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Strangeness enhancement in the parton model
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Strangeness enhancement in heavy-ion collisions is studied at the parton level by examining the partition of
the new sea quarks generated by gluon conversion into the strange and non-strange sectors. The CTEQ parton
distribution functions are used as a baseline for the quiescent sea before gluon conversion. By quark counting
simple constraints are placed on the hadron yields in different channels. The experimental values of particle
ratios are fitted to determine the strangeness enhancement factor. A quantitative measure of Pauli blocking is
determined. Energy dependence between CERN-SPS and relativistic heavy-ion collider energies is well de-
scribed. No thermal equilibrium or statistical model is assumed.
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I. INTRODUCTION

The production of strange particles in heavy-ion collisio
has been a subject of intense study in the past twenty ye
ever since the proposal that it may reveal a signal of qua
gluon plasma formation@1,2#. Various approaches to th
problem have been adopted, ranging from a statistical t
mal model@3,4# to a simple quark coalescence model@5,6# to
a dual parton model@7#. Despite differences in diverse view
points, the major theme is to explain the phenomenon
strangeness enhancement in nuclear collisions@8#. Although
the experimental definition of strangeness enhancemen
the increase of the strangeness content of the produced
rons with an increasing number of participants frompp to
AA collisions, a more appropriate theoretical description
strangeness enhancement is in terms of the increas
strange quarks before hadronization. In this paper we pre
a quantitative treatment of the enhancement factor in
framework of the parton model, and obtain a numerical m
sure of Pauli blocking.

The point stressed in the original explanation for stran
ness enhancement@1,2# is that when the quark degrees
freedom are liberated, it is easier to create strange qu
pairs than strange hadrons because thess̄ threshold is lower.
Deconfinement then leads naturally to the possibility
plasma formation. In our view the quarks have always b
the basis for understanding hadron production even inpp
collisions for c.m. energyAS a little above 10 GeV. The
recombination model has been able to reproduce the lowpT
inclusive distributions in the fragmentation region by treati
the hadronization processes at the parton level@9,10#. Thus
the relevance of the quark degrees of freedom in heavy
collisions at SPS is nothing new. In collisions at such en
gies the nucleons are broken up and thus deconfined, b
does not mean that there is thermalized quark-gluon plas
which no one would associate withpp collisions.

Once one descends to the parton level, the notion
strangeness enhancement~SE! can take on a quantitative de
scription in terms of the strange quark population. The ba
line for the unenhanceds quark distribution in the quiescen
sea should be pinned down by the parton distribution fu
0556-2813/2002/66~6!/064903~5!/$20.00 66 0649
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tions of the nucleon studied exhaustively by several gro
@11–13#. We shall use the distribution functions of the CTE
global analysis@11# that fits some 1300 data points obtain
for many reactions in 16 experiments. Their extrapolations
Q251 ~GeV/c! 2 are presented in the form of graphs ava
able on the web in CTEQ4LQ@14#. Since gluons do not
hadronize directly, there being no glueballs found, they
converted to quark pairs which subsequently hadronize
recombination. How much the conversion goes into
strange sector gives us a measure of SE.

Gluon conversion is not a new process that we must c
sider for heavy-ion collisions. Even in hadronic collision
gluons must convert in order to hadronize. Such convers
has been included in the study of inclusive distributions
hadrons produced in the fragmentation region in the fram
work of the valon-recombination model@10#, and more re-
cently using the CTEQ4LQ parton distribution functions@14#
to reproduce various hadronic spectra@15#. Our attention in
this paper is shifted from the fragmentation region in ha
ronic collisions, where thex dependence is an issue, to th
central region in nuclear collisions, where the relative yie
of particles produced are the focus.

Clearly, there is no way to study SE from first principle
Our investigation here is phenomenological. Our goal is v
modest. It is not possible to compute particle ratios from
parton model alone. We shall use a large set of particle ra
as experimental inputs to guide us in the determination of
SE factor. The effect of Pauli blocking in the nonstran
sector is included in those inputs, and are not amenabl
first-principle calculations. Our theoretical input is esse
tially the counting of quarks and antiquarks in their partiti
into the various hadronic channels. In that sense the phy
involved is basically the same as in the coalescence m
@5,6#, which is a simplified version of the recombinatio
model @9#. The emphasis in Refs.@5,6# is in the multiplica-
tive aspect of the probabilities of having quarks and an
quarks in the same region of phase space in their forma
of hadrons. That results in an undesirable feature ofs and s̄
imbalance in the linear version@5#, which is not satisfactorily
resolved in the nonlinear version@6# by the introduction of
unknown factors. Our emphasis here is on the partition of
©2002 The American Physical Society03-1
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q, q̄,s, s̄ quarks into the hadronic channels and on the
hancement of their populations from gluon conversion.
shall not investigate the implications of the hadron probab
ties being products of the quark probabilities.

II. QUARK COUNTING

We begin by drawing the boundary of our concern he
Since the yields on multistrange hyperons are low compa
to K andL, we shall in first approximation ignore the pro
duction ofJ andV, and aim at results with accuracies n
better than 90%. With such simplification we can better
hibit the spirit of our approach to the problem and ma
more transparent the issues involved in SE. Improveme
that include theJ and V particles can be considered late
We shall also consider an isosymmetric dense medium
midrapidity so that we need not distinguishu andd quarks.
Protons and neutrons will be equal in number, as will bep1

and p2. The strange quarkss and s̄ are produced in equa
numbers, butK1 and K2 will not be produced in equa
numbers because of associated production.

Let us use the following notation to denote the numbers
hadrons and nonstrange quarks, e.g.,N is the number of
nucleons, andq is the number of light quarks:

N5p1n, N̄5 p̄1n̄, ~1!

P5p11p21p0, ~2!

Y5L1S01S11S2, ~3!

K5K11K0, K̄5K21K̄0, ~4!

q5u1d, q̄5ū1d̄. ~5!

Then there are linear relations among these numbers b
on counting the number of valence quarks in the vario
hadrons,

3N1P12Y1K5q, ~6!

3N̄1P12Ȳ1K̄5q̄, ~7!

Y1K̄5s, ~8!

Ȳ1K5 s̄. ~9!

The right-hand sides of the above equations all refer to
numbers of quarks after enhancement from gluon con
sion. Letk be the fraction ofs quarks that recombine with
nonstrange antiquarks to form antikaons, and similarlyk̄ the
fraction of s̄ to form kaons. That is, we define

K̄5ks, K5k̄ s̄. ~10!

Then on account of Eqs.~8! and ~9!, we have

Y5~12k!s, Ȳ5~12k̄ !s̄. ~11!
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We define the hadronic ratios

r 5K/K̄, R5Ȳ/Y. ~12!

It then follows that

k5
12R

r 2R
, k̄5rk, ~13!

wheres5 s̄ has been used. For experimental values ofr and
R, we assume thatK/K'̄K1/K2 andȲ/Y'L̄/L. For Pb-Pb
collisions at SPS the values are@16–18#

r 51.8, R50.13, ~14!

so we obtain

k50.52, k̄50.94. ~15!

With these values ofk andk̄ we can proceed to consider th
nonstrange sector. We define

r5N̄/N ~16!

so that we can obtain from Eqs.~6! and ~7!

N5
1

3 ~12r!
@q2q̄13s~k2k̄ !#, ~17!

P5
1

12r
$2rq1q̄2s@~112r!

3k2~21r!k̄12~12r!#%. ~18!

The particle ratios involving abundant strange and n
strange hadrons are

N

K
5

1

12r F qv

3sk̄
1

1

r
21G , ~19!

P

K
5

1

~12r!k̄
F ~12r!

q

s
2

qv

s
2~112r!

3k1~21r!k̄22~12r!G , ~20!

whereqv denotes the number of valence quarks, i.e.,qv5q

2q̄. The right-hand side can be determined from parton d
tributions, assuming that the parametersk, k̄, and r are
known from experiments. The left-hand side can be rela
approximately top/K1 andp1/K1:

p

K1 5
N

K
,

p1

K1 5
2P

3K
. ~21!

The experimental values of these ratios at SPS are@19,20#

p

K1 51.0,
p1

K1 54.76. ~22!
3-2
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The value ofr is @21#

r50.07. ~23!

With these experimental inputs there should be no difficu
in satisfying Eqs.~19! and ~20! by varying the quark num-
bers.

However, in our approach the quark numbers must fit i
our scheme of quark enhancement via gluon convers
Moreover, there is the issue of precisely what the cen
region is at which the experimental numbers of the had
ratios are measured. Clearly, the valence to sea quark
depends on the region of smallx considered. The experi
ments do not have a common and unique definition of
central rapidity region. From the theoretical side there is a
the ambiguity of how best to treat the soft processes at
pT in the parton model. For hard processes at highpT the use
of the parton model has become a routine practice with li
controversy. However, in extending the consideration topT
,2 GeV/c phenomenological models are often used with
strict adherence to the notion of partons. In this paper
shall stay as closely as possible to the parton model and
the CTEQ4LQ parton distributions@14# at Q251 ~GeV/c! 2,
low enough to be sensible and relevant, but not lower, si
the reliability of the distribution functions becomes questio
able. Besides, analytical formulas for the distribution fun
tions atQ251 ~GeV/c! 2 have been developed in Ref.@22#
for easy application.

It is important to be clear that our concerns in this pa
are quark numbers, which are denoted by the symbols u
in Eq. ~5!, e.g.,u and d, whereas the distribution function
given in Ref.@14# are densities, e.g.,u(x) andd(x), distin-
guished fromu andd by the explicit display of their depen
dencies onx as a notational compromise for brevity. W
assume that the central region in which the data are u
above corresponds tox,x1 for a particular value ofx1 at a
given energyAS. Then the quark numbers used in the qua
counting are given by

u5E
0

x1
dxu~x!, d5E

0

x1
dxd~x!, ~24!

and so on. We now simplify our calculation by making
linear approximation of the distribution functions~in x, not
log x) in the region 0,x,x1 so that Eq.~24! may be ap-
proximated by

u5x1u~x0!, d5x1d~x0!, ~25!

wherex05x1/2. We shall never be concerned with the abs
lute values of the quark numbers, but only with their rati
such asu/d, in which case thex1 factor cancels so that

u/d5u~x0!/d~x0!. ~26!

Thus x0 becomes a parameter that determines the qu
number ratios from the quark distributions, and we shall
this procedure even if the distribution functions at smallx are
not exactly linear. We believe that this procedure is sim
and transparent and gives reasonable values of the qu
06490
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number ratios for our calculations without making significa
errors that would seriously affect our results.

In reality we shall not distinguishu and d quarks, since
we shall assume isosymmetry in theAA collisions so that the
initial numbers ofp andn are the same. The total number
light quarks isq5u1d. In considering strangeness enhanc
ment we shall use as a baseline the parton numbers~before
enhancement! determined from CTEQ4LQ atQ251
~GeV/c! 2 andx5x0, and denote them byq0 ,s0 , andg0 for
light quarks, strange quarks, and gluons, and identify th
with 2x0@u(x0)1d(x0)#,2x0s(x0), and 2x0g(x0), respec-
tively.

III. GLUON CONVERSION

Before gluon conversion we haveqv valence quarks, 2q̄0

nonstrange sea quarks, ands01 s̄0 strange quarks. In the cas
of hadronic collisions, it has been shown that the inclus
distributions of produced hadrons can be reproduced with
any free parameters, if the gluons are completely conve
to nonstrange sea quarks before hadronization through
combination@15#. Now, in the case ofAA collisions we must
consider the conversion of gluons to strange quarks in a
tion to the nonstrange quarks because of Pauli blocking
the light sector. We useg to denote the fraction in the strang
sector. That is, the number of converted strange and n
strange quarks, labeled with the subscriptc, are

sc5g g0 , qc5~12g!g0 , ~27!

with the corresponding antiquarkss̄c and q̄c being equal in
number, respectively. Thus after conversion we have

q5qv1q̄01qc , ~28!

s5s01sc . ~29!

The quark and gluon distributions atx0 can be either ob-
tained from the graphs posted by CTEQ4LQ@14#, or deter-
mined numerically from the analytic formulas given in Re
@22#. We use the latter to fixqv ,q̄0 ,s0, andg0 for everyx0,
while qc and sc depend ong. Hence, we have two free
parameters,x0 andg, to fit the data through the use of Eq
~19!–~23!.

From Eq. ~19! one getsqv /s53.86. Using that in Eq.
~20! yields q̄/s57.53, whereupon one obtains

q̄

q
5

1

11qv /q̄
50.66. ~30!

From Eqs.~27! and ~29! we have

s5s01gg05qv/3.86, ~31!

q̄01~12g!g057.53s; ~32!

together they give

q̄01s01g052.21qv . ~33!
3-3
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This is an equation that depends on CTEQ4LQ distributi
only, so we can solve for the value ofx0. The determination
of x0 is facilitated by the analytic formulas for the distribu
tions given in Ref.@22#. The result then determines also th
values ofqv , s0, andg0, which, when used in Eq.~31!, fix
g. The process yields

x050.135, ~34!

g50.08. ~35!

These values are obtained for the SPS energy only atAS
517 GeV. The value ofx0 is reasonable, but the value ofg
seems surprisingly low, since 8% conversion from the glu
seems insufficient to justify the notion of SE.

IV. STRANGENESS ENHANCEMENT

To appreciate the value ofg found above, let us examin
the parton numbers before gluon conversion. Our solution
Eq. ~33! gives

qv50.924, q̄050.236,

s050.104, g051.7. ~36!

These values are for each nucleon, so the parton number
AA collisions are much larger. From Eq.~27! we havesc
50.136. Comparingsc with s0, we see that the strangene
enhancement factorEs at the quark level is

Es5
s

s0
511

sc

s0
52.3. ~37!

This indicates quite an appreciable amount of increase of
strange quarks, qualitatively consistent with the hyperon
hancement. The point is that there are so many gluons tha
8% conversion significantly enhances the strangeness
tent. The remaining 92% conversion toqc should be com-
pared to 100% conversion in the case of hadronic collisi
@15#. Let us call the light quark population in the sea af
100% conversionq̄1, i.e.,

q̄15q̄01g0 . ~38!

Then the change in the sea frompp to AA collisions can be
characterized by the ratioB:

B5
q̄

q̄1

5
q̄01~12g!g0

q̄01g0

50.94. ~39!

This may be regarded as a numerical factor quantifying P
blocking in the light quark sector. Note that it is less than o
by only a small amount, but enough to boostEs from one by
more than a factor of 2.

The extension of this consideration to RHIC energies
straightforward. For the energy dependence ofx0 we use the
relation

x05~S0 /S!1/2 ~40!
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to extrapolate to higher energies, since the momentum f
tion is scaled byAS. From the value ofx0 at SPS where
AS517 GeV, we obtainAS052.3 GeV. Now, holdingS0

fixed, we have the correspondingx0 value ~call it x08) at
AS5130 GeV to be

x0850.0177. ~41!

The values ofqv , q̄0 , s0, andg0 at x08 are~from CTEQ4LQ!

qv850.298, q̄0850.368,

s0850.178, g0852.458. ~42!

Note that even before gluon conversion we haveq̄08/(qv8

1q̄08)50.55, which is much larger thanq̄0 /(qv1q̄0)50.2.
Thus we expect that after gluon conversion the antiparti
particle ratios will be much closer to one at the higher e
ergy.

As before, we need the experimental inputs at RHIC
From Refs.@23–25# we have atAS5130 GeV,

r 51.136, R50.77, r50.64. ~43!

So we get from Eq.~13!

k50.628, k̄50.713. ~44!

Assuming thatg remains constant, we now can calculate t
quark ratios

qv8

s8
50.8,

q̄8

s8
57.06, ~45!

which, when used in Eqs.~19! and ~20!, enable us to calcu-
late the hadron ratios. As a consequence, we obtain

p

K1 50.71,
K1

p1 50.18. ~46!

The latter, compared to the value, 0.21, at SPS, is a 1
decrease and agrees well with the data at RHIC@26#, which
showsK1/p150.17660.004. For the former we find indi
rect confirmation from the following ratios reported b
STAR @23,27# for AS5130 GeV:

p̄

p
50.6560.07,

p̄

p2 50.0860.01,

K2

p250.14960.02,
K2

K1 50.8860.05.

These numbers can be used to imply

p

K1 50.7360.1, ~47!

which agrees well with the calculated number in Eq.~46!.
These results give support to our assumption thatg is con-
3-4
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stant when the energy is increased and to our procedur
treating the energy dependence.

The SE factor becomes at RHIC (AS5130 GeV!

Es5
s8

s08
511

sc8

s08
52.1. ~48!

Although the gluon density increases by 45% asx0 decreases
to x08 , the s quark density in the quiescent sea increases
even more, so the net enhacement factorEs decreases
slightly. This small decrease is in agreement with that of
statistical model@28#, although the physics is totally differ
ent. The Pauli blocking factor becomes

B50.93, ~49!

which is essentially unchanged from Eq.~39!.

V. CONCLUSION

Since we have left out the multistrange hyperons from
consideration, we cannot expect the numbers calculated t
accurate. Moreover, the necessity to use such experime
inputs asr ,R, andr to determinek and g renders the ap-
proach highly phenomenological, far from first principle
However, the basic attributes of this line of study are to u
the parton model~and the distributions of CTEQ4LQ! as the
basis for the investigation of particle ratios in nuclear co
sions at the quark level, and to use simple linear relatio
.
,

K

l.

ur
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Eqs.~6!–~9!, based on quark counting as the only constrai
among the strange and nonstrange hadrons. We have f
consistency within this simple approach, and can succ
fully describe the energy dependence. We have not assu
thermal equilibrium, nor relied on the statistical model. W
have also deliberately avoided treating mesons and bary
as products of quark densities, as has been attempted in
@5,6#, since they lead to eithersÞ s̄ or undetermined con-
stants.

As we have stated at the outset, it is not our aim to pred
particle ratios. We have used the experimental values of
ratios to lead us to the determination of the SE factor,Es ,
and the Pauli blocking factor,B, defined at the quark level. In
so doing we have gained some insight into how the enhan
ment mechanism works through the process of gluon con
sion. We have further learned that a slight suppression of
conversion into the nonstrange sector gives rise to a subs
tial increase in the strange sector. Such a small change f
hadronic to nuclear collisions makes strangeness enha
ment an unreliable signature for the formation of qua
gluon plasma.
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