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Abstract. The connection between a hidden nonthermal sector and a thermal plasma can be
established by a light thermal fermion mediator. When the fermion mediator is much lighter
than the hidden species, kinematically forbidden decay of the mediator can be opened at
finite temperatures to produce the hidden species. Unlike bosons having quartic couplings,
renormalizable forbidden fermion decay generically shares the same order of couplings with
the scattering. We present a dedicated investigation into the freeze-in dark matter produc-
tion via a thermal fermion mediator. We demonstrate that the plasma-induced decay rate
differs from that calculated via the tree-level amplitude, but the former can be obtained from
the latter via constant rescaling. Furthermore, we find that the relative effect of the forbid-
den decay and the scattering on the dark matter relic density can be simply estimated via
the thermal coupling between the plasma and the mediator. Applying to different thermal
interactions, we show that the forbidden decay contribution can reach the level of 4%—45%
for a thermal coupling at 0.1—1.

Keywords: dark matter theory, particle physics - cosmology connection, physics of the early
universe

ArXiv ePrint: 2301.02835

© 2023 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1475-7516/2023/05/008


mailto:spli@ihep.ac.cn
https://arxiv.org/abs/2301.02835
https://doi.org/10.1088/1475-7516/2023/05/008

Contents

1 Introduction 1
2 The Yukawa portals 3
3 Forbidden decay 5
3.1 Boltzmann equation 5
3.2 Spectral density of the fermion mediator 6
3.3 Collision rate 9
3.3.1 One-loop retarded amplitude 9

3.3.2 Tree-level amplitude 10

4 Scattering 12
4.1 Double counting and resonant enhancement 12
4.2  Tree-level scattering amplitude without thermal correction 13

5 DM relic density 14
6 Application to different thermal Yukawa interactions 17
6.1 Right-handed fermion mediator 17
6.2 Left-handed fermion mediator 19

7 Conclusions 20
A Thermal one-loop amplitudes 20
A.1 The DM part 20
A.2 The fermion mediator part 21

1 Introduction

A hidden nonthermal species can be created in the early universe from the thermal plasma
via a light mediator [1]. If the hidden sector consists of feebly interacting dark matter (DM),
the direct DM detection could be challenging. However, a light mediator connecting the DM
with the standard model (SM) can provide a striking avenue to test the feeble DM scenarios
if the connection between the mediator and the SM is relatively strong and/or the mediator
is relatively light [2].

DM production via mediators have received great interests over the past years. For in-
stance, the millicharged DM production from a vector mediator [3—6] and the sterile neutrino
DM production via a scalar mediator [7-11]. There are also interesting DM scenarios via a
fermion mediator. A typical example is that the sterile neutrino itself can be the mediator
to connect a stable dark sector with the SM particles [12-22].

The phenomenology of DM production via mediators is fruitful. The annihilation from
DM to the mediator could generate secondary fluxes consisting of SM particles via subsequent
mediator decay [23, 24]. If the mediator is sufficiently light, it can contribute to the energy
density of the early universe, thereby leaving imprints in the epochs detectable by the big bang



nucleosynthesis and the cosmic microwave background [25]. Furthermore, if the mediator is
long-lived, it can generate displaced vertices and could be detected at the LHC [26-29].

Generally, if the mediator particle is heavier than the dark sector in vacuum, the medi-
ator decay to DM plays the dominant role in generating the DM relic density, unless there is
sufficient mass mixing between the mediator and the DM [30]. If the mediator is much lighter
than the dark sector, the decay channel is kinematically forbidden in vacuum and the scatter-
ing/annihilation would be naturally considered as the dominant production channel. In this
latter case, however, if the mediator has a strong connection with the thermal particles, the
mediator will acquire non-negligible corrections from the plasma and such thermal corrections
can open up DM production channels which are kinematically forbidden in vacuum.

Forbidden channels in generating the observed DM relic density were considered in
the thermal freeze-out paradigm [31, 32], where the relic density is determined by the DM
annihilation channel forbidden in vacuum. In the freeze-in paradigm [7, 8, 33-35], forbidden
decay was considered in refs. [5, 36-38] for a vector mediator and in refs. [11, 39-41] for a
scalar mediator. For a fermion mediator, on the other hand, the mediator heavier than the
DM is usually considered so that the forbidden decay contributes only as a subdominant or
negligible correction to the vacuum decay (see e.g. [13, 16, 21]), while few attention is drawn
to the light mass regime where forbidden decay and scattering could coexist to generate the
relic density. Filling in this gap underlies the purpose of this work.

A thermal fermion mediator differs by several aspects from a boson mediator. Since
the boson can have a renormalizable self-interaction, such as the gluons and an SM scalar
singlet, the forbidden decay rate can carry lower-order couplings with respect to the scat-
tering so that the former becomes the dominant production channel [37, 39, 40], unless the
quartic interactions are suppressed with respect to Yukawa or trilinear-boson interaction [41].
For fermion mediators, renormalizable interactions imply that there is no tree-level quartic
fermion interaction, and the forbidden fermion decay rate would generically carry the same
order of couplings with respect to the scattering, as will shown in this work. Given that
the rates from the forbidden decay and the scattering have the same order of couplings, it
becomes less clear to see the relative effect of the forbidden decay and the associated scat-
tering on the DM relic density and hence worth examining in detail the interplay between
the two channels.

On the other hand, the modified dispersion relation of a scalar at finite temperatures
retains the vacuum form in the Hard-Thermal-Loop (HTL) approximation [42-46], which
allows the calculation of forbidden scalar decay to follow a tree-level amplitude [11, 41]. For
fermion mediators, however, the modified dispersion relation is more involved due to the
helicity structure [47—49]. It then becomes nontrivial to see if and how the forbidden decay
can be simply obtained via a tree-level amplitude, where the thermal fermion mass is put in
by hand. Such an issue was considered in leptogenesis [50] and in this paper, we bring it for
the first time to the freeze-in DM production and provide a comprehensive analysis on the
difference between the tree-level and one-loop results.

This work is concerned with a dedicated analysis of freeze-in DM production via a
light thermal fermion mediator which cannot decay to DM at zero temperature. We will
concentrate on the computation of the DM relic density from the forbidden fermion decay
and the scattering. We will calculate the forbidden decay rates from a thermal one-loop
amplitude and a vacuum tree-level amplitude, respectively, and find that the former can be
simply obtained from the latter with some constant rescaling. The comparison between the
forbidden decay and the scattering shows a rather simple dependence on the thermal coupling



constant, which enables us to include the plasma-induced decay in the scattering channel
efficiently. This work complements the studies of nonthermal DM production through a light
fermion mediator and provides a simple and comprehensive method to treat the forbidden
decay for a wide range of fermion mediator scenarios. In particular, the results shown here
can help us to gain a clear insight into the importance of forbidden fermion decay.

The remainder of this paper is outlined as follows. In section 2, we present a simplified
but general scenario to illustrate the freeze-in DM production via a light thermal fermion me-
diator. Within the simplified scenario, we calculate the forbidden decay rate in section 3 and
make a comparison with the rate derived from the vacuum tree-level amplitude. In section 4,
we first point out some subtleties concerning the double-counting issue and the s-channel
resonant enhancement, and then evaluate the scattering rate without thermal corrections.
In section 5, we determine the DM relic density from the forbidden decay and scattering
channels respectively. We then apply the relation between the two channels to some specific
thermal interactions in section 6. Conclusions are made in section 7 and some technical
details are relegated to the appendix.

2 The Yukawa portals

We first consider a simplified scenario in which the nonthermal dark sector consists of a
Dirac fermion y and a scalar ¢. The connection between the dark sector and a Dirac fermion
mediator 1) is realized by the following Yukawa interaction:

Lom = yy¥rXLO + h.c. (2.1)

To ensure a thermal history of v, we consider a typical Yukawa interaction between the
mediator and the thermal plasma, i.e.,

Ly = yprnLe + hec., (2.2)

where both the fermion 7 and the scalar ¢ live in the thermal plasma. For clarity, we assume
that the fermion mediator is right-handed in (2.1), but it should be mentioned that a left-
handed fermion mediator is also possible. In section 6, we shall discuss some specific models
for both right- and left-handed fermion mediators.

Note that the fermion mediator can also have gauge interactions, e.g.,

VRV YR , (2.3)

with V, a U(1) gauge boson. Nevertheless, when the mediator is thermalized via the gauge
interaction, gauge invariance requires that either x or ¢ should be also charged under the
gauge U(1) symmetry. In this case, either x or ¢ will reach thermal equilibrium in the early
universe, which can lead to significant difference from the situation where both x and ¢ are
far from equilibrium. For instance, when ¢ is in thermal equilibrium, the decay ¢ — x + ¥
and the scattering ¢ + 1 — x + V,, can dominate the production of x, both of which are
suppressed instead when ¢ is far from equilibrium. Besides, the Landau-Pomeranchuk-Migdal
effect induced by soft vector boson exchange would also be of leading-order contribution [51]
and should be taken into account consistently. Throughout this work, we will consider for
simplicity a dark sector consisting of nonthermal x and ¢, leaving a thermal y or ¢ for future
studies.
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Figure 1. Forbidden fermion decay due to the thermal contact with the plasma (P).

We will consider the situation where all the relevant thermal particles, i.e., ¢, n, and
¢ have vacuum masses much lighter than the dark sector, which is readily applicable to
super-heavy DM [52, 53|. In this light mass regime, the freeze-in temperature of the DM is
determined by the highest scale in the dark sector. Besides, without a mild mass difference
between the initial and final states, as implemented in forbidden annihilation channels [31, 32],
the nonrelativistic annihilation of v, 7, and ¢ to the dark sector is essentially disallowed.
Consequently, the DM relic density would basically be independent of the vacuum masses
of the thermal particles. In the following discussions, we assume m, < my for clarity. In
this mass regime, either x can be the only DM candidate or both y and ¢ contribute to the
observed DM relic density, though the later case is ruled out if mg > 1 GeV.

Before going into the detailed calculation, let us take a diagrammatic view of the relation
between the forbidden fermion decay and the scattering. In figure 1, the fermion 1 receives a
thermal mass correction from the self-energy diagram, where P denotes the plasma. Such a
correction opens the kinematic space so that the decay ¥ — x 4+ ¢ becomes possible at finite
temperatures. Dimensional analysis implies that the squared amplitude scales as yimi at
sufficiently high temperatures, where m,, denotes the thermal mass. The interaction given
in (2.2) implies that mfﬁ ~ yiTQ. Therefore, the forbidden decay rate at high temperatures
scales as

“Ydecay ™~ yiyiT4 . (2'4)

The thermal self-energy amplitude in general has an imaginary part, which corresponds to
on-shell thermal particles running in the loop. In this case, figure 1 also presents a scattering
channel n +¢ — ¥ — x + ¢. It is easy to see that the squared amplitude of the scattering
also depends on y, and y,, quadratically, and the scattering rate at high temperatures would
scale as

Vscat ™~ yiyiT4 ~~ Ydecay - (25)

It should be mentioned that the self-energy correction for relativistic fermions generically
predicts a thermal mass with a form ~ yT', where y is the dimensionless coupling between the
fermion mediator and the plasma.! Such a fermion mediator in renormalizable interactions
differs from a vector/scalar boson mediator which has a strong quartic self-coupling A. The
leading-order thermal mass for such bosons scales as ~ VAT and the resulting forbidden
boson decay has a rate Ygecay o< AT* while the associated scattering rate gives Ycar o< A2T%.

1We are concerned with TR-dependent freeze-in so that the production of DM comes from renormalizable
interactions. The conclusions drawn in this paper are hence responsible for renormalizable interactions. For
non-renormalizable interactions, the freeze-in production of DM is not IR but UV dependent [54].



In such situations, the forbidden decay can dominant the DM production, as considered in
refs. [37, 39, 40].

Therefore, unlike the forbidden boson decay, the scattering is present at the same order
of couplings whenever forbidden fermion decay is opened in renormalizable interactions, and
vice versa. They coexist to produce the DM at finite temperatures. We will show in the
subsequent content that there is a close relation between the two channels, which allows us
to see the relative effect on the DM production in a simple way.

3 Forbidden decay

3.1 Boltzmann equation

The decay process ¥ — x + ¢ is kinematically forbidden in vacuum but opened at finite
temperatures. The forbidden decay rate that determines the density evolution in the dark
sector can be calculated in the finite-temperature field theory [46]. Concerning the production
of x, the Boltzmann equation can be written as

d By o
= [ G~ fr (3.1)

where fY4(Ey) = (ePx/T 4 1)~1 is the Fermi-Dirac distribution function of x and H ~
1.66\/%T2 /Mp; is the Hubble parameter with the effective number of relativistic degrees of
freedom g, for energy density and the Planck mass Mp) ~ 1.22 x 1019 GeV.

The production rate I'y at finite temperatures is related to the one-loop retarded self-
energy of x via [55]

Te[(P + my ) ImE}(P)

FX(P) = —9x 2 )
P

(3.2)

with P, = (E,,p) the 4-momentum of x and ImX}, the imaginary part of the one-loop
retarded amplitude. It should be mentioned that the factor of 2 in the denominator of
eq. (3.2) results from the spin sum and average over the Dirac spinor x. Therefore, the
collision rate in the Boltzmann eq. (3.1) should be further multiplied by the spin degrees of
freedom g, = 2 [56] so as to obtain a collision term without spin average. For a nonthermal
DM in the freeze-in paradigm, we expect fy, < fy? so that f, can be neglected in the
determination of the DM relic density. In the end, the relic density should be multiplied by
a factor of 2 to take into account the antiparticle () contribution.

In the real-time formalism, the imaginary part of the retarded amplitude X%, can be
computed from the one-loop self-energy diagrams shown in figure 2, with

mY(P) = £ [SY_(P) - ¥X,(P)]. (3.3)

ol
2
Using the expressions of ©¥_, XX from appendix A.1, we obtain

Yx

[ d*Ksign(k = po) fuko)dl(K — PP = mdlpu(K),  (3)

where sign(ko — po) denotes the sign function and fy (ko) = (¢"/T + 1)~'. In the above
equation, we have neglected the scalar distribution function f since ¢ is sparse during the
freeze-in production. py(K) is the spectral density that encapsulates the thermal corrections
to v, as we shall derive below.
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Figure 2. The one-loop self-energy diagrams of y that contribute to the imaginary part of the
retarded amplitude Im¥% in the forbidden decay. Here =+ in the vertices denote the thermal indices
in the doubled space of real-time formalism and the red blob denotes the resummed v propagator at
finite temperatures.

3.2 Spectral density of the fermion mediator

The spectral density is defined via the resummed 1) propagators,

St = —fy(Gr — Ga) = —2mify(ko)py(K), (3.5)
S_t =[1— fy(ko)|(Gr — Ga) = 2mi[1 — fy(ko)]py(K),

where Gp / G 4 are the resummed retarded /advanced propagators. Since the spectral density
defined above encapsulates the thermal corrections in the form of Gg — G4, we should first
be aware of how the thermal corrections appear in the resummed retarded and advanced
propagators.

In general, the retarded amplitude for fermion self-energy can be parameterized as? [47]

—S%(K) = (ar,Pp + agPr)K + (boPr + br PR)V , (3.7)

where Pp, g are the chirality projection operators and U, is the four-velocity of the plasma
with U,U* = 1. In the rest frame, U, = (1,0,0,0). Since the parity of the fermion me-
diator from the interactions given in section 2 is explicitly broken, and at sufficiently high
temperatures ¢ is effectively massless,® we are essentially working in a chirality-symmetric
and parity-broken theory, where ar, by, are nonzero while ar,br = 0. The coefficients ay, b,
can be calculated by left-multiplying E}Q(K ) with K and I/, and then evaluating the trace.
The general expressions read:

a1 = i (TSRO0 — R TS (33)
b = g (THKSH(K)] ~ KT S(K)]) (3.9)

with K2 = k% — k2.
Given eq. (3.7), the resummed retarded propagator in the chirality-symmetric and
parity-broken regime can be written as

(14 ap)K +oLU p
[(1+az)ko +br]? — [(1+ ar)k]? + isign(ko)e =’

GR = Pp (3.10)

2The minus sign is defined for convenience, which results in 1 + @ in the denominator of propagators.
3If 4 acquires its vacuum mass via the Higgs or Higgs-like mechanism, then v is exactly massless above
the cross-over or phase-transition temperature.



and the advanced propagator can be similarly obtained by using ¥ = Ew The difference
GRr — G4 can be conveniently written in terms of the helicity eigenstates [48 49],
~ ~ —2i(ImA 4 F sign(ko)e) A
Gr—Ga=
A Zi: ReAL]? + [ImAy + 2 =

(3.11)

where AL (K) = (14 ar)ko + b £ (1 + ar)k, and the helicity operators are defined by

. Ote -~
Py = PR¥PL, (3.12)
with &, = k/k.
The spectral density p, can be decomposed into the on-shell and off-shell parts,

Py (K) = py.on(K) + py,oi (K) . (3.13)

The kinematically forbidden decay stems from the on-shell part py on(K), as will be derived
in this section, while the off-shell part py o (/) arises from nonzero ImA4 and corresponds
to the scattering channels. Note that the on-shell propagation of the fermion mediator could
also result from the scattering channel. To avoid potential double counting, py on (/') defined
above corresponds to ImAy = 0. Then, from eq. (3.11) the on-shell part is given by

. OReA 4 -1
pron(K) = > Esign(ko)| i | [0tko — wi) + 8(ko — wi) | Pe (3.14)
+

In general, there are two solutions wq 2 to ReA; = 0 for each helicity operator ]5Z In the free
limit, a;, = by, = 0 and Ay = ko £ k. It can be verified that S;_,S_ given in egs. (3.5)
and (3.6) reduce to the known forms [46]:

Si— (K) = 2risign (ko) f (k)5 (K2) K | (3.15)
S (K) = —2misign(ko)[1 — fu(ko)d(K2)K . (3.16)

To proceed with eq. (3.4), the remaining task is to evaluate the real part of the resummed
amplitude 2¢, which depends on the thermal interaction specified in section 2.

The one-loop retarded self-energy diagram of v from (2.2) is similar to figure 2, with
the resummed fermion propagators replaced by the free ones given in egs. (3.15) and (3.16).
The inclusion of resummed propagators for thermal 7, ¢ in figure 2 is of higher order under
the perturbative HTL technique. Substituting eqgs. (A.7) and (A.8) into egs. (3.8) and (3.9),
we obtain the real part of the coefficients ar, by, as

m3(T) ko . |ko—k
) 0 0
— In 1

Rear = = ( 2% ko + k ) ’ (3:.17)

m2(T) (ko 1 K ko —k
Reb, = —— D21 -2 )| ’ 3.18
L K (k 2 ( k2> A (3.18)

where the thermal mass is defined by

m3(T) = v UT? = 277 (3.19)

16

where & is defined as a thermal parameter quantifying the amount of thermal corrections.



The results given in egs. (3.17) and (3.18) are consistent with ref. [47] except that
the logarithmic function is expressed by the modulus of momentum. The modulus arises
when we integrate cosf in eq. (A.8) without restricting ourselves to the timelike regime
K? =k — k? > 0. Nevertheless, we will see below that an on-shell fermion with egs. (3.17)
and (3.18) cannot propagate in the spacelike region. The modified dispersion relation is
given by

[(1 + Reaz)ko + Rebz]? — [(1+ Rear)k]* = 0. (3.20)

For a weak-coupling theory y, < 1, we expect Rear, < 1. Neglecting the higher-order terms
Rea% and Reb%, we obtain the approximate dispersion relation:

~ _ 2koltebr (3.21)
1 + 2Reay,

Then given egs. (3.17) and (3.18), it is straightforward to verify that there is no solution to

the above equation for k2 — k% < 0. Therefore, the absolute symbol in eqs. (3.17) and (3.18)

should be removed.

The thermal mass defined in eq. (3.19) is proportional to the quadratic Casimir invariant
of the fermion mediator representation in gauge interactions, as well as the gauge degeneracy
of the loop particles in Yukawa interactions [47]. For the freeze-in DM production considered
here, the fermion mediator should be a SM singlet so there is no gauge contribution to the
thermal mass. However, the loop particles could be gauge multiplets. For instance, if the
scalar ¢ and the fermion 1 are gauge SU(2);, doublets, then an additional factor of 2 arises
in mi (T'). This is readily seen by the fact that there are two gauge components in the loop.
On the other hand, if ¢ and n are gauge SU(3).. triplets, a factor of 3 due to the color degrees
of freedom arises in mi(T )

It should also be mentioned that the results given in eqs. (3.17)—(3.19) (see also the
appendix) are obtained in the HTL approximation which keeps the leading-order coupling
(yy) contributions. Under the perturbative region vy, < v/4m, there is no definite upper
limit of the coupling for the HTL validity. It was pointed out in ref. [57] that a coupling
at ~ 1 can still give qualitatively correct result under the HTL approximation. In general,
larger couplings lead to a poorer accuracy under the HTL approximation. Therefore, we will
impose vy, < 1 as a conservative upper limit for the Yukawa interaction when applying the
HTL approximation. In particular, we will consider a weak-coupling regime where

0.1 <yy <1, (3.22)

in subsequent discussions.

In the following analyses, we will take x as a free thermal parameter. It it noteworthy
that the upper bound of x from the condition in eq. (3.22) depends on the specific thermal-
ization interaction between the mediator and the plasma, as well as the flavor effects from
Yukawa interactions. For instance, if the fermion mediator couples comparably to three SM
quark doublets via a leptoquark doublet, the upper bound of k is given by £ < 1.1. In
section 6, we will consider some specific examples and present the corresponding limit of x
and its impact on forbidden decay contribution.



3.3 Collision rate
3.3.1 Omne-loop retarded amplitude

Given the expressions of Rear, Reby, in egs. (3.17) and (3.18), the on-shell spectral density
from eq. (3.14) can be simplified as

ppon(K) =Y i%sign(ko) [6(ko T wi) + (ko + ws)] Py, (3.23)
+ ¥

where wy 2 are the solutions to the modified dispersion relation (3.20) and can be analytically
expressed in terms of the Lambert W-function [50]:

wlz—k’

2 2 2 2
Wo(— 721@ /mw 1 W, _672k /mql}fl 1

Wo(—e /1) 41 W_p(—e 2K/mi=ly g
with w12 > k.

Substituting eqs. (3.4) and (3.2) into the collision term in eq. (3.1), we arrive at the
decay rate

Cx,dec = 3271_3 / dp()f
mx
x/ dk Z FO:(w? — k2) fo(wi) (k2 Fw? + 2po(k £ wi) Fom?),  (3.25)
i=1,2

i — mi < 0 and the symbol ©; imposes a restriction on the momentum
integration from eq. (3.4). Integrating the angle via the Dirac d-function §[(K — P)* — mj]

where dm?2 = m

in eq. (3.4), we find that in the timelike region K2 > 0 the restriction turns out to be

K2+ 6m? K? + dm?
=T < T kg —po > 0. 3.26
20k + k) TS 2(kg—k) 0 0TI (3.26)

Therefore, ©; is given by the Heaviside #-function with
O; = 0| (2pok)? — (w} — K + m? — 2pow;)?] . (3.27)

The solutions wy » from the modified dispersion relation are shown in figure 3 for /7" < 1
and k/T > 1, respectively. It can been seen that when k becomes larger, the wi-mode ap-
proaches a dispersion relation w; ~ k while the ws-mode approaches a vacuum-like dispersion
relation with an asymptotic mass v/2my,(T) [50, 58-60]. It allows us to compute eq. (3.25)
with the following approximations:

— kKm0, wi—k~2mi(T). (3.28)

Note that when the thermal coupling x becomes smaller, the above approximations can
already be accurate at lower momenta, as can be seen from the top of figure 3. With
eq. (3.28), the collision rate of the forbidden decay Cy gec reads

2
y o0 o [e.e]
Craoe ™ 1655 [ dpofi(on) | dkOafy(ea) (2m3(T) + 2po(k — o) +dm®) . (329
mx
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Figure 3. The behavior of dispersion relation (3.20) at k/T < 1 (top) and k/T > 1 (bottom), where
the thermal parameter is set by x« = 0.01, 0.1, respectively.

3.3.2 Tree-level amplitude

To see whether we can directly use the vacuum tree-level amplitude to compute the collision
rate with the fermion thermal mass put in by hand, let us now calculate the relevant tree-
level amplitude. As can be seen from figure 3, the wi-mode quickly turns massless while the
wop-mode has an asymptotic mass ﬂmw(T) so that sufficient momentum space is opened
in this mode for the forbidden decay. In the following, we will use the dispersion relation
w2 — k2= Zmi (T) to calculate the decay rate from the tree-level amplitude.

The squared amplitude of ¥ — x + ¢ is given by

S OIMP = gL (26°T% — m7), (3.30)
S

where the approximation is obtained in the limit m, < mgy. Note that the squared amplitude
for the dispersion relation w? — k% = mz,) (T) can be simply obtained by replacing v/2x with x.

~10 -
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Figure 4. The comparison of forbidden decay rates from the one-loop retarded and vacuum tree-
level amplitudes. Here Cy gec = Yy 2T“’tC’X’deC. For k < 1, the rates from the tree-level amplitude are
overestimated by a factor of 1-4.

The collision rate is given by

d3p¢ e dgpx d3P¢ 4¢4 2
Cx,dec = / (271')32Ew qu/ (27’(’)32EX (27T)32E¢ (Qﬂ-) J (P1/1 - PX - P¢) Z |M|w—>x¢

2
S 828 2K2T2 ’

where K is the modified Bessel function with Kj(x) ~ 1/z for < 1. In the last approxima-
tion we have used the Boltzmann distribution fy(Fy) = e Eu/T and kept the highest scale
mg from the dark sector.

In the left panel of figure 4, we compare the decay rates obtained from eq. (3.29) and
eq. (3.31) with different thermal parameter . Note that the rates from the two approaches
share the same critical temperature

(3.31)

T. ~ e

) 3.32
2K ( )

after which the decay is kinematically closed. We can see that the rate from the tree-level
amplitude with an effective mass v/2my(T) is overestimated with respect to that from the
one-loop retarded amplitude.

In the right panel of figure 4, we also show the ratios of various decay rates by evaluating
the vacuum tree-level amplitude with an effective mass m,;(T") and taking the full Fermi-Dirac
statistics for f;q. Noticeably, a larger discrepancy between the retarded rate C®, and the

x,dec
vacuum one appears when the tree-level amplitude is evaluated with the asymptotic mass

V2my(T), as seen from the C@S?/Cidec and C\/EMB/C}?

X x,dec ,dec
rates with the dispersion relation w? — k? = mi(T) are more compatible with the retarded

one. We found that for x < 0.2 the ratios become constants and reach

curves. Instead, the vacuum

CFD CMB
x,dec x,dec
~14, ~1.7, (3.33)
C}Zdec C}Zdec
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in which Cilgec and C’%g’ee denote the vacuum rates with the Fermi-Dirac and Maxwell-
Boltzman statistics, respectively, together with the dispersion relation w? — k? = mfp (7). In
particular, a smaller discrepancy can be seen between C’igec and C}idec, since the latter is
also derived from the full Fermi-Dirac statistics.

Since the ratios shown in the right panel of figure 4 are predicted via a common thermal
parameter k, the forbidden fermion decay rate can then be simply obtained from the tree-level
amplitude with the approximate dispersion relation w? — k? ~ m?p (T') and rescaling the latter
by a constant read from the figure. It enables us to obtain a rather precise forbidden fermion
decay rate within the simple tree-level approach by k-dependent constant rescaling. The
results shown in this section not only confirm that using w? — k% ~ mfp(T) in the tree-level
amplitude for forbidden decay is a good approximation [50, 61], but also provide quantitative

differences characterized only by the thermal parameter.

4 Scattering

4.1 Double counting and resonant enhancement

The scattering rate directly calculated from figure 2 is much more involved. The imagi-
nary parts ImA.y appear both in the numerator and denominator of the off-shell spectral
density py o, making the final three-dimensional integration (dpdkodk) difficult even with
a numerical approach. For most situations, the thermal corrections to the scattering pro-
cesses are significant only when there are IR singularities or resonance. For example, the IR
singularity is known in neutrino and electron chirality-flipping processes at finite tempera-
tures [56, 62-64], and the resonant effect from thermal corrections is also known in neutrino
oscillations at finite temperature and density [65, 66].

In dealing with the IR singularity or resonance, we can also use a more convenient
approach in which the cross section is calculated from a tree-level diagram with a resummed
mediator propagator [51, 67, 68]. When applying the effective approach, however, we should
take care of the double-counting issue. There are in general two methods to remove the
double counting. When the full thermal width of the mediator propagator is unknown, it is
convenient to subtract the on-shell point directly from the cross section, and then calculate the
forbidden decay rate separately. On the other hand, if the thermal width is known in a given
model, a modified Breit-Wigner approximation can be applied to do the subtraction [69, 70],
where the decay is automatically included in the cross section.

Nevertheless, the double-counting issue depends on the existence of the resonance, which
requires a careful inspection under the perturbative HTL resummation. In the following, let
us concentrate on the s-channel double counting and on the hard particle scattering with
incoming momenta ppaq ~ O(T). Generically, hard scattering suffices to be responsible for
the nonthermal DM production from thermal particles, since the thermally averaged collision
rate (ov)n is proportional to the particle-number densities of incoming thermal particles,
which are expected to be dominated in the hard-momentum regime:

Psoft 8]
Ngoft X /0 d3p f(p) ~ pg’oft, Nhard X dgpf “Up) ~ T > pgoft ) (4.1)

Psoft

with psofs ~ O(wa)'
At leading order, the mediator is resummed while the external particles are treated
effectively massless. At this order, it is usually expected to have an s-channel resonance
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when the momentum transfer is near the scale of the effective mediator mass. However,
when we go beyond the leading order, the external particles are resummed, which also carry
effective masses from the plasma. If the thermal masses from the external particles are larger
than from the mediator, the resonance expected at leading order would be erased. This is
interpreted as the fact that the inverse decay X +Y — Z is always kinematically forbidden
at all temperatures. This is particularly the case when the mediator is a fermion and the
incoming particles contain a scalar boson. For instance, the resummed scalar ¢ has a thermal
correction parameter x = y,,/v/12 [41] from the ¢-n loop, which is larger than the value given
in eq. (3.19).

The above conclusion differs from two fermion scattering mediated by a thermal scalar.
As seen from figure 3, there is a nearly massless state for a resummed fermion so that the
initial fermions can have an approximate dispersion relation wiz — k? ~ 0 while the resummed
scalar mediator carries a large thermal mass. When the momentum transfer is at the order of
the scalar thermal mass, there is in principle an on-shell crossing and including the resummed
scalar mediator in the fermion-pair scattering can enhance the scattering rate by a factor of
O(1) [41].

Since in current scenario the initial particles contain a fermion and a scalar boson, it is
not necessary to use the resummed fermion mediator and the scattering rate from a vacuum
computation suffices to describe the DM production to a good approximation.

4.2 Tree-level scattering amplitude without thermal correction
The general 2 — 2 scattering rate for the DM production is given by

C = / d*p1 d*py d®py dpy
12-x¢ = (2m)32E; (27)32F, (2m)32E,, (27)32E,

frfal MTo_y,s(2m)%0% (4.2)

where §* = §*(P, + P, — P, — P;) and |M|%2—>x¢ is the squared amplitude with spin sum but
without spin average. The Pauli blocking and Bose enhancement from the nonthermal DM
sector are neglected.
For Yukawa interaction, the scattering is n + ¢ — x + ¢. The squared amplitude is
given by
2,92 2
Yy m
2 ~ XY ¢
DM, e (- ?)(1 + cosf), (4.3)
S
where we have only kept the highest mass scale from m and 6 is the angle between the spatial
momenta of the incoming and outgoing particles in the center-of-mass frame. Following the
conventional phase-space reduction [71], we obtain the collision rate

T o0
Connts = gt |, d5annos*K1(V5/T). (44)
¢
where the cross section without spin average is given by
2,2 2\ 2
YxYy M
Ten=xe = Bors (1 - s) ' (45)
In the high-temperature limit 7" > mg, the collision rate reduces to
2,2
Y a
C@Dn—>x¢ ~ 25671'5 : (46)
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Figure 5. A comparison between the forbidden decay and scattering rates for different thermal
parameter . Here Cy = y2T~4C,.

In figure 5, we show the rates from the forbidden decay and scattering channels. In
general, Cy gec is larger than C scat when T' > T... Nevertheless, the duration of the forbidden
decay is determined by the critical temperature T, while the scattering n + ¢ — x + ¢ is
sufficiently closed only after the freeze-in temperature I' ~ mg > Te. It makes the scattering

contribution to the final DM relic density generically larger than the forbidden decay, as we
shall discuss below.

5 DM relic density

There are in principle two possibilities for DM relic density. If the scalar ¢ is unstable, it can
decay to x at late times after the dark sector freezes in. Consider first the situation where ¢
has been depleted away. x is the DM candidate and the relic density is given by

(Yy 4 Y somy
pe/h?

where Y; = ni /ssm is the yield produced by forbidden decay and scattering while Y;I is
the yield produced by scalar decay ¢ — 1 + x at late times. sy = 272gsT3/45 is the SM
entropy density with gs the effective number of relativistic degrees of freedom. The current
value of entropy density is given by sg = 2891.2 cm ™3 and the current critical energy density
pe is given by p. = 1.05 x 107° h? - GeV - em ™3 [72].

The Boltzmann equation for Y; is given by

o 2C 2C
Y; _ / X,dec dT + / 4Ly, scat scat (52)
7. SsmHT ssmH T

Qpyh? =

(5.1)

where the factor of 2 accounts for the C'P-conjugated production so that Y, is the sum of
X+ X. The forbidden decay ends at T' = T, while the scattering basically ends at T' = O(my)
as the freeze-in temperature is determined by the highest scale in the dark sector. In the
second term of eq. (5.2), we use T' = 0 as the lower integration limit, which does not cause
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significant difference after T' drops below mg/5. Since both x + x and ¢ are produced with
the same amount from the forbidden decay and scattering, we have Y; = Ydf. Further given
that the amount of x 4+ ¥ in late-time production is inherited from Y(g, we have Y;I = Y(;.

Consider the second possibility where ¢ is sufficiently long-lived so that it has a lifetime
comparable with or longer than the age of the observed universe. The DM relic density in
this case consists of ¢ and y, which is given by

50
pe/h?

To see the relative effect of the forbidden decay and the scattering channel, we estimate
the ratio Y} scat/Yy,dec, Which reads:

Qpuh? =

(Yymy + Yjmyg) . (5.3)

Ty f A

Yx,scat - f0¢ X,scatdl‘¢
~ ~ )

Yy dec foﬁ” Cy decdz ¢

(5.4)

where x4 = my/T with x4 g corresponding to the freeze-in temperature. The evolution of
C’X,dec and éx,scat can be seen in figure 5. Simply taking C’X,dec and CX,Scat as constants,
we obtain Y, scat/ Yy dec X 1/k. It points out that the DM relic density from the forbidden
decay basically carries an additional power of k higher than from the scattering channel,
even though both the decay and scattering rates share the same order of k (see egs. (3.31)
and (4.4)), as also found in refs. [39, 41] in the case of forbidden scalar decay.

The behavior of eq. (5.4) is shown in the left panel of figure 6 as a function of the
thermal parameter x. Note that only the highest scale mg is kept in the yield so that both
Y, .dec and Y, gcat are proportional to the inverse scalar mass, as expected from the IR freeze-
in mechanism. We can see from the left panel of figure 6 that for the fermion mediator the
forbidden decay can only be neglected for a very small k. For a large k, the contributions
from the forbidden decay and the scattering could be comparable. For instance, about 41%
of the DM relic density from eq. (5.1) comes from the forbidden decay if £ = 0.5, while
about 8% of the DM relic density is obtained from the forbidden decay if k = 0.05. As
already mentioned in section 3.2, we have taken a conservative limit for a Yukawa coupling
yy < 1, and the upper limit of x depends on the gauge degeneracy of thermal particles 7, ¢
and on possible flavored Yukawa couplings. These effects could further enhance the decay
contribution, which is the subject of section 6.

An interesting feature from such a comparison is that we can estimate the effect of the
forbidden decay by rescaling the scattering rate, since the ratio given in eq. (5.4) basically
depends on the thermal coupling &, or the interaction coupling ¥,. Once the thermal in-
teraction of the fermion mediator is known, we can calculate the scattering rate and simply
rescale it by a s- or yy-dependent factor to obtain the forbidden decay. As shown in the left
panel of figure 6, when x < 0.2, the ratio is approximately given by 0.56/x and the total DM
relic density given in eq. (5.1) can then be estimated by

QOpaih? ~ 220X (1 4+ 1.79k) Yy scat » (5.5)
pe/h? ’
where Y scat comes from the second term in eq. (5.2).
In the right panel of figure 6, we plot the correlation between the DM coupling 7, and
the thermal parameter s by fitting the observed DM relic density Qpyh? = 0.12 [25]. The
long-lived line corresponds to the second possibility from eq. (5.3), where we have neglected
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Right: the correlation between the DM coupling y, and the thermal parameter x for the observed
DM relic density. Here xp = m, /m.

the contribution from the light y. In this approximation, the DM relic density is independent
of mgy since Y(g x m(;l. However, the DM relic density from eq. (5.3) requires that the scalar
should have a lifetime longer than the age of the universe, which is translated into an upper
limit of the DM coupling y, < 10720(my/GeV)~1/2. Therefore, we can conclude from the
right panel of figure 6 that for a dark scalar heavier than 1 GeV, the DM relic density results
from the lighter fermion x. For instance, with y, ~ 10~ and mg ~ 10GeV, the scalar
lifetime is around 74 ~ 0.03 s. Thus the unstable heavy scalar has decayed away well before
the big bang nucleosynthesis epoch.

For the short-lived case from eq. (5.1), the DM relic density depends on y,,x and the
mass ratio in the dark sector xp = m,/my. We show in the right panel of figure 6 for three
representative values xp = 0.1,0.01,0.001. We can see that when the mass ratio zp and the
thermal parameter x decrease, a larger DM coupling y, is required to match the relic density.
However, a large DM coupling could make the dark sector thermalized. To check this, recall
that the nonthermal condition, which requires that the thermally averaged scattering rate
should be smaller than the Hubble parameter at the freeze-in temperature, is given by

C Sca
Xseal o |, (5.6)

where n{l ~ 0.0972 denotes the thermal particle-number density of y. The above condition
can be translated into an upper limit of the DM coupling y,, < O(10~%). Therefore, for the
thermal parameter x and the mass ratio xp shown in the right panel of figure 6, the dark
sector is indeed far from thermal equilibrium.

When & is much smaller but still able to keep the fermion mediator in thermal equi-
librium, the scattering channel for the DM production can also come from the mediator
scattering/annihilation, e.g., 1 + 1) — x 4+ x mediated by the scalar ¢ and 1 + 1) — ¢ + ¢
mediated by x, both of which are not included in previous calculations since we are concerned
with a relatively large x. These scattering channels have rates at O(yfc) and could be com-
parable with the thermal particle scattering ~ O(yiyi) if y,, ~ yy. For example, when the
fermion mediator v is a GeV-scale right-handed neutrino in the type-I seesaw framework, the
scattering ) +1 — x + Y that can generate the observed DM relic density predicts a nonther-
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mal DM coupling y, ~ O(1079) while the coupling for a GeV-scale right-handed neutrino to
keep in thermal equilibrium via neutrino oscillation is required to be y,, > O(1078) [22, 73].
Therefore, for a much smaller thermal parameter x, the DM production from the mediator
scattering/annihilation could be significant. A large thermal parameter , on the other hand,
is usually more favorable as the strong connection between the SM and the fermion mediator
enables us to have more opportunities of DM detection via the very fermion messenger, and
is widely predicted in specific scenarios that can explain experimental anomalies, as to be
discussed in the following.

6 Application to different thermal Yukawa interactions

We have considered a typical example in section 2 where both the DM-mediator and SM-
mediator connections are realized by Yukawa portal interaction. In this section, we shall
discuss some specific models to which previous calculations can be applied. The aim of this
section is to calculate the DM relic density, following previous sections which combine the
forbidden fermion decay and the associated scattering in terms of the thermal parameter
k. We specify some typical thermal interactions with different gauge representations for
the thermal particles, and discuss the significance of forbidden fermion decay that could be
readily overlooked in the scenarios of light fermion mediators.

It should be mentioned that the observational signatures of these specific scenarios
depend not only on the thermal coupling, but also on the masses of thermal particles and the
mediator. However, the analyses presented in previous sections only assume that the relevant
thermal species are lighter than the heaviest scale in the dark sector. Given that the scale
of the dark sector is not known a priori, there is no definite mass limit that can be inferred
from the interplay between the mediator and the DM. On the other hand, we can infer from
the right panel of figure 6 that increasing the thermal coupling x and the mass hierarchy
zp in the dark sector can open up the DM parameter space towards smaller values, which
could help to evade severe observational constraints whenever the detection of DM via the
light fermion mediator is concerned. In doing so, i.e., increasing the thermal parameter, the
forbidden decay cannot be overlooked. In the following analysis, we commonly assume that
there is only one fermion mediator that connects the dark sector to the SM thermal plasma.

6.1 Right-handed fermion mediator

Presumably, the most known example is the Majorana neutrino portal DM [12-22], but g
can also be identified as the right-handed Dirac counterpart of the SM left-handed neutrinos.
Both the Majorana and Dirac neutrino mediators allow a dark sector to be produced via the
freeze-in mechanism, as long as ¥ does not have strong gauge interactions. A noticeable
difference between the Majorana and Dirac portals is that the latter naturally predicts a very
light fermion mediator with mass readily well below the dark scale.

For right-handed neutrino mediators, the left-handed fermion in (2.2) is identified as
the SM lepton doublet, while the scalar can either be the SM Higgs doublet or a new Higgs
doublet. In the former case, a light right-handed Majorana neutrino with small Yukawa
couplings can already be in thermal equilibrium via fast neutrino oscillation [22, 73]. So if
the active-sterile neutrino mixing is small, the thermal corrections to the Majorana neutrino
would be suppressed. Consequently, the duration of the forbidden decay channel would be
quite short and the scattering becomes the dominant channel to generate the DM relic density.
Certainly, large Yukawa couplings are still allowed for Majorana neutrinos, in particular, if
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they couple to a new Higgs doublet. In this latter case, an O(1) Yukawa coupling between
the right-handed neutrino and the new Higgs doublet was interesting, as considered in Dirac
neutrino mass origin [74-76] and in explanations of flavor anomalies observed at low-energy
experiments [77-80].

With large Yukawa interactions, the forbidden right-handed neutrino decay cannot be
neglected. Applying the calculation in section 3 , we can readily obtain the thermal mass for
the right-handed neutrino,

2
mi(T) = %TQ, (6.1)
and hence k = y,,/v/8. Note that the different thermal mass in eq. (6.1) does not modify the
ratio Yy scat/Yy,dec it terms of a free k. To see this, recall that the calculation of forbidden
decay is given in terms of my, = kT. From eq. (3.19) to eq. (6.1), we have my,, = kT — KT,
with # = v/2k. On the other hand, the scattering cross section is now enhanced by a factor
of 2 due to the gauge degeneracy, so the yield from eq. (3.19) to eq. (6.1) is changed as
Yy scat X Y3, = (4k)* — 2y7 = (4%)?. Therefore, for a thermal mass different from eq. (3.19),
the updated ratio Y} scat/Yy,dec can still be given by a free x but with an enhanced maximum.
For example. the thermal coupling in eq. (3.19) indicates 0.025 < x < 0.25 under the
condition (3.22), and it is enhanced to be 0.035 < k < 0.35 in eq. (6.1).

From the left panel of figure 6, we can now obtain the portion from the forbidden decay
channel to the DM relic density in the following range:

fdecay = M ~ 6% — 35%. (62)
Qtot

It should be emphasized that we have not taken into account the flavor effects from (2.2).
With a single right-handed neutrino mediator, there are in general three coupling constants
in (2.2), corresponding to the interactions with three lepton flavors. It is possible that all
the three couplings are comparably large. In this case, yi = y?m + yi,g + yiﬁ can further
enhance the thermal mass effect within the condition 0.1 < y,; < 1. The fraction given in

eq. (6.2) can then reach a maximal value fiio, = 43%.
A right-handed fermion mediator can also couple to quark doublets. This can be realized
by introducing leptoquarks, which were considered as promising candidates to explain flavor

anomalies [81-83].* With a scalar leptoquark, the Yukawa interaction is given by

Yy,iQi LVRY + hc. (6.3)

where @ = (ur,dr)” is the quark doublet and the leptoquark scalar doublet ¢ carries a
hypercharge Y = 1/6. In this case, the thermal mass of 1 is given by

)T

3 3y12/1
2 2
mi,(T) =" T (6.4)
i=1

where the factor of 3 accounts for the color degrees of freedom. If only one coupling is
significant, the condition 0.1 < yy; < 1 would be translated into 0.061 < x < 0.61. If three
couplings are comparably large yy 1 ~ Yy 2 = Y3, the range of  is given by 0.11 < x < 1.1.
In this case, the fraction fqecay is estimated to be

Faceay.1t = 10% — 43% , (6.5)

4Note that, in such leptoquark scenarios, the Yukawa couplings are generically predicted at O(1).
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with a one-flavor (1f) dominated coupling and
Jaecay,3t = 16% — 45% , (6.6)
with three-flavor (3f) comparable couplings.

6.2 Left-handed fermion mediator

A left-handed fermion mediator can couple to the right-handed DM yg via chiral Yukawa
interaction. For a nonthermal dark sector via the Yukawa interaction ¢;, x g, the left-handed
mediator cannot have strong gauge interaction. There are some possibilities. For instance,
11, can couple to the SM charged-lepton singlet ¢ via [84]

Yy, WLl re + huc., (6.7)

where g, ; in general have three couplings to the charged-lepton flavors, ¢, is a neutral lepton
and ¢ is electrically charged. Here v is a SM singlet so that the dark sector does not carry
SM gauge charges. Since both ¢ and £ are SM gauge singlets, the thermal mass of ¢y, would
be given by

3 yi '
mi(T) => 1—6;’T2 , (6.8)
i=1
leading to
fdecay,lf = 4% —29% ) fdecay,3f = 7% — 39% ’ (69)

for 1f and 3f dominated couplings, respectively.
A left-handed fermion mediator singlet can also couple to right-handed quarks. For
instance, the down-quark singlet dr couples to 17, with a leptoquark scalar ¢ [85-89]:

Yp,idi, RULY + h.c. (6.10)

where the scalar ¢ is now an SU(3), triplet and SU(2)y singlet, carrying the hypercharge
Y = —1/3 so that ¢ is a SM singlet. The thermal mass in this case is given by

2

3
WYyi
) 6.11
g x (611)
where the factor of 3 accounts for the color degrees of freedom. It then leads to

fdecay,lf =T% — 39%7 fdecay,?)f =12% — 45%. (612)

The thermalization interactions and the portion of forbidden decay are summarized in
table 1. A general expectation is that, for a Yukawa coupling at 0.1-1, the contribution from
the forbidden decay can range from 4% to 45%. The largest contribution comes from (6.3)
with comparably large Yukawa couplings, where the thermal loop correction to the fermion
mediator is enhanced by the gauge degeneracy and the color degrees of freedom.

There is no doubt that a phenomenological study of each pattern deserves comprehensive
analyses, especially given that they can arise from crossed areas, ranging from neutrino
physics, flavor anomalies to DM physics. The results obtained in this section serve to underlie
the detailed investigations when a heavy dark sector is generated by a light fermion mediator.
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Thermalization patterns | Range of fyecay,1if (%) | Range of faccay,3r (%)
Liptn 6,35 10,43
Qip¥r [10,43] [16,45]
drpli [4,29] [7,39]
Yrpdi g [7,39] [12,45]

Table 1. Different thermalization interactions for a right- or left-handed fermion mediator ¢ with a
Yukawa coupling in the regime: [0.1,1]. 1f assumes that the interaction is dominated by a SM fermion
flavor while 3f considers comparable interactions among the three flavors.

7 Conclusions

In this work we have concentrated on the freeze-in DM production via a light fermion mediator
once thermalized in the early universe. We have used Yukawa portal interactions to capture
the basic properties of such a class of DM models, where the scattering and forbidden fermion
decay rates carry the same order of coupling constants. The results can be applied to the
scenarios of right-handed Majorana/Dirac neutrino portals, as well as the right- and left-
handed fermion mediators coupling to the SM fermions, provided that the dark sector is
heavier than the mediator and the relevant thermal particles.

The full forbidden decay rate should in general be calculated from the one-loop retarded
amplitude at finite temperatures, and is generically overestimated by a tree-level amplitude.
Nevertheless, we found that the forbidden decay rate can still be simply obtained from the
tree-level amplitude after being rescaled by some constants that depend only on the thermal
parameter.

Both the scattering and forbidden fermion decay coexist to generate the DM relic den-
sity. The contribution from the forbidden decay is significant when the interaction between
the fermion mediator and the thermal plasma is strong. For a Yukawa coupling in the
range: 0.1-1, the forbidden decay can contribute to the total DM relic density at the level of
4%-45%, depending on the gauge representations of thermal particles and flavored Yukawa
interactions, and hence cannot be neglected in precise calculation of the DM relic density.
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A Thermal one-loop amplitudes

A.1 The DM part

The amplitudes from figure 2 are given by

4
S (P) = —iyy / é7§4G_+(K — P)S,_(K)
i 2
= Gose | A st~ po)[L+ folho — po)l Fukodor—ppu(K), (A1)
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4
SX(P) = =i, [ GG = PIS_4(K)

—1

2
- (%y)); /d4KSign<k0 — o) fo(ko)[1 — fy(ko — po)lox—ppy(K), (A.2)

where 0x_p = 0[(K — P)? — mi] and the free scalar propagators G_, G _ are given by

Gy (K) = —2misign(ko) f5(ko)5(K* —m3), (A.3)
Gy (K) = —2misign(ko)[1 + f5(ko)]6(K* —m3) (A.4)

while the resummed fermion propagators Sy _,S_ are given by egs. (3.5) and (3.6).

A.2 The fermion mediator part

The real part of the retarded amplitude Z}/)%(K ) is equivalent to the time-ordered one Zf L (K),
which in the massless limit is given by
d*Q

24 (K) = iyy, / WG++(Q - K)PLS+(Q)Pr

d4
=it [ G (e + 2@ ) PL@P

1 .
: <(QKM_27”fso(|(10—ko\)ﬂ(Q—K)Z]) , (A.5)

The zero-temperature part is UV divergent, which can be renormalized as usual in zero-
temperature QFT. For the finite-temperature part, it reads

; 1) — K)? 5(02
Resi() = o [ a'@( O ol kb - (5l ) PP
2 s 2
= (Zy:)g /d4Q(Q(f2I())2(f‘p(q)PL(_@+K)PR_fn(Q)PL@PR), (AG)

where (Q— K)? # 0 and the second equation is obtained by replacing Q — —Q-+K in the first
term of the first equation. The above integration can be done as follows. Integrate qg first
via (Q?), then expand the denominator (Q — K)? = K2 —2K.Q in the HTL approximation:
K? < ¢% after that integrate the angle cos ), and finally integrate the momentum g.

In the HTL approximation, the trace given in egs. (3.8) and (3.9) are evaluated to be

2

WKReS0)] = o2 [ lfala) + S)lda + OGP

2
~ %T2 , (A.7)

v
(2m)?

2
Yy
~—1
16k

tr[/ ReS(K)] =

[ adoa) + fufaldy [ deost—d— + O(K?/¢)

2 — k% cos 6?2
ko + k
ko — k

5The forbidden decay primarily stems from a hard v propagating near the lightcone. It implies that
when using the HTL approximation, the terms from K?/¢*> have a higher-order y, but ko/q and k/q are at
leading order.

’ T2, (A.8)
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