
some tensor LAB. The non-trivial part is the time-ordered product of the fermion current

JA = f̄ Γ′
Af . Since the final state particles are very energetic relative to the soft degrees

of freedom of the plasma, we perform the OPE

− i

∫
d4x e−ip·x T

{
JA(0)J

†
B(x)

}
=
∑

i

Ci
AB(p) · Oi , (3.3)

of which the matrix element within the thermal vacuum |ΩT ⟩ needs to be taken. Up to

dimension 4, the operators Oi are constructed from contractions with the metric tensor

and the plasma velocity v of

11 , FαβF γδ , mf f̄ Γf , f̄ Γ iDαf , (3.4)

with Γ a general Dirac matrix in spinor space. Apart from the unit operator there is no

operator of dimension lower than 4. This allows us to deduce immediately that the leading

order thermal correction is at least of the order O(T 4) or O(m2
fT

2).

The thermal matrix elements are easily computed, see Appendix A. The photon “con-

densate” is given by

⟨ΩT |FαβF γδ |ΩT ⟩ =
π2

45
T 4
{(

gαγgβδ − gαδgβγ
)

− 2
(
vα
(
vγgβδ − vδgβγ

)
− vβ

(
vγgαδ − vδgαγ

))}
. (3.5)

The light fermion operator mf f̄ Γf is generated only with Γ = 11 due to parity invari-

ance and helicity conservation and is power-suppressed for mf ≪ T (and exponentially

suppressed for mf ≫ T , but we do not consider this limit):

⟨ΩT |mf f̄f |ΩT ⟩ = O(m2
fT

2) ≪ O(T 4) . (3.6)

The addition of a covariant derivative alleviates the mf suppression. In the limit mf → 0

we obtain

⟨ΩT | f̄ γµiDαf |ΩT ⟩ = −
7π2

180
T 4
(
gµα − 4 vµvα

)
. (3.7)

The short-distance coefficients from contracting the χ fields and the OPE depend on

the momenta p1 and p2 of the two annihilating particles. Since p1 + p2 = p =
√
sv,

OA 1 ≡ (pµ1p
ν
2Fµν)

2 , OAn ≡ pµi p
ν
jFαµF

α
ν , Of n ≡ f̄ /pi p

µ
j iDµ f (3.8)

for n ≡ i + j = 2, 3, 4 form a complete set of scalar operators. Using (3.5), (3.7) their

matrix elements in the state |ΩT ⟩ are given by

MA 1 = m4
χ
π2

45
T 4 4e2χ

(
e2χ − 1

)
, (3.9)

MA 2 = MA 4 = m2
χ
π2

45
T 4 (−1)

(
4e2χ − 1

)
, (3.10)

MA 3 = m2
χ
π2

45
T 4 (−1)

(
2e2χ + 1

)
, (3.11)
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