RAPID COMMUNICATIONS

PHYSICAL REVIEW D

PARTICLES AND FIELDS

THIRD SERIES, VOLUME 50, NUMBER 3

1 AUGUST 1994

RAPID COMMUNICATIONS

Rapid Communications are intended for important new results which deserve accelerated publication, and are therefore given priority
in editorial processing and production. A Rapid Communication in Physical Review D should be no longer than five printed pages and
must be accompanied by an abstract. Page proofs are sent to authors, but because of the accelerated schedule, publication is generally

not delayed for receipt of corrections unless requested by the author.
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Dilepton production from hot hadronic matter is studied in an effective chiral Lagrangian with pions, p
mesons, and a; mesons. We find that the production rates from reactions that involve axial-vector mesons
dominate over contributions from all other reactions when the dilepton invariant mass is above 1.5 GeV.

PACS number(s):

In nucleus-nucleus collisions at ultrarelativistic energies, a
hot and dense matter consisting of quarks and gluons is ex-
pected to be formed in the initial stages of the collision. This
quark-gluon plasma will, however, transform into hadronic
matter as it expands and cools below the critical temperature.
Since dileptons and photons produced from the quark-gluon
plasma do not suffer final-state interactions, they carry infor-
mation about their production and have been considered as
possible signatures for the formation of the quark-gluon
plasma [1-4].

However, hadrons in the hadronic matter still interact vio-
lently until freeze-out. Dileptons and photons can thus be
produced also from the hot and dense hadronic matter. To use
dileptons and photons as signatures for the quark-gluon
plasma, we need therefore to distinguish them from those
produced from the hadronic matter.

For dileptons with invariant masses larger than the J/¢
mass (3 GeV), the dominant contributions are from the
Drell-Yan process and direct charm decay [4], while for in-
variant masses lower than the ¢ meson mass (1 GeV), radia-
tive and direct decays, together with 77 annihilation, form
the brightest sources. To distinguish the quark-gluon plasma
with these low invariant mass lepton pairs is thus expected to
be extremely difficult [5]. However, for dileptons of invari-
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ant masses that are between the ¢ and J/¢ masses,
my<M<my,,, the original suggestion was that the contri-
bution from the quark-gluon plasma may dominate that from
the hadronic matter [2]. One may then be able to study the
quark-gluon plasma by concentrating on those lepton pairs.

The dilepton production rates from hadronic matter have
usually been calculated by assuming that the hadronic matter
consists only of pions. Recently, one of us and Lichard [6]
have shown that for temperatures 7>100 MeV dilepton pro-
duction from reactions involving higher-mass hadron reso-
nances becomes important. Including both strange and non-
strange pseudoscalar and vector mesons, it was found that in
the invariant mass region where one could expect dominant
dilepton contributions from the quark-gluon plasma, the re-
actions involving pseudoscalar and vector mesons lead to
significant lepton pair signals. It is thus essential to carefully
study dilepton production from hot hadronic matter with the
inclusion of higher mass mesons.

In connection with photon production from a hot hadronic
gas, it has recently been shown that the contributions from
processes with @, mesons in the intermediate states dominate
[7.8]. 1t is thus reasonable to expect that the a; meson would
also play an important role in dilepton production. It is the
purpose of this paper to investigate this assertion. We shall
study dilepton production from processes involving the a,
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meson in a thermalized hadronic matter using an effective
chiral Lagrangian that includes not only pseudoscalar and
vector mesons but also axial-vector mesons [8-10].

In our effective Lagrangian, the pseudoscalar mesons (¢)
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are described by the nonlinear o model while the vector
(V,) and axial-vector (A ,) mesons are included as massive
Yang Mills fields of the SU(2)XSU(2) chiral symmetry. The
lowest order interaction terms are given by
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The parameters of the effective Lagrangian (g,§,0,my) have
been determined from the experimental data on the decay
widths and masses of p and a; mesons.

The electromagnetic interaction is introduced through im-
posing the U(1)gy gauge symmetry on the effective chiral
Lagrangian; i.e., we let
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where a, is the electromagnetic field and
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FIG. 1. Lowest order diagrams for dilepton production from
axial-vector mesons in the hadronic matter.
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with Q =diag(3,—3,—3) the quark charge matrix. ¥gy en-
sures that the Lagrangian is invariant under the gauge trans-
formation. The above equation shows that the electromag-
netic couplings of the vector mesons are given by the same
form as in the vector meson dominance model [11].

The a; meson contributes to dilepton production mainly
through the two processes 7+ +a; (7~ +a,)—e* +e” and
af +a;—e*+e”, as shown by the two diagrams in Fig. 1.
While the annihilation of two a; mesons yields a lepton pair
with a large invariant mass, the annihilation of the a; meson
with a pion will be of interest in the invariant mass region
considered here.

In general, the dilepton production rate from the annihila-
tion of two hadrons 4, and 4, can be written as

dN dpl d’p,
EAT; ( ) (2m )3f(P1)f(P2)U(1+2“"l - )Urely

(6)

where ./ is an overall degeneracy factor, f(p) is the distri-
bution function of the incoming particles at temperature T,
U, is the relative velocity of the two particles, and o
is the dilepton production cross section for the reaction
hy+hy,—1*+1" [3]. As the cross section depends only on
the square of the invariant mass s=(p;+ p,)’>=M?, this ex-
pression can be simplified to
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In this calculation, we focus on dielectrons and have ne-
glected the small lepton masses but it is straightforward to
include them. The differential production rate then becomes
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where M is the invariant mass of the dilepton.

The dilepton production cross section is given by the
product of a form factor and the square of a scattering am-
plitude, which can be written as

W2 = 4_12 ’ ny
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with g=p,+p,=p3+p, and a the fine structure constant. In
the above, L, is the leptonic tensor given by

L**=p4pi+pips—8""pips (12)
and H*"” is a hadronic tensor for the reaction.
The hadronic tensor H*” for the reaction
mt+ 7" —e’+e” is given by
H*"=(p5—p{)(p;—pP1), (13)

which leads to the well-known result for the 77 annihilation
Cross section:

47 a? 5 4mf, vz
UW(S)=?T|FWI 1-——], (14)

where F . is the pion form factor.
For the reaction p*p~—e*e™, the hadronic tensor H*”

is
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FIG. 2. Dilepton production from the hot hadronic matter at T=
150 MeV; the dotted and dashed curves are contributions from
mtm”—ee” and ptp~ —ete”, respectively, while the solid
curves are from w*a; (7 a/)—e*e” and afa; —ete”.

hbP=(pt—ph)g*P—(q*+p3)gP*+ (pi+qP)gh.  (16)

For ma annihilation into a lepton pair, the hadronic ten-
sor has the form

HF'=hohy o= hialprah,®pramy , 17)
with
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FIG. 3. Same as Fig. 2 for T=200 MeV.
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1—g\ 12 ( gF, 4¢72 In summary, we have considered dilepton production
771—( — —7) +—, from reactions that involve the a; meson. We have found

1+o 2 N . . . -
Mol FaNlto that dilepton production from the reaction 7m*a, (7 a;)
L+ o112 [ oF | 4 —ete” is more important than that from p*p~ annihila-
- o ) (8 72r) _ g ] (19) tion. This observation is independent of the temperature of

1—0 2my|  gF . 1-0o? the hadronic matter.

The hadronic tensor for the reaction a; +a; —e*+e”
can be obtained from the reaction p*p~—e*e” by replac-
ing &, and m, with h,,1 and m, , respectively. The h;‘l"ﬂ is
then given by

hG = (ph—pi)g ™ = (L +p5)gf + (pf+ {aP)gm,
(20)

with

1-o
6= 1+o (21)

We have calculated the dilepton production rate from had-
ronic matter at two temperatures, 7=150 and 200 MeV, and
the results are shown in Figs. 2 and 3, respectively. The
dotted curve is the ‘“usual” result from the reaction
mt 7 —e*e” which dominates at low invariant masses.
The contribution from the reaction p*p~—e* e~ is shown
by the dashed curve. This process was found in Ref. [6] to be
the dominant one for dileptons of invariant masses in the
region 1.5 GeV <M < 3.0 GeV. The solid curves are from
the reactions 7 a; (7 a)—e’e  and a a, —e'e,
both involving the a; meson. We note that in our calculations
we have used the same form factor for "7~ —e*e” and
ptp~—ete, as in Ref. [6]. This is based on the observa-
tion that the intermediate vector meson state in the reaction
pTp~ —e™ e has the same quantum number as the neutral p
meson that appears in the empirical pion electromagnetic
form factor. Following the same argument, we assume that
the form factors for the reactions 7*a; (7 a;)—e*e and
aja; —e*e are also the same as for 7" 7~ —e*e . This
choice of the form factor then leads to the resonant structure
in the dilepton spectra from the 7 +a, reaction. Although
such a resonant structure might be artificial, the form factors
we use in the calculation are consistent with the prescription
of Ref. [6] and thus allow us to compare the relative contri-
butions from 7+a; and p+ p to dilepton production.

Our results at 7= 150 MeV show that the a, meson plays
an important role in dilepton production from hadronic mat-
ter. Dilepton production from mra; (7 al)—e e isseen
to dominate over the reaction p*p —e’e” and is most
important in the invariant mass region 1.5 GeV <M< 3.0
GeV: the possible window for observing the quark-gluon
plasma in ultrarelativistic nucleus-nucleus collisions. As ex-
pected, the reaction a, a; —e* e~ becomes important only
at higher invariant masses. Similar conclusions are reached
at T=200 MeV, with an overall enhancement in the dilepton
yield.
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Our prediction is based on an effective Lagrangian with
parameters determined from the empirical masses and widths
of p and a; mesons. Because of the uncertainty in the a,
width, these parameters also have uncertainties which would
affect the absolute magnitudes of both 7+a,—e¢* e~ and
p+p—e*e”. However, the relative importance between the
two contributions should not be much affected.

As in photon production from the hadronic matter, the
a, meson is important in dilepton production from the hot
hadronic matter as well. This fact raises an interesting ques-
tion about the role of heavy mesons in hadronic matter. Will
we get an enhanced production of dileptons and photons as
we include other heavier mesons? Are heavier mesons more
important than the light ones in determining the photon and
dilepton production rates? This probably is not the case as
the dilepton production rates from reactions that involve the
¢ meson have been shown in Ref. [6] to be negligible com-
pared with the production rate from the reaction p*p~
—e*e”. This might indicate that the enhancement observed
in the present study is just due to the a; meson. In this
respect, it will be of interest to study photon production from
strange particles. Also, it would be useful to extend the
present study to the case of SU(3)XSU(3) symmetry.

There are higher order contributions to the dilepton pro-
duction from the hot hadronic matter, which are related to
processes similar to those considered in photon production
[8]. We expect that a consistent inclusion of the a; should
also add significantly to the contribution from higher order
reactions.

There are other reaction channels, such as 7+ b(1235),
7+ a,(1320), etc., which also contribute to the production
rate of lepton pairs in the invariant mass region of interest.
To include all possible resonances is, however, out of scope
of present calculations with the effective Lagrangian. Also,
we expect that the a; meson would play the most important
role among all resonances in the hadronic matter. Moreover,
the prime goal of our study is to understand qualitatively the
role of the a; meson in lepton pair production from hadronic
matter. To obtain a quantitative prediction for the dilepton
yield requires not only to include the contribution from all
resonances but also to describe properly the dynamics of the
hot hadronic matter that is produced in ultrarelativistic
nucleus-nucleus collisions.
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