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We study the anomalous decaysp0,h→gg in the framework of the three–flavor Nambu–Jona-Lasinio
(NJL) model at finite temperature. The similarities and differences between these results and those obtained at
zero temperature and finite density are discussed. In both cases the lifetimes of these mesons decrease signifi-
cantly at the critical point, although this might not be sufficient to observe enhancement of these decays in
heavy-ion collisions.
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I. INTRODUCTION

The investigation of pseudoscalar meson observables at
high density or temperature is specially relevant since, due
the fact that the origin of these mesons is associated to the
dynamical or explicit breaking of symmetries, possible
modifications in the mass spectrum, lifetime and widths of
those mesons could provide signatures for the restoration of
symmetries associated to phase transitions that are expected
to take place under such extreme conditions[1,2].

A great deal of attention has been dedicated to the elec-
tromagnetic decays of the neutral pseudoscalar mesonsp0

andh, and calculations of such observables in the framework
of different models may be found in the literature[3–11].
Since the great percentage of photons in the background of
heavy-ion collisions is due to the decaysp0shd→gg, these
processes deserve special attention. On the other side, modi-
fications of anomalous mesonic interactions is a topic that
has attracted a lot of interest, since, while for fermions the
axial anomaly is not affected by the medium, the opposite is
expected for anomalous mesonic interactions[7]. Whether
enhancement or suppression ofp0shd→gg will be found in
experiments of heavy-ion collisions is an open question. Al-
though the lifetimes of these neutral mesons are much longer
than hadronic time scales and its decays might not be ob-
served inside the fireball, it is nevertheless important to un-
derstand the underlying physics, that is probably the same of
other more complex anomalous mesonic decays(v
→ppp ,v→rp) that are relevant for experiments in the hot/
dense region[7].

Temperature effects on the processp0→gg have been the
object of several studies but less attention has been given to
the investigation ofh→gg. Calculations of thep0→gg
[4–6] in the framework of the SUs2d Nambu-Jona-Lasinio

[NJL] [12] model indicate an enhancement of the width
around the temperature at which the pion dissociates intoq̄q
pairs (Mott temperature).

The calculation of temperature effects on the decays
p0shd→gg is important in several ways, but the calculation
for the h is more involved, since the structure of this meson
exhibits a mixing of strange and nonstrange quarks. The well
known fact that chiral symmetry shows a tendency to be
restored in the nonstrange sector, while the same is not evi-
dent for the strange sector, makes the study of the electro-
magnetich decay particularly interesting. The present work
comes in the sequel of our previous studies on the behavior
of neutral mesons in hot and dense matter[11,13–15], in the
framework of the SUs3d NJL model[16,17]. In Ref. [11] we
have studied the decaysp0shd→gg, in vacuum and in quark
matter in b–equilibrium at zero temperature and we have
shown that these decays are affected by the medium, their
lifetime decreasing significantly at the critical density. It
should be noticed that, although the behavior of several ob-
servables with temperature is qualitatively similar to that
with density, there are fundamental differences between me-
dia with TÞ0, r=0 and T=0,rÞ0. In the first case the
phase transition is probably a smooth crossover and there are
threshold effects on the mesons, that dissociate inq̄q pairs at
the Mott temperature; in the second case the phase transition
is first order and the threshold effects mentioned above do
not generally take place. The question whether these differ-
ences will affect significantly the decaysp0shd→gg should
be clarified.

The aim of this work is to report an investigation on the
anomalous decays ofp0 andh at finite temperature and zero
density, in comparison with the behavior at finite density and
zero temperature, giving special attention to the possible en-
hancement or suppression of these decays at the respective
Mott temperatures.

II. p0
„h…\gg DECAYS AT FINITE TEMPERATURE

We perform our calculations in the framework of the
three–flavor NJL model, including the determinantal ’t Hooft
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interaction that breaks theUAs1d symmetry, that has the fol-
lowing Lagrangian:

L = q̄sigm]m − m̂dq +
1

2
gSo

a=0

8

fsq̄laqd2 + sq̄ig5laqd2g

+ gDhdetfq̄s1 + g5dqg + detfq̄s1 − g5dqgj. s1d

Hereq=su,d,sd is the quark field with three flavors,Nf =3,
and three colors,Nc=3. m̂=diagsmu,md,msd is the current
quark mass matrix andla are the Gell–Mann matrices,a
=0,1, . . . ,8,l0=Î2

3 I .
By using a standard bosonization procedure, an effective

meson action is obtained. The first variation of the action
leads to the the gap equations, which gives us the constituent
quark masses, and the second order expansion of the action
over the meson fields allows to obtain the meson propaga-
tors, from which several observables are calculated(for de-
tails see Refs.[11,13–15]).

Our model parameters, the bare quark massesmd
=mu,ms, the coupling constants and the cutoff in three–
momentum space,L, are fitted to the experimental values of
masses for pseudoscalar mesons(Mp0=135.0 MeV, MK
=497.7 MeV) and fp=92.4 MeV, using the parameterization
of Refs.[14,15,18].

For the calculation of the decaysH→gg we consider the
appropriate triangle diagrams[11]. The corresponding invari-
ant amplitudes are given by:

T̃H→ggsP,q1,q2d = iE d4p

s2pd4TrhGHSsp − q1dê1Sspdê2

3Ssp + q2dj + exchange. s2d

Here the trace Tr=trctrftrg, must be performed over color,
flavor and spinor indices. The meson vertex function,GH, has
the ig5 form in the Dirac space, contains the corresponding
coupling constantgHq̄q (see Ref.[11] for details) and is a 3
33 matrix in the flavor space.Sspd is the quark propagator
Sspd=diagsSu,Sd,Ssd, ê1,2 is the photon polarization vector
with momentumq1,2. The trace over flavors leads to different
factors for different mesons,QHq̄q, that depend on the electric
charges and flavor of quarks into each mesonH: Qp=1/3,
Qhu

=5/9 andQhs
=−Î2/9.

We perform the calculation in the meson rest frame and
use the kinematicsP=q1+q2 and P=sMH ,0d. Taking the
trace in(2) we obtain:

T̃H→ggsP,q1,q2d = emnabe1
me2

nq1
aq2

bTH→ggsP2,q1
2,q2

2d, s3d

where

Tp0→ggsP2 = Mp0
2 ,q1

2,q2
2d = 32apgp0ūuMuIp0

u s4d

and

Th→ggsP2 = Mh
2,q1

2,q2
2d =

32ap

3Î3
fcosus5ghūuMuIh

u

− 2ghs̄sMsIh
sd − sin u Î2

3s5ghūuMuIh
u + ghs̄sMsIh

sdg. s5d

a is the fine structure constant and the integralsIH
i ; IH

i sPd
are given by

IH
i sPd = iE d4p

s2pd4

1

sp2 − Mi
2dfsp − q1d2 − Mi

2gfsp + q2d2 − Mi
2g

,

s6d

with i =u,s. At finite temperature,IH
i sPd takes the form:

IH
i sP0,P = 0d = −

1

4p2E
0

`

dp
p

Ei
2

1

4Ei
2 − P0

2lnSEi + p

Mi
D

3f1 − 2fsEispddg, s7d

whereEi is the quark energy.
Finally, the decay width is of the form:

FIG. 1. Mesonic and quark masses(upper panel) and the mixing
angleu (lower panel) as functions of temperature.

FIG. 2. Meson–quark–quark coupling constants and integral
uIq

Hu310 as functions of temperature, forp0 (left panel) and h
(right panel).
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GH→gg =
MH

3

64p
uTH→ggu2 s8d

and the decay coupling constant is:

gH→gg =
TH→gg

e2 . s9d

As we have shown in Ref.[11], there is a good overall agree-
ment between our results for these quantities, calculated in
the vacuum, and the experimental values[19].

III. DISCUSSION AND CONCLUSIONS

We will discuss our results forp0shd→gg observables at
finite T and we will show that, in spite of a different behavior
of quantities relevant for the calculation of those observ-
ables, as compared to the case of finite density and zero
temperature[11], the conclusions are qualitatively similar. As
already mentioned, the phase transition with density is first
order and the mesons are still bound states beyond the criti-
cal density, although with a weaker coupling to the quarks;
the phase transition with temperature is a crossover one and
the mesons dissociate intoq̄q at the Mott transition point,
where the meson masses cross the threshold 2Mu (Fig. 1,
upper panel) and the meson-quark coupling constants de-
crease sharply, going to zero(Fig. 2).

We plot TH→gg ,GH→gg ,gHgg, as functions of temperature
for p0 and for theh (left panels of Figs. 3 and 4, respec-

tively). For the sake of comparison, we also plot these quan-
tities as functions of the baryonic density, in neutron matter,
in the right panels of these figures. Since we are mainly
interested in discussing the behavior of these quantities up to
the critical point, we plot our results only forTøTMott

p0

<212 MeV and forrBørcr<2.25r0.
The transition amplitude for the pion depends on the

quark meson coupling constant,gp0ūu and on the integral
Ip0
u sP0=Mp0d, that are plotted in Fig. 2, left panel. As dis-

cussed in Ref.[4–6], at the Mott temperature there are
threshold effects which cause a complicated behavior of the
transition amplitude, a fact that does not occur at finite den-
sity where the behavior is smooth. Whilegp0ūu has a sharp
decrease,Ip0

u has a sharp increase, the combination of these
two effects leading to a smooth increase of the transition
amplitude(see Fig. 3). The width has a sharp increase near
the Mott temperature due to the increase of the pion mass,
which is a manifestation of the tendency for the restoration
of chiral symmetry. Let us remember that a sign for the res-
toration of this symmetry is that the mass of the pion in-
creases with density and this meson becomes degenerated
with s meson and the pion decay constantfp goes asymp-
totically to zero.

Concerning theh→gg decay(Fig. 4), although qualita-
tively similar to p0→gg, it depends on the couplings to
strange and nonstrange quarks,ghs̄s,ghūu, on the integrals
Ih
ssP0=Mhd, Ih

usP0=Mhd (Fig. 2, right panel) and also on the
mixing angleusMhd, that we plot in Fig. 1, lower panel. The
behavior of the mixing angle is very smooth, but the cou-

FIG. 3. The decayp0→gg: transition amplitude, decay width
and coupling constant as functions of temperature(a)–(c), and as
functions of the density(d)–(f).

FIG. 4. The decayh→gg: transition amplitude, decay width
and coupling constant as functions of temperature(a)–(c), and as
functions of the density(d)–(f).

BRIEF REPORTS PHYSICAL REVIEW C70, 048202(2004)

048202-3



pling constants and the integrals referred to above show a
behavior similar to the case of the pion. The main difference
is that the peak for the decay amplitude occurs before the
Mott temperature for theh, TMott

h <180 MeV .
In conclusion, we show that these anomalous decays are

significantly affected by the medium, leading to an enhance-
ment of the width around the Mott temperature. However,
this enhancement is probably not sufficient to lead to life-
times shorter than the expected lifetime of the fireball. Re-
cent experimental results from PHENIX[20] show thatp0

production is suppressed in the central region of Au+Au
collisions as compared to the peripherical region. This means
that p0→gg decay could only be interesting for experimen-
tal heavy-ion collisions at intermediate temperatures and

densities. However, although the peak of thep0 andh widths
are at moderate temperature, the decays are probably ob-
served only after freeze-out, since its life times,t, are still of
the order of 10−17 s and 10−18 s, respectively, much larger
than the expected lifetime of the fireball, 10−22 s. A similar
conclusion was obtained for matter at finite density and zero
temperature, although the behavior of the relevant observ-
ables is more smooth.
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