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Mass corrections to the hard thermal or dense loops
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We compute corrections to the hard thermal (or dense) loop photon polarization tensor associated to a small
mass m of the fermions of an electromagnetic plasma at high temperature 7 (or chemical potential y). To this
aim we use the on-shell effective field theory, amended with mass corrections. We also carry out the
computation using transport theory, reaching to the same result. Intermediate steps in the computations reveal
the presence of potential infrared divergencies. We use dimensional regularization, as it is respectful with the
gauge symmetry, and then show that all infrared divergencies cancel in the final result. We compare the mass
corrections with both the power and two-loop corrections, and claim that they are equally important if the
mass is soft, that is, of order eT (or eu), where e is the gauge coupling constant, but are dominant if the mass

obeys eT <m < T (or ey < m < ).
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I. INTRODUCTION

Relativistic QED and QCD plasmas have attracted the
interest of the physics community for their wide range of
applications in both cosmological, astrophysical and also
heavy-ion physics. In their weak coupling regime perturba-
tive computations of different physical observables require
the resummation of Feynman diagrams [1,2], the so called
hard thermal loops (HTL), to attain a result valid at a certain
order in the gauge coupling expansion (see [3] for a review
and complete set of basic references). This makes the studies
of relativistic plasmas particularly cumbersome.

For very large values of the temperature 7' (or of the
chemical potential u), a well-defined hierarchy of energy
scales appears in these relativistic plasmas, that allows for
effective field theory descriptions, very similar to those
applied for nonthermal physics. In a series of papers [4-9],
the on-shell effective field theory (OSEFT) has been
developed in order to describe the physics of the hard
scales, or scales of order T (or u), which are on-shell degrees
of freedom. This effective field theory was initially devel-
oped to obtain quantum corrections to classical transport
equations. Then it was realized that it could be used to
improve the description of the hard scales of the plasma, and
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as by-product, also the soft scales of order e7 (or ey), where
e is the gauge coupling constant.

The rationale and technical tools used by OSEFT are
the same as that of other effective field theories, such as high
density field theory (HDET) [10], or soft collinear effective
field theory (SCET) [11,12], for example. After fixing
the value of the high energy scale, in this case the energy
of the (quasi) massless fermion, which is of order ~T for
thermal plasmas, one defines some small fluctuations around
that scale. Integrating out the high energy modes, one is left
with an effective theory for the lower scales or quantum
fluctuations. The resulting Lagrangian is organized as an
expansion of operators of increasing dimension over powers
of the high energy scale.

In this manuscript we focus our attention to thermal
corrections to the HTL photon polarization tensor associated
to the fact that fermions on the plasma might not be strictly
massless, but have indeed a small mass m much less than the
temperature, m < T'. This is a realistic assumption, as only
in the cosmological epoch before the electroweak phase
transition all elementary particles were strictly massless.
While the power corrections to the HTL photon polarization
tensor have been computed with OSEFT in Ref. [5], here we
will use the OSEFT for the computation of the leading
fermion mass corrections. We also check that the same result
is obtained if derived from transport theory. Intermediate
steps in the computations reveal the presence of potential
infrared divergencies. A regularization of the momentum
integrals is needed. We use dimensional regularization, as it
is respectful with the gauge symmetry, and then show that all
infrared divergencies cancel in the final result. We also
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explain why our results remain valid in the presence of a
chemical potential, even for high values of x and T = 0.

This paper is structured as follows. In Sec. II we review
the OSEFT Lagrangian including small mass corrections.
We present the computation of the Feynman diagrams in
OSEFT that provide mass corrections to the photon
polarization tensor in Sec. III. The same result is obtained
if computed from transport theory, as shown in Sec. [V. We
then compare our results with both the power and two-loop
corrections to the HTL in Sec. V, and discuss when the
mass corrections are the dominant correction to the HTL
polarization tensor. We denote with boldface letters 3
dimensional vectors. Natural units 7 = kz = 1 are used
throughout this manuscript.

II. SMALL MASS CORRECTIONS TO THE OSEFT

In this section we derive the OSEFT Lagrangian includ-
ing mass corrections to the third order in the energy
expansion. Let us briefly discuss how this is achieved.

In the spirit of the OSEFT we split the momentum of the
energetic fermion as

q" = pv' + K, (1)

where v* is a lightlike vector, p is the high scale, while k* is
the so called residual momentum, associated to the quan-
tum fluctuation, and is such that k* < p. For the anti-
fermion we will write

q' = —pt' + &, (2)
where 7# is also a lightlike vector. We will impose that

v
Ho— 3
u 2 ’ ()

where u# is a frame vector, such that u? = 1, thus, it is
timelike.

The OSEFT Lagrangian including small mass correc-
tions has been derived in Ref. [9], and in an arbitrary frame
it reads

L,y =xs(x) (i” “D+ip, mﬂh - m? ﬁ) g)(o(x)
~n) (] ips| ) Do, (@)

for the particle field y,, where P, = P'” YDy, and the
transverse ~ projector is defined as P =g¥—1
(v#%" + v*?*). For antiparticles, the Lagrangian can be
obtained after replacing p <> —p and " <> 9. The La-
grangian has the same structure of that of SCET amended
with small mass corrections [13,14]. Note that OSEFT and
SCET are different theories, as the power counting is not
the same (see [7] for a discussion on this point).

In writing the above Lagrangian, one assumes that the
covariant derivatives, defined as iD, = i@M +eA,, are
soft, meaning that they are much less than the high energy
scale, which here it is p. Equally, one assumes that the
mass is such that m < p. The Lagrangian can then be
now expanded using that p is the hard scale of the
problem.

For applications of plasma physics in thermal field
theory, it is convenient to use the frame at rest with the
plasma, thus u# = (1, 0). Then one can replace ‘{ by # = ¥,
(recall that gy, = 0). Expanding the Lagrangian on the
high energy scale, one gets easily the first two terms in the
energy expansion, which respect chirality

‘Cg?z) :)_(1/(”}D)7/0)(1;v (5)

1 1 — e v
‘C;,L:_E)(v D2L+m2_56,iF/w }/0)(11- (6)

It is convenient to introduce local field redefinitions to
eliminate the temporal derivative appearing at second order,
as in Ref. [5]. These simplify the computations at higher
orders. Thus, after the field redefinition

2 2
M))(m (7)

Yo = Ao = <1+ 87

the Lagrangian at second order reads

_, 1 .
55722 :)(;zg—pz([DJ_? [iv-D,p.]]
—{P% +m* iv-D—iv-D}
+ 2iem U Fqy0)Y°% - (8)

Note that the term linear in the mass describes a breaking of
chirality.
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We will also need the Lagrangian up to third order. To eliminate temporal derivatives at that order, we perform the local

field redefinition

i

[ .
Xv _))(;// = (1 _S—ﬁDL[U'D’DL] +@

+8ﬂp3[ia - D, ilDL])x’v,

so that the final Lagrangian reads

(P +m?)(v-D-7-D)

i (D3 +m*)v-D

ﬁﬁfl = L;?Z((loi +m?)? +[iv-D,p,]* = (iv- D —iv - D)(P? +m?)(iv-D —iv - D)

8p3

+(iv-D—iv-D)P.[iv-D, P, —[i5-D. P )P, (iv-D—iv-D)

+mfiv-D —iv-D,[iv-D,iP,]})y ).

Please note that in the limit m = 0 we recover the same
Lagrangians derived in Ref. [5]. The pieces which are
quadratic in the mass can be recovered from those of
Ref. [5] simply by replacing p3 — P + m?. The linear
terms in m, originating from the expansion of the last term
in Eq. (4), describe the breaking of the chiral symmetry
induced by the fermion mass.

We present here how the OSEFT fermion propagators
are modified in the presence of a small mass. The particle/
antiparticle projectors in the frame at rest with the plasma
are defined as P, = 14y, and P; = 1%y, respectively. We
introduce chirality projectors

14+ x7s
The propagators for a fermion of chirality y in the
Keldysh formulation of the real time formalism of thermal
field theory Ref. [15] read

R/A o P)(PUYO
S0 = ko +ie — f(k,m)’ (12)
Sy (k) = P, Pyo(=2mid(ko — f(k.m))
X (1=2np(p + ko)), (13)

where np(x) = 1/(exp|x|/T + 1) is the Fermi-Dirac equi-
librium distribution function. The function f(k,m) deter-
mines the dispersion law, and it is expanded also, we denote
as f)(k,m) the n order term in the 1/p expansion. At
lowest order

SOk, m) = k. (14)

and we have defined kH =Kk - v, while

16p3
)
(10)
k2 +m?
M(k.m)=k L
FY(km) =k + I
k2 +m? ky(k3+m?)
@ (k,m) =k L 15
fA(k,m) =k + T T (15)

as follows from Egs. (6) and (8), respectively. The
propagators for the antiparticle quantum fluctuations can
be also easily deduced. They read

SRRy = — LxPiro (16)
ko £ ie — f(k,m)

S5 (k) = =P, Pyyo(=2mi8(ko— f (k.m)) (1 =2n(=p +ko))).
(17)

where the function f(k, m) can be obtained from f(k, m),
with the replacements v — —v and p — —p. Note the extra
minus sign in the symmetric antiparticle propagator, absent
in its particle counterpart.

In summary, the OSEFT fermion propagators in this case
can be deduced from those of the massless case simply by
replacing k3 — k3 + m? in the function that determines the
dispersion relation at every order in the energy expansion.

Note that, for convenience, we keep the propagators
above unexpanded in this section, as done in Ref. [5], but in
the explicit computation of the different diagrams they are
to be expanded in a 1/p series.

II1. DIAGRAMMATIC COMPUTATION OF THE
MASS CORRECTION TO THE RETARDED
PHOTON POLARIZATION TENSOR

In this section we compute the mass corrections to the
retarded photon polarization tensor computed in OSEFT.
Recall that there are two possible different topological
diagrams that contribute to the computation, the bubble and
the tadpole diagrams, see Fig. 1. The tadpole diagrams,
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(a) (b)
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FIG. 1. (a) Bubble diagram (b) Tadpole diagram.

absent in QED, take into account particle-photon inter-
actions mediated by an off-shell antiparticle (and viceversa
for antiparticle-photon interactions), and are needed to
respect the Ward identity obeyed by the polarization tensor,
as we will explicitly check in this manuscript.

In the Keldysh representation the particle contribution to
the bubble diagram of the retarded polarization tensor has
the structure'

i 4
1, (1) = 55 [ S TV (k= Vs )

+ Tr[VES (k — 1) V¥ S (k)]}, (18)
while the particle contribution to the tadpole diagram can
be expressed as

i 4
o) = =3 [ ST Wesil  (19)

where the momentum dependence of the vertex functions
V# and W are understood. Similar expressions can be
written for the antiparticle contributions to the polarization
tensor.

Using the explicit expressions of the fermion propaga-
tors, one can carry out the integral in k, to arrive to the
general expressions

I’ (1 z / d%

np(p + f(k—Lm)) —np(p + f(k,m))
lo+i07 + f(k—Lm) - f(k,m)
(20)

Tr[V¥P,P,y°VVP/°

and
1 &’k
I (l) = —= ——Tr[WwpP,P,y°
50 =33 [ G EL)

X (1=2np(p + f(k.m))), (21)

for the bubble and tadpole diagrams, respectively.

'We have changed the sign conventions of the definition of the
polarization tensor as with respect to those used in Ref. [5].

The Feynman rules needed for the computation of the
photon polarization tensor were given in Ref. [5] (see
Tables I and II of that reference). In the presence of a mass
in the OSEFT Lagrangian, new vertices appear propor-
tional to the mass squared, which are given by

€m2

I(IZ),mz = _2—p2yo &ti”i7 (22)
2,2,0 U U v U
W == [ T

There are also new vertices proportional to the mass,
which imply a change in the fermion chirality. At the order
we will compute the mass corrections, n = 3 in the energy
expansion, these will not be needed, although they would
be required at fourth order in the energy expansion. Note
that at least two of these vertices would be needed in a
computation of the photon polarization tensor to preserve
the fermion chirality inside the loop.

We now evaluate the polarization tensor at different
orders, noting that we either consider the energy expansion
in the vertex functions, or in the fermion propagators,
which can be used at the desired order of accuracy.

The first nonvanishing contribution to the photon polari-
zation tensor occurs at n = 1, but it does not carry any mass
dependence. This was computed in Ref. [5], and it
reproduces the HTL contribution. Let us recall the main
results here. Adding the bubble and the tadpole diagrams at
order n =1 gives

d k dnp (P! vy
(1) = —e "F( +ohvr =1 ”)
- l
Y=+ pVv
(24)
where the retarded prescription [y — [, + 0T s
understood.

It is now important to return to the original momentum
variable ¢*. Using the identity [5]

d3k B
Z/ = <2n> (@)

and the relations [5]

k kla 0<1> (26)
p=q-kgt51+0( ).
.4 2q q2

kK, - qk? .42k K, g 1
V:(A]— L,q_q 1.9 [l.a J_,q+0 i (27)
2
q 2q
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ng(p) = ne(q )+Ci,—< k«ﬁf%)

ldznp

where now the symbols k| 3 and k| 4 denote the compo-
nents of k parallel and perpendicular to q = q/g with
q = |q|, respectively. We also define the vectors

d=(1d).  T=(1,-q) (29)
After adding both the particle and antiparticle contribu-

tions to the photon polarization tensor one arrives to the
well-known HTL expression

. Aq dnp (4, VaV
1) = et [ S8 (o= 8). G0)

At second order in the energy expansion, and in the
absence of chiral misbalance, the Bose-Einstein statistics
and the crossing symmetry demands that the polarization
tensor IT1*(I) be symmetric under the simultaneous
exchange of y <> v and [ <> —[ [16]. These symmetries
explain the absence of linear terms in the photon momenta
in the polarization tensor, which ultimately explain why
there are not n = 2 corrections in the polarization tensor
in OSEFT. This was explicitly checked in Refs. [5,17].
This reasoning applies actually to all the even orders of the
energy expansion, n =4,6,8,.... We do not expect thus
mass corrections at even orders, neither, and we actually
have checked that there are none at n = 2.

The first mass corrections to the photon polarization
tensor occur at third order in the energy expansion, the
same as the power corrections to the HTL computed in
Refs. [5,17].

The mass dependent terms that arise in the bubble
diagram are

(1) = —m 6222/ { I Kd nr 1%) vt Lydne vt
=45 dp* pdp)v-1 pdp (v-1)?
1 dnpv* (v — ") + v* (v — *) G31)
2p dp vl ’

while in the tadpole one gets

(1) =
x=x p.v

I

Uy
it ﬁ} (32)

2p% dp

We add the two pieces, and go back to the full momentum variables. The final result, after adding also the antiparticle

contributions, yields

u"

v dsq n v (UA -
Iy (1) = —4m262/ 20 {2—;3 {Pi,q + -1

A ﬁ:f,>]

We note that the first two terms of the second line of
Eq. (33) can be written as the HTL contribution, but with
a coefficient proportional to e*m? rather than the Debye
mass squared m% = ¢>T?/3. Note also that in the tadpole
diagram the pieces that are proportional to ny(q)/q> are
in principle infrared divergent. These terms have to be
evaluated using a regularization. We use dimensional
regularization (DR), by assuming that the system is in
d =3+ 2¢ dimensions. In this case the momentum
integrals become

2 (vg-0)?* 4 g -

H v M v ~U U (.M ~H
V4% +1”6(%‘%”%(%‘%))]}_ (33)

diq 4 o
d 2+42¢
/ 22 (@n)T(1 +e) A 74

!
x/ d cos 6 (1 + eln (sin%9)), (34)
~1

where 6 parametrizes an angle with respect to an external
vector, and T(z) stands for the Gamma function.
Furthermore, in d dimensions one has to change the coupling

constant as e2 — ¢2°~4, where v is a renormalization scale.
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The relevant infrared radial integral is

1 1 nTe e
—2¢e —l+26 - 4
v A dqq r(q) 4€+21n< > )4—(’)(6),

(35)

where y is Euler’s constant. However, when carrying out
the angular integrals in d = 3 + 2e dimensions, the pole
term and logarithm exactly cancel, as the angular integral

|

turns out to be proportional to e (that is, it would cancel if
d = 3). If dQ, is the solid angle element in d dimensions,
and S; = 27%/T'(d/2) is the area of a d-dimensional unit
sphere, one can check

S%_+26 / dQs.9.(—07 +34'q)) = —§€ + O(e?).  (36)

Thus, combing the two results one gets

e ddq nr v (
e [ g P

vy = Ty (v - @z>] el

5 5 4+ O(e), (37)

and there is no infrared divergence, but only a finite term. This finite term is ultimately needed to preserve the Ward identity
obeyed by the polarization tensor, as can be checked after computing

21

la Y4 L

LI (1) = 4m2e2/ d'q 1 dny [Tl %%
2r ) 2 d 1](1

Note that if we had used a cutoff regularization of the
integrals, the IR divergent terms would also vanish, but
the above integral would not yield the finite contribution,
the last term of Eq. (38), needed to respect the gauge
invariance of the computation.

We define the longitudinal and transverse parts of the
photon polarization tensor in d dimensions by

HL(Z(), l) =
ifj

07l 1) = ! 1 <5U _ll_>H, U0 D).  (39)

H00<l()7 l)a

We then find the following mass corrections to the
longitudinal and transverse parts of the polarization tensor

2.2 l2
() =<7 = 40
nllo) =5 B-P (40)
2l lo + |1
e (1,,1) = O (2 . 41
m( 0’) 2|l| n< l|) ( )

Let us finally stress that Egs. (40)—(41) remain also valid
in the presence of a finite chemical potential . In the
presence of a chemical potential the particle and antiparticle
contributions differ, but the final result can be recovered
from Eq. (33), simply by replacing in Eq. (33)

1

ng(q) — 3 np(q —p) + np(q +p)). (42)

After an explicit evaluation of the corresponding inte-
grals, one reaches to the same mass corrections to the

o

m2€2 . .
N Ty 7y 38
4 g v )] 672 (38)

[

polarization tensor which are valid at high temperature. In
particular, our results still hold if we take 7 = 0 and keep
the chemical potential x4 as the high scale of the problem.

IV. COMPUTATION OF THE PHOTON
POLARIZATION TENSOR FROM KINETIC
THEORY

We compute in this section the mass corrections to the
photon polarization tensor as computed from kinetic theory.
We use the transport approach derived from OSEFT, and
focus on the vectorial component of the Wigner function.
From Ref. [9], the transport equation associated to a
fermion with chirality y up to second order in the energy
expansion reads

U)( Slw u/) (X) (Zuﬂ - U)/;)

zEg

X (O — eF,, (X)09)G* (X, q) =0, (43)

where v = g/ E,, and we take the frame vector that
defines the system as u* = (1,0). Furthermore

G*(X, q) = 2x6(Qn)n* (X, q), (44)

where 1% (X, q) is the distribution function, and the delta
gives the on-shell constraint, Q%, being a function of the
momentum and the mass. The particle contribution to the
electromagnetic current is expressed, at n = 2 order as
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d'q SYA, eS
X) = h— X
) e}; / (2n)* [”* E, 2E

q

We ignore in this manuscript the possible effect of the
spin coherence function discussed in Ref. [9], which
represent coherent quantum states of mixed chiralities.
We also will ignore the terms in the transport equation,
on-shell constraint, and in the vector current proportional to
the spin tensor S,°, as they are irrelevant if the chiral
chemical potential is zero, as the contribution of the two
fermion chiralities makes these pieces to cancel in the
macroscopic current. Those terms are relevant, though, to
derive the chiral magnetic effect, which is not our goal here
(see appendix of Ref. [7] for that derivation). We thus write
the on-shell constraint to the considered order of accuracy

2
m
=E,= —. 46
90 =Ey=a+5 (46)
Where ¢ = |q|. We now assume to be close to thermal
equilibrium, such that

G =G

where G, is the Wigner function in thermal equilibrium.
Using the transport equation, we find

(’)G’({o)
¥ - Ox8G* = eviF* , (48)
0q*
and after computing
q
S (X)=e / 46G* (X, q), (49)
2] o
one derives the polarization tensor as
ot
I =——. 50
oA (50)

It is not difficult to find the particle contribution to the
polarization tensor, which reads
|

F,(X)(2u — v )} 2G* (X, q) + (’)(;) (45)

d’q FoY + vl v v v
H/u/(l) — 62 / <g;n/ m +L2 m )
;(:Zi (2r)? l-v, (I-v,)?
x”F(‘IO:Eq)’ (51)
E

where L? = 2 — I?, and

2
2q2 ’
A similar expression holds for the

vh = vA - 5’“%

(52)

for the particles.
antiparticles.

We compute all the pieces up to O(m?), by noting that

m
—_—=—— ... (53)
E, q 29
1 1 lV(1 m2
— - o 54
l-v, [-v4 (l-vq)22qz+ (54)
m? dnp
ng(Ey) = np(q) + 24 dg +-- (55)

We thus find that the polarization tensor can be written as

(1) = I (1) + Iy (7). (56)

The HTL part, as arising from particles and antiparticles of
the two possible chiralities, reads

d’q % + vh 1Y vhk
Hﬂy(l)=4€2/ (g’“’— q q +L2 q-4 )
bl (2r)? l-vg (I-vg)?

, ela)
£,

While the leading mass correction is

3
I (1) = 4ezm2/ (jﬂ(; (g”” -

v H v H v
l”’l}q""l/ql +L2 Uq'l)q )(Lan(q)>

l"l)(l

(I-v4)*) \2¢* dgq

& ol 4+ oL 1Y A A
Jr4ezmz/ q (gﬂy_lo q & _72 74 q2+2Lle Yq%
. .v

q

(2z)’ (- vg)? (1 vg) (- vg)?
VLl + 8k I S g v + 8 vy
_ q q 12 . > <_ ”F(?)) (58)
[ v4 (l vq) 2q
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One can check that

1,1 (1) = 0, (59)
so that the Ward identity is respected for the mass
dependent pieces of the polarization tensor at this order.
Note that the first integral of Eq. (58) has the same structure
than the HTL contribution, but it is proportional to the
fermion mass squared. This contribution was also found out
in the diagrammatic computation of Sec. III. The second
integral contains IR divergencies, but are of a quite different
structure as those appearing in the diagrammatic compu-
tation, see Eq. (37). The apparent IR divergencies here are
clearly nonlocal. We evaluate these integrals using DR.
Note that we only need to evaluate the integral

1 1
I,= | dcosf(1-cos?6)*————
| /_1 cosf(1—cos*6) Io—Tllcos0

=|17|{1n G‘;f ||;||> +e {111(4) In (2’: ||f||>
+Li, <—102_|l:l|> —-Li, <1024|:||l|>} }+O(ez), (60)

where Li, stands for the Euler polylogarithmic function of
order 2. All the remaining non-local integrals can be
deduced from this one, after simple manipulations.

An explicit computation shows that after angular inte-

V. DISCUSSION

We used OSEFT to assess how a small fermion mass
would affect the retarded photon polarization tensor at soft
scales in a ultrarelativistic electromagnetic plasma. While it
could be obvious that such corrections would be of
order m?/T?, the effective field theory techniques we used
allowed us their proper evaluation.

Our results could have also been derived from the
expression of the full QED polarization tensor, by assuming
that both the external momentum and the fermion mass are
small in front of the hard loop momentum, expanding the
corresponding expressions. As this expansion produces
infrared divergencies, it is important to use a regularization
of all the involved integrals before the expansion. We have
emphasized in the whole manuscript the relevance of using
a regulator that respects the gauge symmetry, as dimen-
sional regularization, to obtain physical results. OSEFT
ultimately yields the same results of this expansion, up to
possible local terms. We have presented an alternative
computation from transport theory so as to be sure of the
absence of possible extra pieces.

Our results should be compared to both the power and
two-loop corrections to the HTL tensor that have been
computed in Refs. [5,17], and [18], respectively. More
precisely, we will write

gration in d =3 + 2¢ dimensions the IR divergencies o m pow-corr 2loop _
exactly cancel, but there are remaining finite pieces, which =17+ 17+ 10 I [=LT, (61)
in this case turn out to be non-local, and that allows one to
reproduce the same value of the photon polarization tensor
that we found in Sec. III. where I17" were displayed in Egs. (40), (41) and
|
272 l ly+ 1|
(g, 1) = o (1= 22 in( 2 ,
£ oD) == 200 7y — |
e’ 12 l ly+ 1|
oV ([, 1) = —— (P =2) (1 = =2 In( 2 ,
o (D) 47r2( 3 200 \Jy — |
47272
2loo e"T°L
11, (I, 1) = %2E
T 1 Iy + 1]
(1. 1) = S (21|l — L21n [ 2 ,
T(O) 3 413 ||0 nlo—|l|
e (2 It 2 I3 3 Io+ 7|
Hpow-corr I ,l _ ‘o R O 212 12 _ 1 0 i
r od) 4712(2 62 3 1A\ T )M T
4T% 1 lo+ |1
TP (fo 1) = == O (2 . 62
T (0 ) 1677,'2|l| n lo—|l| ( )

For simplicity, IT'*"“°" above is taken at the value of

the renormalization scale v = Te™7#/>"'\/z/2 in the
MS scheme. This fixes the scale of e? = ¢?(v) in ITH.

Let us recall the meaning of every term in Eq. (61).

While the HTL contribution is proportional to e>T?, the
results computed in this manuscript, even if they do not
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depend on the temperature, should be viewed as a a
correction of order m?/T? to the HTL. Similarly, the power
corrections are of order /?/T? respect to the HTL, while the
two-loop results are corrections of order e”. These three
corrections are of the same order if m, [ ~ eT, and should
be equally considered. However, if the mass is such that
eT < m < T, then the mass corrections are dominant at
soft scales, [ ~ eT.

For example, let us take the value of the photon screening
mass, defined as —m% = I, (I° = 0,1 = —m3). Calculated
from the value of the longitudinal part of the polarization
tensor, as given in Eq. (61), results in

2T2 2 1 2
mgzeS (1—6———m—>. (63)

Note that for values m?/T? > za, where a is the electro-
magnetic fine structure constant ~1/137, the mass effects
give the most important corrections.

Let us finally remind the reader here that while we
focused our discussion on thermal plasmas, our results and
also the power corrections of Refs. [5,17] remain valid in

the presence of a chemical potential, or even for high y and
T = 0. Our results can also be easily generalized to QCD,
for the mass corrections to the HTL gluon polarization
tensor, after taking into account some color factors, and
replacing e?> by ¢?>/2 for fermions in the fundamental
representation, where g is the QCD coupling constant.
Our results might be useful to obtain a better evaluation
of different physical observables whenever the fermions in
the plasma are not strictly massless, which is a realistic
condition for most of the physical scenarios where the HTL
resummation techniques have been applied so far.
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