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Scalar correlations in a quark plasma and low mass dilepton production
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We investigate possible consequences of resonant scalar interactions for dilepton production from a quark
plasma at the chiral phase transition. It is found that this production mechanism is strongly suppressed com-
pared to the Born process and has no significance for present experiments.@S0556-2813~98!02501-1#
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Recent experiments with ultrarelativistic S and Pb bea
at the CERN-SPS have shown that dilepton production in
low mass region is strongly enhanced when compared wi
simple extrapolation from proton-proton and proton-nucle
collisions @1#. An application of the previously develope
standard approach which also includes a possible QCD p
transition @2# to the situation in the CERES experiment@3#
for different sets of equations of state@4# shows that~i! had-
ronic processes dominate the dilepton spectrum in the
mass region, but~ii ! the experimental finding of low mas
dilepton enhancement cannot be reproduced within the s
dard scenario which neglects modifications of either quark
hadron properties in a hot and dense medium.

Among possible explanations of the low mass dilep
enhancement the in-medium modification of ther resonance
is the standard one@5,6#. It is, however, debated whethe
chiral symmetry restoration influences the fate of this vec
resonance in the vicinity of the QCD phase transition@6#. In
this context the role of critical phenomena related to sca
resonances should be considered.

Already in 1992, Weldon suggested that in a hot pion g
with a finite chemical potential the scalar resonance can
cay into a lepton pair@7#. This process is particularly inter
esting as a ‘‘direct’’ signal of chiral symmetry restoration
hot and dense matter, where the scalar and pseudoscala
sonic modes become degenerate. With increasing temp
ture of the hadron gas, the hadronic decay channel (s→pp)
closes as soon asms,2mp at T'150 MeV @8#. At this
temperature the sigma meson could appear as a prom
resonance of the dilepton spectrum. However, the mec
nism proposed by Weldon depends strongly on a pion che
cal potential, and requires in particular a significant diffe
ence of positive and negative pion densities, for which th
is no experimental evidence.

In this article we rather scrutinize another mechanism
which scalar correlations could be of importance: name
we investigate whether resonant scalarq q̄ interactions can
be a source of dileptons in the mass region 0.2 G
&Me1e2&0.6 GeV. The underlying physical scenario is t
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chiral symmetry restoration at the phase transition of the
meson gas to quark matter, whereby strong nonperturba

correlations of color-singletq q̄ pairs may persist~‘‘critical
opalescence’’ of quark matter@9,10#!.

We will show that due to the resonant interaction, t
spectral density in the scalar channel of quark-antiquark
nihilation in quark matter at the chiral phase transition mig
be enhanced by one to two orders of magnitude. The con
bution of this process to the dilepton production rate, ho
ever, is smaller than the perturbative thermal Born proc
and cannot be considered as a source for the dilepton
hancement observed by the CERES Collaboration.

Because of the built-in chiral symmetry, it seems reliab
to use in this Brief Report the simplest SU~2! version of the
Nambu–Jona-Lasinio~NJL! model at finite temperature an
chemical potential in order to study the scalar correlations
the quark phase and to give at least order of magnitude
mates of the physical phenomena we are interested in.

We consider the production~by q q̄ annihilation! of a vir-
tual photon, i.e., lepton pair, with invariant massM25(p1
1p2)2 and three-momentum P5up11p2u in a locally ther-
malized medium that is characterized by a fluid four-veloc
u. The temperatureT and quark chemical potentialm in a
given fluid cell determine uniquely the constituent qua
massm as solution of the gap equation@11#. The lepton mass
is denoted byml .

The spin-averaged annihilation cross section in lowest
der of the electromagnetic interaction@2# is given by the
general expression

s@q~p1! q̄~p2!→g~M ,P!→ l 1l 2#5
a

3M4

L~M !H~M ,P!

A124m2/M2
,

~1!

L~M !5S 11
2ml

2

M2 DA12
4ml

2

M2 u~M224ml
2!, ~2!

whereH5Hm
m corresponds to the contraction of the so-call

hadronic tensor,
nd
438 © 1998 The American Physical Society



th
n

nt
a

y

ou

ity

n

f a
er.
in

ep-

ters
of

cal

57 439BRIEF REPORTS
Hmn5(
spin

^q~p1! q̄~p2!uJm~0!u0&^0uJn~0!uq~p1! q̄~p2!&.

~3!

The inclusion of scalar correlations corresponds to
following modification of the electromagnetic quark curre
operator with respect to the Born process:

^q~p1! q̄~p2!uJm~0!u0&

5@ v̄ ~p1!eqgmu~p2!#

→@ v̄ ~p1!u~p2!#
K

12J~M ,P!
I m~M ,P!. ~4!

Here the polarization operatorJ(M ,P) for the scalar-
isoscalar channel at finite temperature and chemical pote
can be evaluated in the NJL model by using the stand
techniques of finite temperature field theory@12# with the
result

J~M ,P!5 iK E d4k

~2p!4 Tr@G~k!G~k2P!#

5
NCNFK

p2 E
0

L k2dk

v

sinh~v/T!

cosh~v/T!1cosh~m/T!

3F12
M224m2

8Pk
ln~F1F2!G , ~5!

where v5Ak21m2 and E5AP21M2 are the quark and
photon energies, respectively, and

F65
M262Ev12Pk

M262Ev22Pk
. ~6!

The loop integral~5! has an imaginary part

Im J~M ,P!52
NCNFKT

8pP
~M224m2!

3 lnFcosh~vmax/T!1cosh~m/T!

cosh~vmin /T!1cosh~m/T! G , ~7!

with vmax,min5@E6PA124m2/M2#/2. The imaginary part
~7! is nonvanishing forM.2m and corresponds to the deca
width of the scalar meson in theq̄q channel. Note that we
use a simple version of the NJL model with the scalar c
pling constantK and a three-momentum cutoffL.

The loop integral describing the transitions→g has the
form ~Q is the charge operator for the quarks!

I m~M ,P!5E d4k

~2p!4 Tr@G~k!gmQG~k2P!#

5
4

3
NCemE d4k

~2p!4

2km2Pm

~k22m2!@~k2P!22m2#
.

~8!

Using the condition of charge conservation,PmI m50, one
can derive the useful relation
e
t

ial
rd

-

I mI m52
M2

P2 ~ I mum!2, ~9!

and it is then practical to define the dimensionless quant

Ĩ 5
I mum

4emP
5

1

P E d4k

~2p!4

2k02E

~k22m2!@~k2P!22m2#

5
1

~4pP!2 E
m

`

dvdn~v!@~2v1E!ln~F1!

1~2v2E!ln~F2!#, ~10!

with

dn~v!5
sinh~m/T!

cosh~v/T!1cosh~m/T!
. ~11!

This loop integral only gives a nonvanishing contributio
if two conditions are fulfilled:~a! The differencedn of par-
ticle and antiparticle distributions is nonzero because o
chemical potential corresponding to a finite baryon numb
~b! The three-momentum P of the pair must be nonzero
the rest system of the medium~fluid! in which temperature
and chemical potential are defined.

Coming back to Eq.~1!, we obtain

HBorn~M !5eq
2~M212m2!, ~12!

H resonance~M ,P!58e2~M224m2!uD~M ,P! Ĩ ~M ,P!u2,

~13!

where the dimensionless quantity

D~M ,P!5
KmM

12J~M ,P!
~14!

is related to the propagator of the scalarq q̄ correlation.
The final result for the resonance cross section for dil

ton production relative to the Born cross section is

s resonance~M ,P!

sBorn~M !
58

a

aq
uD~M ,P!I ~M ,P!u2, ~15!

with I (M ,P)5A(M224m2)/(M212m2) Ĩ (M ,P).
For the numerical calculation we use the NJL parame

fixed as in Ref.@13#.1 We choose two representative sets
temperature and~quark! chemical potential and obtain~all
numbers are in MeV!: ~a! T5170, m580, m5150, and
ms5330 and~b! T5240, m5110, m533, andms5340.
The first set is motivated by a recent fit of thermodynami

1K59.45 GeV22, L5660 MeV, current quark massm0

55.35 MeV.
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parameters to experimental hadron abundancies@14#. It
yields a sigma mass close to the double quark mass thr
old, and consequently the sigma propagatorD is strongly
peaked. While the first set~a! corresponds to a scenario
the vicinity of the chiral phase transition, in the second
~b! we have chosen rather extreme conditions were the ch
symmetry is almost restored and results in a much sma
constituent quark mass, and a larger width of the sigma re
nance.

The results of the calculation are given in Figs. 1 and
where we plot the moduli of the transition integralI , Eqs.

FIG. 1. Dependence on invariant massM and three momentum
P of the transition integraluI u ~top figure!, the scalar propagatoruDu
~middle figure!, and the ratio of resonance and Born cross sec
~bottom figure! for a temperatureT5170 MeV and quark chemica
potentialm580 MeV.
h-

t
al
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o-
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~10! and~15!, and the scalar propagatorD, Eq. ~14!, as well
as the resulting ratio of the resonance and the Born c
section, Eq.~15!, where we have carried out an isospin a
eragea/aq→18/5. It shows that there is an enhancement
the scalar propagatorD(M ,P) which, however, cannot over
come the smallness of the transition functionI . The resulting
cross section is always suppressed by at least two orde
magnitude relative to the Born process, even for the m
favorable kinematical conditions.

It can be concluded that the proposed sigma-indu
dilepton production process has no relevance for present
experiments, where even the thermal Bornq q̄ cross section
is negligible relative to hadronic decay contributions in t
low mass region of dilepton production.

n

FIG. 2. Same as Fig. 1, but forT5240 MeV and m
5110 MeV.
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