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Two-loop contribution to high mass dilepton production by a quark-gluon plasma

J. I. Kapusta* and S. M. H. Wong†

School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455
~Received 20 March 2000; published 19 July 2000!

We calculate the orderas finite temperature correction to dilepton production in quark-gluon plasma arising
from the two-loop photon self-energy diagrams for high invariant massM@T.

PACS number~s!: 12.38.Mh, 11.10.Wx, 13.85.Qk, 25.75.Dw
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Very early in the history of quark-gluon plasma studies
was realized that quark-antiquark annihilation into lept
pairs could provide information on the highest temperatu
achieved@1–5#. An example of this would be chiral symme
try in the hot plasma@6#. Soon after, the thermal rates we
used@7# in conjunction with the Bjorken model@8# for the
dynamical evolution of the hot matter produced in heavy
collisions, and by now this has become an industry. In t
Brief Report we shall examine the effect of the orderas
correction to the thermal rate in the high invariant mass lim

In the rest frame of the thermal system the rate of prod
tion of lepton pairs is given by the formula@9–13#
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Here k5p11p2 is the momentum of the virtual photo
expressed as the sum of the positive and negative le
momentaE5k0 andk25M2. The imaginary part of the re
tarded photon self-energy is labeled ImPmn. In the limit of
interest here, namelyM@T@uku, the photon self-energy
does not distinquish between longitudinal and transverse
larizations, and may be written as

Pmn5S kmkn

k2
2gmnD P. ~2!

When the lepton mass is small in comparison toM the rate
then simplifies to
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This expression is valid to lowest order ina and to all orders
in the strong interactions.

The lowest order contribution to ImP arises from the one
loop self-energy with a light quark circulating in the loo
The vacuum piece is

*Electronic address: kapusta@physics.spa.umn.edu
†Electronic address: swong@nucth1.hep.umn.edu
0556-2813/2000/62~2!/027901~2!/$15.00 62 0279
t

s

n
s

t.
-

on

o-

Im Pone-loop52
eq

2

4p
M2, ~4!

whereeq is the electric charge of the quark. The finite tem
perature piece is suppressed bye2M /2T!1 and may be
dropped. For three light flavors the resulting rate is
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e2M /T. ~5!

This is the same as one gets by using kinetic theory to
culate the thermal rate for the reactionq1q̄→ l 11 l 2, of
course. An orderas correction arises from the two-loop pho
ton self-energy diagrams displayed in Fig. 1. Using the te
niques developed in Ref.@14# to open up the loops of thes
diagrams corresponds to a number of processes. Som
these processes just modify the vacuum self-energy, suc
an interference term between the tree vertex forqq̄g and a
one-loop modified vertex. Such processes simply modify
rate given above by multiplying by a factor 11order(as)
and are not given here. Other processes explicitly invo
finite temperature many-body effects. Among them are re
tions such asq1g→q1 l 11 l 2 and q1q̄→g1 l 11 l 2.
Also among them are some that involve interference betw
the tree level reaction,q1q̄→ l 11 l 2 together with a spec-
tator quark or gluon, and a three-body initial state involvi
q1q̄1g or q1q1q̄ or q1q̄1q̄. These are displayed ex
plicitly in Fig. 2. All such finite temperature contribution
were computed by us in the process of determining the s
in mass and width of theZ boson in quark-gluon plasm
@15#. Those results may be taken over directly by setting
quark axial vector coupling constantgA to zero and the quark
vector coupling constantgV to the electromagnetic oneeq
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The proportionality toT2 is natural given that the only othe
relevant scale isM. It cannot be stressed enough how impo

FIG. 1. Two-loop contributions to the photon self-energy due
QCD interactions.
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tant it is to include the interference diagrams involving
spectator quark or gluon from the plasma. Without them
thermal rate would be infrared power divergent.

The relative contribution of the two-loop finite temper
ture contribution is just the ratio of the imaginary parts ofP

FIG. 2. Opening up the two-loop diagrams of Fig. 1 leads
various reactions, including the interference contributions sho
here. The produced dilepton pair has been added and shown
large dotted lines. The quark line that originates from a loop wit
a single amplitude has been drawn with dashed lines.
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Since the correction arises from thermal quarks and gluo
the strong coupling should be evaluated at the thermal sc
The one-loop beta function gives rise to the running coupl
~with three light flavors!

as~T!5
6p

27 ln~T/50 MeV!
. ~8!

The argument of the logarithm is chosen such thatas takes
the values 0.5 and 0.25 at temperatures of 200 and 1
MeV, respectively. The former temperature is comparable
or slightly above the minimum temperature to form qua
gluon plasma. The highest temperature expected at the R
is about 500 MeV, while the highest expected at the LHC
about 1 GeV. The two-loop contribution is subordinate to t
one-loop result whenM exceedsT by 2 or 3 times, so gen-
erally this means thatM must exceed 2 or 3 GeV for highe
order terms to be negligible. Remember that the result
tained here assumes thatM.T so that it cannot be extrapo
lated to smallM.

As long as the pair momentumk is small compared toM
the above calculation should apply. Extension to larger v
ues of the momentum may easily be done by using the te
niques developed in Ref.@14#. That may be of practical im-
portance for a reliable description of the background toJ/c
production, absorption, and screening in the plasma.
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