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Thermal rates for baryon and antibaryon production

Joseph Kapusta and Igor Shovkovy*
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA

~Received 25 September 2002; published 21 July 2003!

We use a form of the fluctuation-dissipation theorem to derive formulas giving the rate of production of spin-
1
2 baryons in terms of the fluctuations of either meson or quark fields. The most general formulas do not
assume thermal or chemical equilibrium. When evaluated in a thermal ensemble we find equilibration times on
the order of 10 fm/c near the critical temperature in QCD.
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I. INTRODUCTION

Stable or long-lived baryons are readily detectable in h
energy nuclear collisions, such as those at the CERN
~super proton synchrotron! and at the Brookhaven Nationa
Laboratory RHIC~relativistic heavy ion collider!. They have
masses on the order of 1 GeV, which makes them relativ
sensitive to the temperatures and expansion rates in
collisions. Recent measurements with Au1Au collisions at
As5200A GeV at RHIC are consistent with protons, lam
das, sigmas, cascades, and omegas, and their antiparticle
being in chemical equilibrium at a temperature of 170610
MeV @1#. This temperature is close to the expected critica
rapid crossover temperature in QCD between a quark-gl
phase and a hadronic phase. How is it possible to unders
such near perfect equilibration on the relatively short ti
scales of high energy nuclear collisions?

One approach is kinetic theory, which was reviewed
some detail already by Koch, Mu¨ller, and Rafelski@2#. At
finite temperatures, but still in the hadronic phase, there e
many mesons, especiallyp, K, r, andv. Two body reactions
such aspp→BB̄ dominate at moderate temperatures, s
100 MeV and less. As the temperature goes up so does
density of mesons. Multiparticle reactions, such
pppKK̄→BB̄, become increasingly important. These m
tiparticle reactions cannot be measured directly in the la
ratory, of course, but they can be related to the inverse r
tions by detailed balance. Some of these inverse reacti
those involving proton plus antiproton annihilation into m
sons, were measured at LEAR~low energy antiproton ring!
at CERN. Rapp and Shuryak@3# have estimated that the su
of all reactions of the typenp→pp̄ is able to yield fast
equilibration times for antiprotons at temperatures of or
150 to 170 MeV, perhaps as short as several fm/c. However,
there are at least three difficulties with applying kine
theory, using vacuum reactions rates, to high energy den
matter. First, experimental data on the annihilation of hyp
ons into mesons are practically nonexistent. One must
on approximate SU~3! flavor symmetry to estimate the rate
based on nucleon data. Second, there is no sound prac
method to implement microscopic reactions involving init
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states with more than two particles in a microscopic casc
computer code. Two body initial state reactions are assum
to occur when the colliding particles are within a distan
As/p of each other, wheres is the cross section. For thre
or more particles the criterion becomes ambiguous. Th
and perhaps most importantly, the very concept of localiz
interactions occurring as in vacuum is no longer applicab
When particle densities reach 1 per cubic fermi with partic
whose physical extent is also about 1 fm, it is not possible
define in and out states as in the vacuum. The interacti
radius is comparable to the physical matter radius of
hadrons. The best that kinetic theory can do for hadron
high temperatures is to tell whether the equilibration time
small or large, but probably cannot give a quantitative nu
ber.

Another approach is with DCC~disoriented chiral con-
densates! @4#. In this approach baryons are described as
pological defects of the chiral field using the model
Skyrme. Domains are formed at some early time, and as
matter expands, all the domains must eventually line up w
the surrounding vacuum. During this process defects
formed with a probability that was first calculated in th
context of the early universe@5#. The probability of defect
production is inversely proportional to the cube of the d
main size. Smaller domains yield more baryons and antiba
ons. Together with Wong, one of us showed that the ano
lously large number ofV and V̄ observed at the SPS coul
be understood in terms of this mechanism@6#. The typical
domain size needed is 2 fm, which is just in the range p
dicted by many different approaches to DCC formation@7#.
However, it is difficult to make much more quantitative ca
culations in this approach without very extensive numeri
simulations. Even then, one may question whether a
energy effective meson field theory can reasonably desc
variations over length scales as small as 2 fm. Plus the
evant frequencies involved are twice the proton mass.

At first it would seem that these two approaches are
most orthogonal to each other. In fact, they are trying
describe the same physics, baryon production at high en
density, starting from two opposite perspectives. Kine
theory attempts to describe the process with many mes
that propagate freely between localized collisions. The D
approach assumes that the meson density is so high that
may be treated collectively as a classical field; baryons a
as topological defects of this field.

,
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In this paper we attempt a more general description t
either of the above. We use a version of the fluctuati
dissipation theorem, basically the same formalism as use
compute the production rate of real and virtual photons
hot matter. The baryon production rate can be expresse
terms of the fluctuations in the local meson fields or in ter
of fluctuations in the local quark fields. The formulas deriv
can be applied to systems in equilibrium or out of equil
rium. In the former case we evaluate the rates numerica
this is possible because of the Boltzmann weighting of sta
In the latter case one must specify the probability of differ
states according to the preparation of the nonequilibrium s
tem under consideration. We first compute the rates for n
strange baryons only, then we generalize to hyperons u
SU~3! flavor symmetry in the interaction Lagrangian.

II. NUCLEON PRODUCTION

In this section we focus on the production of nucleons a
antinucleons. The process may be viewed as two or m
pions reacting to produce a nucleon/antinucleon pair. In g
eral, these pions will be correlated, not independent. A g
part of these correlations may be described in terms of
sonic resonances, such as ther andv vector mesons. In the
nonlinear sigma model specifically, and in chiral perturbat
theory more generally@8,9#, the nucleon field is coupled to
vector and axial-vector currents that are constructed from
pion field. Since these currents have the quantum numbe
certain vector mesons, we argue that essentially all pion
fects can be included via the correlations in the correspo
ing vector and axial-vector channels. We begin by consid
ing the vector and axial-vector currents as given exter
sources and express the production rate in terms of the
Sec. II A. Formulas are given for arbitrary weighting of th
states of the external system. The formulas are then ev
ated in thermal equilibrium with a Boltzmann weighting
states. In Sec. II B we display explicitly the currents in ter
of the pion field. The vector and axial-vector currents c
also be expressed in terms of the quark currents; this is
complished in Sec. II C where vector meson dominan
helps to determine the strength of the coupling.

Fluctuations in the scalar, pseudoscalar, and tensor
rents, whether they be expressed in terms of pion or qu
fields, could also generate nucleon/antinucleon pairs. We
not include the pseudoscalar because the coupling of pion
nucleons occurs via a derivative coupling@see Eqs.~21! and
~22!#, not the pseudoscalar coupling. Keeping both would
overcounting. The scalar current is neglected for several
sons. First, experiments on nucleon/antinucleon annihila
do not provide any clear evidence for such a component@10#.
Second, chiral symmetry would require either both the sc
and pseudoscalar couplings or neither. Since we exclude
pseudoscalar we must exclude the scalar for consistency
deed, pion-nucleon dynamics as described by chiral pe
bation theory includes only the vector and axial-vector c
rents~see Ref.@11# for example!. Although there is a tenso
coupling of ther meson to the nucleon which is important
the nuclear force, our intuition is that it will not be importa
in the timelike region of nucleon/antinucleon production
01490
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annihilation. Inclusion of these other currents would increa
the rate of nucleon/antinucleon production. However, in S
III C we effectively normalize our rates topp̄ annihilation
when we determine the relevant form factor, and this tend
compensate for the neglect of any other channels.

A. General formulas

With a view toward the conventions used in the nonline
sigma model we write the coupling of nucleons to vectorVm

a

and axial-vectorAm
a currents or fields as

L52c̄gm
ta

2
cVm

a 1gAc̄gmg5
ta

2
cAm

a , ~1!

wheregA'1.26 is the axial coupling constant relative to th
vector. We do not need to specify anything more aboutVm

a

and Am
a . We only mention that they are strong interactio

currents that exist in a finite temperature dense medium.
example, they could be induced by pions, by vector a
axial-vector mesons, by quarks, and by all kinds of off-sh
highly virtual strongly interacting states. The production ra
of nucleon/antinucleon pairs is calculated in the same m
ner as dileptons@12# using linear response theory, equiv
lently a version of the fluctuation-dissipation theorem. W
show explicitly the steps for production in the axial-vect
channel.

The matrix element for the processi→ f 1 baryon1 an-
tibaryon is

Sf i5gAK fU E d4xAm
a ~x!Ja

5m~x!U i L . ~2!

HereJa
5m is an abbreviation for the axial baryonic current

expressed in the Lagrangian above. The initial and fi
states are arbitrary, usually fully interacting states except
the specific interaction in Eq.~1!. The axial baryonic current
corresponding to the baryons in the final state, is

Ja
5m~x!5

1

V
A mN

2

E1E2
e2 ix(p11p2)ū~p1 ,s1!g5gm

ta

2
v~p2 ,s2!.

~3!

As a consequence of the translational invariance, we
write

^ f uAm
a ~x!u i &5eix•k^ f uAm

a ~0!u i &. ~4!

Herek[ki2kf is the difference of the four-momenta of th
initial and final states. The transition rate is

Rf i5
uSf i u2

TV
, ~5!

whereT is the time interval andV is the volume. Explicitly
1-2
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Rf i5gA
2E d4xd4x8

TV
^ f uAm

a ~x1x8!Ja
5m~x1x8!u i &

3^ i uAn
b~x8!Jb

5n~x8!u f &

5
gA

2

V2

mN
2

E1E2
E d4xeix•(k2p12p2)^ f uAm

a ~0!u i &

3^ i uAn
b~0!u f &ū~p1 ,s1!g5gm

ta

2
v~p2 ,s2!

3 v̄~p2 ,s2!g5gn
tb

2
u~p1 ,s1!. ~6!

Averaging over initial states with an arbitrary weightwi and
summing over final states, we arrive at the following diffe
ential rate:

dR5
gA

2mN
2

E1E2

d3p1d3p2

~2p!6 (
i

wi(
f

~2p!4d4~p11p22k!

3^ f uAm
a ~0!u i &^ i uAn

b~0!u f &Tr

3S p” 11mN

2mN
g5gm

ta

2

p” 22mN

2mN
g5gn

tb

2 D . ~7!

By introducing the correlation function

Amn
(2)ab~p!52(

i
wi(

f
~2p!4d4~p2k!^ f uAm

a ~0!u i &

3^ i uAn
b~0!u f &, ~8!

and evaluating the trace

TrS p” 11mN

2mN
g5gm

ta

2

p” 22mN

2mN
g5gn

tb

2 D
5

dab

2mN
2 @p1

mp2
n1p1

np2
m1gmn~mN

2 2p1p2!#, ~9!

we arrive at

E1E2

dRA

d3p1d3p2

52
gA

2

2~2p!6
Amn

(2)aa~p11p2!

3@p1
mp2

n1p1
np2

m2gmn~p1p22mN
2 !#.

~10!

Apart from the rather trivial Lorentz tensor coming from th
form of the axial baryonic current, all the physics is co
tained in the correlation function.

The corresponding rate arising from the vector interact
is easily obtained. The only differences are the replacem
of the axial vector with the axial field or current,A→V,
setting gA

251, and changing the sign of the mass-squa
term in the Lorentz tensor,
01490
-
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d

E1E2

dRV

d3p1d3p2

52
1

2~2p!6
Vmn

(2)aa~p11p2!

3@p1
mp2

n1p1
np2

m2gmn~p1p21mN
2 !#.

~11!

These are the first significant results in this section. They
quite general, but they require knowledge of the correlat
functions for the initial states, appropriately weighted, a
final states for the specific system and conditions under c
sideration.

Now we evaluate the correlation functions in therm
equilibrium. The statesu i & andu f & are conveniently assume
to be eigenstates of the HamiltonianĤ with eigenvaluesEi
andEf . The weight is

wi5
e2bEi

Z
, ~12!

where b is the inverse temperature andZ is the partition
function. Following standard practice, the retarded corre
tion function in position space is

Amn
(R)ab~x!52 i

u~x0!

Z
Tr„e2bĤ@Am

a ~x!,An
b~0!#…. ~13!

Its Fourier transform is

Amn
(R)ab~p!52 i E

0

`

dx0d3xei [( p01 i«)x02x•p]

3(
i , f

@wi^ i uAm
a ~x!u f &^ f uAn

b~0!u i &

2wf^ i uAm
a ~x!u f &^ f uAn

b~0!u i &#

52 i E
0

`

dx0d3xei [( p02k01 i«)x02x•(p2k)]

3(
i , f

wi~12ebk0
!^ i uAm

a ~0!u f &^ f uAn
b~0!u i &

5(
i , f

wi~12ebk0
!~2p!3d3~p2k!

p02k01 i«

3^ i uAm
a ~0!u f &^ f uAn

b~0!u i &. ~14!

As before,k5ki2kf . The imaginary part is

ImAmn
(R)ab~p!52

1

2 (
i , f

wi~12ebp0
!~2p!4d4~p2k!

3^ i uAm
a ~0!u f &^ f uAn

b~0!u i &. ~15!

Hence

Amn
(2)ab~p!5

2

12ebp0ImAmn
(R)ab~p!. ~16!

Exactly the same relationship holds in the vector chan
with the substitution ofA with V.
1-3
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The sum of the rates of production by vector and ax
vector fields or currents can now be written as

E1E2

dR

d3p1d3p2

5
1

~2p!6

1

eb(E11E2)21
$ImVmn

(R)aa~p11p2!

3@p1
mp2

n1p1
np2

m2gmn~p1p21mN
2 !#

1gA
2ImAmn

(R)aa~p11p2!

3@p1
mp2

n1p1
np2

m2gmn~p1p22mN
2 !#%.

~17!

This is the second significant result in this section. In or
to make further progress, we need specific knowledge of
vector and axial-vector fields or currents and their correlat
functions.

B. Production in terms of pion fluctuations

The self-interactions among pions in the nonlinear sig
model are contained in the Lagrangian

L5
f p

2

4
Tr~]mU]mU†1mp

2 U1mp
2 U†!, ~18!

where

U5j2, ~19!

j5expS i

2 f p
pataD . ~20!

Herepa is the pion field andf p'93 MeV is the pion decay
constant. The pions couple to the baryons as in Eq.~1! with
the derived currents

Am
a [

i

2
Tr@ta~j]mj†2j†]mj!!5

1

f p
]mpa1•••, ~21!

Vm
a [2

i

2
Tr@ta~j]mj†1j†]mj!#5

1

f p
2

«abcpb]mpc1•••.

~22!

To first order in the pion field, this gives the usual derivati
coupling on account of the Goldberger-Treiman relat
gAmN5 f pgpNN . By expanding the interaction in powers o
the pion field, one may derive the contribution to the prod
tion rate involving two, three, four, five, etc., number
pions in the initial state. However, in order to derive the to
thermal rate for the production of baryons and antibaryo
this is not very convenient. Also, this is not very gene
because the inelastic processes including pions may no
haust all important channels.

C. Production in terms of quark fluctuations

Instead of dealing with a specific low-energy theory
hadronic matter, we suggest to use a dual quark pic
which, in principle, takes all strongly interacting process
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into account. This is made possible by expressing the ve
and axial-vector currents in terms of quark operators. In p
ticular, we use the Goldberger-Trieman relation and the
pothesis of vector meson dominance~VMD ! as a guiding
light. In the two-flavor world the currents can be express
in terms of ther, a1 and pion fields as follows:

Vm
a 52grNNrm

a , ~23!

Am
a 5

ga1NN

gA
a1m

a 1
gpNN

gAmN
]mpa. ~24!

Using the Goldberger-Trieman relation and VMD the qua
currents are related to the hadronic fields,

q̄gm

ta

2
q5

mr
2

grpp
rm

a , ~25!

q̄gmg5
ta

2
q5

ma1

2

ga1

a1m
a 1pion. ~26!

Apart from the pion pole we obtain the desired relationsh

Vm
a 52

grNNgrpp

mr
2

q̄gm

ta

2
q, ~27!

Am
a 5

ga1NNga1

ma1

2
q̄gmg5

ta

2
q. ~28!

The imaginary part of the retarded correlator is given
terms of the spectral densityr(s) as

ImVmn
(R)aa~k!523S gmn2

kmkn

k2 D prV~s5k2!, ~29!

with a similar expression for the axial channel. The factor
3 arises from the sum over isospin indices.

In our study of baryon/antibaryon production, the spect
densities are needed only fors.4mN

2 . Then s is large
enough that they may be computed using perturbative Q
~The vector one may be measured directly in electr
positron collisions; in the region ofAs of several GeV a sum
of hadronic resonances gives essentially the same answ
nice manifestation of duality.! They are@13#

rV~s!5S grNNgrpp

mr
2 D 2

s

8p2 S 11
as~s!

p
1••• D , ~30!

rA~s!5S ga1NNga1

gAma1

2 D 2
s

8p2 S 11
as~s!

p
1••• D . ~31!

Hereas(s) is the QCD coupling evaluated at the scales.
According to the KSFR relation Ref.@14# 2gr

2f p
2 5mr

2 .
Furthermore, it is usually assumed thatgr is universal in the
1-4
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sense thatgrNN5grpp , a result that holds rather well nu
merically. Then the coefficient of the vector spectral dens
is especially simple.

S grNNgrpp

mr
2 D 2

5
1

4 f p
4

. ~32!

In the absence of any better information it is quite reasona
to assume that the same holds in the axial-vector chann

S ga1NNga1

ma1

2 D 2

5
1

4 f p
4

. ~33!

This means that the vector and axial-vector currents have
same spectral density since the axial couplinggA then can-
cels out. Equal contribution is quite natural when the up a
down quark masses are very small, as is the case in the
world.

The tensor algebra can now be done usingk5p11p2. It
yields the third significant result of this section,

E1E2

dR

d3p1d3p2

5
3

8~2p!7

1

eb(E11E2)21

s~s2mN
2 !

f p
4

3S 11
as~s!

p
1••• D . ~34!

This result is quite remarkable in that the rate is invers
proportional to the fourth power off p and does not depen
on any other hadronic parameters except the nucleon m

Finally, the overall rate of production may be comput
by integrating over the momenta of the outgoing nucleo
Since the threshold energy 2mN is much greater than th
temperatures envisioned,T,200 MeV, it suffices to drop
the minus one in the Bose-Einstein distribution factor in
differential rate. Then, withKn denoting the Bessel functio
of the second kind, we get

R~N̄N!5
9

~2p!5 S 11
as~4mN

2 !

p
1••• DmN

4 T4

f p
4 FmN

2

T2
K1

2S mN

T D
14

mN

T
K1S mN

T DK2S mN

T D1S 81
mN

2

T2 D K2
2S mN

T D G .

~35!

In the nonrelativistic limit this becomes

R~N̄N!5
9

2~2p!4 S 11
as~4mN

2 !

p
1••• DmN

5 T3

f p
4

3exp~22mN /T!. ~36!

This is the total rate for the production ofp̄p, p̄n, n̄p, and
n̄n. The individual rates are related asR( p̄n)5R(n̄p)
52R( p̄p)52R(n̄n).

It should be noted that we have evaluatedas at threshold
for nucleon/antinucleon production where the rate is a ma
01490
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mum. According to the latest analysis@15# as(mt
2)50.35

60.03. Sincemt51777 MeV is very close to 2mN , we use
that as the numerical value in our later calculations. The fi
perturbative correction to the spectral density is only ab
10%.

It should also be noted that we have included the inter
tions involving the isospinI 51 currents only. If the isospin
I 50 currents were included too, one might expect the ra
for p̄p andnn to increase while the rates forp̄n and n̄p are
expected to be unchanged. Indeed, this is what happens
in fact the rates forp̄p and p̄n become approximately equa
but we defer the actual analysis to the following section.

Finally, we point out that since nucleons are compos
objects they have form factors. These form factors will m
tiply the above rates and will serve to decrease them to s
degree. We will defer the determination of the form factors
the following section. The reason is that there are accu
data onp̄p annihilations, and to do a precise analysis w
must first include the isospinI 50 current.

III. NUCLEON AND HYPERON PRODUCTION

An amazing fact in heavy ion collisions at RHIC is th
hyperons are produced in relatively great abundance. M
surements indicate that they are, for all practical purposes
chemical equilibrium at a temperature of 170610 MeV.
Therefore it behooves for us to analyze hyperon product
In addition, we now will include coupling to the isospinI
50 vector and axial-vector currents or fields too. We sid
stepped that contribution in the preceding section for cla
of presentation and to avoid making phenomenological e
mates of the relevant couplings: assumption of SU~3! invari-
ance of the interactions will help to resolve that issue.
will consider fluctuations in the SU~2! sector only as well as
fluctuations in the full SU~3! sector. The results are rathe
different.

A. General SU„3… invariant couplings

Flavor SU~3! is not nearly as good a symmetry as SU~2!.
However, experience over many decades of research
shown that it is usually a very good reproduction of expe
mental data to put all the flavor symmetry breaking in t
mass terms, but to insist that the interactions be flavor s
metric. That is what we shall do too.

The vector meson nonet is conventionally written as f
lows @16,17#;

V5S r0

A2
1

v8

A6
1

vs

A3
r1 K* 1

r2
2

r0

A2
1

v8

A6
1

vs

A3
K* 0

K* 2 K̄* 0
22v8

A6
1

vs

A3

D .

~37!
1-5
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The singlet and octet components are actually a mixture
the physicalv andf mesons,

v85f cosuV1v sinuV , ~38!

vs5v cosuV2f sinuV . ~39!

Ideal mixing occurs when thev has noss̄ component while
the f is pure ss̄. The ideal mixing angle is tanu ideal

51/A2, or u ideal'35.3°. Experimentally the mixing angl
seems to be about 39°@15#. We will approximate the mixing
as ideal to simplify formulas. Such fine details are not like
to be important in the context we have in mind, name
heavy ion collisions. Therefore we use the nonet represe
tion,

V5S r0

A2
1

v

A2
r1 K* 1

r2
2

r0

A2
1

v

A2
K* 0

K* 2 K̄* 0 2f

D . ~40!

A similar assumption of ideal mixing in the axial-vector m
son nonet yields the following representation.

A5S a1
0

A2
1

f 1~1285!

A2
a1

1 K1
1

a1
2

2
a1

0

A2
1

f 1~1285!

A2
K1

0

K1
2 K̄1

0 2 f 1~1420!

D .

~41!

Finally, we give the matrix of the baryon octet,

B5S S0

A2
1

L0

A6
S1 p

S2
2

S0

A2
1

L0

A6
n

J2 J0 22L0

A6

D . ~42!

As is well known, there are three types of SU~3! invariant
couplings: theF andD types, so-called because they invol
the correspondingly labeled group structure constants,
the singlet coupling, which involves the trace of the mes
matrix,
01490
of

,
ta-

nd
n

Lint5
grNN

A2
†~12aV!Tr~B̄gm@Vm ,B# !1bVTr~B̄gmB!Tr~Vm!

1aVTr~B̄gm$Vm ,B%!1gAaATr~B̄gmg5$Am ,B%!

1gA~12aA!Tr~B̄gmg5@Am ,B# !

1gAbATr~B̄gmg5B!Tr~Am!‡. ~43!

The overall normalization of this interaction Lagrangian
determined by the coupling of the nucleons, see Eqs.~1! and
~23!. Four parameters are introduced:aV and aA , which
determine the relative contributions of theD andF type cou-
plings in the vector and axial-vector channels, respectiv
andbV andbA , which determine the corresponding singl
contributions.

There was evidence already in the 1960s thataA was
about 2/3@16#. This has been confirmed repeatedly over t
years. For example, in their analysis of the spin conten
the nucleon, Close and Roberts@18# determined that
a'0.635. As another example, Klingl, Kaiser, and Wei
@19# use vector meson dominance together with SU~3! sym-
metry to deduceaA50.68. We shall therefore fixaA52/3.

The value ofaV is determined by the requirement that th
coupling of thef vector meson, which has already be
taken to be a puress̄ state, to nucleons vanishes:gfNN50
@19#. This is just one aspect of the Okubo-Zweig-Iizuka ru
@20#. This requirement fixesaV5(12bV)/2.

We enforce the standard ratio of coupling constants ov
andr vector mesons to nucleons,gvNN53grNN , as follows
from the quark model and the conventional definition ofr
andv currents, see Eqs.~44! and ~45!. Thus, we determine
bV51. This further implies thataV50. Finally, we require
that the coupling of the nucleon to thef 1(1420) meson van-
ishes, in analogy to the vanishing coupling of thef meson to
the nucleon. This condition fixesbA5(122aA)521/3.

The relative couplings in the vector channel with t
choiceaV50 andbV51 are shown in Table I. The absolut
normalization may be inferred from the nucleon-nucle
couplings. The corresponding couplings in the axial-vec
channel with the choiceaA52/3 andbA521/3 are shown
in Table II.

B. Rates

The invariant differential rates for all baryons in the oc
can now be inferred. The only missing pieces are the spec
densities in the various channels. The currents as conven
ally defined are, for example,

j r0
m

5
1

2
~ ūgmu2d̄gmd!, ~44!

j v
m5

1

6
~ ūgmu1d̄gmd!, ~45!

j f
m52

1

3
s̄gms, ~46!
1-6
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TABLE I. Relative strength of vector couplings foraV50 andbV51. The names of vector mesons that couple to the given bar
antibaryon pairs are shown explicitly.

p n L S0 S1 S2 J0 J2

p̄ r0

3v

A2r1 2A3K
*
1 2K

*
1

2A2K
*
0 0 0 0

n̄ A2r2 2r0

3v

2A3K
*
0 K

*
0 0 2A2K

*
1 0 0

L̄ 2A3K
*
2 2A3K

*
0 2v

2A2f

0 0 0 A3K
*
0 A3K

*
1

S̄0 2K
*
2

K̄
*
0 0 2v

2A2f

22r2 2r1 2K
*
0 K

*
1

S̄1 2A2K
*
0 0 0 22r1 2r0

2v

2A2f

0 A2K
*
1 0

S̄2 0 2A2K
*
2 0 2r2 0 2r0

2v

2A2f

0 2A2K
*
0

J̄0 0 0 A3K
*
0

2K̄
*
0 A2K

*
2 0 r0

v

22A2f

2A2r1

J̄2 0 0 A3K
*
2 K

*
2 0 A2K

*
0 2A2r2 2r0

v
22A2f
ro

h
n

in

e
IV
w

u-

ub-
r

and so on. The spectral densities for these currents f
perturbative QCD are@13#

rr0~s!5
s

8p2 S 11
as~s!

p D , ~47!

rv~s!5
s

72p2 S 11
as~s!

p D , ~48!

rf~s!5
s

36p2 S 11
as~s!

p D . ~49!

These are applicable above some threshold value whic
always above the threshold for production of the correspo
ing baryon/antibaryon pair, typically 1.5–2.5 GeV2. These
threshold values could be estimated rather well by mak
use of the QCD sum rules@13#.

The rates are now determined from the SU~3! couplings,
given in Tables I and II, and the spectral densities, giv
above. The relative weights are given in Tables III and
from which the rates may be inferred. For convenience,
define the pair of functions
01490
m

is
d-

g

n

e

r 6~m1 ,m2!5
2

~4p!7

FANN
2 ~s!

eb(E11E2)21

3
2s22~m1

21m2
2!s2~m1

22m2
2!266m1m2s

f p
4

3S 11
as

p D , ~50!

where the6 corresponds to vector/axial-vector contrib
tions. The functionFANN(s) is a form factor, alluded to in
the preceding section, and determined in the following s
section. Using the symbolr as shorthand notation fo
E1E2dR/d3p1d3p2, some examples are given below:

r ~np̄!52r 1~mN ,mN!12r 2~mN ,mN!, ~51!

r ~pp̄!52r 1~mN ,mN!1
82

81
r 2~mN ,mN!, ~52!

r ~L p̄!53r 1~mL ,mN!1
25

27
r 2~mL ,mN!, ~53!

r ~J2L̄ !53r 1~mL ,mJ!1
1

27
r 2~mL ,mJ!. ~54!
1-7
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TABLE II. Relative strength of axial-vector couplings foraA52/3 andbA521/3. The names of axial-vector mesons that couple to

given baryon/antibaryon pairs are shown explicitly. The notationf̃ 1 stands forf 1(1420).

p n L S0 S1 S2 J0 J2

p̄ a1
0

1
3f1

A2a1
1

2
5

3A3
K1

1

1
3 K1

1 A2

3
K1

0
0 0 0

n̄ A2a1
2 2a1

0

1
3 f 1

2
5

3A3
K1

0
2

1
3 K1

0 0 A2

3
K1

1

0 0

L̄
2

5

3A3
K1

2 2
5

3A3
K̄1

0
2

2
9 f 1

2
5A2

9
f̃ 1

4

3A3
a1

0
4

3A3
a1

2
4

3A3
a1

1
1

3A3
K1

0
1

3A3
K1

1

S̄0 1
3 K1

2
2

1
3 K̄1

0 4

3A3
a1

0

2
3 f 1

2
A2

3
f̃ 1

2
2
3 a1

2 2
3 a1

1 2K1
0 K1

1

S̄1 A2

3
K̄1

0
0 4

3A3
a1

1
2

2
3 a1

1 2
3 a1

0

2
3 f 1

A2

3
f̃ 1

0 A2K1
1 0

S̄2 0 A2

3
K1

2
4

3A3
a1

2

2
3 a1

2 0 2
2
3 a1

0

2
3 f 1

A2

3
f̃ 1

0 A2K1
0

J̄0 0 0 1

3A3
K̄1

0 2K̄1
0 A2K1

2 0 2
1
3 a1

0

2
1
3 f 1

2
2A2

3
f̃ 1

A2

3
a1

1

J̄2 0 0 1

3A3
K1

2
K1

2 0 A2K 1
0 A2

3
a1

2

1
3 a1

0

2
1
3 f 1

2
2A2

3
f̃ 1
s- e
TABLE III. Numerical vector channel multipliers in the expre
sions for the rates (aV50 andbV51).

p n L S0 S1 S2 J0 J2

p̄ 2 2 3 1 2 0 0 0
n̄ 2 2 3 1 0 2 0 0

L̄ 3 3 8
9 0 0 0 3 3

S̄0 1 1 0 8
9 4 4 1 1

S̄1 2 0 0 4 44
9 0 2 0

S̄2 0 2 0 4 0 44
9 0 2

J̄0 0 0 3 1 2 0 26
9 2

J̄2 0 0 3 1 0 2 2 26
9

01490
TABLE IV. Numerical axial-vector channel multipliers in th
expressions for the rates (aA52/3 andbA521/3).

p n L S0 S1 S2 J0 J2

p̄ 82
81 2 25

27
1
9

2
9 0 0 0

n̄ 2 82
81

25
27

1
9 0 2

9 0 0

L̄
25
27

25
27

104
729

16
27

16
27

16
27

1
27

1
27

S̄0 1
9

1
9

16
27

8
81

4
9

4
9 1 1

S̄1 2
9 0 16

27
4
9

44
81 0 2 0

S̄2 0 2
9

16
27

4
9 0 44

81 0 2

J̄0 0 0 1
27 1 2 0 26

81
2
9

J̄2 0 0 1
27 1 0 2 2

9
26
81
1-8
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Altogether there are 46 nonvanishing combinations
baryon/antibaryon pairs.

The rates cannot, in general, be evaluated in closed f
with the form factor included. However, it turns out that
very good approximation~within 10% atT5200 MeV) is to
evaluate FANN

2 (s) at the average values̄5(m11m2)2

13(m11m2)T, as discussed in the following subsectio
Let us define

R65E d3p1

E1

d3p2

E2
r 6 . ~55!

If we can evaluateFANN
2 at the average value ofs then the

integral can be done in closed form. It is

R65
3~11as /p!T8

8~2p!5f p
4

z1
2z2

2$4z1K1~z1!K2~z2!

14z2K1~z2!K2~z1!6~z16z2!2K1~z1!K1~z2!

1@161~z16z2!2#K2~z1!K2~z2!%FANN
2 ~ s̄!, ~56!

wherezi5mi /T.

C. Form factors

Nucleons are composite objects, hence they have f
factors that depend on the specific process. The approp
form factor here is not the electric or magnetic form fac
since we are coupling the nucleons to mesonic currents
timately expressed in terms of the quark fields. We can
tain a very good estimate of the relevant form factor by co
paring the rate forp̄p production, as derived above, with th
rate for p̄p annihilation, as obtained from kinetic theory.

The kinetic theory expression for the annihilation rate

E1E2

dRANN

d3p1d3p2

~ p̄p!5
4

~2p!6
f ~E1! f ~E2!

3
A~p1p2!22mN

4

E1E2
sANN

p̄p ~s!,

~57!

wheresANN
p̄p (s) is the annihilation cross section that spec

cally excludes a baryon/antibaryon pair in the final state
we approximate the thermal distributionsf (E)5exp
(2E/T), which is a very good approximation to the Ferm
Dirac distribution at the modest temperatures of releva
here, we obtain the following simple expression:

E1E2

dRANN

d3p1d3p2

~ p̄p!5
2

~2p!6
exp@2~E11E2!/T#

3As~s24mN
2 !sANN~s!. ~58!

In chemical equilibrium the rate for production must
equal to the rate for annihilation. The former is given in E
~52!. Dropping thef 1 contribution for simplicity of presen-
01490
f

m

.

m
te

r
l-
-
-

If

e

.

tation, meaning that the factor 82/81 is set to 1, which is
approximation to the rate better than 0.5%, we get

E1E2

dR

d3p1d3p2

~ p̄p!5
3

32~2p!7
exp@2~E11E2!/T#

s2

f p
4

3S 11
as

p DFANN
2 ~s!. ~59!

Equating these two yields an expression for the form fac
in terms of the annihilation cross section,

FANN
2 ~s!5

128p

3

f p
4

11as /p
A12

4mN
2

s

sANN
p̄p ~s!

s
. ~60!

The experimentally measured values of thep̄p annihilation
cross section from several hundred MeV/c to 8 GeV/c lab
momentum has been meticulously parametrized by Cug
and Vandermeulen@21#; see also the review by Dover, Gu
sche, Maruyama, and Faessler@10#. The fit is

sANN
p̄p ~pL!5

38

ApL

1
24

pL
1.1

~61!

given in mb when the lab momentumpL is given in GeV/c.
We have fit the form factor with the monopole function

FANN~s!5
1

2.211~s24mN
2 !/L2

, ~62!

whereL51.63 GeV. This function gives a very good repr
sentation fors24mN

2 .0.5 GeV2, but overestimatesFANN

by about 10% ats54mN
2 , see Fig. 1. This overestimate

acceptable because, as we shall see below, the average
of s24mN

2 is greater than 0.5 GeV2 for T.100 MeV.
For hyperons we choose the parametrization of the fo

factor to be

0 1 2 3 4
s -4mN2 (GeV2)

0.0

0.1

0.2

0.3

0.4

0.5

F
A
N
N
(s

)

FIG. 1. The fit function~solid curve! for the annihilation form
factor compared to its value extracted from experimental data~dot-
ted curve!.
1-9
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FANN~s!5
1

2.211@s2~m11m2!2#/L2
, ~63!

with the same value ofL.
The total and elastic cross sections forp̄n have been mea

sured, and the annihilation cross section estimated, for
kinetic energies between 450 and 1068 MeV@22# and at 3.5
GeV @23#. The annihilation cross section forn̄p has been
explicitly measured for lab momenta between 100 a
500 MeV/c @24#. In all these cases the annihilation cro
sections forp̄n and n̄p have been equal to the annihilatio
cross section forp̄p, albeit with large error bars in the tw
former cases. The difference in the thermal production ra
betweenp̄p and n̄p calculated here is well within the erro
bars.@Note that the rates in Eqs.~51! and ~52! do not differ
much becauser 2(mN ,mN) is rather small compared t
r 1(mN ,mN) for s*4mN

2 .# This is a gratifying conclusion
that points to the consistency of our results compared
experimental data.

In principle, the differential rates must be integrated ov
all energies, including thes dependence of the form factor.
rough approximation is to evaluate the form factor at
thermal average value ofs, which is s̄5(m11m2)213(m1
1m2)T, in the nonrelativistic limit and dropping terms o
relative order (T/m)2. It turns out that this approximation i
good to better than 10% for temperatures less than 200 M

IV. NUMERICAL RESULTS

Consider a system at fixed temperature and volume,
not necessarily in chemical equilibrium with respect to t
baryons. If the baryons are out of chemical equilibrium
any reason, how long does it take the system to reach ch
cal equilibrium? This is a typical question in many areas
physics and chemistry. What must be done is to solve a
work of rate equations. The rate equation for the density
antibaryons labeledb̄ is

dnb̄

dt
5(

b8
R~b8b̄!F12

nb8nb̄

nb8
equilnb̄

equilG , ~64!

wherenb8
equil andnb̄

equil are the equilibrium densities. This sim
ply follows from detailed balance in the usual way. It a
sumes that there is sufficient scattering of the baryons
antibaryons from other particles in the system to maint
kinetic equilibrium, but not necessarily chemical equili
rium. There is a similar set of equations for the baryons. T
characteristic time scale for bringing theb̄ to chemical equi-
librium is

t b̄5nb̄
equil/(

b8
R~b8b̄!. ~65!

This characteristic time is more intuitive than the rates the
selves. A fully dynamical model of the evolution of matter
required for the detailed knowledge of how the abundan
01490
b

d

s

to

r

e

V.

ut

r
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f
t-
f

-
d

n

e

-

s

develop, but for the purpose of gaining insight to the dyna
ics the characteristic equilibration time is perhaps more u
ful.

We plot this time for the proton, lambda, sigma, and c
cade baryons~same as for the antibaryons in net baryon-fr
matter! in Figs. 2 and 3. Figure 2 shows the times when o
fluctuations in the SU~2! meson sector~no strangeness! are
allowed, while Fig. 3 shows the times when all mesons
currents are included~including those with strangeness!. The
equilibration times are strongly decreasing functions of
creasing temperature. That is typical of thermal proces
thermal rates are generally strongly increasing functions
temperature because of the dominant Boltzmann factor.
time for nucleons is the shortest in the SU~2! case, which is
quite natural since nucleons contain no strange quarks

FIG. 2. Numerical results for equilibration times in the ca
when only the fluctuations in the SU~2! meson sector are taken int
account.

FIG. 3. Numerical results for equilibration times in the ca
when all fluctuations in the SU~3! meson sector are taken int
account.
1-10
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they are the lightest baryon species. The lambda has
longest equilibration time as a consequence of the magni
of its couplings to the SU~2! fluctuations. Going to the full
SU~3! fluctuations, see Fig. 3, shortens the cascade time
siderably but, surprisingly, the lambda now has the shor
equilibration time. It is interesting to note that the SU~3!
symmetry is broken not only by the different masses of
baryons, but also by the mixing of the singlet and octet m
sons.

As mentioned already, to compare with data from hea
ion collisions requires solving rate equations in an expand
and cooling system. Examples of how this may be done
described in Refs.@2,25,26#. In addition, feed down from the
decay of higher mass baryon resonances will contribute
the observed yields. But to get a rough idea, suppose tha
expansion time scale is about 10 fm/c and that there are ful
SU~3! fluctuations in the system. Draw a horizontal line
10 fm/c in Fig. 3. The intersection with the various baryo
species would suggest that these baryons would refle
freeze-out temperature in the range 168 to 180 MeV,
exact value depending on the species. This is approxima
the range of chemical equilibration temperatures rece
seen in Au-Au collisions at 130 and 200 GeV at RHIC@1#.

V. CONCLUSION

In this paper we have calculated the production of sp
1/2 baryon/antibaryon pairs through fluctuations in the stro
interaction currents. The most basic formulation used a
sion of the fluctuation-dissipation theorem that does not r
on the system being in thermal equilibrium. If one has
model for these fluctuations, those formulas may be u
ys
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directly. We evaluated them in thermal equilibrium, whic
gives rise to equilibration times short enough that nucle
and hyperons may very well be in chemical equilibrium
heavy ion collisions at RHIC energies.

It should be noted that the normalization of the bary
production rates is fixed by making use of the argument
detailed balance and by using the experimental data for
proton-antiproton annihilation cross section. It may se
that the latter by itself is sufficient to produce the equilibriu
production rates, and knowledge of the dynamical mode
fluctuations is not needed. This is partially true with resp
to nucleons. However, the rates for strange baryons ca
be obtained in a similar way because the corresponding
perimental data are not available. In addition, the dynam
model of strong interaction fluctuations should be essen
in nonequilibrium systems where the argument of detai
balance would not work.

Two natural extensions of our work arise. The first is
carry out the analogous calculation for the spin-3/2 bary
decuplet. Coupling of the strong interaction currents to sp
3/2 baryons is much more uncertain than the coupling
spin-1/2. The second is to apply the formulas derived in t
paper to a dynamical model of the expanding matter. O
then will we be able to make direct contact with RHIC e
periments.
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