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Thermal rates for baryon and antibaryon production
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We use a form of the fluctuation-dissipation theorem to derive formulas giving the rate of production of spin-
% 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 fmé near the critical temperature in QCD.
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[. INTRODUCTION states with more than two particles in a microscopic cascade
computer code. Two body initial state reactions are assumed
Stable or long-lived baryons are readily detectable in highto occur when the colliding particles are within a distance
energy nuclear collisions, such as those at the CERN SPSu/ of each other, where is the cross section. For three
(super proton synchrotrgrand at the Brookhaven National or more particles the criterion becomes ambiguous. Third,
Laboratory RHIC(relativistic heavy ion collider They have  and perhaps most importantly, the very concept of localized
masses on the order of 1 GeV, which makes them relativelynteractions occurring as in vacuum is no longer applicable.
sensitive to the temperatures and expansion rates in suaithen particle densities reach 1 per cubic fermi with particles
collisions. Recent measurements with#M8u collisions at  whose physical extent is also about 1 fm, it is not possible to
Js=200A GeV at RHIC are consistent with protons, lamb- definein and out states as in the vacuum. The interaction
das, sigmas, cascades, and omegas, and their antiparticles,ralllius is comparable to the physical matter radius of the
being in chemical equilibrium at a temperature of £A®  hadrons. The best that kinetic theory can do for hadrons at
MeV [1]. This temperature is close to the expected critical orthigh temperatures is to tell whether the equilibration time is
rapid crossover temperature in QCD between a quark-gluoamall or large, but probably cannot give a quantitative num-
phase and a hadronic phase. How is it possible to understarbr.
such near perfect equilibration on the relatively short time Another approach is with DCQdisoriented chiral con-
scales of high energy nuclear collisions? densates[4]. In this approach baryons are described as to-
One approach is kinetic theory, which was reviewed inpological defects of the chiral field using the model of
some detail already by Koch, Mer, and Rafelski[2]. At  Skyrme. Domains are formed at some early time, and as the
finite temperatures, but still in the hadronic phase, there exishatter expands, all the domains must eventually line up with
many mesons, especialty, K, p, andw. Two body reactions  the surrounding vacuum. During this process defects are
such asmm— BB dominate at moderate temperatures, sayformed with a probability that was first calculated in the
100 MeV and less. As the temperature goes up so does tlgntext of the early universgs]. The probability of defect
density of mesons. Multiparticle reactions, such asproduction is inversely proportional to the cube of the do-
mrmKK—BB, become increasingly important. These mul- main size. Smaller domains yield more baryons and antibary-
tiparticle reactions cannot be measured directly in the laboons. Together with Wong, one of us showed that the anoma-
ratory, of course, but they can be related to the inverse readsusly large number of) and() observed at the SPS could
tions by detailed balance. Some of these inverse reactionbe understood in terms of this mechanié). The typical
those involving proton plus antiproton annihilation into me-domain size needed is 2 fm, which is just in the range pre-
sons, were measured at LEARW energy antiproton ring  dicted by many different approaches to DCC formatfigh
at CERN. Rapp and Shury4R] have estimated that the sum However, it is difficult to make much more quantitative cal-
of all reactions of the typemm—pp is able to yield fast culations in this approach without very extensive numerical
equilibration times for antiprotons at temperatures of ordesimulations. Even then, one may question whether a low
150 to 170 MeV, perhaps as short as severatfrilowever, energy effective meson field theory can reasonably describe
there are at least three difficulties with applying kinetic variations over length scales as small as 2 fm. Plus the rel-
theory, using vacuum reactions rates, to high energy densityvant frequencies involved are twice the proton mass.
matter. First, experimental data on the annihilation of hyper- At first it would seem that these two approaches are al-
ons into mesons are practically nonexistent. One must relynost orthogonal to each other. In fact, they are trying to
on approximate S(B) flavor symmetry to estimate the rates describe the same physics, baryon production at high energy
based on nucleon data. Second, there is no sound practicgénsity, starting from two opposite perspectives. Kinetic
method to implement microscopic reactions involving initial theory attempts to describe the process with many mesons
that propagate freely between localized collisions. The DCC
approach assumes that the meson density is so high that they
*On leave from Bogolyubov Institute for Theoretical Physics, may be treated collectively as a classical field; baryons arise
252143, Kiev, Ukraine. as topological defects of this field.
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In this paper we attempt a more general description thaannihilation. Inclusion of these other currents would increase
either of the above. We use a version of the fluctuationthe rate of nucleon/antinucleon production. However, in Sec.
dissipation theorem, basically the same formalism as used tdl C we effectively normalize our rates tpp annihilation
compute the production rate of real and virtual photons inwvhen we determine the relevant form factor, and this tends to
hot matter. The baryon production rate can be expressed icompensate for the neglect of any other channels.
terms of the fluctuations in the local meson fields or in terms
of fluctuations in the local quark fields. The formulas derived
can be applied to systems in equilibrium or out of equilib-
rium. In the former case we evaluate the rates numerically; With a view toward the conventions used in the nonlinear
this is possible because of the Boltzmann weighting of statesigma model we write the coupling of nucleons to veclgr
In the latter case one must specify the probability of differentand axial-vectow; currents or fields as
states according to the preparation of the nonequilibrium sys-
tem under consideration. We first compute the rates for non- e — T
strange baryons only, then we generalize to hyperons using L=- ¢7ME¢VZ+9A¢7’M75§ YAL, @)
SU(3) flavor symmetry in the interaction Lagrangian.

A. General formulas

a a

whereg,~1.26 is the axial coupling constant relative to the
Il. NUCLEON PRODUCTION vector. We do not need to specify anything more abe)pt
. ) . and AZ. We only mention that they are strong interaction
In this section we focus on the production of nucleons andrents that exist in a finite temperature dense medium. For
antinucleons. The process may be viewed as two or MOrgyample, they could be induced by pions, by vector and
pions reactin.g to pr_oduce a nucleon/anti_nucleon pair. In gensyial-vector mesons, by quarks, and by all kinds of off-shell
eral, these pions will be correlated, not independent. A googighy virtual strongly interacting states. The production rate
part of these correlations may be described in terms of mesf yycleon/antinucleon pairs is calculated in the same man-
sonic resonances, such as t_h_andw vector mesons. In thE_l ner as dileptong12] using linear response theory, equiva-
nonlinear sigma model specifically, and in chiral perturbationenty a version of the fluctuation-dissipation theorem. We

theory more generall§8,9], the nucleon field is coupled to ghow explicitly the steps for production in the axial-vector
vector and axial-vector currents that are constructed from thgpannel.

pion field. Since these currents have the quantum numbers of The matrix element for the proceis: f+ baryon+ an-
certain vector mesons, we argue that essentially all pion efﬁbaryon is

fects can be included via the correlations in the correspond-

ing vector and axial-vector channels. We begin by consider-

ing the vector and axial-vector currents as given external Sf':gA<fj d*X A2 (x) J5#(x)
sources and express the production rate in terms of them in ' " é
Sec. Il A. Formulas are given for arbitrary weighting of the

states of the external system. The formulas are then evaliere J3* is an abbreviation for the axial baryonic current as
ated in thermal equilibrium with a Boltzmann weighting of expressed in the Lagrangian above. The initial and final
states. In Sec. Il B we display explicitly the currents in termsstates are arbitrary, usually fully interacting states except for
of the pion field. The vector and axial-vector currents canthe specific interaction in Eq1). The axial baryonic current,

also be expressed in terms of the quark currents; this is agorresponding to the baryons in the final state, is
complished in Sec. IIC where vector meson dominance

helps to determine the strength of the coupling. 1 p—,

Fluctuations in the scalar, pseudoscalar, and tensor cur~5u .\ _ = N —ix(py+p2)Tiy RL
rents, whether they be expressed in terms of pion or quark‘_]a 0=y E1E2e HPEUPLS) Y7y S u(P2Sp).
fields, could also generate nucleon/antinucleon pairs. We do (©)
not include the pseudoscalar because the coupling of pions to
nucleons occurs via a derivative couplifgge Eqs(21) and  As a consequence of the translational invariance, we can
(22)], not the pseudoscalar coupling. Keeping both would beyrite
overcounting. The scalar current is neglected for several rea-
sons. First, experiments on nucleon/antinucleon annihilation
do not provide any clear evidence for such a compofHit
Second, chiral symmetry would require either both the scalar
and pseudoscalar couplings or neither. Since we exclude tiderek=k;—k; is the difference of the four-momenta of the
pseudoscalar we must exclude the scalar for consistency. Iinitial and final states. The transition rate is
deed, pion-nucleon dynamics as described by chiral pertur-
bation theory includes only the vector and axial-vector cur- 152
rents(see Ref[11] for examplg. Although there is a tensor Rsi= TV (5)
coupling of thep meson to the nucleon which is important in
the nuclear force, our intuition is that it will not be important
in the timelike region of nucleon/antinucleon production orwhereT is the time interval and is the volume. Explicitly

i>. 2

(fIAL(x)[i) =" f|A%(0)]i). (4)
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, [ d*xd*x’
RflngJ Vv

><<i|A5<x'>JE”<x'>|f>

(FIAL(Xx+X")IZH(x+X")]i)

v2 = EJ d*xeX (PLP2(£|A%(0)[i)
. _ T

X(i[A(0) [ £)U(p1,51) Y*¥* 5 v(P2.55)

_ T
X0(P2,52)7°y" 5 U(P1,51). ®)

Averaging over initial states with an arbitrary weight and

summing over final states, we arrive at the following differ-

ential rate:

_ gamy d°pudp,
EiE> (2m)8
X(F|A%(0)[i)(i|AS(0)| F)Tr

Ei wiZ (2m)*8%(py+ po—k)

Prtmy o TaP2—My g
amy ¥ Y2 2mg

2. ™

By introducing the correlation function

AE:Jab(p)=—2 wiZ (2m)*8*(p—K)(f|A2(0)]i)
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dRy
_ (—)aa
Epdp, Vi (Pt Pp2)

ElEZ v
(2 )6 M

X[ p4ps+pips—g* (pipa+my)].
(12)

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

Now we evaluate the correlation functions in thermal
equilibrium. The statel) and|f) are conveniently assumed

to be eigenstates of the Hamiltoni&hwith eigenvaluesE;
andE;. The weight is

efﬁEi
Z 1

W; (12

where B is the inverse temperature ais the partition
function. Following standard practice, the retarded correla-
tion function in position space is

(°)

AR (x) = — | Tre P A2(x),A%(0)]).  (13)

Its Fourier transform is

AR(p)= i f " @O ien )
0

xg [wi(i|AZ(x)|F)(f|AD(0)]i)

X(i|A(0)|f), (8)
and evaluating the trace —wi(i| AL F)(F|AY(0)]i)]
T prtmy pTa PomMn ¢ 7 =—ifwdxod3xei[(90*kO“S)XO*X'(p*k)l
| 2my 2 2my YV 2 0
5 ) X2 (1= A (i AZ(0)] F)(f|A(0)]i)
= om 2 —— [Pips+pips + g (Mg —pap2)], 9 hi
0
.y wi(1—ef<)(2m)%5% p—k)

we arrive at o pO—Ko+ie

dRs o2 X (i ALO)F)(TIALO)]i). (14

EiEp o= 5 AL (py+py) N .
d°p,d°p, 2(2 ) As before k=k;—k;. The imaginary part is
X M V+ VAl MY _m2 . 1
[p1p2 PP —9 (plp2 N)]( O) |mAE{\2ab(p):_§2f 1 eﬁp (277)454(p k)
1
. a b .
Apart from the rather trivial Lorentz tensor coming from the (i |A“(O)|f><f|A”(O)|I>' (19
form of the axial baryonic current, all the physics is con-pyence
tained in the correlation function.
The corresponding rate arising from the vector interaction (-)ab( ) (R)ab

is easily obtained. The only differences are the replacement Ay (P)= polmAw (p). (16)

of the axial vector with the axial field or currerd—V,
setting g,ﬁzl, and changing the sign of the mass-squaredtxactly the same relationship holds in the vector channel
term in the Lorentz tensor, with the substitution ofA with V.
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The sum of the rates of production by vector and axial-into account. This is made possible by expressing the vector

vector fields or currents can now be written as and axial-vector currents in terms of quark operators. In par-
ticular, we use the Goldberger-Trieman relation and the hy-
dR 1 1 (R)aa pothesis of vector meson dominan@éMD) as a guiding
EiEy—o——=—= 6 BETE) UMV, (Prtp2) light. In the two-flavor world the currents can be expressed
d°p,d°p, (2m)° eFlF17=2—1 . o )
in terms of thep, a; and pion fields as follows:
X[pips+pips —g* (p1pz+ my)]
21 2 A 1M2 1M2 N V’laL:_gpNsz, (23)
+9A|mAEw)aa(p1+ p2)
KAV VA 3% 2 galNN grNN
X[pYpz+ PPy —g*"(P1P2— My) 1} A% = a2 + 9,70 (24)

1
“ ga Koogamy ¥

17

o N o . Using the Goldberger-Trieman relation and VMD the quark
This is the second significant result in ﬂ:lI.S section. In orderCurrents are related to the hadronic fields,

to make further progress, we need specific knowledge of the

vector and axial-vector fields or currents and their correlation 7 m2
functions. Eyﬂiq: g—”pi , (25)
pTT
B. Production in terms of pion fluctuations s m
The self-intergctions among piong in the nonlinear sigma 57#75%(1:&51&1‘#4— pion. (26)
model are contained in the Lagrangian Ya,

ff, ) ) Apart from the pion pole we obtain the desired relationship,
L= ZTr(&#Ua"UTJr m2U+m2U"), (18
g NNg T T— Ta
Va=— gy, 5, (27
where “ mi a7vu 2 q
U=¢, (19
Ja,NNda o ™
o, A=— 07,75 0. (28)
E=ex ZT’JT Tal- (20 mal

Here 7% is the pion field and .~93 MeV is the pion decay The imaginary part of the retarded correlator is given in
constant. The pions couple to the baryons as in(Egwith ~ €rms of the spectral densip(s) as
the derived currents

R kMkV 2
i 1 ImMV2%(k)=~3| g,,,— 5| mpu(s=k?), (29
A= 3T 60,8 €10,8) = o™+, (2 k

with a similar expression for the axial channel. The factor of
0 - B abe b o 3 arises from the sum over i.sospin indices._
V== 5T 7a(80,6 +619,8)]1= e dym =+ In our study of baryon/antibaryon production, the spectral
g 22) densities are needed only fcﬂ>4mﬁ,. Then s is large

enough that they may be computed using perturbative QCD.
To first order in the pion field, this gives the usual derivative(The vector one may be measured directly in electron-
coupling on account of the Goldberger-Treiman relationpositron collisions; in the region ofs of several GeV a sum
gamy="f.g.nn- By expanding the interaction in powers of of hadronic resonances gives essentially the same answer, a
the pion field, one may derive the contribution to the produc-nice manifestation of dualityThey are[13]
tion rate involving two, three, four, five, etc., number of

pions in the initial state. However, in order to derive the total 9oNNDp ?s ag(s)
thermal rate for the production of baryons and antibaryons, pv(s)= T m? ] 8n? 1+ o] (30
this is not very convenient. Also, this is not very general p
because the inelastic processes including pions may not ex- . g 2
i a;NNYa S ag(S
haust all important channels. pa(S :( 1 : 1) _2( sl )+._. (31)
9aMy, 8w

C. Production in terms of quark fluctuations

Instead of dealing with a specific low-energy theory of Here ag(s) is the QCD coupling evaluated at the scale
hadronic matter, we suggest to use a dual quark picture According to the KSFR relation Ref14] 2g2f2=m?.
which, in principle, takes all strongly interacting processes-urthermore, it is usually assumed tlggtis universal in the

014901-4



THERMAL RATES FOR BARYON AND ANTIBARYON . .. PHYSICAL REVIEW C68, 014901 (2003

sense thag,nn=9,-~, @ result that holds rather well nu- mum. According to the latest analysi$5] ag(m?)=0.35
merically. Then the coefficient of the vector spectral density+0.03. Sincem,=1777 MeV is very close to @y, we use
is especially simple. that as the numerical value in our later calculations. The first
perturbative correction to the spectral density is only about
10%.

It should also be noted that we have included the interac-
tions involving the isospin =1 currents only. If the isospin
In the absence of any better information it is quite reasonablé=0 currents were included too, one might expect the rates
to assume that the same holds in the axial-vector channel,for pp andnn to increase while the rates fpn andnp are

expected to be unchanged. Indeed, this is what happens, and

2
gpNNprw)
— =—. (32
2 4

( m; 4f

Ua,nNDa, 2 1 in fact the rates fopp andpn become approximately equal,
— | =7 (33 but we defer the actual analysis to the following section.
ma, 4t Finally, we point out that since nucleons are composite

) _ objects they have form factors. These form factors will mul-
This means that the vector and axial-vector currents have tht‘?ply the above rates and will serve to decrease them to some
same spectral density since the axial coupliagthen can-  gegree. We will defer the determination of the form factors to
cels out. Equal contribution is quite natural when the up anghe following section. The reason is that there are accurate
down quark masses are very small, as is the case in the reghiq onpp annihilations, and to do a precise analysis we

world. _ must first include the isospih=0 current.
The tensor algebra can now be done udiagp, + p,. It

yields the third significant result of this section,

2 I1l. NUCLEON AND HYPERON PRODUCTION
dR 3 1 s(s—my)

Pp,dPp, 8(2m) PEEI_1 4
as(s)
v

E.E; An amazing fact in heavy ion collisions at RHIC is that
hyperons are produced in relatively great abundance. Mea-
surements indicate that they are, for all practical purposes, in

(34 chemical equilibrium at a temperature of 700 MeV.

Therefore it behooves for us to analyze hyperon production.

This result is quite remarkable in that the rate is inverselyln addition, we now will include coupling to the isospin
proportional to the fourth power df, and does not depend =0 Vvector and axial-vector currents or fields too. We side-
on any other hadronic parameters except the nucleon masstepped that contribution in the preceding section for clarity
Finally, the overall rate of production may be computedof presentation and to avoid making phenomenological esti-
by integrating over the momenta of the outgoing nucleonsmates of the relevant couplings: assumption of$uhvari-
Since the threshold energyn®, is much greater than the ance of the interactions will help to resolve that issue. We
temperatures envisioned,<200 MeV, it suffices to drop will consider fluctuations in the SQ) sector only as well as
the minus one in the Bose-Einstein distribution factor in thefluctuations in the full S(B) sector. The results are rather
differential rate. Then, with, denoting the Bessel function different.
of the second kind, we get

X1+

+ ...

. 9 as(4mﬁ) mﬁT‘l mﬁ [ My A. General SU3) invariant couplings
R(NN)= (2m)° ( 1+ T B ) f4 ? 1(?) Flavor SUS3) is not nearly as good a symmetry as(@U
g However, experience over many decades of research has
My My My mﬁl [ My shown that it is usually a very good reproduction _of e_xperi—
+4? K1(?>K2(?) + 8+ Kz(T) : mental data to put _aII_the flavor symmetry breaking in the
T mass terms, but to insist that the interactions be flavor sym-
(35) metric. That is what we shall do too.
The vector meson nonet is conventionally written as fol-
In the nonrelativistic limit this becomes lows[16,17;
2 53 0
R(NN)= ’ (1+ a5(4mN)+.-.>mNT L W pt K**
2(2m)* ™ £4 V2 6 3
Xexq‘—ZWN/T). (36) . p- _u£i+”2§4_25 K*O
- . — V= V2 6 |3
This is the total rate for the production pp, pn, np, and
nn. The individual rates are related &(pn)=R(np) . — 0 —2wg  wg
= 2R(pp) =2R(Nh). K K NG
It should be noted that we have evaluatedat threshold
for nucleon/antinucleon production where the rate is a maxi- 37)
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The singlet and octet components are actually a mixture of

the physicalw and ¢ mesons,
wg= ¢ COSHy+ w Sin by, (38)
ws= w COSHy— ¢ Sinby,. (39

Ideal mixing occurs when the has noss component while
the ¢ is pure ss. The ideal mixing angle is tafiyey
=1/\/2, or Oigear~35.3°. Experimentally the mixing angle
seems to be about 3915]. We will approximate the mixing

PHYSICAL REVIEW &8, 014901 (2003

L= N1 — ) THBYH[V, B])+ ByTH(By“B)Tr(V,)

V2

+ayTH(BY*{V, ,B}) + gaaaTr(By* y*{ A, . B})
+0a(1— ap) TH(By*y*L A, B])
+9aBATI(BY*y*B)Tr(A,)]. (43)

The overall normalization of this interaction Lagrangian is
determined by the coupling of the nucleons, see Esand
(23). Four parameters are introducedy;, and a,, which

as ideal to simplify formulas. Such fine details are not likelydetermine the relative contributions of tBeandF type cou-
to be important in the context we have in mind, namely,plings in the vector and axial-vector channels, respectively,
heavy ion collisions. Therefore we use the nonet representand 8y and 8, , which determine the corresponding singlet

tion,
0
p ® + * +
—+—= p K
2 \2
0
V= - p @ *0 (40)
p -—+—= K
V2 2
K*~ E*O _d’

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

contributions.

There was evidence already in the 1960s thatwas
about 2/3[16]. This has been confirmed repeatedly over the
years. For example, in their analysis of the spin content of
the nucleon, Close and Rober{d8] determined that
a~0.635. As another example, Klingl, Kaiser, and Weise
[19] use vector meson dominance together with 3ym-
metry to deducer,=0.68. We shall therefore fiw,=2/3.

The value ofey is determined by the requirement that the
coupling of the ¢ vector meson, which has already been
taken to be a purss state, to nucleons vanisheg;yn="0
[19]. This is just one aspect of the Okubo-Zweig-lizuka rule
[20]. This requirement fixes, = (1— By)/2.

We enforce the standard ratio of coupling constants of
andp vector mesons to nucleong,yn=3g,nn, as follows

a® (1285 from the quark model and the conventional definitionpof
Lt a; Ky and w currents, see Eq$44) and (45). Thus, we determine
V2 V2 By=1. This further implies thatv,=0. Finally, we require
% f (1285 that the coupling of the nucleon to tlig(1420) meson van-
A= a; I S K9 ishes, in analogy to the vanishing coupling of theneson to
the nucleon. This condition fixe8,=(1—2ap)= —1/3.
V2 2 he nucleon. This condition fi 1-2 1/3
K- KO —£,(1420 The relative couplings in the vector channel with the
! 1 ! choiceay,=0 andBy=1 are shown in Table |. The absolute
41) normalization may be inferred from the nucleon-nucleon
couplings. The corresponding couplings in the axial-vector
Finally, we give the matrix of the baryon octet, channel with the choicer,=2/3 and,=—1/3 are shown
in Table 1.
30 . A° . 0 B. Rates
\/E \/E The invariant differential rates for all baryons in the octet
S0 A0 can now be inferred. The only missing pieces are the spectral
B= A -t — n (42) densities in the various channels. The currents as convention-
\/E \/6 ally defined are, for example,
o —o —2A° 1 o
= = ik T _
/6 Jpo= 5 (Uyku—dy*d), (44)
. . . . 1 S— e
As is well known, there are three types of @Winvariant JﬁZg(U)f“U-ﬁ-d‘y“d), (45)
couplings: the= andD types, so-called because they involve
the correspondingly labeled group structure constants, and
the s_inglet coupling, which involves the trace of the meson j=— Zsyks (46)
matrix, ¢- 3V
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TABLE |. Relative strength of vector couplings far,=0 andBy,=1. The names of vector mesons that couple to the given baryon/
antibaryon pairs are shown explicitly.

P n A 30 5t 3 = =i
P 0 20 SVEK KD K 0 0 0
3w
n V2p~ —p° —3K? KO 0 T 0 0
3w
A —\/§K; —+3K 2 2w 0 0 0 \/§K2 \/§K:
_ —\2¢
3,0 -K; K? 0 2w -2p 2p" -K? Ky
_ —\2¢
= —\2K 3 0 0 —2p" 2p° 0 VoK 0
2w
37 0 —V2K, 0 20 0 2p° 0 ~ KO
2w
_ —\2¢
=0 0 0 ‘/3K2 _Kg \/EK; 0 po _\/§p+
w
_ -2\2¢
= ° ° V3, < 0 K -2
w
-2\2¢
and so on. The spectral densities for these currents from 2
erturbative QCD arg13] r.(my,my)= 2__Fan(s)
p +(Mg,my) = (477)7 eBE1tEy) _q
S ag(s) XZSZ_(miJFm%)S—(mf—m%)Zt 6m;m,s
—_ S 2
pPO(S)— 8772(1+ p ), (47) o
As
X1+ —], (50)
an
S 1 ay(s) 48
Pul8)= 727 " T ) (48 where the = corresponds to vector/axial-vector contribu-

tions. The functionF 5\n(S) is a form factor, alluded to in

the preceding section, and determined in the following sub-

section. Using the symbot as shorthand notation for
(1+ aiS))' (49 EiFed R/d3p,d3p,, some examples are given below:

S f—
P¢( ) 3672

r(np)=2r_(my,Mmy)+2r _(my,my), (51

These are applicable above some threshold value which is 82
always above the threshold for production of the correspond- r(pp)=2r.(my,my)+ 8—1r_(mN ,my), (52)
ing baryon/antibaryon pair, typically 1.5-2.5 GeVThese
threshold values could be estimated rather well by making
use of the QCD sum ruld4.3]. 25

The rates are now determined from the(SlUcouplings, F(Ap)=3r,(my ,mN)+2—7r,(mA M), (53)
given in Tables | and II, and the spectral densities, given
above. The relative weights are given in Tables Ill and IV 1
from which the rates may be inferred. For convenience, we —-

! =} = M=) +—or - ,Mz).

define the pair of functions M(E-A)=8r(my,mg)+52r-(my,mg). (54
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TABLE Il. Relative strength of axial-vector couplings far,=2/3 andB,= — 1/3. The names of axial-vector mesons that couple to the
given baryon/antibaryon pairs are shown explicitly. The notafipstands forf ;(1420).

p n A 3,0 St 3 = =
P a2 J2a; 5 3K V2 . 0 0 0
3t 33 ! ?Kl
n V2a; —af 5 —3K9 0 V2 0 0
1 - Ki — Kkt
sfa 3v3 3 1
A 5 5 2f, 4 4 4 1 1
- —K; - —K9 —a) —aj —a; —K?Y ——K;
33 * 33 * _5\/1]; 33 * 33 * 33 ¢ 33 ¢ 33 ¢
9 1
30 3Ky ~1k? 4, i ~3a; fa; ~K? K
3y3°° V2,
_?fl
st V2 0 4 —%a; fa? 0 V2K 0
__ ko —a
3Kl 3\/§ 1 %fl
2
3h
S 0 V2 4 far 0 —%a} 0 V2K?
K- —=a
3 Ky 3\/§ ' %fl
2
3N
50 0 0 1 < -K? V2K; 0 —zal 2 X
33 —3f; 3 A
242,
BERE
E- 0 0 1 Ky 0 V2K 9 V2 3ay
33 3™ -3
242,
3 1

TABLE Ill. Numerical vector channel multipliers in the expres- ~ TABLE IV. Numerical axial-vector channel multipliers in the

sions for the rates¢,=0 andBy=1). expressions for the ratesef=2/3 andB = —1/3).

p N A 30 3t s B0 g- p n A 0 st 0 BY BT
P 2 2 3 1 2 0o 0 0 P i 2 % 5 5 0 0 0
n 2 2 3 1 0 2 0 0 n 2 gz 3 0 ¢ 0 0
A 3 3 § 0 0 0 3 3 A 5 % = n w2 5w
30 1 1 0 8 4 4 1 1 30 : : 2 & 3 3 1 1
s+ 2 0 0 4 % 0 2 0 S I - T T
S 0o 2 0 4 o % o0 2 S o Z £ & o # o 2
E° o o0 3 1 2 o 2 =k o 0 3 1 2 0o £ :
=i 0 o0 3 1 0 2 2 28 = 0 0 = 1 0 2 z 28
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Altogether there are 46 nonvanishing combinations of 0.5
baryon/antibaryon pairs.

The rates cannot, in general, be evaluated in closed form
with the form factor included. However, it turns out that a
very good approximatiofwithin 10% atT=200 MeV) is to
evaluate F,ZWN(S) at the average valus=(m;+m,)? 0
+3(my+m,)T, as discussed in the following subsection. %0

L

IN

Let us define 27 ]
d®p; d®p, 0.1} ]
| T %
0. O L L L L | L L L L | L L L L | L
0 1 2 3 4

If we can evaluaté3,, at the average value afthen the

) ; . s-4m? (GeV?
integral can be done in closed form. It is M ( )

FIG. 1. The fit function(solid curve for the annihilation form

3(1+as/mT8 , factor compared to its value extracted from experimental (thdt
R :Wzlzz{‘llel(zl)Kz(Zz) ted curve.
+472,K1(2)K(21) * (217 25) %K 1(21)K1(25) tation, meaning that the factor 82/81 is set to 1, which is an

approximation to the rate better than 0.5%, we get
+[ 16+ (212 25)2]K5(21) K2(22) }FFann (S, (56)

52
exd —(E;+ Ez)/T]f—4

m

_ dR
wherez;=m; /T. E.E (pp) =
52 B, T 322m)
C. Form factors
ag
1+ —
ar

Nucleons are composite objects, hence they have form x FAnn(S). (59

factors that depend on the specific process. The appropriate
form factor here is not the electric or magnetic form factor . . .
since we are coupling the nucleons to mesonic currents, quuatlng these tWO. Y'e'P'S an expression for the form factor
timately expressed in terms of the quark fields. We can ob™" terms of the annihilation cross section,
tain a very good estimate of the relevant form factor by com- 4 5 o
paring the rate fopp production, as derived above, with the F2 128 17 /1_ 4my oann(s)
rate forpp annihilation, as obtained from kinetic theory. AnN(S) = 3 l+aglnw S S
The kinetic theory expression for the annihilation rate is

The experimentally measured values of e annihilation
E.E dRann (Pp) = 4 f(Ey)f(E,) cross section from several hundred MeuMb 8 GeVi lab
1 2d3p1d3p2 PP (2)® ! 2 momentum has been meticulously parametrized by Cugnon

and Vandermeulef21]; see also the review by Dover, Gut-
V(p1p2)2—my, sche, Maruyama, and Faesd&6]. The fit is

. (60

rerer N opp
X ElEZ o-ANN(S)!
— 38 24
(57 o (pL) = (61)
A Voo pit

whereo®P () is the annihilation cross section that specifi-

cally excludes a baryon/antibaryon pair in the final state. |fgiven in mb when the lab momentum is given in GeVE.

we approximate the thermal distribution$(E)=exp We have fit the form factor with the monopole function
(—E/T), which is a very good approximation to the Fermi-

Dirac distribution at the modest temperatures of relevance
here, we obtain the following simple expression: Fann(s)=

, 62
2.21+ (s—4m2)/ A2 (62

dRun
S (Pp)

E.E,————(pp) =
"7 d%p,dp, (2m)"

ex — (Ey+Ey)/T] whereA=1.63 GeV. This function gives a very good repre-

sentation fors—4m§>0.5 GeVf, but overestimate§ sy
X \s(s—4mi)oann(s). (58 by about 10% as=4mj,, see Fig. 1. This overestimate is
acceptable because, as we shall see below, the average value
In chemical equilibrium the rate for production must be of s—4mﬁl is greater than 0.5 Geé\for T>100 MeV.
equal to the rate for annihilation. The former is given in Eq. For hyperons we choose the parametrization of the form
(52). Dropping thef; contribution for simplicity of presen- factor to be
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1 10

Pl s (mr Az’ &Y

with the same value oA.

The total and elastic cross sections for have been mea- 10
sured, and the annihilation cross section estimated, for lalig;
kinetic energies between 450 and 1068 M&Z] and at 3.5 ™\
GeV [23]. The annihilation cross section forp has been é
explicity measured for lab momenta between 100 and\l-:
500 MeVic [24]. In all these cases the annihilation cross
sections forpn andnp have been equal to the annihilation
cross section fopp, albeit with large error bars in the two
former cases. The difference in the thermal production rates
betweenpp andnp calculated here is well within the error 10° P T T S S
bars.[Note that the rates in Eq¢51) and (52) do not differ 100 120 140 160 180 200
much because _(my,my) is rather small compared to T(MeV)
r.(my,my) for sz4m§.] This is a gratifying conclusion
that points to the consistency of our results compared to FIG. 2. Numerical results for equilibration times in the case
experimental data. when only the fluctuations in the $2) meson sector are taken into

In principle, the differential rates must be integrated overaccount.
all energies, including the dependence of the form factor. A
rough approximation is to evaluate the form factor at thedevelop, but for the purpose of gaining insight to the dynam-
thermal average value af which iss=(m;+m,)?+3(m; cs the characteristic equilibration time is perhaps more use-
+m,) T, in the nonrelativistic limit and dropping terms of fyl.
relative order T/m)?2. It turns out that this approximation is We plot this time for the proton, lambda, sigma, and cas-
good to better than 10% for temperatures less than 200 Me\¢ade baryongsame as for the antibaryons in net baryon-free

mattep in Figs. 2 and 3. Figure 2 shows the times when only
IV. NUMERICAL RESULTS fluctuations in the S(2) meson sectofno strangenessare
allowed, while Fig. 3 shows the times when all mesons or

Consider a system at fixed temperature and volume, buurrents are includefincluding those with strangenésghe
not necessarily in chemical equilibrium with respect to theequilibration times are strongly decreasing functions of in-
baryons. If the baryons are out of chemical equilibrium forcreasing temperature. That is typical of thermal processes;
any reason, how long does it take the system to reach chemhermal rates are generally strongly increasing functions of
cal equilibrium? This is a typical question in many areas oftemperature because of the dominant Boltzmann factor. The
physics and chemistry. What must be done is to solve a netime for nucleons is the shortest in the @Ucase, which is
work of rate equati_ons. The rate equation for the density otjuite natural since nucleons contain no strange quarks and
antibaryons labeled is

1
/|

3

10

dny =
W‘% R(b’b)

equil _equil
b Mo

Ny Ny
1- Ll (64)
n

whereng ™ andnt™" are the equilibrium densities. This sim- _ 10

ply follows from detailed balance in the usual way. It as- {
sumes that there is sufficient scattering of the baryons and

antibaryons from other particles in the system to maintains=, r —N
kinetic equilibrium, but not necessarily chemical equilib- t+ 44t |

rium. There is a similar set of equations for the baryons. The

characteristic time scale for bringing theto chemical equi- N
librium is

— n%q“”/E R(b'D). (65) 100 120 140 160 180 200
b/

This characteristic time is more intuitive than the rates them- FIG. 3. Numerical results for equilibration times in the case
selves. A fully dynamical model of the evolution of matter is when all fluctuations in the S meson sector are taken into
required for the detailed knowledge of how the abundancesaccount.
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they are the lightest baryon species. The lambda has thdirectly. We evaluated them in thermal equilibrium, which
longest equilibration time as a consequence of the magnitudgives rise to equilibration times short enough that nucleons
of its couplings to the S(2) fluctuations. Going to the full and hyperons may very well be in chemical equilibrium in
SU(3) fluctuations, see Fig. 3, shortens the cascade time corireavy ion collisions at RHIC energies.
siderably but, surprisingly, the lambda now has the shortest It should be noted that the normalization of the baryon
equilibration time. It is interesting to note that the @YU  production rates is fixed by making use of the argument of
symmetry is broken not only by the different masses of thedetailed balance and by using the experimental data for the
baryons, but also by the mixing of the singlet and octet meproton-antiproton annihilation cross section. It may seem
sons. that the latter by itself is sufficient to produce the equilibrium
As mentioned already, to compare with data from heavyproduction rates, and knowledge of the dynamical model of
ion collisions requires solving rate equations in an expandindluctuations is not needed. This is partially true with respect
and cooling system. Examples of how this may be done arto nucleons. However, the rates for strange baryons cannot
described in Ref42,25,24. In addition, feed down from the be obtained in a similar way because the corresponding ex-
decay of higher mass baryon resonances will contribute tperimental data are not available. In addition, the dynamical
the observed yields. But to get a rough idea, suppose that thmodel of strong interaction fluctuations should be essential
expansion time scale is about 10 fireind that there are full in nonequilibrium systems where the argument of detailed
SU(3) fluctuations in the system. Draw a horizontal line atbalance would not work.
10 fm/c in Fig. 3. The intersection with the various baryon  Two natural extensions of our work arise. The first is to
species would suggest that these baryons would reflect @arry out the analogous calculation for the spin-3/2 baryon
freeze-out temperature in the range 168 to 180 MeV, thalecuplet. Coupling of the strong interaction currents to spin-
exact value depending on the species. This is approximatel/2 baryons is much more uncertain than the coupling to
the range of chemical equilibration temperatures recentlgpin-1/2. The second is to apply the formulas derived in this

seen in Au-Au collisions at 130 and 200 GeV at RHI3. paper to a dynamical model of the expanding matter. Only
then will we be able to make direct contact with RHIC ex-
V. CONCLUSION periments.

In this paper we have calculated the production of spin-
1/2 baryon/antibaryon pairs through fluctuations in the strong ACKNOWLEDGMENTS
interaction currents. The most basic formulation used a ver-
sion of the fluctuation-dissipation theorem that does not rely The authors thank Paul Ellis for useful discussions. This
on the system being in thermal equilibrium. If one has awork was supported by the US Department of Energy under
model for these fluctuations, those formulas may be usetrant No. DE-FG02-87ER40328.
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