S0-532. As discussed  shadowing and the isospin asymmetry of heavy nuclei into

in the introduction, the nuclear enhancement of hard pioRhe nuclear PDFs by considering the average nuclear depen-

and kaon production cross sections is not only interesting ilence and using a scale independent parameterization of the

itself, but we also need to understand these phenomena bgnadowing function S,a(x) adopted from Ref. [58]
fore we can move to the description &A collisions at  (see[60)]):

RHIC energies.

The standard framework for addressing high-enqudy
collisions is provided by the Glauber modgh3,54. It faa(X,Q%)=Sya(X)
should be kept in mind, however, that the Glauber model was
originally developed with nucleons as elementary constitu- (6)
ents, neglecting coherent scattering from several nUCIeO”%herefa,n(x,Qz) is the PDF for the neutron.

Therefore, it is not surprising that refinements to the standard The effectivity functionh, ,(b) can be written in terms of
Glauber picture are proposed based on the underlying quarkge nymper of collisions sﬂﬁered by the incoming proton in

gluon structurd 55—-57. As such modifications are not yet the target nucleus(b) = oynta(b) Where oy is the in-

generally accepted or organized into a consistent picture, W&lastic nucleon-nucleon cross section. Two extreme prescrip-

continue using the standard Glauber description in th‘?ions were used foh,,(b) earlier: (i) ha',L(b)=yA(b)—1
p : p '
preﬁﬁgtgorlgbservaﬂon for the explanation of the Cronincorresponding to alNN collisions, except the hard interac-
y P tion producing the parton to fragment into the observed pion,

effect is that inpA collisions, in addition to the hard parton L 2 o
scattering, the incoming and outgoing partons may Suﬁepontnbutmg t_o t_he<kT> enhz;\;cemer[QQ], and (i) a satu-_
d” prescription, wheré’,(b) was equated to a maxi-

additional interactions in the presence of the nuclear mediurfte X X )
[29,39,40. An effective way to summarize these additional UM value of unity whenever,(b)=vp=2 (i.e., it was
interactions is in terms of an enhancement of the width of th@ssumedzthat only one associake collision is responsible
transverse-momentum distribution above the valuepjn  for the (kt) enhancement, further collisions are not impor-
collisions, shown in Fig. 3. The extra contribution to the tantin this regar[23]. In the present work, we examine the
width due to the nuclear environment can be related to théépendence of the results on the possible choices between
number of nucleon-nucleon collisions in the medium. Tothese limits, denoted byy,=c and »,=2, respectively.
characterize thék?) enhancement, we write the width of the Since even in a heavy nucleug(b) does not exceed-6,
transverse-momentum distribution of the partons in the in\We carried out explicit calculations for2vy,=<5 and with-

B. Hard pions from proton-nucleus collisions

A 2
Kfa/p(X,Q )+

Z 2
1- K) fa/n(XvQ ) '

coming proton as out any cut ¢,==). The coefficientC in Eq. (4) best de-
scribing the availabl@A data[7] for the different values of
<k$>pA=(k$>pp+ C-hpa(b). (4  vpyis shown at three energies in Fig. 5 as a functiop-pfor

Be, Ti, and W target nuclei.

For an appealing physical interpretation, the coefficént
Here(k%)pp is the width of the transverse-momentum distri- jg expected to be approximately independenpgf of the
bution of partons inpp collisions from Sec. Il A(also de- target used, and probably of beam enefgy least in the
noted simply by(k3)), h,a(b) describes the number @f-  energy range studied in Fig).Based on these requirements,
fectivenucleon-nucleonNN) collisions at impact parameter we selectyv,,=4 as the value that produces results @r
b that impart an average transverse-momentum squared  closest to the ideal physical picture. In what follows, we fix
pA reactions, where one of the partons participating in thev,,=4, where the associated value & is C=0.40
hard collision originates in a nucleon with additiofdN +0.05 GeVf. This value ofC is significantly smaller than
collisions, we will use thepp width from Fig. 3 for one of what we needed to use in connectiorutg=2 earlier C5%",
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FIG. 5. The best fit values of in Eq. (4) for Be (dotg, Ti
(squarel andW (triangles targets at three different energies as a Pr (GeV)

function of p; and v,,. The fitted data are from Ref7]. N e .
FIG. 6. w7 spectra andr~ /7" ratios frompA collisions for

see Ref[23]), and somewhat larger than would be needed irA=Be.Ti,W as functions of transverse momentum at c.m. energies
the case ofv,=2. This can be understood based on theVs=19.4, 23.8, and 27.4 GeV. Data are from Ref). Only pw
compensating effects of,5(b) and the value o€ in Eq.(4). calculated results forr _/7_7 shown. Calculated results for the

It is interesting to note that a similar value for the numberCther targets are very similar.
of effective inelastioq'semihard collisions was obtained ex-
amining nuclear stopping ip+ Be,Cu,Au collisions at lower to determineC. The parameters are fixed as indicated in the
energies Epean=12 and 18 AGeY [24-26. The leading  top panelsv,,=4, C=0.4 GeV?, and the energy-dependent
proton appeared in these experiments so as not to lose mofg2) ' from Fig. 3. There is no observable difference in the
energy after 23 collisiongneasured via “gray”tracks from ;= + ratios between the different targets in either the data

the targel The physics of t_his phenomenon was con_necteq)r the calculated result$We, therefore, show only theW
to the constituent quark picture of the proton, i.e., it WaS. - lated results for the—/ 7+ ratio.)

suggested that the state resulting after the inelastic excitation The Cronin enhancement can be presented in the form of
of the three constituent quarks no longer interacts with a high P

probability. Further experiments are needed to verify this Orinormallzed(by mass nu+mbeA) YV/Be cross section rat_los
similar physical interpretation. Such an effort is in progress /»11:17- The data form™ and«~ are shown as a function
at AGS and at CERN SPSee Refs[26,27)). Our finding of ~ ©f P for the above energies and ffiy,, =800 GeV[11]in
vm="4, which means approximately three effective semihard™9- 7, together with the results of calculations with
collisions, overlaps with the above result and points to a=0-35 GeV (solid ling) and withC=0.45 GeV (dashed
similar mechanism, even at higher energies. At this point, théine). The band between these two curves represents the un-
present study lends phenomenological support to the expl&ertainty in our calculation associated with the extraction of
nation advanced in Reff24—26. Our model is also consis- the coefficientC (see Fig. 5.
tent with the idea proposed by DokshitZe1] about the In the absence of the Cronin effect, these ratios would
proton being unable to accept more than a characteristic maive a value of identically 1. The significant deviation of the
mentum transfer ofQ~1-1.2 GeV. This idea implies the data from unity is therefore a clear confirmation of the
existence of a limiting value ofk?) for the proton, which nuclear enhancement in the 2 Geyr<6 GeV
can be accumulated in one or several semihard interactiongansverse-momentum window. At lowpt, where absorp-
Further data are needed at CERN SPS and RHIC energies foon effects set in, the data indicate a value of the ratio
a more definitive result. The planned collision program at  smaller than 1. However, we do not trust our PQCD calcu-
RHIC [28] may play a very important role in this regard. lation belowp;~2 GeV, and thus do not show calculated
To illustrate the quality of agreement with the dataresults for low transverse momenta. At high transverse mo-
achieved with the above parametrization, Fig. 6 displays menta, where the effects of intrindig become unimportant
spectra(upper panelsand = /7" ratios (lower panels as  as mentioned earlier, the ratio converges to unity in both the
functions ofpy, compared to the sam®A data[7] as used data and the calculations.
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§1 8F F “; E ® — PQCD full calculation
Eq6F 3 3. f o' Qco lear effect
140 3 }10 - = % wwnn P no nuclear effects
12¢ 3 E 1030
1 F 7 F nQ. §
8‘2 3 o it *+ ----- C=0.45 GeV* % 102
‘ _é on~ [ — C=0.35GeV? S
0.4 F 3 “o b
025 CP.E4=200GeV E CP, E,=300 GeV £
8 0 ; L | | | ! ; L | | | 1 ;_
.85 - E
Tie: 10 b
145
128 % A 68 10°L
3 : o
0.8 # # e 10 =@ WA9B, Pb+Pb cent. (12.7 %), < k?>=1.6 GeV
0.6F o _4§ O WAS0, S+Au cent. (7.7 %), < k>=1.7 GeV*
0.4- = 10 | W WAS0, S+S cent. (25 %), < k*>=1.7 GeV?
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g %ot Je¢ F
FIG. 7. Normalized W/Be charged pion cross section ratios at 8 *
four energies. The calculations are carried out with the parameter: 0.3 F, | i il il il ittt Il
fixed earlier as discussed in the text. The data are from Refs. 0 05 1 1.5 2 2.5 3 35 4

[7,1(t),1]]. The deviation from unity represents the Cronin enhance- py (GeV)
ment.

FIG. 8. Neutral pion production compared to data from SPS
C. Nucleus-nucleus collisions experiments WA8(63] and WA98[64] for central collisions. Cal-
. culated invariant cross sections with the nuclear effects turned off
_In nucleus—nucle_u_s rea(_:t|_0|[|§2]_, where both Pa”onsf €N (dotted line and with the complete modéull lines) are displayed
term_g the haf?‘ poII|S|0n originate in nucleons W'th add't'onalon top together with the corresponding data, data/theory ratios are
semihard collisions, we apply the enhanced width of the pargnown on the bottortwith the full calculation. The parameters are
ton distribution(4) for both initial partons. Thus, fixed by pp andpA information as discussed in the text.

da,A;B theory ratios are displayed at the bottom. The dotted lines
Pp represent the results of the PQCD calculation with nuclear
effects (shadowing and multiscatteringurned off; solid
N lines correspond to the full calculation. To implement the
Zf d’b drta(r)tg(|b—r]) necessary centrality selection, we represented the nuclei by
Woods-Saxon density distributions with radi=r A3,
doPP((k3) pa.(K2) ) with the radius parameter,=1.12 fm and diffusenesa
3 : (7)  =0.54 fm. The WA98 experiment measured a totai-Pip
d°p cross section of 6300 mb, and the centrality cut was made at
12.7% of this total cross sectigB4]. In our model the same
where the proton-proton cross section on the right hand sidgentrality cut is obtained by restricting the impact parameter
represents the cross section from EL.with the transverse integration in Eq.(7) to b,,.="5.05 fm. For S-Au, the
extension as given by Eq&2) and (3), with the enhanced measured total cross section of 3600 mb and the experimen-
widths of these distributions given by E@). We emphasize g centrality cut of 7.7%63] requireb,a,=2.97 fm in the
that the parameter values used to describe hard pion produga|culation, while for S-S the total cross section of 1450 mb
tion in AA reactions are identical to the ones used earlier inrcombined with the 25% centrality c{63] instruct us to use
this section for the best description of pion production frombmax:3_4 fm in our calculation. To test the effect of shad-
pp and pA reactions. In other words, the values <M'2F>pp owing, we carried out a calculation with shadowing turned
=1.6 and 1.7 Ge¥| respectively, are taken from Fig. 3 off. Turning off our impact-parameter independent shadow-
(with a relatively small uncertainty o +0.1 GeV at\/s ing resulted in a less than 10% shift in the spectra for the
~17-20 GeV), and,,=4 andC=0.4 GeV are fixed. central collisions considered at these energies. When com-
The results of these calculations for centrdlspectra are  paring to the data, it should be kept in mind that the calcu-
compared to the WA8(063] and WA98[64] data for S+S, lation is intended fohard particle production, and it is not
S+Au, and Pb-Pb collisions in Fig. 8 as a function of trans- expected to describe the data belpy~2 GeV. At lowp,
verse momentum. Spectra are shown in the top panel, datahere soft processes become important, the PQCD model

aa

m
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underestimates the4SS data, as expected. The calculation 10__Epeon=200 GeV E, 0, =300 GeV E;n=400 GeV
without nuclear effect$dotted lineg underestimates the data ~’>\ oE< kP>=1.7 Gevz?g k2>=2.0 Gevz% k2>=2.2 GeV?
in the entire measuregd; range. The reproduction of the ‘o 108?_2 o o=0.5 ‘o o

S+S and S-Au data can be considered reasonable der Q107 o .K+'0=0'5

=2 GeV, while the Pb-Pb calculation overestimates the & 06 R

data in the same transverse-momentum window by up tc‘(';_m5

40%. This may be taken as a hint that an additional mecharz '°
nism is at work in the nuclear medium, which acts to reduce>>10
the calculated cross sections. Jet quenchi®y-21 is a po- © 10
tential candidate for the physics not included in the present 10

model. 10
+ 1 ; ; i
o6
ll. HARD KAON PRODUCTION AT CENTER-OF-MASS o
ENERGIES BELOW ~60 GeV X 05

In this section we turn to charged kaon production in the 0.4
same c.m. energy region, using the parameter values fixed il
Sec. Il. We are interested in the reproduction of kaon data by
including the effects of multiscattering and shadowing. Most .2
data are available as kaon to pion ratios; we will display the
calculated results in the same manner. Furthermore, as mer 01

LRI N BN RN R ELRLLL IELL AL AL UL WL AL Al

i.

LALEL L L L L L AL IRLLL AL IRRLLL AL UL L AL

-y

LU ELALELL L L L L AL AL AL WAL R L L MR R

=

-

tioned aboveK™ production is particularly sensitive to as- 05. AN N T NI
sumptions made in connection with sea quark fragmentation Y S 0 5 0 5
discussed in the Appendix. Our standard computations are pr (GeV)

carried out with the value of=0.5 for the parameter gov-
erning the distribution of sea quarks, but as a reminder to this FIG. 9. Spectra ofr* andK* mesons as functions of transverse
dependence and to illustrate the sensitivity, we also shownomentum fronpp collisions at c.m. energiegs=19.4, 23.8, and
calculated results witlr=1 in this section. 27.4 GeV(top panels and K*/#* ratios calculated withr=0.5
(solid) ando=1 (dasheglas explained in the texbottom panels
o Data are from Refl7].
A. Charged kaons from proton-proton collisions

First we look at kaon spectra aid 7 ratios for positive tation contribution of sea quarks is too schematic, and
and negative mesons fropyp collisions to check if the pa- should be takep dependent in a more realistic calculation.
rametrization introduced for pions is also applicable in this
case. Our results are compared to the da@tan Fig. 9 for B. Kaons from proton-nucleus collisions

+ ; : - . _
K* and in Fig. 10 fork " at the c.m. energies’s=19.4, Next we examine the predictive power of our model for

23.8, and 27.4 GeV. In the top panels the appropriate pioQharged kaon production fromA collisions at c.m. energies
spectra are also shown as a reference. The kaon cross seg-

i . . §=19.4, 23.8, and 27.4 GeV, with the parameters fixed as
tions displayed here are calculated with the same value o bove. In other words(kz) is taken from Fia. 3 as in Sec
o=0.5. The data/theory ratios show an agreement similar t LA ) d th h ,eIne t of the t g'e e-mome t' m
that seen in Fig. 4 for pions. In the bottom panels presentin , an € enhanc n € transverse-m ntu

the K/ ratios, full lines correspond to the standare-0.5, idth is given by Eq_.(4) using vm=4 and_C_:O.é_l GeV. .
dashed lines depict the calculated results with 1. The data are available &/ 7 ratios, eliminating experi-

The reproduction of the kaon data frqap collisions can ggzlt?sl ?)19 ;T?Igggalnatlinsnuse{% tlr?echlagd;'tzav}lgr Clgén Fﬁrea::jew
be considered fair, except that in té ratios the apparent o . C )
St i targets.K™ /7™ ratios are shown in the top panels, while
structure of theK™/#7™ ratios is not reproduced, and the K-/ ratios are displaved on the bottom. We pre
peak in theK™ /7™ ratios is shifted to higher transverse mo- " play j presant

menta and is less pronounced than in the data. It can also (58 culations with bothr=0.5 ando=1. The general ten-

seen that the distribution of sea quarks for the fragmentatio ency of these results and the q.uallty. of the agreement be-
of charged mesons, while not too important for té/ 7+ ween the data and the calculations is very similar to that

ratio, makes a significant difference fa¢ /7, with o observed inpp coII|S|_ons. The deviations increase with en
= - . ergy, but the calculations seem to reflect the gross features of
=0.5 describing these ratios better tharn=1 for pr ) o S

the data. The kaon to pion ratio is not sensitive to the target

=5 GeV. If we focus orpr>5 Gev, the opposite con(_:lu- size. This means that the nuclear enhancement is similar to
sion may be drawn. The sensitivity of the negative ratios to_.

o is also larger in th&2605 experimentaK/ 7 ratios shown pions and kaons.
in Fig. 11. Here, measurements extend to higher values of
pt, ando=1 gives a better fit to th& /= ratios forpt
=5 GeV, similarly to theK™ /7~ ratios of Ref.[7]. This We are not aware of hard kaon data frém collisions at
may be taken as a hint that our prescription for the fragmenSPS energies. However, it is natural to extend the present

C. Predictions for kaons from nucleus-nucleus collisions
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FIG. 10. Spectra ofr~ and K™ mesons as functions of trans-
verse momentum fronpp collisions at c.m. energies/§= 19.4,
23.8, and 27.4 GeVtop panelsandK /7~ ratios calculated with
o=0.5(solid) ando=1 (dashed as explained in the texbottom
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Epear=800 GeV, calculated withc=0.5 (solid) and o=1
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(dashedl Data are from Refd.10,11].
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FIG. 12. K*/x* (top) andK /7~ (bottom) ratios at c.m. en-
ergies J§: 19.4, 23.8, and 27.4 GeV. Full lines correspondoto
=0.5 and dashed lines display=1 for pW collisions.(The calcu-
lated ratios for the other targets are very similaRata are
from Ref.[7].

calculations to kaon production under the conditions of the
WAS80 and WA98 experiments. Predictéd /7" (top) and
K~/a#~ (bottom ratios for S+S collisions at /s
=19.4 GeV (left panels and PbrPb collisions at /s
=17.3 GeV(right panel$, as functions ofpt are displayed

in Fig. 13.

The appearance of these results is similar to that of the
calculated results in thpA case, except that the curves are
less steep foAA collisions. Any possible peak at transverse
momenta belowpr=2 GeV in theK™ /7~ ratios would be
unaccessible for our calculation. Information on these ratios
can serve as a test of the present model at SPS energies.

IV. EXTENSION TO RHIC ENERGIES

In preceeding sections, we have developed a description
of hard pion and kaon production based on the PQCD-
improved parton model, incorporating a phenomenological
treatment of the transverse-momentum degree of freedom of
the partons. We have seen that a satisfactory agreement with
pp data can be achieved up ts~60 GeV, allowing the
width of the transverse-momentum distributi¢k?) to de-
pend on energy. The available significant body of informa-
tion on hard pion production in the energy range 20 GeV
<\s<60 GeV strongly constrains the value ¢k3) at
lower energies, but the uncertainty increases wish Mod-
eling the enhancement of the transverse-momentum width
associated with additional collisions in the nuclear medium,

034903-9



ZHANG, FAI, PAPP, BARNAFQ.DI, AND LE VA PHYSICAL REVIEW C 65 034903
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FIG. 13. Predictedk */a" (top) andK ~/7~ (bottom) ratios for FIG. 14. Top panel: spectra of charged hadrohs th~)/2

WAS80 (S+S at\s=19.4 GeV, left pane)s and WA98(Pb+Pb at  from pp collisions at Js=200, 500, and 900 GeV as calculated
Js=17.3 GeV, right pane)sexperimental conditions. The param- with the indicated values qfk?2). Bottom panel: data/theory ratios.
eters of the calculation are fixed as discussed in the text. Full line$he data are from the UA1 experimgni].

correspond tar= 0.5, dashed lines display results wiih=1.

we were able to reasonably reproduce hard pion production
data frompA and AA reactions in the same energy interval.

We then illustrated the use of the model for kaons. “7;
83
A. Hadron production in pp collisions A
at energies\s=100 GeV Tosl ) et

In accordance with the main motivation for this study in
terms of emerging data and future experiments at RHIC, in
this section the parametrization of tipg data will be ex- 2
tended to the RHIC energy region. Unfortunately, we are not
aware of usefuldentifiedhard meson production data from

pp or pp reactions at energies aboye~60 GeV; we have 19T
total hadron production data in the form ¢f(+h~)/2 from L
CERN UA1[13-15 and the Tevatron CDFL6]. Since the 1Le n.cP o m.cP
production of hadrons other than kaons and piamgarticu- [ o " EGO5 A n- EGOS | p—
lar protons and antiprotopincreases with energy, the accu- ro |
) 2 o ; - m Rt ISR O ISR .
racy of the extraction ofk;) decreases with increasing en- 05F . RO
ergy. Furthermore, we have to face a shortage of data in the [, RO06 o m, CCRS T
energy interval 60 Ge\k \/s<500 GeV. [ * hT.UAT ¥ b, CDF
In Fig. 14 we show the quality of the fit we can achieve 0 ——+H '1|02 e I1|03

with the energy-dependetit?) to the (h* +h~)/2 data from
pp collisions atys=200, 500, and 900 GeY14]. The top
panel contains the spectra, the bottom panel gives the data/ F|G. 15. The best fit values afk3) in pp— X [7-12] and
theory ratios as a function qfy for the values of k2) indi- pp—h*X reactions as2=200, 500, 540, 630, and 900 G§¥3—
cated in the top panel. 15] and s*?=630 and 1800 Ge\[16], where large error bars

Figure 15 summarizes the extracted values of theyould overlap at the same energy, one of the points has been shifted
transverse-momentum width from thé*(+h~)/2 data of slightly for better visibility. The band is drawn to guide the eye.

s"? (GeV)
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the_ higher-energy e>_<penmen{&3—1@, toggther with _the < DHA > 104X DHA —> O
points at lower energies extracted from haidn production 1010 V2 Ve
Lo . . . ) s*=130 GeV s*=200 GeV
data(shown earlier in Fig. B The solid curve is drawn to N
guide the eye, and is an attempt to represent the energy de- \‘%109 A pipon®
pendence of the extracték?). The dashed lines delineate an ~ a " VAT data
1

estimated band of increasing uncertainty with increasjag
around this curve. We will use this band to interpolate be- 5 ;47
tween the low-energy and high-energy parts of the figure,
reading off the(k-2r>pp values to be applied at RHIC. The 10
rectangular boxes represent an estimate at arg(s¥130
and 200 GeV, respectively.

It can be seen thatk?) reaches a maximum at around 5025

£ C=0.4 Gev?

F <k’>=1.7 Gev
P N AN BRI B

C=0.4 Gev ?

<kf>=2.0 Gev?
NP T B

AT T TVOM T TIT0 T T v DT T T 7T

« £ - pW, 0=1.0 ” £ - pW, 0=1.0
Js=60-100 GeV, with a value of2.4 Ge\~. Beyond N 028 —PiW, 0=0.5 F — p+W, 0=0.5
this energy, the transverse-momentum width necessary to re- 3_4/0‘155_ i
produce hadron production data fraqmp or pp reactions at & 0 15_
the LO level of the PQCD calculation starts to decrease. The “F
interpolating curve is drawn so that it converges to a small 0.05¢ 3
constant value ofk?) as/s— . The high-energy points are R T T e

based on charged pion and kaon production only, and should (GeV)

be looked upon as upper limits. In the RHIC energy region, Pr

we extract(k?)=2.0+0.4 at\/s~130 GeV and(k3)=1.7 FIG. 16. Top panels: predicted invariant cross sectionsafor

+0.4 at \s~200 GeV for the value of the transverse- production fromp+Be, Ti, W collisions atys=130 GeV (left)

momentum width of partons without nuclear enhancement.and 200 GeM(right). Calculatedpp results and the UAD* data
For thepA and AA calculations we fixedv,,=4 andC from pp p collisions[14] are also included. Bottom panels: predicted

=0.4 Ge\, in lack of a less arbitrary prescription. It needs K/ ratios forp+W collisions witho=0.5 (solid) and o= 1.0

to be kept in mind, however, that these quantities and thédashed

effectivity functionh,,(b) of Eq. 4 may well be energy de-

pendent. We carried out computations for pion and kaon pro-

duction at the RHIC energies of the 2000 run and of the 2001

run of \'s=130 GeV and 200 GeV, respectively.

B. Hadron production in pA collisions at RHIC energies pHA = KX

$"?=130 GeV

p+A —> K'+X

. . . 1/2_
We are now prepared to make certain predictions concern- $77=200 Gev

ing the planne A program at RHIJ28]. Since the precise
energies and targets to be used are not presently available,
we use the c.m. energies ¢b6=130 and 200 GeV, respec-
tively, and the targets familiar from Sec. Il B, as an illustra-
tion. For the width of the transverse-momentum distribution
of partons in the proton, we take the valudk?)

=2.0 GeV and 1.7 Ge¥ at \/s=130 and 200 GeV, re-
spectively, representing the centers of the rectangular boxes
in Fig. 15. The parameters,,=4 and C=0.4 GeV* are
fixed. In the top panels of Fig. 16 we show calculated invari-
ant 77° production cross sections at these energies from col-
lisions of protons with Be, Ti, and W targets. We also include .
the results opp calculations as a reference, and the Ugyl 8E e, I S
data at\s=200 GeV forh* production for comparison : h :
[14]. These data were used earlier in Fig. 14. Since kaon
production typically does not amount to more than 20% of
pion production and the use of antiprotons is not expected to
make a significant difference at these energies, fghep FIG. 17. Top panels: predicted invariant cross sectionskfor
— 79+ X calculation appears to fit these data on the Ioganthproduct,on fromp+Be, Ti, W collisions at\s=130 GeV (left)
mic scale almost as well as the earlter calculation(see  and 200 GeMright). Calculatedpp results are also included. Bot-
Fig. 14. In the bottom panels of Fig. 1& /=" ratios are  tom panels: predictet /K" ratios for p+W collisions with o
displayed for thep+W reactions, at the values @=0.5  =0.5(solid) and o= 1.0 (dashed

FC=0.4GeV~
F <k?>=1.7 Gev?
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FIG. 18. Top left: calculated centrél0%) and periphera(60— FIG. 19. Predicteck* spectra andK “/K ™ ratios for Aut+Au

80%) w° spectra for Au-Au collision at\s=130 GeV, compared reactions at/s=130 GeV(left panel and 200 Ge\(right panels.

to preliminary PHENIX datgd65]. We also show the result of our ] ) ] ]

pp calculation. Top right: prediction for centrél0%) and periph-  [14] are also included in the top right panel of the figure
eral (60-809% hard #° spectra from Ad-Au collisions atys  (Symbol3. In the bottom panels the predictéd /=" ratios
=200 GeV. Thepp results are included and compared to the UA1 associated with central collisions are displayed. The corre-
pp data at the same enerfy4]. Bottom: predictek /=" ratiosat ~ SPonding peripheral ratios are almost identical to the central

the same energies. ratios shown. .
Shadowing is expected to be stronger at RHIC energies

(solid ling) and o= 1.0 (dashed for the parameter control- than at SPS. Indeed, turning off the impact-parameter inde-
ling sea quark fragmentation. These ratios are very similapendent shadowing indicates that shadowing in itself causes
for the other targets. an up to 40% suppression in the 2 Gey;<6 GeV
Figure 17 displays similar predictions f&t* production  transverse-momentum range in central collisions at these en-
from pA collisions. In the bottom panels we now show ergies(the effect is decreasing with increasipg). Applying
K~/K™ ratios inp+W collisions for the two values of the an impact-parameter dependent shadowing makes the mag-
parameteroc used earlier. It can be seen from the bottomnitude of the effect even smaller, in particular for peripheral
panels that the value aF plays a more important role in collisions. Figure 18 shows that the uncertainty introduced
kaon than in pion production also at these higher energies.by the approximate treatment of shadowing is small com-
pared to the difference between the calculated spectra and
C. Hadron production in Au +Au collisions at RHIC the central data. . .
. i 0 It can be seen in the top left panel of Fig. 18 that, while
In the area ofAA collisions, calculated higipy 7~ pro- oy PQCD calculation augmented by nuclear effects approxi-
duction in AutAu collisions is co_mpared to preliminary mately reproduces the data on peripheratw collisions
PHENIX data Qt\/gz 130 GeV[65] in the top left panel of  5¢ \[S—130 GeV, the central data are overestimated by a
Fig. 18; predictions at 200 GZeV are displayed on the right ofactor of 3—5. This indicates that an additional mechanism is
Fig. 18. We use the valugk?)=2.0 GeV and 1.7 Ge at work in dense nuclear matter, which would decrease the
at /'s=130 and 200 GeV, respectively, representing the cencalculated cross sections at a giyen. Since this effect can
ters of the rectangular boxes in Fig. 15. The parametgrs also be looked upon as a shift of the spectra to loperwe
=4 andC=0.4 Ge\F are fixed. Central and peripheral col- speculate that the phenomenon of jet quenchir@-21 is
lisions are defined by the top 10% and the 60—80 % bin ofesponsible for the discrepancy in central collisions. A study
the total cross section, corresponding to the experimental sef jet quenching in the present framework is in progiéss.
lection. With the same radius parameter and diffuseness as Figure 19 displaysK ™ spectra andK “/K™ ratios pre-
used in Sec. I C at SPS energies, this translates to integragficted for the conditions of the's=130 GeV (left panel3
up to bpa,=4.7 fm for central collisions, and froMpi,  and 200 GeMright panely RHIC runs, respectively. In the
=11.53 fm tobm,,=13.30 fm for peripheral collisions in calculations we use the parameter values fixed earlier. It can
Eq. (7). We also show the results of the PQCD calculationshe seen in the bottom panels that the distribution of sea
of hard pion production fronpp collisions for reference. quarks betweeik = andK™ (governed by the parametei)
The pp data on total charged hadron production at 200 Ge\has important implications on the calculatéd/K ™ ratios.
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The prEdiCtionS in Secs. IVB and IV C above are in- nary PHENIX data on Centrah-o production at \/g
tended to illustrate the capabilities of the description we have- 139 Gev reinforced our tentative conclusion that addi-
developed. Similar results can be obtained easily for the prajonal physics needs to be incorporated in the model to de-
cise conditions of future RHIC measurements. We find a syscrease the calculated cross sections when dense nuclear mat-
tematic study of the energy dependence of hard pion angbr is present. Since the disagreement with the central data is
kaon production inpp collisions particularly important. much stronger at these energies than at SPS, and jet quench-
Similarly, a study of the energy and target dependence oOhg is expected to increase with energy, jet quenching is a
pion and kaon production ipA collisions will help pin |ikely candidate for this physics.
down the energy dependence of the parameters that charac- Recognizing that the treatment of jet energy loss would
terize the enhancement of the transverse-momentum width iféquire further assumptions and mode"ng' we leave it for
the medium, which have been taken energy independent fater study. A future treatment of jet quenching in the same

the time being. framework promises to be of interest as a measure of the
gluon density of the medium responsible for the energy loss.
V. SUMMARY AND CONCLUSION We are also interested in a similar study at the NLO level of

PQCD.

The commissioning of RHIC opened an exciting new era

in nuclear collision physics, with the study of excited collisions based on the PQCD-improved parton model aug-

s';rongly interacting matter hecoming a realllty. e reCog- ented by the transverse-momentum distribution of partons
nized, however, that a thorough understanding of ultrarela;

tivistic AA collis: th te d i ?nd by the nuclear effects of multiscattering and shadowing
vIstic COTISIONS Presupposes the accurate description of . reasonably well as a background calculation for hard
pp andpA collisions in the same framework. In the present

. X pion and kaon production at sufficiently high energies and
paper we atte_mpt_ed to f(_)ll_ov_v the (_av_olut|on of hard pion andhas useful predictive power for the interpretation of present
kaon production in relativistic collisions frompp to pA to

) and future RHIC data. A full treatment of nuclear effects will
AA reactions.

The POCD-i d del d itself need to take jet energy loss into account. We see our model
e PQCD-improved parton model suggested itself as 3 5 fexiple tool to aid in the understanding of the properties
natural tool for our study. Of course, PQCD itself is evolving

) . . ; of extended strongly interacting matter created at RHIC,
from_ leading order calculations through the increasing COM[ e and potential future nuclear colliders.
plexity of NLO and NNLO for selected processes. As our
major focus in this paper was on the additional physics
brought in bypA and AA collisions, it was decided to use
LO PQCD throughout. This was supported by evidence that We thank B. Cole, G. David, M. Gyulassy, M. Tannen-
higher-order PQCD does not eliminate the need for thehaum, G. Odyniec, T. Peitzmann, M. Corcoran, X-N. Wang,
transverse-momentum distribution of partons for a satisfacand C.Y. Wong for useful comments and stimulating discus-
tory fit of pion and kaon production data pp collisions in sjons. This work was supported in part by U.S. DOE Grant
the 2<p;<6 GeV window (though the numerical values No. DE-FG02-86ER40251, NSF Grant Nos. INT-0000211
become smaller, as expecietlVe used abundant pion pro- and FKFP220/2000, and Hungarian Grant Nos. OTKA-
duction data frompp collisions at c.m. energiess T032796 and OTKA-T034842. Supercomputer time pro-
<60 GeV to extract the width of the transverse-momentunvided by BCPL in Bergen, Norway is gratefully acknowl-
distribution of partons in the nucleon. The phenomenologicakdged.
value of the description was then tested on kaon production
at the same energies. APPENDIX A: FRAGMENTATION FUNCTIONS

For the treatment of nuclear systems, we developed a FOR CHARGE-SEPARATED PIONS AND KAONS

model based on the enhancement of the width of the o . .
transverse-momentum distribution of partons in the nuclear The parametrization of FFs for pions and kaons is usually
medium. An additional parameter was fitted to describe th@iven in terms of neutral linear combinations of the charged
Cronin effect at these energies. Shadowing and the isospimesong 30,67, denoted by, e.gD] , D , andD{ for
asymmetry of heavy nuclei were taken into account. Wepions. Since the present paper focuses attention on separately
tested the model on charged pion and kaon production. Imeasuredr*, =, K*, andK~ spectra and their ratios, we
AA collisions at SPS energies we found an indication of aneed separate FFs for the charged pions and kaons. In this
possible need for an additional mechanism to decrease thppendix we describe our approximation used for the
calculated cross section of neutral pion production in thecharge-separated pion and kaon FFs.
collision of heavy nuclei. We speculated that jet quenching To lowest order, one may assume that each meson species
may provide that mechanism, beginning to appear already atill only fragment from those quarks that appear in it as
SPS energies. valence quarks, or from gluons. In this approximation, there

Using pp data at higher energies, the domain of the ex-S, €.g., no contribution to the fragmentation of pions from
tracted transverse-momentum width was extended to covestrange quarks, or to the fragmentation of kaons fcbar d
planned and present RHIC energies. Keeping in mind theuarks. However, these flavors can appear as sea quarks in
rather large uncertainties, predictions were madepidrand  the respective mesons, and we want to take into account the
AA collisions at RHIC. The overprediction of the prelimi- possibility that pions or kaons fragment from quarks that

In conclusion, it appears that a descriptionp andAA
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appear in them as sea contributions. This implies a separatiofinceu andd occur in the positive pion as valence quarks,
of the FFs into valence and sea parts, along the lines of Refye have

[37]. For consistency, the sea quarks corresponding to the
valence flavors in the given meson also need to be consid- wt ™t

ered. uwal = Duyals (A8)
Based on the above ideas, we split the fragmentation
functions for pions as ngal— ngal , (A9)

D Dwval—'— Du sea (A1)
DgizDg,;al'i_Dg,;ea’ (AZ)
DI =DIsea: (A3)

The sea contribution from the fragmentation otia@r d
quark can be identified in this case with the FF of the
qguark, which appears in the pion only as a sea quark,

Duwsea Ddse_D:sea_Dw . (A4)

and similarly form~.

The remaining task is to divide the contributionwoduark
fragmentation to pions between' and =~ when they ap-
pear in the created pion as sea quarks. We propose

Furthermore, it is natural to make the usual ansatz connect-

ing the charge-averaged FFs of quarks and antiqU&Ks

DT =D7 , (A5)
and similarly ford ands quarks and antiquarks.

The valence contributions to the™ FFs can be obtained
from the parametrization available in RgR0] as

fosea_ O-Dgsea' (A10)
tsea— (1— U)Duseav (Al11)
Disea (1 U)Dusea’ (A12)
DT —¢D™. (A13)

u,sea u,sea’

where O<o=<1 is a free parameter. It is natural to expect
o=0.5 from symmetry arguments. We find that=0.5 in-
deed provides a satisfactory description of the available pion
data, and use this as the default value in the present paper.
For charged kaons a very similar analysis, with the

quark replacing the quark as a valence contribution and the
d quark playing the role of the contribution that can only
arise from the sea, defines the fragmentation functions in an

uUa| D” —D” , (AB)
DF,=D§ —DI . (A7) analogous manner.
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