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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 partons~‘‘intrinsic kT’’ !. 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 sections~more significantly at higher energies!, hinting 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

As the bombarding energy is increased, high-pT particle
production becomes a prominent feature of nuclear co
sions, as evidenced recently by the data beginning to em
from the relativistic heavy ion collider~RHIC! @1#. These
data call for concentrated theoretical efforts to overcome
challenges presented by the high-energy and many-body
tures of nuclear collisions at center-of-mass energies
100A GeV&As&200A GeV. Relying on asymptotic free
dom, perturbative quantum chromodynamics~PQCD! can be
applied at sufficiently high energies. To use PQCD as a p
tical tool, one takes advantage of the factorization theor
which provides a simple connection between the level
observed particles and that of the underlying quark-glu
~parton! structure. Briefly, the observable cross sections
expressed in terms of a convolution of partonic cross s
tions with parton distribution functions~PDFs! and fragmen-
tation functions~FFs!, which encode some of the perturb
tively noncalculable low-energy aspects of the physics. T
resulting calculational scheme adopted here is referred t
the PQCD-improved parton model@2,3#. To assure the valid-
ity of a perturbative treatment, we limit the discussion
hard particle production, requiring the transverse moment
of the inclusively measured produced particle to be abov
certain thresholdpT>pT0. Typical values ofpT0 are around
1–3 GeV in the literature.

Hard pion and kaon production in proton-proton (pp) and
proton-nucleus (pA) collisions at these energies is in itself
interest, but it is also imperative to study these reactions
step in the process of understanding hardp andK production
in nucleus-nucleus (AA) collisions. The necessity of this sys
tematic approach has been made particularly clear by
high-visibility parallel developments in the subfield ofJ/c
0556-2813/2002/65~3!/034903~15!/$20.00 65 0349
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production @4,5#. Significant amounts of experimental da
on p andK production inpp collisions are available in the
energy range 20 GeV&As&60 GeV @6–12#. Higher ener-
gies are less thoroughly explored, with mostly calorimet
data on total hadron production~in lieu of the identified pion
and kaon spectra at lower energies!. In the present paper, w
use CERN UA1@13–15# and Tevatron CDF@16# data from

pp̄→h6 reactions to bracket the RHIC energy range fro
above.

The presence of nuclear effects modifies the predicti
of the PQCD-improved parton model for hard particle pr
duction inpA collisions, as indicated by availablepA hadron
production data@6,7,11,17,18#. While hard particle produc-
tion ~usually disregarding nuclear effects! has been used as
testing ground for PQCD, the nuclear modifications are c
cially important for RHIC experiments and planned nucle
experiments at the large hadron collider~LHC!. In particular,
to assess the effects of jet quenching@19–21#, precise back-
ground calculations and the knowledge of the gluon den
of the medium responsible for the energy loss are neces
@22#.

In a recent paper@23#, we suggested a specific form
~‘‘saturation’’! of the nuclear modification for the cross se
tion enhancement observed at highpT in pA collisions over
what would be expected based on a simple scaling of
appropriate pp cross section~Cronin effect! @6,7#. The
present paper provides a more detailed account of our w
incorporating not only neutral but also chargedp and K
production, with applications and predictions at RHIC en
gies and forAA collisions. The saturation prescription@23# is
looked upon as a limiting case, with the opposite limit co
responding to the participation of all available nucleons
the enhancement of the transverse-momentum width~see
©2002 The American Physical Society03-1
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Sec. II B!. We study the dependence of the results on
possible choices between these limits, and suggest a con
tion of the preferred value of the number of semihard~mo-
mentum transfer;0.5 GeV) collisions to the results o
lower-energy experiments@24–27#. Further measurement
are needed to clarify the physical picture, and we argue
the plannedpA runs at RHIC@28# are likely to play a very
important role in this regard.

A similar effort ~with somewhat different emphasis! was
published recently@29#. Initial RHIC data and the interest in
jet quenching warrant an independent detailed study of
PQCD background to which jet quenching should be app
to achieve agreement with centralAA collision data. Our
work differs from Ref.@29# on the basic PQCD level in th
choice of scales and in the use of the newly publish
Kniehl, Kramer, and Po¨tter ~KKP! fragmentation functions
@30#. Furthermore, we take the position of consistently us
leading order~LO! PQCD in the present paper, without in
troducing a so-called ‘‘K factor,’’ which we found to be en-
ergy and transverse-momentum dependent in another p
cation @31#. In this way we have fewer parameters, and
burden of obtaining a good fit to thepp data rests entirely on
the transverse-momentum distribution, without mixing t
effects of theK factor with those of the intrinsic transvers
momentum. We determine the energy-dependent width of
transverse-momentum distribution by fittingpp data, in con-
trast to the prescribed scale dependence used in Ref.@29#.

Our strategy in this paper is to first examine hard p
production in pp collisions up toAs&60 GeV center-of-
mass~c.m.! energy. We find that satisfactory agreement w
the data can be achieved in this energy region in LO PQC
utilizing the width of the intrinsic transverse-momentum d
tribution of partons in the colliding nucleons. We treat th
quantity ~also measured in dijet events, see e.g., Ref.@32#!,
as an energy-dependent nonperturbative parameter. Th
discussed in Sec. II A. Having extracted the best value of
transverse-momentum width from thepp data, we apply
these ideas to pion production inpA collisions in the same
energy range. Our choice for the effective number of se
hard collisions is described in Sec. II B. We then discussAA
collisions, and compare our results to CERN data onp0

production in S1S and Pb1Pb collisions atAs;20A GeV.
In Sec. III we move toK6 production inpp, pA, andAA
collisions at the same energies, with the parameters as fi
above. A major step towards calculations at RHIC energie
covered in Sec. IV A, where we attempt to extend the ene
range of the parametrization in terms of the width of t
transverse-momentum distribution of partons in the nucle
This is made difficult by the availability of a smaller numb
of pp̄ experiments, most of them at a significantly higherAs
than the RHIC energy domain, limited to the measuremen
total charged hadron production. The implied uncertain
need to be kept in mind when we display predictions forpA
andAA collisions at RHIC energies, in Secs. IV B and IV C
respectively. Section V contains our summary and conc
sions. In the Appendix, we discuss the valence and sea
tributions to quark fragmentation into charged pions and
ons. We use\5c51 units.
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II. PION PRODUCTION AT CENTER-OF-MASS
ENERGIES BELOW È60 GeV

In this section, we first summarize the treatment of p
ticle production in the PQCD-improved parton model, listin
various assumptions and ingredients. We introduce the int
sic transverse-momentum distribution of partons and fit
width of this distribution to availablepp data in the energy
range 20 GeV&As&60 GeV in Sec. II A. A large body of
pion and kaon production data can be utilized in this ene
interval to extract information on the width of the transvers
momentum distribution. In Sec. II B the Cronin effect is di
cussed inpA collisions. Section II C deals with hard pio
production inAA collisions.

A. Parton model and PQCD
with intrinsic transverse momentum

The invariant cross section for the production of hadroh
in a pp collision is described in the PQCD-improved parto
model on the basis of the factorization theorem as a con
lution @3#

Eh

dsh
pp

d3p
5 (

abcd
E dxadxbdzc f a/p~xa ,Q2! f b/p~xb ,Q2!

3
ds

dt̂
~ab→cd!

Dh/c~zc ,Q82!

pzc
2

ŝd~ ŝ1 t̂1û!, ~1!

where f a/p(x,Q2) and f b/p(x,Q2) are the PDFs for the col
liding partonsa andb in the interacting protons as function
of momentum fractionx, at scaleQ, ds/dt̂ is the hard scat-
tering cross section of the partonic subprocessab→cd, and
the FF,Dh/c(zc ,Q82) gives the probability for partonc to
fragment into hadronh with momentum fractionzc at scale
Q8. We use the convention that the parton-level Mandelst
variables are written with a ‘‘hat’’~similar to t̂ above!. The
scales are fixed in the present work asQ5pT/2 and Q8
5pT /(2zc).

In this investigation we use LO partonic cross sectio
together with LO PDFs@Glück, Reya, and Vogt~GRV!# @33#
and FFs~KKP! @30#. This ensures the consistency of th
calculation. An advantage of the GRV parameterization
that this fit uses data down to a rather small sc
('0.25 GeV2), and thus provides PDFs with approxima
validity for hard processes down to relatively small tran
verse momenta,pT*pT051 GeV ~with our scale fixing!. It
can be argued that, to the extent that LO and next-to-lead
order ~NLO! PDFs and FFs are fitted to the same data, th
represent different parametrizations of the same nonpertu
tive information. However, going to NLO will reduce th
scale dependence of PQCD calculations@34#. A NLO study
along the lines of the present work is in progress@35#. An
alternative approach is to use the ‘‘Principle of Minimal Se
sitivity’’ @36# to optimize these scales, as e.g. in Ref.@34#.
However, fixing the scales is more convenient as a poin
departure forpA andAA studies.
3-2
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Since the fragmentation functionsDh/c(zc ,Q82) are nor-
mally given for neutral hadrons or equivalently for the co
bination h65(h11h2)/2 ~using isospin symmetry!, as-
sumptions need to be made to obtain the charge-sepa
FFs forp1, p2, K1, andK2 @37#. These assumptions ar
connected to the physical picture used to consider fragm
tation from valence and sea quarks, respectively. The s
plest approximation corresponds to allowing a meson
fragment only from quarks that appear in it as valence c
tributions. We find this prescription too restrictive, and us
equal division of sea quark contributions between posit
and negative mesons in the present work (s50.5), unless
indicated otherwise. The value ofs hardly influences pion
production, but has a more visible effect on kaons~in par-
ticular onK2). We illustrate this by also showings51 re-
sults for comparison in figures withK/p ratios. The details
of the approximation are discussed in the Appendix.

The PDFs in Eq.~1! express the probability of finding
parton in the proton with longitudinal momentum fractionx,
integrated over transverse momentum up tokT5Q. Recent
studies have considered parton distributions unintegra
over the transverse momentumkT of the parton@38#. In a
more phenomenological approach, Eq.~1! can be generalized
to incorporate intrinsic transverse momentum by using
product assumption and extending each integral over the
ton distribution functions tokT space@39,40#,

dx fa/p~x,Q2!→dxd2kTg~kWT! f a/p~x,Q2!, ~2!

whereg(kWT) is the intrinsic transverse-momentum distrib
tion of the relevant parton in the proton. We follow the ph
nomenological approach in the present work, takingg(kWT) to
be a Gaussian

g~kWT!5
1

p^kT
2&

exp@2kT
2/^kT

2&#. ~3!

Here^kT
2& is the two-dimensional width of thekT distribution

and it is related to the magnitude of the average transv
momentum of one parton aŝkT

2&54^kT&2/p. Kinematical
details can be found in Refs.@29,39,40#. We note here tha
endowing the partons with a transverse momentum mod
the definition of the Mandelstam variablesŝ, t̂ , andû. If kT
becomes too large, one of the Mandelstam variables m
approach zero, leading to a divergence in the partonic c
section. To regularize this singularity, we follow@39# and
earlier studies@41# and make the replacement in the parton
cross section ds/dt̂ (ab→cd) of, e.g., 1/ŝ→1/(ŝ2M2),
where M50.8 GeV is a regulator mass. As discussed
@39#, the resultant spectra are sensitive to the choice oM
only at pT'M , where soft physics becomes important a
our PQCD calculations are no longer reliable in any case

The need for intrinsic transverse momentum inpp colli-
sions was investigated as soon as PQCD calculations w
applied to reproduce high-pT hadron production@2,42#. An
average intrinsic transverse momentum of̂kT&
;0.3–0.4 GeV could be easily understood in terms of
Heisenberg uncertainty relation for partons inside the pro
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However, a larger average transverse momentum of^kT&
;1 GeV was extracted from jet-jet angular distributio
~see, e.g.,@32#!. Recently, new theoretical efforts wer
mounted to understand the physical origin of^kT&
@38,43,44#. Intrinsic transverse-momentum distributions ha
been utilized in the contexts of photon production@18,23,45#
andJ/c production@46,47#. The description of deep inelasti
scattering in the pomeron framework also appears to req
a broad intrinsickT distribution @48#.

To test the validity of the above approach, we calcula
p0, p1, andp2 production inpp collisions in the energy
range 20 GeV&As&60 GeV, and compared the results
data from several independent experiments@7–12#. The cal-
culations were performed using the finite rapidity window
of the data. The Monte Carlo integrals were carried out
the upgradedVEGAS routine @49#. As discussed above, th
scales are fixed asQ5pT/2 and Q85pT /(2zc). At each
measured transverse-momentum value (pT>2 GeV) we de-
termined the width of the transverse-momentum distribut
^kT

2& necessary to fit the data point at the givenpT , together
with its error bar. The values of the extracted^kT

2& are shown
in Fig. 1 for p0, and in Fig. 2 forp1 ~top panels! andp2

~bottom panels! production. The error bars are determin
from the experimental errors.

It is clear from Figs. 1 and 2 that the description of t
data in terms of a PQCD calculation augmented by a Ga
ian transverse-momentum distribution makes sense only
limited pT window in the energy range 20 GeV&As
&60 GeV. In addition to the requirement ofhard particle
production (pT>pT0) imposed for the applicability of
PQCD, in most data sets there appears to be an upper lim
transverse momentum, to which^kT

2& can be extracted with
reasonable accuracy. In broad terms, the procedure ma
considered sensible for, say 2 GeV&pT&7 GeV, depend-

FIG. 1. The width of the transverse-momentum distribution^kT
2&

necessary in Eq.~3! to fit the measured value of the spectrum at t
givenpT , point by point, forp0 production inpp collisions at three
energies. The data are from Ref.@8#.
3-3
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ing on the details of the experiments. Within this windo
one may reasonably extract an approximately constant~en-
ergy dependent! ^kT

2& for 3 GeV&pT&6 GeV in the full
energy range.~Note that the lower limit of the consideredpT
interval can be lowered with increasing c.m. energy.! At
higher transverse momenta~and fixedAs) the effect of in-
trinsic kT becomes less important, and thus it is not surp
ing that, using the error bars on the data, the width^kT

2&
acquires a large uncertainty. Although 3 GeV&pT
&6 GeV is a rather narrow transverse-momentum inter
the Cronin effect inpA collisions, to be addressed in th
following subsection, is most prominent in this range. T
motivated us to use an energy dependent,pT independent
^kT

2& in what follows, as an approximation.
Concentrating on the above interval inpT , we next deter-

mined thepT independent̂kT
2& that best fits the pion produc

tion data inpp collisions as a function of c.m. energy. In
slight departure from our earlier work@23#, we fitted the data
minimizing the standardx25((Data2Theory!2/(Expt.
uncertainty)2 to obtain an optimal̂kT

2& for each energy. Fig-
ure 3 summarizes these results. Data are from a rang
independent experiments@7–12#.

We conclude from this figure that the value of^kT
2& for

hard pion production shows an increasing trend as a func
of As from 20 to 60 GeV~and may be leveling off toward
the high-energy end of the interval!. The numerical values
are significantly larger than expected solely on the basis
the Heisenberg uncertainty principle. It needs to be kep
mind that these values are obtained in the framework of a
calculation. At NLO, smaller transverse width should be
quired for the best fit of the data~see some results in Re

FIG. 2. The width of the transverse-momentum distribution^kT
2&

necessary in Eq.~3! to fit the measured value of the spectrum at t
given value ofpT , point by point, forp1 ~top panels! and p2

~bottom panels! production inpp collisions at several energies. Th
data are from Refs.@7,10–12#.
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@31#!. At present, we focus on the utility of this paramete
ization to describe thepp data and view Fig. 3 as a basis fo
addressingpA andAA collisions at the same level of PQCD

As an example to illustrate the degree of accuracy of
description in thepp sector, Fig. 4 compares calculatedp1

FIG. 3. The best fit values of^kT
2& in pp→pX @7–12# reactions,

where larger error bars would overlap, thep2 point has been
shifted slightly to the right for better visibility.

FIG. 4. Invariant cross section ofp1 andp2 production from
pp collisions ~top row!, D/T: data/theory ratios~middle row!, and
R: p2/p1 ratios ~bottom row! as functions of transverse momen
tum at c.m. energiesAs519.4, 23.8, and 27.4 GeV. Data are fro
@7#. The calculations are carried out in LO, as explained in the te
3-4
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HIGH-pT PION AND KAON PRODUCTION IN . . . PHYSICAL REVIEW C 65 034903
andp2 spectra andp2/p1 ratios to the data@7# at the c.m.
energiesAs519.4, 23.8, and 27.4 GeV, respectively, o
tained with the values of̂kT

2&, indicated in the top panels
We find that the data/theory andp2/p1 ratios are well re-
produced for 2 GeV&pT& 6 GeV. Based on this and simila
examples, we believe that hard pion production inpp colli-
sions is reasonably under control at the present level of
culation. With the parameterization of the transver
momentum distribution we separated any PQC
uncertainties from the nuclear effects, which we addres
the following subsection.

B. Hard pions from proton-nucleus collisions

Interest in the nuclear dependence of hard particle prod
tion was triggered by the discovery of the Cronin effect@6,7#,
and revived with the study of collisions ofa particles at the
CERN interacting storage ring~ISR! @50–52#. As discussed
in the introduction, the nuclear enhancement of hard p
and kaon production cross sections is not only interestin
itself, but we also need to understand these phenomena
fore we can move to the description ofAA collisions at
RHIC energies.

The standard framework for addressing high-energypA
collisions is provided by the Glauber model@53,54#. It
should be kept in mind, however, that the Glauber model w
originally developed with nucleons as elementary const
ents, neglecting coherent scattering from several nucle
Therefore, it is not surprising that refinements to the stand
Glauber picture are proposed based on the underlying qu
gluon structure@55–57#. As such modifications are not ye
generally accepted or organized into a consistent picture
continue using the standard Glauber description in
present work.

The key observation for the explanation of the Cron
effect is that inpA collisions, in addition to the hard parto
scattering, the incoming and outgoing partons may su
additional interactions in the presence of the nuclear med
@29,39,40#. An effective way to summarize these addition
interactions is in terms of an enhancement of the width of
transverse-momentum distribution above the value inpp
collisions, shown in Fig. 3. The extra contribution to th
width due to the nuclear environment can be related to
number of nucleon-nucleon collisions in the medium.
characterize thêkT

2& enhancement, we write the width of th
transverse-momentum distribution of the partons in the
coming proton as

^kT
2&pA5^kT

2&pp1C•hpA~b!. ~4!

Here^kT
2&pp is the width of the transverse-momentum dist

bution of partons inpp collisions from Sec. II A~also de-
noted simply bŷ kT

2&), hpA(b) describes the number ofef-
fectivenucleon-nucleon (NN) collisions at impact paramete
b that impart an average transverse-momentum squaredC. In
pA reactions, where one of the partons participating in
hard collision originates in a nucleon with additionalNN
collisions, we will use thepp width from Fig. 3 for one of
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the colliding partons and the enhanced width~4! for the
other. The functionhpA(b) will be discussed shortly.

According to the Glauber picture, the hard pion produ
tion cross section frompA reactions can be written as a
integral over impact parameterb

Ep

dsp
pA

d3p
5E d2btA~b!Ep

dsp
pp~^kT

2&pA ,^kT
2&pp!

d3p
, ~5!

where the proton-proton cross section on the right hand
represents the cross section from Eq.~1! with the transverse
extension as given by Eqs.~2! and~3!, but with the widths of
these distributions as indicated. HeretA(b)5*dz r(b,z) is
the nuclear thickness function~in terms of the density distri-
bution r) normalized as*d2btA(b)5A. Furthermore, it is
well known that the PDFs are modified in the nuclear en
ronment~‘‘shadowing’’! @58,59#. We approximately include
shadowing and the isospin asymmetry of heavy nuclei i
the nuclear PDFs by considering the average nuclear de
dence and using a scale independent parameterization o
shadowing function Sa/A(x) adopted from Ref. @58#
~see@60#!:

f a/A~x,Q2!5Sa/A~x!FZ

A
f a/p~x,Q2!1S 12

Z

AD f a/n~x,Q2!G ,
~6!

where f a/n(x,Q2) is the PDF for the neutron.
The effectivity functionhpA(b) can be written in terms of

the number of collisions suffered by the incoming proton
the target nucleusnA(b)5sNNtA(b) where sNN is the in-
elastic nucleon-nucleon cross section. Two extreme presc
tions were used forhpA(b) earlier: ~i! hpA

all(b)5nA(b)21,
corresponding to allNN collisions, except the hard interac
tion producing the parton to fragment into the observed pi
contributing to thê kT

2& enhancement@29#, and~ii ! a ‘‘satu-
rated’’ prescription, wherehpA

sat(b) was equated to a maxi
mum value of unity whenevernA(b)>nm52 ~i.e., it was
assumed that only one associatedNN collision is responsible
for the ^kT

2& enhancement, further collisions are not impo
tant in this regard! @23#. In the present work, we examine th
dependence of the results on the possible choices betw
these limits, denoted bynm5` and nm52, respectively.
Since even in a heavy nucleusnA(b) does not exceed'6,
we carried out explicit calculations for 2<nm<5 and with-
out any cut (nm5`). The coefficientC in Eq. ~4! best de-
scribing the availablepA data@7# for the different values of
nm is shown at three energies in Fig. 5 as a function ofpT for
Be, Ti, and W target nuclei.

For an appealing physical interpretation, the coefficienC
is expected to be approximately independent ofpT , of the
target used, and probably of beam energy~at least in the
energy range studied in Fig. 5!. Based on these requirement
we selectnm54 as the value that produces results forC
closest to the ideal physical picture. In what follows, we
nm54, where the associated value ofC is C50.40
60.05 GeV2. This value ofC is significantly smaller than
what we needed to use in connection tonm52 earlier (Csat,
3-5
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ZHANG, FAI, PAPP, BARNAFÖLDI, AND LÉVAI PHYSICAL REVIEW C 65 034903
see Ref.@23#!, and somewhat larger than would be needed
the case ofnm5`. This can be understood based on t
compensating effects ofhpA(b) and the value ofC in Eq. ~4!.

It is interesting to note that a similar value for the numb
of effective inelastic~semihard! collisions was obtained ex
amining nuclear stopping inp1Be,Cu,Au collisions at lower
energies (Ebeam512 and 18 AGeV! @24–26#. The leading
proton appeared in these experiments so as not to lose
energy after 2–3 collisions~measured via ‘‘gray’’ tracks from
the target!. The physics of this phenomenon was connec
to the constituent quark picture of the proton, i.e., it w
suggested that the state resulting after the inelastic excita
of the three constituent quarks no longer interacts with a h
probability. Further experiments are needed to verify this o
similar physical interpretation. Such an effort is in progre
at AGS and at CERN SPS~see Refs.@26,27#!. Our finding of
nm54, which means approximately three effective semih
collisions, overlaps with the above result and points to
similar mechanism, even at higher energies. At this point,
present study lends phenomenological support to the ex
nation advanced in Refs.@24–26#. Our model is also consis
tent with the idea proposed by Dokshitzer@61# about the
proton being unable to accept more than a characteristic
mentum transfer ofQ'1 –1.2 GeV. This idea implies th
existence of a limiting value of̂kT

2& for the proton, which
can be accumulated in one or several semihard interacti
Further data are needed at CERN SPS and RHIC energie
a more definitive result. The plannedpA collision program at
RHIC @28# may play a very important role in this regard.

To illustrate the quality of agreement with the da
achieved with the above parametrization, Fig. 6 displaysp1

spectra~upper panels! and p2/p1 ratios ~lower panels! as
functions ofpT , compared to the samepA data@7# as used

FIG. 5. The best fit values ofC in Eq. ~4! for Be ~dots!, Ti
~squares!, andW ~triangles! targets at three different energies as
function of pT andnm . The fitted data are from Ref.@7#.
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to determineC. The parameters are fixed as indicated in t
top panels:nm54, C50.4 GeV2, and the energy-dependen
^kT

2&pp from Fig. 3. There is no observable difference in t
p2/p1 ratios between the different targets in either the d
or the calculated results.~We, therefore, show only thepW
calculated results for thep2/p1 ratio.!

The Cronin enhancement can be presented in the form
normalized~by mass numberA) W/Be cross section ratios
@7,11,17#. The data forp1 andp2 are shown as a function
of pT for the above energies and forElab5800 GeV@11# in
Fig. 7, together with the results of calculations withC
50.35 GeV2 ~solid line! and with C50.45 GeV2 ~dashed
line!. The band between these two curves represents the
certainty in our calculation associated with the extraction
the coefficientC ~see Fig. 5!.

In the absence of the Cronin effect, these ratios wo
give a value of identically 1. The significant deviation of th
data from unity is therefore a clear confirmation of t
nuclear enhancement in the 2 GeV&pT&6 GeV
transverse-momentum window. At lowerpT , where absorp-
tion effects set in, the data indicate a value of the ra
smaller than 1. However, we do not trust our PQCD cal
lation belowpT'2 GeV, and thus do not show calculate
results for low transverse momenta. At high transverse m
menta, where the effects of intrinsickT become unimportan
as mentioned earlier, the ratio converges to unity in both
data and the calculations.

FIG. 6. p1 spectra andp2/p1 ratios from pA collisions for
A5Be,Ti,W as functions of transverse momentum at c.m. ener
As519.4, 23.8, and 27.4 GeV. Data are from Ref.@7#. Only pW
calculated results forp2/p1 shown. Calculated results for th
other targets are very similar.
3-6
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C. Nucleus-nucleus collisions

In nucleus-nucleus reactions@62#, where both partons en
tering the hard collision originate in nucleons with addition
semihard collisions, we apply the enhanced width of the p
ton distribution~4! for both initial partons. Thus,

Ep

dsp
AB

d3p

5E d2b d2rt A~r !tB~ ubW 2rWu!

3Ep

dsp
pp~^kT

2&pA ,^kT
2&pB!

d3p
, ~7!

where the proton-proton cross section on the right hand
represents the cross section from Eq.~1! with the transverse
extension as given by Eqs.~2! and ~3!, with the enhanced
widths of these distributions given by Eq.~4!. We emphasize
that the parameter values used to describe hard pion pro
tion in AA reactions are identical to the ones used earlie
this section for the best description of pion production fro
pp and pA reactions. In other words, the values of^kT

2&pp

51.6 and 1.7 GeV2, respectively, are taken from Fig.
~with a relatively small uncertainty of'60.1 GeV atAs
;17–20 GeV), andnm54 andC50.4 GeV2 are fixed.

The results of these calculations for centralp0 spectra are
compared to the WA80@63# and WA98@64# data for S1S,
S1Au, and Pb1Pb collisions in Fig. 8 as a function of trans
verse momentum. Spectra are shown in the top panel, d

FIG. 7. Normalized W/Be charged pion cross section ratios
four energies. The calculations are carried out with the parame
fixed earlier as discussed in the text. The data are from R
@7,10,11#. The deviation from unity represents the Cronin enhan
ment.
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theory ratios are displayed at the bottom. The dotted li
represent the results of the PQCD calculation with nucl
effects ~shadowing and multiscattering! turned off; solid
lines correspond to the full calculation. To implement t
necessary centrality selection, we represented the nucle
Woods-Saxon density distributions with radiiR5r 0A1/3,
with the radius parameterr 051.12 fm and diffusenessa
50.54 fm. The WA98 experiment measured a total Pb1Pb
cross section of 6300 mb, and the centrality cut was mad
12.7% of this total cross section@64#. In our model the same
centrality cut is obtained by restricting the impact parame
integration in Eq.~7! to bmax55.05 fm. For S1Au, the
measured total cross section of 3600 mb and the experim
tal centrality cut of 7.7%@63# requirebmax52.97 fm in the
calculation, while for S1S the total cross section of 1450 m
combined with the 25% centrality cut@63# instruct us to use
bmax53.4 fm in our calculation. To test the effect of sha
owing, we carried out a calculation with shadowing turn
off. Turning off our impact-parameter independent shado
ing resulted in a less than 10% shift in the spectra for
central collisions considered at these energies. When c
paring to the data, it should be kept in mind that the cal
lation is intended forhard particle production, and it is no
expected to describe the data belowpT'2 GeV. At low pT ,
where soft processes become important, the PQCD m

t
rs
s.
-

FIG. 8. Neutral pion production compared to data from S
experiments WA80@63# and WA98@64# for central collisions. Cal-
culated invariant cross sections with the nuclear effects turned
~dotted lines! and with the complete model~full lines! are displayed
on top together with the corresponding data, data/theory ratios
shown on the bottom~with the full calculation!. The parameters are
fixed by pp andpA information as discussed in the text.
3-7
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underestimates the S1S data, as expected. The calculati
without nuclear effects~dotted lines! underestimates the dat
in the entire measuredpT range. The reproduction of th
S1S and S1Au data can be considered reasonable forpT
*2 GeV, while the Pb1Pb calculation overestimates th
data in the same transverse-momentum window by up
40%. This may be taken as a hint that an additional mec
nism is at work in the nuclear medium, which acts to redu
the calculated cross sections. Jet quenching@19–21# is a po-
tential candidate for the physics not included in the pres
model.

III. HARD KAON PRODUCTION AT CENTER-OF-MASS
ENERGIES BELOW È60 GeV

In this section we turn to charged kaon production in
same c.m. energy region, using the parameter values fixe
Sec. II. We are interested in the reproduction of kaon data
including the effects of multiscattering and shadowing. M
data are available as kaon to pion ratios; we will display
calculated results in the same manner. Furthermore, as m
tioned above,K2 production is particularly sensitive to as
sumptions made in connection with sea quark fragmentat
discussed in the Appendix. Our standard computations
carried out with the value ofs50.5 for the parameter gov
erning the distribution of sea quarks, but as a reminder to
dependence and to illustrate the sensitivity, we also sh
calculated results withs51 in this section.

A. Charged kaons from proton-proton collisions

First we look at kaon spectra andK/p ratios for positive
and negative mesons frompp collisions to check if the pa-
rametrization introduced for pions is also applicable in t
case. Our results are compared to the data@7# in Fig. 9 for
K1 and in Fig. 10 forK2 at the c.m. energiesAs519.4,
23.8, and 27.4 GeV. In the top panels the appropriate p
spectra are also shown as a reference. The kaon cross
tions displayed here are calculated with the same value
s50.5. The data/theory ratios show an agreement simila
that seen in Fig. 4 for pions. In the bottom panels presen
the K/p ratios, full lines correspond to the standards50.5,
dashed lines depict the calculated results withs51.

The reproduction of the kaon data frompp collisions can
be considered fair, except that in theK/p ratios the apparen
structure of theK1/p1 ratios is not reproduced, and th
peak in theK2/p2 ratios is shifted to higher transverse m
menta and is less pronounced than in the data. It can als
seen that the distribution of sea quarks for the fragmenta
of charged mesons, while not too important for theK1/p1

ratio, makes a significant difference forK2/p2, with s
50.5 describing these ratios better thans51 for pT
&5 GeV. If we focus onpT.5 GeV, the opposite conclu
sion may be drawn. The sensitivity of the negative ratios
s is also larger in theE605 experimentalK/p ratios shown
in Fig. 11. Here, measurements extend to higher value
pT , ands51 gives a better fit to theK2/p2 ratios for pT
*5 GeV, similarly to theK2/p2 ratios of Ref.@7#. This
may be taken as a hint that our prescription for the fragm
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tation contribution of sea quarks is too schematic, ands
should be takenpT dependent in a more realistic calculatio

B. Kaons from proton-nucleus collisions

Next we examine the predictive power of our model f
charged kaon production frompA collisions at c.m. energies
As519.4, 23.8, and 27.4 GeV, with the parameters fixed
above. In other words,̂kT

2& is taken from Fig. 3 as in Sec
III A, and the enhancement of the transverse-moment
width is given by Eq.~4! usingnm54 andC50.4 GeV2.

The data are available asK/p ratios, eliminating experi-
mental normalization issues@7#. In Fig. 12 we compare the
results of our calculations to these data for Be, Ti, and
targets.K1/p1 ratios are shown in the top panels, whi
K2/p2 ratios are displayed on the bottom. We presentpW
calculations with boths50.5 ands51. The general ten-
dency of these results and the quality of the agreement
tween the data and the calculations is very similar to t
observed inpp collisions. The deviations increase with e
ergy, but the calculations seem to reflect the gross feature
the data. The kaon to pion ratio is not sensitive to the tar
size. This means that the nuclear enhancement is simila
pions and kaons.

C. Predictions for kaons from nucleus-nucleus collisions

We are not aware of hard kaon data fromAA collisions at
SPS energies. However, it is natural to extend the pre

FIG. 9. Spectra ofp1 andK1 mesons as functions of transvers
momentum frompp collisions at c.m. energiesAs519.4, 23.8, and
27.4 GeV~top panels! and K1/p1 ratios calculated withs50.5
~solid! ands51 ~dashed! as explained in the text~bottom panels!.
Data are from Ref.@7#.
3-8
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HIGH-pT PION AND KAON PRODUCTION IN . . . PHYSICAL REVIEW C 65 034903
FIG. 10. Spectra ofp2 and K2 mesons as functions of trans
verse momentum frompp collisions at c.m. energiesAs519.4,
23.8, and 27.4 GeV~top panels! andK2/p2 ratios calculated with
s50.5 ~solid! ands51 ~dashed! as explained in the text~bottom
panels!. Data are from Ref.@7#.

FIG. 11. Ratios ofK1/p1 ~top! and K2/p2 ~bottom! at
Ebeam5800 GeV, calculated withs50.5 ~solid! and s51
~dashed!. Data are from Refs.@10,11#.
03490
calculations to kaon production under the conditions of
WA80 and WA98 experiments. PredictedK1/p1 ~top! and
K2/p2 ~bottom! ratios for S1S collisions at As
519.4 GeV ~left panels! and Pb1Pb collisions at As
517.3 GeV~right panels!, as functions ofpT are displayed
in Fig. 13.

The appearance of these results is similar to that of
calculated results in thepA case, except that the curves a
less steep forAA collisions. Any possible peak at transver
momenta belowpT52 GeV in theK2/p2 ratios would be
unaccessible for our calculation. Information on these ra
can serve as a test of the present model at SPS energie

IV. EXTENSION TO RHIC ENERGIES

In preceeding sections, we have developed a descrip
of hard pion and kaon production based on the PQC
improved parton model, incorporating a phenomenologi
treatment of the transverse-momentum degree of freedom
the partons. We have seen that a satisfactory agreement
pp data can be achieved up toAs'60 GeV, allowing the
width of the transverse-momentum distribution^kT

2& to de-
pend on energy. The available significant body of inform
tion on hard pion production in the energy range 20 G
&As&60 GeV strongly constrains the value of^kT

2& at
lower energies, but the uncertainty increases withAs. Mod-
eling the enhancement of the transverse-momentum w
associated with additional collisions in the nuclear mediu

FIG. 12. K1/p1 ~top! and K2/p2 ~bottom! ratios at c.m. en-
ergiesAs519.4, 23.8, and 27.4 GeV. Full lines correspond tos
50.5 and dashed lines displays51 for pW collisions.~The calcu-
lated ratios for the other targets are very similar.! Data are
from Ref. @7#.
3-9
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we were able to reasonably reproduce hard pion produc
data frompA andAA reactions in the same energy interva
We then illustrated the use of the model for kaons.

A. Hadron production in pp̄ collisions
at energiesAsœ100 GeV

In accordance with the main motivation for this study
terms of emerging data and future experiments at RHIC
this section the parametrization of thepp data will be ex-
tended to the RHIC energy region. Unfortunately, we are
aware of usefulidentifiedhard meson production data from
pp or pp̄ reactions at energies aboveAs'60 GeV; we have
total hadron production data in the form of (h11h2)/2 from
CERN UA1 @13–15# and the Tevatron CDF@16#. Since the
production of hadrons other than kaons and pions~in particu-
lar protons and antiprotons! increases with energy, the acc
racy of the extraction of̂kT

2& decreases with increasing e
ergy. Furthermore, we have to face a shortage of data in
energy interval 60 GeV&As&500 GeV.

In Fig. 14 we show the quality of the fit we can achie
with the energy-dependent^kT

2& to the (h11h2)/2 data from

pp̄ collisions atAs5200, 500, and 900 GeV@14#. The top
panel contains the spectra, the bottom panel gives the d
theory ratios as a function ofpT for the values of̂ kT

2& indi-
cated in the top panel.

Figure 15 summarizes the extracted values of
transverse-momentum width from the (h11h2)/2 data of

FIG. 13. PredictedK1/p1 ~top! andK2/p2 ~bottom! ratios for
WA80 ~S1S atAs519.4 GeV, left panels!, and WA98~Pb1Pb at
As517.3 GeV, right panels! experimental conditions. The param
eters of the calculation are fixed as discussed in the text. Full l
correspond tos50.5, dashed lines display results withs51.
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FIG. 14. Top panel: spectra of charged hadrons (h11h2)/2

from pp̄ collisions atAs5200, 500, and 900 GeV as calculate
with the indicated values of̂kT

2&. Bottom panel: data/theory ratios
The data are from the UA1 experiment@14#.

FIG. 15. The best fit values of̂kT
2& in pp→pX @7–12# and

pp̄→h6X reactions ats1/25200, 500, 540, 630, and 900 GeV@13–
15# and s1/25630 and 1800 GeV@16#, where large error bars
would overlap at the same energy, one of the points has been sh
slightly for better visibility. The band is drawn to guide the eye.
3-10



d
n

e
re

e

d

o

Th
a

e
ou
on

e-
nt

ds
th
-
r

00

er

ab
-
a
io

x

ri
co
de

ao
o

d

ith

d

-

HIGH-pT PION AND KAON PRODUCTION IN . . . PHYSICAL REVIEW C 65 034903
the higher-energy experiments@13–16#, together with the
points at lower energies extracted from hardpion production
data ~shown earlier in Fig. 3!. The solid curve is drawn to
guide the eye, and is an attempt to represent the energy
pendence of the extracted^kT

2&. The dashed lines delineate a
estimated band of increasing uncertainty with increasingAs
around this curve. We will use this band to interpolate b
tween the low-energy and high-energy parts of the figu
reading off the^kT

2&pp values to be applied at RHIC. Th
rectangular boxes represent an estimate at aroundAs5130
and 200 GeV, respectively.

It can be seen that̂kT
2& reaches a maximum at aroun

As560–100 GeV, with a value of'2.4 GeV2. Beyond
this energy, the transverse-momentum width necessary t

produce hadron production data frompp or pp̄ reactions at
the LO level of the PQCD calculation starts to decrease.
interpolating curve is drawn so that it converges to a sm
constant value of̂kT

2& asAs→`. The high-energy points ar
based on charged pion and kaon production only, and sh
be looked upon as upper limits. In the RHIC energy regi
we extract^kT

2&52.060.4 atAs'130 GeV and̂ kT
2&51.7

60.4 at As'200 GeV for the value of the transvers
momentum width of partons without nuclear enhanceme

For thepA and AA calculations we fixednm54 andC
50.4 GeV2, in lack of a less arbitrary prescription. It nee
to be kept in mind, however, that these quantities and
effectivity functionhpA(b) of Eq. 4 may well be energy de
pendent. We carried out computations for pion and kaon p
duction at the RHIC energies of the 2000 run and of the 2
run of As5130 GeV and 200 GeV, respectively.

B. Hadron production in pA collisions at RHIC energies

We are now prepared to make certain predictions conc
ing the plannedpA program at RHIC@28#. Since the precise
energies and targets to be used are not presently avail
we use the c.m. energies ofAs5130 and 200 GeV, respec
tively, and the targets familiar from Sec. II B, as an illustr
tion. For the width of the transverse-momentum distribut
of partons in the proton, we take the values^kT

2&
52.0 GeV2 and 1.7 GeV2 at As5130 and 200 GeV, re-
spectively, representing the centers of the rectangular bo
in Fig. 15. The parametersnm54 and C50.4 GeV2 are
fixed. In the top panels of Fig. 16 we show calculated inva
ant p0 production cross sections at these energies from
lisions of protons with Be, Ti, and W targets. We also inclu

the results ofpp calculations as a reference, and the UA1pp̄
data atAs5200 GeV for h6 production for comparison
@14#. These data were used earlier in Fig. 14. Since k
production typically does not amount to more than 20%
pion production and the use of antiprotons is not expecte
make a significant difference at these energies, thep1p
→p01X calculation appears to fit these data on the logar
mic scale almost as well as the earlierh6 calculation~see
Fig. 14!. In the bottom panels of Fig. 16,K1/p1 ratios are
displayed for thep1W reactions, at the values ofs50.5
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FIG. 16. Top panels: predicted invariant cross sections forp0

production from p1Be, Ti, W collisions atAs5130 GeV ~left!
and 200 GeV~right!. Calculatedpp results and the UA1h6 data

from pp̄ collisions@14# are also included. Bottom panels: predicte
K1/p1 ratios forp1W collisions withs50.5 ~solid! ands51.0
~dashed!.

FIG. 17. Top panels: predicted invariant cross sections forK1

production from p1Be, Ti, W collisions atAs5130 GeV ~left!
and 200 GeV~right!. Calculatedpp results are also included. Bot
tom panels: predictedK2/K1 ratios for p1W collisions with s
50.5 ~solid! ands51.0 ~dashed!.
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~solid line! and s51.0 ~dashed! for the parameter control
ling sea quark fragmentation. These ratios are very sim
for the other targets.

Figure 17 displays similar predictions forK1 production
from pA collisions. In the bottom panels we now sho
K2/K1 ratios in p1W collisions for the two values of the
parameters used earlier. It can be seen from the botto
panels that the value ofs plays a more important role in
kaon than in pion production also at these higher energi

C. Hadron production in Au¿Au collisions at RHIC

In the area ofAA collisions, calculated high-pT p0 pro-
duction in Au1Au collisions is compared to preliminar
PHENIX data atAs5130 GeV@65# in the top left panel of
Fig. 18; predictions at 200 GeV are displayed on the righ
Fig. 18. We use the valueŝkT

2&52.0 GeV2 and 1.7 GeV2

at As5130 and 200 GeV, respectively, representing the c
ters of the rectangular boxes in Fig. 15. The parametersnm
54 andC50.4 GeV2 are fixed. Central and peripheral co
lisions are defined by the top 10% and the 60–80 % bin
the total cross section, corresponding to the experimenta
lection. With the same radius parameter and diffusenes
used in Sec. II C at SPS energies, this translates to integ
up to bmax54.7 fm for central collisions, and frombmin
511.53 fm tobmax513.30 fm for peripheral collisions in
Eq. ~7!. We also show the results of the PQCD calculatio
of hard pion production frompp collisions for reference.
The pp̄ data on total charged hadron production at 200 G

FIG. 18. Top left: calculated central~10%! and peripheral~60–
80%! p0 spectra for Au1Au collision atAs5130 GeV, compared
to preliminary PHENIX data@65#. We also show the result of ou
pp calculation. Top right: prediction for central~10%! and periph-
eral ~60–80 %! hard p0 spectra from Au1Au collisions at As
5200 GeV. Thepp results are included and compared to the U

pp̄ data at the same energy@14#. Bottom: predictedK1/p1 ratios at
the same energies.
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@14# are also included in the top right panel of the figu
~symbols!. In the bottom panels the predictedK1/p1 ratios
associated with central collisions are displayed. The co
sponding peripheral ratios are almost identical to the cen
ratios shown.

Shadowing is expected to be stronger at RHIC energ
than at SPS. Indeed, turning off the impact-parameter in
pendent shadowing indicates that shadowing in itself cau
an up to 40% suppression in the 2 GeV&pT&6 GeV
transverse-momentum range in central collisions at these
ergies~the effect is decreasing with increasingpT). Applying
an impact-parameter dependent shadowing makes the m
nitude of the effect even smaller, in particular for periphe
collisions. Figure 18 shows that the uncertainty introduc
by the approximate treatment of shadowing is small co
pared to the difference between the calculated spectra
the central data.

It can be seen in the top left panel of Fig. 18 that, wh
our PQCD calculation augmented by nuclear effects appr
mately reproduces the data on peripheral Au1Au collisions
at As5130 GeV, the central data are overestimated b
factor of 3–5. This indicates that an additional mechanism
at work in dense nuclear matter, which would decrease
calculated cross sections at a givenpT . Since this effect can
also be looked upon as a shift of the spectra to lowerpT , we
speculate that the phenomenon of jet quenching@19–21# is
responsible for the discrepancy in central collisions. A stu
of jet quenching in the present framework is in progress@66#.

Figure 19 displaysK1 spectra andK2/K1 ratios pre-
dicted for the conditions of theAs5130 GeV~left panels!
and 200 GeV~right panels! RHIC runs, respectively. In the
calculations we use the parameter values fixed earlier. It
be seen in the bottom panels that the distribution of
quarks betweenK2 andK1 ~governed by the parameters)
has important implications on the calculatedK2/K1 ratios.

FIG. 19. PredictedK1 spectra andK2/K1 ratios for Au1Au
reactions atAs5130 GeV~left panels! and 200 GeV~right panels!.
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The predictions in Secs. IV B and IV C above are i
tended to illustrate the capabilities of the description we h
developed. Similar results can be obtained easily for the
cise conditions of future RHIC measurements. We find a s
tematic study of the energy dependence of hard pion
kaon production inpp collisions particularly important.
Similarly, a study of the energy and target dependence
pion and kaon production inpA collisions will help pin
down the energy dependence of the parameters that ch
terize the enhancement of the transverse-momentum wid
the medium, which have been taken energy independen
the time being.

V. SUMMARY AND CONCLUSION

The commissioning of RHIC opened an exciting new e
in nuclear collision physics, with the study of excite
strongly interacting matter becoming a reality. It is reco
nized, however, that a thorough understanding of ultrar
tivistic AA collisions presupposes the accurate description
pp andpA collisions in the same framework. In the prese
paper we attempted to follow the evolution of hard pion a
kaon production in relativistic collisions frompp to pA to
AA reactions.

The PQCD-improved parton model suggested itself a
natural tool for our study. Of course, PQCD itself is evolvi
from leading order calculations through the increasing co
plexity of NLO and NNLO for selected processes. As o
major focus in this paper was on the additional phys
brought in bypA and AA collisions, it was decided to us
LO PQCD throughout. This was supported by evidence t
higher-order PQCD does not eliminate the need for
transverse-momentum distribution of partons for a satis
tory fit of pion and kaon production data inpp collisions in
the 2<pT<6 GeV window ~though the numerical value
become smaller, as expected!. We used abundant pion pro
duction data from pp collisions at c.m. energiesAs
&60 GeV to extract the width of the transverse-moment
distribution of partons in the nucleon. The phenomenolog
value of the description was then tested on kaon produc
at the same energies.

For the treatment of nuclear systems, we develope
model based on the enhancement of the width of
transverse-momentum distribution of partons in the nuc
medium. An additional parameter was fitted to describe
Cronin effect at these energies. Shadowing and the iso
asymmetry of heavy nuclei were taken into account.
tested the model on charged pion and kaon production
AA collisions at SPS energies we found an indication o
possible need for an additional mechanism to decrease
calculated cross section of neutral pion production in
collision of heavy nuclei. We speculated that jet quench
may provide that mechanism, beginning to appear alread
SPS energies.

Using pp̄ data at higher energies, the domain of the e
tracted transverse-momentum width was extended to c
planned and present RHIC energies. Keeping in mind
rather large uncertainties, predictions were made forpA and
AA collisions at RHIC. The overprediction of the prelim
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nary PHENIX data on centralp0 production at As
5130 GeV reinforced our tentative conclusion that ad
tional physics needs to be incorporated in the model to
crease the calculated cross sections when dense nuclear
ter is present. Since the disagreement with the central da
much stronger at these energies than at SPS, and jet que
ing is expected to increase with energy, jet quenching i
likely candidate for this physics.

Recognizing that the treatment of jet energy loss wo
require further assumptions and modeling, we leave it
later study. A future treatment of jet quenching in the sa
framework promises to be of interest as a measure of
gluon density of the medium responsible for the energy lo
We are also interested in a similar study at the NLO level
PQCD.

In conclusion, it appears that a description ofpA andAA
collisions based on the PQCD-improved parton model a
mented by the transverse-momentum distribution of part
and by the nuclear effects of multiscattering and shadow
works reasonably well as a background calculation for h
pion and kaon production at sufficiently high energies a
has useful predictive power for the interpretation of pres
and future RHIC data. A full treatment of nuclear effects w
need to take jet energy loss into account. We see our m
as a flexible tool to aid in the understanding of the proper
of extended strongly interacting matter created at RH
LHC, and potential future nuclear colliders.
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APPENDIX A: FRAGMENTATION FUNCTIONS
FOR CHARGE-SEPARATED PIONS AND KAONS

The parametrization of FFs for pions and kaons is usu
given in terms of neutral linear combinations of the charg

mesons@30,67#, denoted by, e.g.,Du
p6

, Dd
p6

, andDs
p6

for
pions. Since the present paper focuses attention on separ
measuredp1, p2, K1, andK2 spectra and their ratios, w
need separate FFs for the charged pions and kaons. In
Appendix we describe our approximation used for t
charge-separated pion and kaon FFs.

To lowest order, one may assume that each meson spe
will only fragment from those quarks that appear in it
valence quarks, or from gluons. In this approximation, th
is, e.g., no contribution to the fragmentation of pions fro
strange quarks, or to the fragmentation of kaons fromd or d̄
quarks. However, these flavors can appear as sea quar
the respective mesons, and we want to take into accoun
possibility that pions or kaons fragment from quarks th
3-13
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appear in them as sea contributions. This implies a separa
of the FFs into valence and sea parts, along the lines of
@37#. For consistency, the sea quarks corresponding to
valence flavors in the given meson also need to be con
ered.

Based on the above ideas, we split the fragmenta
functions for pions as

Du
p6

5Du,val
p6

1Du,sea
p6

, ~A1!

Dd
p6

5Dd,val
p6

1Dd,sea
p6

, ~A2!

Ds
p6

5Ds,sea
p6

. ~A3!

The sea contribution from the fragmentation of au or d
quark can be identified in this case with the FF of thes
quark, which appears in the pion only as a sea quark,

Du,sea
p6

5Dd,sea
p6

5Ds,sea
p6

5Ds
p6

. ~A4!

Furthermore, it is natural to make the usual ansatz conn
ing the charge-averaged FFs of quarks and antiquarks@37#

Dū
p6

5Du
p6

, ~A5!

and similarly ford ands quarks and antiquarks.
The valence contributions to thep6 FFs can be obtained

from the parametrization available in Ref.@30# as

Du,val
p6

5Du
p6

2Ds
p6

, ~A6!

Dd,val
p6

5Dd
p6

2Ds
p6

. ~A7!
tt.

.A

lu

03490
on
f.
e

d-

n

ct-

Sinceu and d̄ occur in the positive pion as valence quark
we have

Du,val
p1

5Du,val
p6

, ~A8!

Dd̄,val
p1

5Dd̄,val
p6

, ~A9!

and similarly forp2.
The remaining task is to divide the contribution ofu quark

fragmentation to pions betweenp1 and p2 when they ap-
pear in the created pion as sea quarks. We propose

Du,sea
p1

5sDu,sea
p6

, ~A10!

Du,sea
p2

5~12s!Du,sea
p6

, ~A11!

Dū,sea
p1

5~12s!Dū,sea
p6

, ~A12!

Dū,sea
p2

5sDū,sea
p6

, ~A13!

where 0<s<1 is a free parameter. It is natural to expe
s50.5 from symmetry arguments. We find thats50.5 in-
deed provides a satisfactory description of the available p
data, and use this as the default value in the present pa

For charged kaons a very similar analysis, with thes
quark replacing thed quark as a valence contribution and th
d quark playing the role of the contribution that can on
arise from the sea, defines the fragmentation functions in
analogous manner.
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