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Abstract: We give a compact analytic expression for the fully-dressed next-to-leading
order contribution to the retarded quark self-energy in the context of hard-thermal-loop
summed perturbation of massless QCD at high temperature. We also give the analytic
expressions of the hard thermal loop vertex functions. The calculation is done using the

1. Introduction

Over the last decade, a great deal of work has been
devoted to the study of field theories at finite
temperature and density. This intense effort has
been partly motivated by the hypothetical existence
of a quark-gluon plasma (QGP) phase at very high
temperature and/or density. This QGP phase is
connected to the early stages of the evolution of the
universe [1] and may also be observable in
relativistic heavy-ion collisions [2].

Among the important theoretical issues at stake is
the strong infrared behavior of gauge theories at
high temperature which generally leads to a number
of paradoxes in perturbation theory [3]. In
particular, an apparent gauge dependence of
physical quantities has been found in certain
calculations which lead to a controversy regarding
their interpretation. An important example is the
gluon damping rate at zero momentum in one-loop
calculations: this quantity was found positive in the
time-like axial and Coulomb gauges [4,5,6] and
negative in covariant and background field gauges
[7,8]. The problem was resolved in [9]. Indeed, it
turns out that in order to calculate consistently at
high temperature, we have to use an effective
perturbation that sums the so-called hard thermal
loops (HTL) into dressed propagators and vertices
[9, 10]. When applied to the zero-momentum gluon
damping rate, the effective perturbation yields a
finite, positive, and gauge-independent result [11].

Pushing the HTL-summed perturbation theory
further, the infrared behavior of the gluon and
quark damping rates have been studied in
[12,13,14,15,16,17,18] using the imaginary time
formalism. A similar calculation has also been
carried out in the context of scalar electrodynamics
[19].

In the present communication, we show the main
steps leading to the determination of an analytic
expression for the next-to-leading contribution to
the retarded quark self-energy in massless QCD at
high temperature using the real-time formalism [20,
21, 22].

2. Effectvie Expansion

We use covariant gauge. The HTL-summed
fermion propagator is defined as follows:

4 P)=i(P-a5,(P)" .

52h[,(P) in this expression is the hard-thermal-
loop contribution to the fermion self-energy. The
HTL-summed gluon propagator is given by:
* A — P 1

Aga(k) =P AT — K2 Fisgn(k, e
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,D are the projection tensors.
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The HTL-summed fermion-gauge-boson vertex is

given by: ‘o —y LT -

in which the quantity ol s the HTL
contribution. Also, The HTL-summed fermion-pair
2-gauge boson vertex is:

*I—V#V :é‘j—wv ’ (4)

where Js e corresponding HTL contribution.
The quark dispersion relations are determined by
the poles of the HTL-summed quark propagator or,
equivalently, are found as solutions of the equation:

det(P - Zret(l:))) =0, (5)
The next-to leading order quarks energy and
damping rate are therefore given by:

Re'Z, (o, p)

Avhtl
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In these expressions, @, (p) is the leading-order
guark energy. Thus, to obtain the next-to leading-
order dispersion relations for soft quarks, we have
to determine the next-to leading-order quark self-
energy.

The diagrams that contribute to the next-to-
leading-order quark self-energy are the
following two diagrams with soft internal loop
momentum.

fa¥e)

Dressed quark self energies

The contribution of the first diagram in the Keldysh
basis is given by:

1)

=g Tr [F”ﬂ (P.Q) A’ (q)

diagram 1
7
F,Bab(Q P) Aaa( )} (7)
and the contrlbutlon of the second diagram is:
diagram 2 - ngr [*FEECd (P’ K’_K’_P) *AC/(JjV(K)]’ ®)
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As found in [23] and using the notation there, the
contributions of the two diagrams are grouped in
the following two terms:

= Zde (ko )+ "85 (KON, (6, )82 Q)

x (2 ry [2](P,Q) o [2](P,Q)—(*F,f 2P.Q)f
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In these expressions, de: ¢ jdk i dk'[digl b, (k)= 0(K) -0 ()

and T, MPQ =g, +I(P.Q} =205

We have expressed the effective quark self-energy
in a compact form. Next is to give the analytic
expressions of the vertex functions involved.

3 The Vertex Functions

As a prototype, consider the function:
J' KA‘U Kv
4z (KP+ig)K P —ig)

We first express oS using the Feynman
parameterization

or*(PP)= j dsfde2

sr(P,P')= (11)

-1 (12)

(S(K P +ie)-(1-s)K P i f
The  denominator can  be as
D =(KR(s)+ief, R(s)=—P'+sQ Q=P+P
The integration over d¢2 gives the following result:
2r
r,+ig)

written

sr(P,P') jds —

(13)
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We can write
(r,+igf —r* = As? +2Bs+C A=Q?
B=-QP'+igy, C=(p,—ic) —p”

We then find the result:

°(p p')= L i : (14)
Sr”(P,P)=——(F+ jG), A=B*-AC
(PP)= 1 (F+ i6)
2 2 2
with F=1|n(1_!1) jrl _Em(l_Zz) !
2 24 r2+i2
and G= arctan1 L tarctan 1—arctan1 2 _arctan-2 2

i i i, i,
Here, the quantities I, r,are the real parts of the
root of denominator, and il, i2 their imaginary
parts. Following the same steps, we derive the other
components of the vertex functions. We have:

—k°k!

(s(KP+ie)-a-s)R P'—ie)f

_kOPE ds 2(r'n+2|g) A (r0+r)2 +e?
2r (rp+igf-r2 2r (r,-rf+¢

_r
arctan }],
&

KK RS AR
(s(RP+ic)-(- S)(K.P'—ig))272-!d( fa)

a= rl {3 3(r0+|‘s){—lnir0 r; r( ro;fj}
ﬂ:%}(z—(mi‘s){?m% ir[arctan%r‘arctan“’—:j}}

(ry +ig)* —r?
The integration over S
numerically.

ao(p,P’) jdsj i

i 0 +r
arctan
r £

(P, P'):jdsjji;

is to be carried out

3. Conclusions

We have given a compact analytic expression for
the complete next-to-leading contribution to the
retarded quark self-energy in the context of hard-
thermal-loop summed perturbation of QCD at high
temperature. We have also determined the compact
expressions for the hard thermal loop contributions
to the vertex functions. What remains to do is to
perform the integrals numerically to evaluate the
guark energies and damping rates. These
integrations are not straightforward and will
necessitate heavy numerical work. This is currently
in progress.
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