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Abstract

We study the anomalous decazyg, n — yy in the framework of the three-flavor Nambu—Jona-Lasinio [NJL] model, in
the vacuum and in quark matter frequilibrium. It is found that the behavior of the relevant observables essentially reflects
a manifestation of the partial restoration of chiral symmetry, in nonstrange and strange sectors. The probability of such decays
decreases with density, showing that anomalous mesonic interactions are significantly affected by the medium.
0 2003 Published by Elsevier B.V.
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1. Introduction could provide signs for the phase transitions and the
associated restoration of symmetries. As a matter of
The structure of pseudoscalar mesons, its massfact, major theoretical and experimental efforts have

spectra and decays have attracted a lot of interestPeen dedicated to heavy-ion physics looking for sig-
along the years, an important motivation for this in- natures of the quark—gluon plasma, a state of matter
terest being certainly related to the fact that the ori- With deconfinement of quarks and restoration of sym-
gin of these mesons is related to the spontaneous ormetries [1-3]. o

explicit breakdown of symmetries of QCD. Further- [N the limit of vanishing quark masses, the QCD
more, since at high densities and temperatures new-agrangian has 8 Goldstone bosons, associated with
phases with restored symmetries are expected to oc-the dynamical breaking of chiral symmetry. The non-
cur, the study of pseudoscalar meson observables un-€xistence of a ninth Goldstone boson in QCD is

der those conditions is specially relevant since they €xPlained by assuming that the QCD Lagrangian has a
U4 (1) anomaly. The origin of the physical masses of

the different pseudoscalar mesons is due to the explicit
© Work supported by grant SFRH/BD/3296/2000 (P. Costa), by breaking of symmetries, but it presents differences that
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giving a mass top’ of about 1 GeV. So the mass matter [23—-25]. The study of phase transitions in quark

of n’ has a different origin than the masses of the matter simulating neutron matter ghequilibrium, at

other pseudoscalar mesons and it cannot be regardeaero and finite temperature, as well as the discussion

as the remnant of a Goldstone boson. Concerning of behavior of pseudoscalar mesons (in particular

the other two neutral mesons, and z°, they are neutral mesons) in such media, in connection with the

degenerated when thi&, (1) anomaly and the current  restoration of symmetries, has been done in [23-25],

quark masses are turned off, but, when these effectsby analyzing only the mass spectrum. In particular, it

are taken into account it turns out that a percentage was shown that the behavior of the masses®bénds

of n mass is due to the anomaly, and, therefore, in this concern reflects mainly the restoration of chiral

this meson should regarded as less “Goldstone-like” SU(2) symmetry and manifests strongly in the pion.

than the pion. Investigating this problem in vacuum This not so evident for the, due to its strangeness

and in medium is an important task. Besides mass content and the dependence of the anomaly. The aim

spectrum and meson—quark coupling constants, theof this Letter is to investigate the anomalous decays

observables associated with the two photon decay of #° and 5 in the vacuum and in quark matter in

of these mesons might provide useful insight into B-equilibrium and discuss our results in connection

this problem, and calculations of such observables in with the breaking and restoration of symmetries. We

vacuum and at finite temperature may be found in the also compare our results with those obtained by other

literature [4—-11]. authors who studied the effect of temperature on these
Understanding the processeS8() — yy is spe- anomalous mesonic interactions [5-7,11].

cially relevant having in mind that the great percentage

of photons in the background of heavy-ion collisions

is due to the decay of® andn [12]. As a matter of 2. Formalism

fact the production of such mesons is indicated by the

occurrence of two photon pairs with an invariantmass ~ We consider the three-flavor NJL type model con-

equal to these meson masses. Possible medium moditaining scalar—pseudoscalar interactions and a deter-

fications of anomalous mesonic interactions is a topic minantal term, the 't Hooft interaction, with the fol-

that has attracted lost of interest. As pointed by Pis- lowing Lagrangian:

arski[7] and Pisarski and Tytgat [8] while for fermions P R

the axial anomaly is not affected by the medium, the == q(iy"ou —m)q

opposite is expected for anomalous mesonic interac- 1 B B 5 2

tions. In this concern, the study of — yy is particu- + 588 Z[(‘Ilaq) +(qivsr'q)’]

larly interesting due to its simplicity and its association a=0

with restoration of chiral symmetry. Although the life- + gp{def{g(1+ ys)g] + def{g(1— ys)q]}. (1)

time of the neutral pion is much longer than hadronic
time scales and it is not expected to be observed |n5|deNf — 3, and three colorsy, = 3. /i = diagmy, my,

the fireball, the physics is the same as that of other my) is the current quark masses matrix arfdare the
anomalous decays(— nww, w — pmw) that are rel- Gell-Mann matricesg = 0, 1 8,20 = /273l

evant for experiments in the hot/dense_region. The last term in (1) is the lowest six-quark dimen-
A great deal of knowledge on chiral symmetry sional operator and it has tH&J;(3) ® SUg(3) in-
breaking and restoration, as well as on meson Proper-\ - iance but breaks thé (1) symmetry. This term is

tfs' comgs from model calculations [13]. In particglalr, a reflection of the axial anomaly in QCD and can be
L € Ngm u—Jona—.LaIsmlo EjN‘]L] [1ﬁ"15] type mo ej put in a form suitable to use the bosonization proce-
ave been extensively used over the past years to de o (120 24] and references therein):

scribe low energy features of hadrons and also to in- 1
vestigate restoration of chiral symmetry with temper- ,  _ =, p  (73¢
. D = D b
ature or density [16-25]. 65" «(@¥9)
This work comes in the sequel of previous studies x [(a2“q)(a7"q) — 3(Giysr®q)(qivsi’q)]
on the behavior of neutral mesons in hot and dense (2)

Hereq = (u, d, s) is the quark field with three flavors,
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with constantsD,p. = dupe if a,b,c € {1,2,...,8}, i N, 4 p2dp Ei+Ej
where d,,. are theSU(3) structure constants, and 15 (Po) = 4712[ EE, P2 (E 1 E))2
Dooo= +/2/3, Doap = —+/1/6845. o 770 L
The usual procedure to obtain a four quark effective 1 «
interaction from the six quark interaction is to con- +i—%, 9
tract one bilinear(gir,q) making a shift(gr%g) — 2m (EF + E?)

(gr*q) + (g1 *q) with the vacuum expectation value

(gr“q). Then, an effective Lagrangian can be written wherekE; j = ,/p2+ Ml?/. and E;“/. = /(p*)2+ M,.zj

as. are the quark energies. The momentpinis defined
Left = (iy" du — g + Sab[(32"9) (32") ] by p* = /(P — (M; — Mp2)(P§ — (M + M})?)/
+ Pap[ (71 v5:9) (Givsi"q)], @ 2k

The quark—meson coupling constant is evaluated as
where

_2 1 9

Sab = 858ab + gD Dabelqrq), - _ .
ab = 8S0%ab T D abc<q_ :]) 8HGq = MB—IDC)[H[/(PO)]‘P():MH’ (10)
Pab = g58ab — g0 Dabe(q 1 q). 4)
Integration over quark fields in the functional integral Where the bound state contains quark flavoys
with (3) gives the meson effective action Having the on-shell quark-meson coupling con-
stant we can calculate the meson decay consfagnt
Wett = —i TrIn(i 0,y — 11t + 0a A + i ys¢ar?) according to the definition
1 _ _
- E(Ga Sab 1Ub + ¢a Pap 1¢b)- (5) P d4
_ e L

The fieldso® and¢“ are the scalar and pseudoscalar i =Negnaq P2 | (2n)4

meson nonets. _
The first variation of the action (5) leads to the set x tr[ (i ys)Si (p) (Yuys) S (p + P)]. (11)

of gap equations for constituent quark maskgs
gap eq q stk Our model parameters, the bare quark masses

M; =m; —2g5(qiqi) — 2¢p{q;4q;) < qrqr) (6) m,, mg, the coupling constants and the cutoff in three-
momentum spaceq, are fitted to the experimental

with i, j,k = u,d, s cyclic and(gigi) = —i TrSi(p) values of masses for pseudoscalar mesdso (=

are the quark condensates. Here the symbol Tr means; 3t § MeV My = 497.7) and f, = 92.4 MeV.
s =497. = =92 .

trace in color and Dirac spaces and integration over Here we use the following parameterization [21,24,
momentump with a cut-off parameterd to regu- 25]: A = 6023 MeV, gs A2 = 3.67, gp A5 = —12.39

larize the divergent int%grals. Theb pgeug?cscala;] me- m, =my = 5.5 MeV andm, = 1407 MeV.
son r_n_assesMH (H”= -, n) are obtained from the We also haveM, = 5148 MeV, 0(M2) = —5.8°,
condition(1 — P;; [T (Po = My, P =0)) =0, where i = 2.29, g5y = —3.71 n

. _ y . . . nuu — &- 181Ss — . .
Y (Po = My, P = 0) is the polarization operator at Note, thatd (M?) is the mixing angle which repre-
the rest frame o0 0 .

sents the mixing ok® and1” components in the-

19 (Po) meson state (for details see [24,25]). )

. i N (D2 g s a2\ i For the quark condensates we haiigt) = (dd) =

=A4[(l+ 1) = (P — (M = M))*) Iy (Po)]. —(2419 MeV)3, (5s) = —(257.7 MeV)3, and M, =
@) My, = 367.7 MeV, M; = 5495 MeV, for the con-

and integrals are given by stituent quark masses. In this section we have
A described the NJL model with the 't Hooft determi-

i Nc /D_de ®) nant. The model describes well the vacuum proper-

YW an2 ) BT ties related with chiral symmetry and its spontaneous
0

breaking including their flavor dependence.
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7

Fig. 1. The quark triangle diagram for tti¢ — y y (direct and exchange process).

3. Thedecay H — yy E;(Pz:M,?,CIE,CIzZ)
320w " P
For the description of the decays— yy we con- =373 [cosd (5gpiuly — 2gyss1,)
sider the triangle diagrams for the electromagnetic me-
son decays. They are shown in Fig. 1. The correspond- — SinO~2(5gpaul + gnss 13) ). (15)

ing invariant amplitudes are given by i i i
wherea is the fine structure constant. The integrals

1L, = I}, (P) are given by

Tu(P.,q1,92)
d*p o (e d 1
=i | =7 Tr{uS(p — q0ésS(p)éS(p +q2) P py=iM; | 2P~
f(2n)4 {TuS(p—q pé&Sp+ad} [P lM,f A
+ exchange (12) 1
X .
Here the trace T tr tr ¢ tr,,, must be performed over [(p — q1)? = MA[(p + q2)? — M7]
color, flavor and spinor indices. The meson vertex (16)
function Iy has theiys form in the Dirac space, | order to introduce finite density effects, we apply
contains the corresponding coupling constang, the Matsubara technique [6,26], and the integrals
(see (10)) and presents itself thecB matrix form in relevant for our calculation ((8) and (9)) are then
the flavor spaceS(p) is the quark propagatdt(p) = modified in a standard way [23-25]. In particular

di_ag(Su, Sd, Ss), €12 is the photon polarization vector I;-I(P) (16) takes the form:
with momentumy1 2. The trace over flavors leads to
different factors for different mesong: Qpg,. This

i —

factor depends on the electric charges and flavor of I (Po.P=0)

H . _ _ oo
quarks into the mesoH: 0, =1/3, 0,, =5/9 and M P 1 | Ei+p .
0y, = —V2/9. =T | P2 "\ T ) (47

For this evaluation, we move to the meson rest pe Lo 0 '
frame and use the kinematiés= g1 + ¢> and P = _ .
(Mp, 0). Taking the trace in (12) we can obtain wheres,; is the Fermi momentum.
Finally, the decay width is obtained from
%H(Py qi, q2):6/Lvaﬂei‘6‘2JQfQ§TH(P27 q%? q%)’ M3
@) ry.,, = a1 Ty I (18)

where

and the decay coupling constant is
Too(P? = M20.4f. 45) = 32m g 00, 1o (14)

TH%yy
8H—yy =

and e2 (19)
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1000

4, Discussion and conclusions

800

We present in Table 1 our results faly_.,,,
Th—yy andguy, (H = (7% 1)) in the vacuum, in

< 600+

comparison with experimental results [4,9,27], and we > +

can see that there is a good agreement. = 400 4
Some comments are in order concerning our calcu- EE

lation of the integrall},(P) (17). The fermionic ac- 2004
tion of NJL model (5) has ultraviolet divergences and
requires a regularizing cutoff. However, the integral
I},(P) (17) is not a divergent quantity. We chose to
regularize the action from the beginning, so that there
is no need to cut the integralj,—only the ultravio-
let integralsz; (8) andZ,’ (9) are regularized [22].
The advantages of using — oo in nhondivergent in-
tegrals was already shown in [5,6,22], where a better
agreement with experiment of several observables is -2.0+
obtained with this procedure. 1.
Now let us discuss our results at finite density. We -4.04" (b)
consider here the case of asymmetric quark matter im- . T T
posing the condition of equilibrium and charge neu-
trality through the following constraints, respectively PP,
on the chemical potentials and densities of quarks and
electronsity = s = ftu + e and%,ou _ %(Pd + ps) — Fig. 2 Mesonic and quark masses (a) and 'meson'—quark—quark
— 0. With o = 1.2 M2320(u2 — M2?) and coupling constant, (b) as function of the baryonic density.
Pe » WItN pj = -5 (u; D) (u; 0

3
pe = 35 [23-25].

As discussed by several authors, this version of the is the nuclear matter density) surrounded by a non-
NJL model exhibits a first order phase transition [19, trivial vacuum—and, above this density, a quark phase
23,28]. As shown in [28], by using a convenient para- with partially restored chiral symmetry [23,28]. An in-
meterization [21] the model may be interpreted as hav- teresting feature of quark matter in weak equilibrium
ing a mixing phase—droplets of light 4 quarks ata is that at densities aboyg ~ 3.8 pg the mass of the
critical densityp. = 2.25p¢ (Wherepg = 0.17 fm=3 strange quark becomes lower than the chemical poten-

tial what implies the occurrence of strange quarks in
this regime and this fact leads to meaningful effects on

0.0

quq

Table 1 the behavior of meson observables [23-25].

Comparison of the experimental values with numerical results In order to evaluate the transition amplitude of

obtained in the NJL model the decayH — yy in function of the density, we
NJL Exp. require the behavior oMy and gng, with density,

7% T, lleviTt 25x107tt  @25+01) x10°M that are plotted in Fig. 2(a) and (b), respectively.
Lo, [eV] 7.65 7.78(56) As we will discuss in the sequel, this behavior is
g0, [GeVI ™1 0.273 0274+ 0.010 essentially a manifestation of the partial restoration of
T, I8 871x 10717 857x 107V chiral symmetry. The difference between the behavior

D [Tyl [Vt 254x 1011 (252006 x 10-11 atT =0, p#0 andT #0, p =0 is that, in the last
oo (keV] 0.440 0465 case the mesons are no more bound states above the

KRS critical point since they dissociate iy pairs at the
sy [GEVI 0278 0260 Mott temperature. At finite density they continue to
Ty yy [S] 152x 10718 143x 10718 b ' y they

be bound states but with a weaker coupling to the
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Fig. 3. The decayr® — yy: (a) transition amplitude; (b) decay

width; (c) coupling constant.

quarks as it can be seen in Fig. 2(b). So, it is natural to
expect that the effect of density o — yy decay

870_,,, decrease with density reflects the fact thit

and g0, decrease with density. As it can be seen
from Fig. 2, the quark mass decreases sharply while
8,0, decreases more slowly. In the regipn< p.

the behavior of the transition amplitude is dictated
by a compromise between the behavior of the mass
and the meson quark coupling. Aboye the mass
decrease seems to be the dominant effect. Concerning
I, ithas amaximum at about the critical density,
since there are two competitive effects, on one side the
decrease of the transition amplitude and, on the other
side, the increase of the pion mass. Above the critical
density the two photon decay of the pion becomes
less favorable, what reflects that it turns a weaker
boundgq pair, as already mentioned before. This is
compatible with recent experimental results indicating
that pionic degrees of freedom are less relevant at high
densities [29].

In order to clarify the connection between the be-
havior of the anomalous couplings and the restoration
of chiral symmetry one can do the simple exercise of
calculating the transition amplitude in the chiral limit,
by setting the external momenta equal to zero. Then,
similarly to [7,8], where such analysis was done with
temperature, we g¢¥,0_, | « Mf—: rlz the mass de-
creases being the dominant effectu, which leads to a
vanishing of the transition amplitude at the critical
density.

Concerning the; — yy decay, although qualita-
tively similar to 7% — yy, there are differences that
we will examine in detail and that are related to the
evolution of the strange quark content of this meson
and the behavior of the strange quark in this regime.

observables be qualitatively similar to the effect of The quark content of is given by

finite temperature.

We discuss now our results for the medium effects
on the two photon decay of: Tr0_py, 170,
and go,,, that are plotted in Fig. 3(a)—(c). In order
to understand this results let us remember the central
role of this meson in connection with the breaking and
restoration of chiral symmetry in th8U(2) sector.
A sign for the restoration of this symmetry is that

1 _
= CO0SH0—|uu + dd — 255
[n) ¢§| )

2 -
- Sine\/; litw + dd + 5s). (20)

It was show in [24] that the mixing angled (=
—5.8° in the vacuum) decreases with density, has a

the mass of the pion increases with density and this minimum (>~ —25°) at p ~ 2.8 pg, equals to zero at

meson becomes degenerated withmeson and the
pion decay constanf, goes asymptotically to zero.
The behavior ofr® — yy observables with density is

p =~ 3.5pp, then it increases rapidly up to the value
~ 30°, when strange valence quarks appear in the
medium { =~ 3.800). gy5s (Fig. 1(b)) reflects this

closely related with the restoration of chiral symmetry evolution of the strange quark content. So, one sees

in the U(2) sector. The fact thafﬂoﬁw, as well as

that at high densities thgis governed by the behavior
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Fig. 4. The decay; — yy: (a) transition amplitude; (b) decay
width; (c) coupling constant.

of the strange quark mass. Since afier 3.8 pg there
is a tendency to the restoration of chiral symmetry in

135

ferent quark structure of these mesons, at high densi-
ties they share a behavior which is mainly a manifes-
tation of restoration of chiral symmetry. We show that
these anomalous decays are significantly affected by
the medium, however the relevance of this results from
the experimental point of view should be discussed.
Recent experimental results from PHENIX [29] show
thatz© production is suppressed in the central region
of Au + Au collisions as compared to the peripherical
region. This means that® — yy decay could only be
interesting for experimental heavy-ion collisions at in-
termediate densities. However, although the peak of
the 70 width is at a moderate density (see Fig. 3)
its life time is here of the order of.@8 x 10717 s,
much longer than the expected lifetime of the fireball
in the hadronic phase, 18 s, so the decay should
occur outside of the fireball. The same considera-
tions apply to they, although its maximum lifetime

is 9.36 x 10~1° s. However, since the physics under-
lying these processes is the same of other anomalous
processes interesting from the experimental point of
view, the modification of anomalous mesonic interac-
tions by the medium might, in principle, be observed.
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