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ABSTRACT: We study dark matter freeze-in scenarios where the mass of the mediator particle
that couples dark matter to the Standard Model is larger than the reheat temperature, Tryy,
in the early Universe. In such setups, the standard approach is to work with an effective field
theory (EFT) where the mediator is integrated out. We examine the validity of this approach
in various generic s- and t-channel mediator frameworks. We find that the EFT approach
breaks down when the mediator mass is between one to two orders of magnitude larger
than Try due to various effects such as s-channel resonance, a small thermally-suppressed
abundance of the mediator, or decays of Standard Model particles through loops induced
by the mediator. This highlights the necessity of including these contributions in such dark
matter freeze-in studies. We also discuss the collider phenomenology of the heavy mediators,
which is qualitatively different from standard freeze-in scenarios. We highlight that, due to
the low Try, the Standard Model-dark matter coupling in these scenarios can be relatively
larger than in standard freeze-in scenarios, improving the testability prospects of these setups.
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1 Introduction and Motivation

The freeze-in mechanism [1, 2] has been extensively studied in the literature as a viable
production mechanism for the observed relic abundance of dark matter (DM). In contrast to
thermal freeze-out scenarios, the freeze-in mechanism is characterized by couplings between
the dark matter particle and the Standard Model (SM) thermal bath that are so feeble that the
two populations never thermalize. The dark matter abundance is instead built up gradually
over the cosmological history through these feeble interactions. Such feeble couplings suppress
most experimental probes of dark matter such as indirect or direct detection. The most
promising detection avenues consist of producing dark matter parent particles at high energy
colliders and observing their displaced decays, see, e.g.[3-8].

Dark matter freeze-in scenarios can broadly be classified into two categories. If dark
matter is produced via renormalizable interactions or decays of heavier particles, production
dominantly occurs at temperatures close to the mass of the decaying or annihilating particles
(in such cases, obtaining the correct relic density requires extremely small couplings); this
scenario is dubbed infrared (IR) freeze-in. In contrast, if higher dimensional operators are
involved, dark matter production primarily occurs at the highest temperatures, leading to
scenarios referred to as ultraviolet (UV) freeze-in [9], where the relic abundance is sensitive to
the highest temperature reached by the thermal bath, the reheat temperature, Try, at which
the radiation dominated evolution of the Universe commences after inflation. Although this
dependence on UV physics is unattractive, such scenarios are inevitable in several beyond
the Standard Model (BSM) theories. If these mediator particles are heavier than Tgy *,
integrating them out gives rise to higher dimensional operators in an effective field theory
(EFT) relevant for early Universe cosmology, leading to UV rather than IR freeze-in of dark
matter [10]. In such cases, the feeble interactions required to produce the correct dark matter
relic density are a natural consequence of integrating out the heavy mediators of mass M,
which leads to the effective couplings getting suppressed by powers of Try /M.

In this paper, we explore various cosmological and collider aspects of UV freeze-in sce-
narios in the presence of heavy mediator particles with M,,.q > Try. Our focus is to study
the limitations of the EFT obtained by integrating out the heavy mediators, and how this
affects the relic density calculation. We find that considerations of the existence of the heavy
mediators can give rise to important effects not present in the EFT treatment, such as en-
hanced dark matter production from resonant effects, modification of the DM momentum
distribution, and loop induced decays of SM particles into DM. In this paper, we will explore
such scenarios in frameworks with s- as well as t-channel mediators. For s-channel mediator
scenarios, we will consider scalar and vector mediators that mix with the SM Higgs and Z
boson respectively, as well as a heavy Z’ that couples directly to both SM and dark matter.
For the t-channel mediator scenario, we will consider a new heavy scalar that couples to SM
fermions and the DM candidate. Several papers in the literature have studied DM freeze-in

'Recall that there is no experimental evidence at present that Try was much higher than ~MeV, required
for successful Big Bang Nucleosynthesis (BBN).



with s-channel scalar [11-18], vector [19-21], as well as spin-2 [22] mediators. Likewise, t-
channel mediators have been discussed in [5, 23]. For more general studies of freeze-in via
portal mediators, also see [24-26]. Most of these studies consider reheat temperatures above
the mediator mass, so that the mediator is part of the thermal bath. Our paper, which studies
the opposite regime, is therefore complementary to these studies. It is interesting to note that
our scenario interpolates between the standard UV freeze-in scenario (Try < Mneq), and the
standard IR freeze-in scenario (Try > Mped)-

In this paper, we also study the collider phenomenology of such mediators. In general,
collider-accessible particles that can produce the correct dark matter abundance via IR freeze-
in have very long lifetimes due to the feeble couplings involved, resulting in decays outside
collider detectors. Therefore, IR freeze-in scenarios generically require non-standard cosmo-
logical histories in order to obtain mediators with modified lifetimes that can be directly
tested at colliders, as well as larger production cross sections [3-8]. This does not apply to
the frameworks of interest to us, which feature much larger couplings of the heavy mediator
with SM and dark matter particles. Hence we find that collider signatures of such setup are
qualitatively different from those expected from standard freeze-in scenarios.

The paper is organized as follows: In Section 2, we provide an overview of the simpli-
fied models and cosmological history we base our study on. Cosmological aspects of dark
matter freeze-in for the cases of s- and t-channel mediators are discussed in Sections 3 and
4, respectively. Section 5 is devoted to a discussion of various phenomenological aspects of
such heavy mediator frameworks. We end with a summary of our main findings in Section
6. A brief discussion of the impact of the epoch before radiation domination on dark matter
production is presented in Appendix A. Finally, in Appendix B, we present some specific
model realizations of our s- and t-channel mediated freeze-in scenarios.

2 Simplified Models

We perform our analyses in the framework of simplified models. We consider a Dirac fermion
dark matter particle, X, with mass mx, that is stable and singlet under the SM gauge group.
X interacts with the SM fermions through a heavy mediator. We choose SM fermions rather
than gauge bosons since they are lighter and therefore more abundant in the thermal bath
at low temperatures. Integrating out the mediator therefore gives rise to an EFT with four-
fermion interactions between a pair of DM particles and a pair of SM fermions, ff < XX,
which will produce DM via UV freeze-in. We consider this setup under two broad categories:
an s-channel (scalar or vector) mediator (Sec.2.1) and a t-channel mediator (Sec.2.2).

2.1 S-Channel Mediator
2.1.1 Scalar mediator

We consider a Higgs-portal model, consisting of a SM-singlet real scalar mediator, S, with
the following interactions:

LD —ysSXX + p3S% — NH|?S? — )\, S, (2.1)



S can obtain a non-zero vacuum expectation value (VEV), s. If so, it mixes with the SM

N 0
Higgs. Defining S = (S5 + s)/v2 and H = hen+v ) with v = 246 GeV, the SM-like Higgs
V2

h and the mass eigenstate S can be written as

2)\vs

h = cos Ophsm — sin 0,55, S = sinOphgy + cos 0,9, with sin(20,) = —5——~, (2.2)

(mg —mj)
where mg and my, are the S and h masses, respectively. Note that the mixing angle 0, can
be chosen relatively independently of the value of mg. This mixing gives rise to ff < XX
interactions mediated by both S and h in the s-channel. The couplings involved in these
interactions are given by

Loy = —ysX X (cos 0,8 — sin ,h) — yfff(sin 01,S + cosOph) , (2.3)

where yy = my/v is the SM fermion Yukawa. The DM mass can arise from the Yukawa
interaction with S, from additional interactions with a broader range of dark sector particles,
or be vector-like. We will therefore treat it as a free parameter in our numerical investigations.

2.1.2 Vector mediator
Kinetic Mixing
A second possibility for the s-channel mediator is a dark U(1) gauge boson (the dark

photon [27]), Z/, that mixes with the SM hypercharge gauge boson, B. The corresponding
Lagrangian is given by

A ~ 1 A A _ _
Lo %B“"ZZW + 3m% 2" 2, + XD, X — mx XX, (2.4)

where D, = 0,, — iQDQDZ;/n with gp and ¢p the dark U(1) gauge coupling and charge of
the X particle, respectively. The Z’ mass, m,, can come either from the interaction with
a dark Higgs or from the Stueckelberg mechanism [28]. The kinetic mixing parameter, e,
induces a mixing of the 7' with the SM hypercharge gauge boson. In particular, if we define
Zh=v1—e 7', the dark Z' and the SM Z mass eigenstates are given by
~ ~ 7’rL2
7' = —sinaZ +cosaZ), Z =cosaZ+sinaZ), with tana ~ —ZzesiHHW, (2.5)
S
where Oy is the Weinberg angle, 7 is the would-be SM Z boson, and the last approximated
expression only holds for e < 1 and m;, > mz. In the same limit, the mass of the physical
Z'is my, (corrections arise at the €? order). The mixing in Eq. (2.5) is responsible for the Z’
coupling with SM fermions, and for the SM Z boson with DM:

LOGZ [t fr + 9rZ,fe" fr + 952, X" X + (2" Z), (2.6)



where the couplings are given by

9 = co?g (—sina (cos® Oy Ts — sin® Oy Y1) + cosarn sinfy Y1),
w
gr = CO‘ZVgW (—sina (- sin? Oy Yr) + cos a7 sin Oy YR) (2.7)

/
9x = 4DYgD COS &,

with n = ¢/v/1 —€2. T3 and Y are, respectively, the third component of the isospin and the
hypercharge of the SM fermion, where we use the convention ) = T35+ Y, with ) the fermion
electric charge. The corresponding couplings of the Z boson (g1, gr,gx) are obtained via
the exchange —sina — cosa and cosa — sina. These couplings give rise to the ff < XX
interactions mediated by both the Z’ and the SM Z boson.

Gauged L, — L,

In both of the simplified models discussed above, the s-channel mediator obtains couplings
to SM fermions via its mixing with a SM particle (h or Z). As a consequence, both the
mediator and the particle it mixes with can mediate interactions between SM fermions and
dark matter. Here we instead consider a setup where the mediator couples directly to SM
fermions without necessarily mixing with any SM particle. Such a scenario is realized, for
instance, in models obtained by gauging one of the anomaly-free global symmetries of the
SM, such as L, — L, or B — L. If DM is charged under this symmetry, it can interact with
SM fermions via the new Z’ without the SM Z boson featuring in the process.

The minimal L, — L, DM model is defined by the following Lagrangian:

LD @y (ivalt — TVaT + VYo PLvy — Urya Prvs) 2%+ ' X’anZ/a—l—%mZZ/Z/“ZL—mXXX,

(2.8)
where ¢, and ¢, are free parameters quantifying the charge of the SM leptons and DM under
the new U(1),—, gauge symmetry, and ¢’ the gauge coupling strength of U(1),—-. In this
model, a kinetic mixing between the new Z’ and the SM Z boson is induced via loops of SM
taus and muons, which are charged under both U(1),—, and the hypercharge U(1)y. The
kinetic mixing coefficient is given by

/ 2
g g1 m
€= 153 log <m;) , (2.9)
w

where g; is the hypercharge gauge coupling. We will see later that this tiny mixing is incon-
sequential for dark matter production and phenomenology.

2.2 T-Channel Mediator

Another possibility is the existence of a t-channel mediator. In this paper, we focus on a
scalar mediator, S, that interacts as

LD miSrSt —mx XX — (yrSrfX + h.c), (2.10)



where f is a SM fermion. We assume that the scalar potential is such that Sr does not get
a VEV, and therefore does not mix with the SM Higgs boson. The above coupling gives rise
to the ff «++ XX interactions via Sp in the t-channel. Such a setup can be realized, e.g. in
supersymmetric frameworks, where Sy is identified as a sfermion and X as the bino or axino
(see e.g. [23]).

Note that S cannot be a SM singlet but carries the same charges as f. For example, if f
is a SU(2), doublet, S must likewise be a doublet with multiple degrees of freedom. While
this would give rise to a greater variety of collider signatures, in this paper we focus on the
simpler case where f is a right-handed fermion, so that only one, SU(2)y, singlet, mediator is
involved. In particular, we will discuss two cases, (1) f = eg, and (2) f = tg, for which the
cosmology is qualitatively different. In both cases, St couples to the SM ~, Z bosons; in the
latter case, ST also couples to gluons.

2.3 General Features of the Cosmological History

In the remainder of the paper, we will explore in detail various aspects of dark matter freeze-
in in each of the scenarios outlined above. In this section, we provide a brief overview before
delving into the details in the following sections.

We assume that the early Universe after the end of inflation is radiation dominated, and
denote the reheat temperature at the beginning of this era as Try. We assume that the epoch
before radiation domination, when the Universe is dominated by the energy density of the
decaying inflaton field, contributes negligibly to the dark matter abundance (the conditions
for the validity of this assumption are discussed in Appendix A). Therefore, in all scenarios
we are interested in, all of the dark matter is produced by freeze-in processes at temperatures
below TRH-

The process common to all (s- or t-channel) scenarios is dark matter production from
the annihilation of SM fermions, ff — XX. The dark matter yield from this process can be
calculated as [19]

1 1 (45\*? Mp [ >0
Yif= g (5) Pl/ dx/ 2 (22 — 42?2 K1 (2) dz | M)? dQ,
4(2m) gV gl \ T MX Jmx /Tru 2m> /T

(2.11)
where z = /s/T, © = mx/T, ms> = Max(mys,mx), Mp; is the Planck mass, d€ is the
integral over the solid angle, s is the Mandelstam variable, K;(z) is the 1lst-order modified
Bessel function of the second kind, ¢% and g2 are the effective numbers of degrees of freedom
of the thermal bath for the energy and entropy densities, respectively, and M is the spin-
averaged matrix element for the process. This equation is applicable to the case of s- or
t-channel mediators, as well as to the higher dimensional, effective four-fermion interactions,
with appropriate specifications of the matrix element M.

In addition to this fermion annihilation process, scenario-specific annihilation and decay
processes not captured in the EFT, such as annihilation processes that produce one or two
mediator particles in the final state, can also contribute to the dark matter abundance.



Here we comment on the production of dark matter through the decay of a mediator,
concluding that this process should not be added to the aforementioned fermion annihilation
process. In the s-channel case, when the mediator mixes with a SM particle (such as the
Higgs or Z bosons), decays of the SM particle population in the bath can in principle also
contribute to the dark matter abundance. The contribution from the mediator decay can be
estimated as

45 Mp;I" ¢ [
gsm M prl gpxX Kl(x)x3d:c

Y. ~
e T H166)2m0 2y, guS\/gl  Jmsu
RH
225 Mp,T $
~ ISM P SMoXR 1 (7 /9 g /Tra) - (2.12)

Here, gy, mgym are the number of degrees of freedom and mass of the SM mediator, respec-
tively. The second approximation holds for mgy > Try, with T' [z, y] the incomplete Gamma
function. If Ty < mgy, this abundance is Boltzmann suppressed, as encapsulated in K (z).
We can have mpys > Try as long as kinematically accessible in the decay. Likewise, the de-
cay of the heavy (non-SM) mediator particle also contributes, with the contribution given by
Eq. (2.12) with appropriate replacements. For all mediator and SM decay contributions, the
width of the decaying particle is greater than the Hubble rate for all Try we consider in this
paper. Thus these particles should be thought of as resonances rather than long-lived parti-
cles during the cosmological epoch of interest for dark matter production, which nevertheless
maintain an “equilibrium” thermal abundance due to rapid inverse decays of SM states (for
s-channel mediators), justifying the use of Eq. (2.12) for such scenarios.

Note, however, that the s-channel 2 — 2 process ff — XX contains a resonance regime,
where the center of mass energy of the incoming particles matches the mass of the mediator,
resulting in an enhancement of the cross section. This resonance regime corresponds to the
intermediate particle being produced on shell, then decaying into dark matter particles. This
is precisely the decay contribution given by Eq. (2.12). Therefore, including both contributions
amounts to double counting. In such scenarios, it is therefore sufficient to only consider the
annihilation contribution in Eq.(2.11), which includes both on- and off-shell contributions
from the mediator (see e.g.[29, 30] for related discussions). Nevertheless, in scenarios where
the resonant regime dominates the production process, the decay contribution calculated from
Eq. (2.12) will match the yield from Eq. (2.11). In this case, the decay contribution, which is
simpler to calculate, can be used to estimate the dark matter abundance.

3 Dark Matter Freeze-In: S-Channel Mediator

In this section, we study freeze-in scenarios mediated by s-channel mediators, exploring the
interplay between the various production channels in the dark scalar (Sec. 3.1) and dark vector
(Sec. 3.2) cases.



3.1 Scalar Mediator
3.1.1 Contributions to Dark Matter Freeze-In

The dark matter abundance receives contributions from several ff — X X processes. These
freeze-in processes have been considered in a EFT framework after integrating out the heavy
mediator [9]. While hh,SS — XX annihilations also contribute, these contributions are
negligible for low reheat temperatures Try < my as the DM yield is proportional to the
square of the abundance of the Higgs or the scalar .S, which are Boltzmann suppressed.

As we will show, among the SM fermion annihilations, the SM Higgs exchange processes
dominate since we consider the regime my < mg. The identity of the SM fermion that
dominates the process depends on mx and Try. The fermions that couple appreciably to the
Higgs and have (relatively) unsuppressed thermal abundance at Try < my, are the bottom
and charm quarks, and 7 leptons.

The relevant part of the Lagrangian, before integrating out the SM Higgs boson and
scalar S, is given by

LD ynxxhXX +ynsrhff +ysxxSXX +ysppSff+hec., (3.1)
where the two couplings can be expressed in terms of the Lagrangian parameters and Higgs
mixing angle in Eq. (2.3) as ypxx = yssinby, ynsr = —ygcosb, and analogously ysxx =

—yscosty, ysgr = —yssinby.
In the EFT framework, we can compute the DM yield from freeze-in via a four-fermion

: . LAY % 11 1 _ _ _Mhs 2
dimension-6 operator 1z (ff)(XX), where 17 = a7 taz with Ay g = N [9]

(1.66)77 g S\f At

where N, is the number of colors of the fermion f, and we take ¢,° = ¢¢ = 100 as the
effective number of relativistic degrees of freedom around the GeV scale. Note that this
formula assumes that the mass of the annihilating fermion is negligible compared to Trg.

We now turn to a treatment of this process that takes into account the physical nature
of the mediator rather than treating the interaction as an EFT. The full matrix elements in
the annihilation process are given by

IMa_yo|? = | Mg|? + |IMpu> + (MpM% +hec.), (3.3)
where
2 4N, ?/}%XX ylzlff —4m7 s — am?
h h h
9 4NcySXXySff 3—4m?s—4m§(
M| :(mQ—s) +TZm?% 2 2 7
s s

2

s — (m} +m%)s + mim% +mpLymglg s — 4m? s — 4m%
Mh./\/lzv + h.C. = *SN (yhXX Yh )2 h ) X
¢ 0 m2 = )2 + 2m2][(m2 — 5)2 + T3m2] 2 2

2In our numerical calculations, we include the running of the Yukawa coupling, Ynsr = Ynsr(V/9).
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Figure 1. Dark matter differential yield from the annihilation process bb — XX as a function of
\/s, as obtained using the approximate EFT formula (dashed curves) and the full calculation (solid
curves) for two temperatures T' = 5 GeV and T = 20 GeV. We show the SM Higgs (h) and heavy
scalar (S) mediated contributions separately to highlight their relative sizes (the interference term is
not shown); the total contribution (including interference) is shown with a black curve. For this plot,
we use mg = 500 GeV, mx =2 GeV, ynxx = 1075, and sin6;, = 0.1.

Here I'y, (= 4.1 MeV) and I's are the widths of the SM Higgs and heavy scalar, respectively.
I's = F%M sin? 0, + I%( X cos? 0y, where FgM is the width of the corresponding SM-like Higgs
at the same mass, and 1%( X the width into DM particles. Substituting these matrix elements
into Eq. (2.11) enables us to calculate the DM abundance from these annihilation processes.
Since the combination of couplings entering the Higgs and S contributions are the same
(lynxx Ynsf|l = lysxx yssy|), and the mixing angle 6}, is treated as a parameter independent
of the mass mg, we expect the Higgs exchange to generically dominate over the .S exchange
or interference term. This is confirmed by Fig. 1.

In Fig. 1, the solid curves show the differential DM yield contributions from the two
mediators, h and S, from the bb — X X process as a function of the center of mass energy
at two different temperatures, 7' =5 GeV (in blue and green) and 7' = 20 GeV (in red and
orange). We choose a benchmark scenario with mg = 500 GeV, mx = 2 GeV, ypxx = 1076,
and sin#, = 0.1. The Higgs exchange contribution (in blue and red) dominates at most
energies, but at higher temperatures the S resonance can produce the dominant effect when
Vs ~ mg, as can be seen from the orange curve for T = 20 GeV. For comparison, we also
show (as dashed curves) the contributions obtained by dropping the s dependence in the
denominators of the matrix elements in Eq. (3.4), which leads to the EFT approximation in
Eq. (3.2) for Try > my. This highlights that the approximate EFT results are generally very
close to the results of the full calculation, but, as expected, completely miss the resonant
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Figure 2. Relative contributions of various annihilation channels, ff — XX, as a function of the
reheat temperature for mx = 1 GeV, mg = 500 GeV, sinf, = 0.1. For each channel, we plot
the effective Yukawa coupling, y,x x, needed to obtain the measured relic abundance. Lower curves
correspond to the more dominant channels. The dotted curves are obtained using the approximate
EFT formulae. For illustrative purposes, we also include the contributions from h and S decays (black
solid and dashed curves, respectively).

regions, which is a crucial aspect of considering the physical nature of the heavy mediator
rather than treating the annihilation in an EFT framework. Such resonant contributions
grow with 7', as a larger part of the thermal distributions of the SM fermions can reach the

resonant regime.

3.1.2 Cosmological History

We now study the interplay between various contributions in producing the measured dark
matter relic abundance.

In Fig.2, we show the relative sizes of the several fermion annihilation channels for
a representative choice of heavy scalar mass (mg = 500 GeV), heavy scalar-Higgs mixing
(sin@, = 0.1), and dark matter mass (myxy = 1 GeV). The y-axis shows the size of the
Higgs-DM coupling, y,x x, needed for a particular channel to fully provide the observed relic
density of dark matter as a function of the reheat temperature. The lower a curve, the more
efficient the channel is in producing dark matter. Therefore, the lowest curve represents the
most dominant contribution. The solid and dashed curves show the full calculation of the
annihilation contributions mediated by the Higgs and S, respectively. We have checked that
interference effects are unimportant. For comparison, the dotted curves show the contribu-
tions as computed from the EFT. For illustrative purposes, we also include the contributions
from h and S decays (black solid and dashed curves, respectively).

As we can see, the dominant contribution comes from bb — X X through the exchange

,10,



of a Higgs (solid green curve). For very low reheat temperatures, Try < 5 GeV, the EFT
calculations match the full calculation (see solid vs. dashed green curves), hence the EFT
language appropriately captures the dark matter production. In this regime, the correct dark
matter abundance is obtained for y,xx ~ 1077 —107°. On the other hand, for Try = 5 GeV,
the curves depart from the EFT results as the resonant behavior due to the presence of the
physical s-channel mediator (SM Higgs) becomes relevant (see also Fig. 1). In this region, the
value of ypxx required to produce the observed DM relic abundance can be more than two
orders of magnitude smaller than that predicted from the EFT treatment. In this regime,
Trp is sufficiently high that production is dominated by the contribution from the resonance
region /s ~ my,, which is effectively captured by calculating the contribution from h decay
(solid black curve in the figure, as obtained from Eq. (2.12) with I'qy;. x5 — 'y x5 and
mgm — my). Here, we find that couplings as small as ypxx ~ 107 (for Try 2 20 GeV)
can produce the correct dark matter relic abundance. Such numbers are comparable to the
feeble couplings associated with traditional IR dominated freeze-in scenarios.

These patterns also hold for the contributions from the heavy Higgs exchange®. While
the total contribution from S-mediated processes is always subdominant to that from the
SM Higgs at these low TRy, it is interesting to note that tf — S* — X X is more efficient
than tt — h* — X X (see the solid vs. dashed orange curves) as the latter does not get any
resonant enhancement.

In Fig. 3, we show contours of the Higgs-DM coupling y,x x that produce the measured
DM relic abundance as a function of Try and mx. The sharp features at mx ~ my/2 are
due to the fact that much larger couplings are needed at higher DM masses as the Higgs
resonant enhancement is no longer possible. Relatively large Higgs-DM couplings are needed
(ynxx ~ ©(0.01) and above*) for mx > O(10 GeV) and Try ~ O(GeV). We also show
the boundary between regions where dark matter production is dominated by non-resonant
annihilation (where the EFT approach provides a good approximation of the yield), and
regions where production is dominated by resonant annihilation (where either the h or S
decay approximation from Eq.(2.12) appropriately captures the dark matter yield). In the
figure, we also show the bound from LHC searches for the Higgs decaying invisibly (red curve)
and the direct detection bounds from XENONIT [31] (orange curve), see Secs. 5.1.1, 5.2 for
more details. These searches already probe part of the parameter space of the model.

3.2 Vector Mediator

We now discuss dark matter freeze-in in the simplified model with a vector mediator, Z’. We
first discuss the case of a Z’ that mixes kinetically with the SM hypercharge, followed by the
case of a Z' arising from the gauged L, — L, symmetry. The results in this subsection will

3For simplicity, in the figure we do not include the hh — S* — XX channel, which is justified if the
dimensionful coupling hhS is much smaller than v. This channel can be larger than the tf — St 5 XX
channel but will remain negligible compared to bb — ) - XX

“Even for such large couplings, dark matter does not thermalize with the SM bath in these regions of
parameter space as mp > Try.
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Figure 3. Contours of the Higgs-DM coupling (yrxx) needed to produce the measured DM relic
abundance, as a function of the reheat temperature and of the DM mass for mg = 500 GeV and
sinfp, = 0.1. The white region corresponds to yrxx > 1. The white curves separate regions of
parameter space where different contributions dominate dark matter production, as specified by the
labels. The red curve represents the LHC bound on Higgs invisible decays (see Sec.5.1.1), whereas
the orange curve represents the constraints from current direct detection data from XENONI1T [31]
(see Sec.5.2).

be qualitatively similar to those in the previous (scalar) subsection, but with some crucial
differences. In particular, in the kinetically mixed scenario, due to the dependence of the
mixing angle on the ratio of the Z, 7’ masses (see Eq.(2.5)), we will find that the heavier
mediator as well as the interference term play a more important role. In the L, — L, scenario,
only the Z’ contributes to the dark matter abundance.

3.2.1 Contributions to Dark Matter Freeze-In

In the EFT framework, the relevant interactions are derived from the four-fermion dimension-
6 operators A%(f’yuPLf)(X’y”X) and A%(f’yuPRf)(X'y“X), with Py r the left-handed and
right-handed }grojection operators, respeé:%tively7 and the coefficients Az g given by

/ /
1 g9Lr9x | 9LrRYIX
7 = 2 2
AL,R my my

(3.5)
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with the relevant couplings defined in and below Eq. (2.7). The dark matter yield from these
operators can be estimated as

(1.66)77 g.5+\/ g%

This estimate is similar to that from the scalar case (Eq. (3.2)), except for different prefactors

1 1
Mp T3 ([\4 + A4) . (3.6)

due to a different Lorentz structure of the operators.
The full matrix element for this annihilation process can be written as

(Masol? = M2+ Mg + (MzMy +hee), (3.7)
where
IMz? = (4pgp)” sin” (g2 + g%) [16m2 m?(cos? § — sin? 6) (3.8)
(s —m%)2+ (mglz) \ 70 7 X
+ 8s(m% sin? 6 — mfc cos® ) + 2s%(1 + cos? 9)] + ngR(32m§(m?c + 16mfcs)> ,
Mz |? = |Mg|? with sina — cosa, (mz,Tz) = (mz,Tz), gn.r — 9L.R > (3.9)
. A (gpgp)?sina cos a
MzM7 +he = 2421 B (9097, + 9rYR) X (3.10)
[16m§(m3c(cos2 0 — sin? ) + 8 s(m% sin? f — m? cos? 0) 4 25%(1 + cos® 6)
+(gr9R + gRg’L)(16m§(mfc + 8m?c3)> ,
with

A= 5% —s(my +m%) +mimy +mzmgpT 7T 4,

B = S(Fzmz — FZ/er) + m2ZerFZr — mQZ,mZI‘Z . (3.11)
2

Since sina ~ tana ~ e—& sinfy for € < 1 and my > my, all of these squared matrix
mZ,

elements scale as ~ ezm‘é / m‘é/ and therefore are of comparable importance. Note that this is
in contrast to the scalar mediator case, where the mixing angle sin 8, can be set independent
of the heavy mediator mass, and we chose to fix it to a constant value (see the discussion
below Eq. (3.4)).

3.2.2 Cosmological History

In Fig. 4, we plot the size of the coupling combination ¢p gp € needed to produce the observed
dark matter relic abundance as a function of Try for various channels for mz = 500 GeV,
mx = 1 GeV. As in Fig. 2, the lowest curve represents the dominant production channel. The
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Figure 4. Relative contributions of various channels for a Z’ mediator that kinetically mixes with the
SM hypercharge, for mz: = 500 GeV, mx = 1 GeV. We include both the Z and Z’ mediated diagrams.
We only show a subset of the EFT (non-resonant) contributions, for the bottom quark (dashed green)
and the electron (dashed orange). For illustrative purposes, we also include the contribution from the
Z decay. The decay contribution from a thermal Z’ population does not feature on this plot as it is
independent of € at leading order.

solid curves represent the result of the full calculation. For illustrative purposes, we show the
EFT calculation for bb and eé annihilations only (dashed curves). At low Try < 7 GeV, non-
resonant annihilation is dominant, with the largest contributions coming from the electron
and the up quark . At higher Try > 7 GeV, resonant effects start to become important,
leading to departures from the EFT approximation. At these temperatures, the behavior is
instead matched by the decay of a thermal Z population (blue curve obtained from Eq. (2.12)).
Overall, couplings ~ O(10~7) are needed to produce the correct relic abundance from non-
resonant annihilation at low Try < 7 GeV, whereas ~ O(107?) couplings are sufficient for
resonant annihilation at Try = 10 GeV.

In Fig. 5, we show contours of the values of egpgp needed to obtain the measured relic
abundance as a function of Try and the heavy mediator mass my: for mx =1 GeV. A large
range of couplings, O(107!1 — 107°) can give the correct dark matter abundance. We also
show the boundary between regions where non-resonant annihilation dominates, so that the
EFT approach gives a good approximation of the yield, and where resonant effects become
dominant, and the full calculation must be performed. This boundary occurs at Try ~ 5
GeV and is essentially insensitive to the exact value of mz/. We also show bounds from LHC
searches for a heavy Z’ (see caption of the figure and Sec. 5.1 for details) for two different

®Since we retain the fermion mass dependence in our calculations, other fermions become less important
at these low temperatures. The neutrino contribution is anomalously weaker due to destructive interference
effects at small /s.
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Figure 5. Value of egpgp needed to obtain the measured relic abundance as a function of my:
and Try for mx = 1 GeV. The white curve separates regions of parameter space where different
contributions dominate dark matter production, as specified by the labels. We also show bounds from
LHC searches for a heavy Z’ decaying into a lepton pair: the grey curve represents the CMS bound
[32]; the black curves represent the stronger bound between the ATLAS [33] and CMS [34] searches.
For the LHC bounds, we fix gpgp = 3 x 107° (solid curves) and 3 x 10~ (dashed curve).

sets of parameters, gpgp = 3 x 1079 (solid curves) and 3 x 107° (dashed curve). Thus LHC
constraints can be quite strong in the region of parameter space of interest if gpgp is small.

3.2.3 Modified Vector Mediator: L, — L

In this section, we study dark matter freeze-in in the L, — L; model. The main difference
between this framework and the kinetically mixed Z’ model is that the heavy Z’ mediator here
couples directly to both dark matter and SM particles (muon and tau leptons and neutrinos)
without requiring mixing with the SM Z boson. We have checked that processes mediated
by the SM Z boson, which acquires a coupling to DM via loop-suppressed mixing effects (see
Eq. (2.9)), are suppressed and negligible. Therefore, Z’ mediated processes dominate the dark
matter production and phenomenology.
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Figure 6. Value of the gauge coupling ¢’ needed to achieve the correct relic abundance of mx =1
GeV dark matter from individual channels in the L, — L, model for ¢x = ¢ = 1 and mz = 500
GeV. Solid curves represent the full calculation, the red dashed curve is the EFT (non-resonant) result
for the muons and taus, and the blue curve denotes the contribution from Z’ decays. The Z decay
contribution (green curve) is suppressed due to kinetic mixing only being induced at the loop-level.

The various contributions to the DM abundance are shown in Fig. 6, where we set ¢x =
q; = 1 for simplicity. The solid curves denote the full calculation, while the dashed curve
denotes the EFT (non-resonant) treatment (shown only for the muons and taus). The solid
blue and green curves represent the contributions from the decays of thermal populations of Z’
and Z bosons, respectively. We see that contributions from Z decays are always subdominant
due to the loop suppression of the kinetic mixing that gives rise to such decays. Otherwise, in
line with previous results, non-resonant contributions dominate at low Try < 15 GeV, where
the correct abundance is obtained for ¢’ ~ 1074, For higher Try, the resonant behaviour
is important, and the result is instead captured closely by considering decays of a thermally
suppressed abundance of Z’ bosons, which gives the correct relic abundance for much smaller
couplings. The couplings involved in producing the correct relic abundance in this model
are larger than those involved in the kinetic mixing case due to the smaller couplings of the
mediator with the SM particles as well as the absence of the Z-mediated interactions.

3.3 Salient Features

We now discuss some salient features common to all s-channel mediator frameworks.

As we saw in the previous subsections, the main feature is the s-channel resonance,
which can dominate the dark matter production process and invalidate the EFT approach.
The importance of this effect depends on the couplings involved as well as on the nature of
the mediator (whether it couples to both dark matter and the SM directly or via mixing with
some SM particle). In Fig. 7, we show this feature for the various mediators we have discussed.
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Figure 7. Ratio of the dark matter relic abundance from the full calculation to that obtained in
the non-resonant EFT approximation, as a function of Try/Mpeq. From left to right, the curves are
for the L, — L; model with M,,.q = mz = 0.1,1,10 TeV (red, blue, orange curves respectively),
the scalar model (green curve, with M,,.q = mp) and Z’ kinetic mixing model (purple curve, with
Mpeq = mz). For all curves, the couplings are chosen such that the full calculation gives the correct
relic abundance for mx = 1 GeV.

We plot the ratio Yt/ Ynon—res, where Y,y is the dark matter relic abundance from the full
calculation (including resonance effects), whereas Y,on—res is the abundance obtained from
the EFT approximations (obtained by dropping the s dependence in the denominators of the
matrix elements). We use the values of the couplings that give the correct relic density for
myx = 1 GeV with the full calculation. This ratio is plotted as a function of Trr/Mped,
where M,,.q is the mass of the mediator that provides the largest contribution. From left to
right, the curves are for the L, — L; model with M,,.q = mz = 0.1,1,10 TeV (red, blue,
orange curves respectively), the scalar model (green curve, with M,,.q = my) and Z’ kinetic
mixing model (purple curve, with M,eq = mz).

At low values of Try /Mimed, Yuil/ Ynon—res = 1 for all curves, showing that the EFT gives
the correct dark matter relic abundance for sufficiently low Try in all cases. As Try/Mped
increases, an increasingly larger fraction of the thermal distribution of SM fermions can
access the s-channel resonance regime, resulting in deviations from the EFT calculations.
Recall that the matrix elements scale as |[M|? ~ 1/M? . in the non-resonant EFT limit but
as |M|? ~ 1/M?2_,T? . in the resonant regime. Therefore, the deviation from the EFT result
is controlled by the magnitude of ;.4 relative to M,,.q: smaller widths, i.e. smaller values
of T'med/Mmeq result in earlier deviations from the Y/ Ynon—res ~ 1 limit. This is indeed
visible in the plot: the Z’ boson in the L, — L; model has tiny couplings to the dark and SM
particles, therefore a very narrow width, and thus begins to deviate from the EFT calculation
already at Try /My =~ 0.025. The scalar curve deviates next at Ty /M, ~ 0.035, since the
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Figure 8. Dark matter phase space distribution as a function of the DM momentum (z = px /T') for
a DM candidate with mass mx = 1 GeV produced from SM Higgs decays, for Ty = 5, 20,40 GeV.
The normalization of each distribution is set by choosing the coupling y;, x x that gives the correct relic
abundance at the various Try values. The curve labelled “IR” (adapted from Ref. [17]) represents the
standard IR freeze-in scenario with Try > M,,eq, where most of the DM population is produced at
T~ Mmed-

SM Higgs also has a relatively narrow width. Finally, the Z/Z’ curve deviates from the EFT
result at Try/Mz =~ 0.05, since the Z width is larger. This implies that for dark matter
freeze-in in s-channel models, the EFT approach already breaks down when the mediator mass
s one or two orders of magnitude above the reheat temperature. The relative steepness of
the curves is also determined by the size of the width relative to the mass of the mediator:
the smaller the width, the faster the rate of departure from the EFT result. Finally, for the
L,,— L, model, we have shown three curves, for mz = 0.1,1,10 TeV (red, blue, orange curves
respectively). Consistent with the discussion above, a lighter Z’ departs from the EFT result
at lower Ty /My since it requires smaller couplings to obtain the correct relic density, hence
Tined/Mmeq is smaller.

The prominence of the s-channel resonance with heavy mediators significantly changes
not only the relic abundance of dark matter but also its momentum distribution. This is
illustrated in Fig. 8, where we plot the DM momentum distribution from SM Higgs decays
(representative of resonant annihilation)® for various values of Try = 5,20,40 GeV. In gen-
eral, dark matter momentum distributions peak at p/T ~ 1 since dark matter particles are
produced, on average, with energy corresponding to the temperature of the thermal bath.
However, when the process is dominated by resonant annihilation via the s-channel Higgs

SComputing the distributions from the full fermion annihilation is numerically challenging, but we note
that they are expected to follow the same shapes as the decay curves when the resonant behavior is important,
but with some smearing due to the broader thermal distributions of SM fermions.
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mediator, dark matter particles get produced dominantly at p ~ mj/2. Since the tempera-
ture of the thermal bath is much lower, the DM momentum distribution peaks in this case at
p/T ~ my/(2Tgp). This ratio gets further suppressed by an O(1) factor as entropy released
from subsequent decoupling and decays of the SM particles heats the thermal bath but not the
DM population. The various curves in the figure agree with these considerations. For com-
parison, we also show the momentum distribution expected in standard IR freeze-in scenarios
(purple curve, adapted from Ref.[17]), where Try > M;,eq. In this scenario, most of the
dark matter production occurs at 1" 2 M,,.q, and consequently the IR freeze-in distribution
is colder than the other distributions with smaller Trz, as well as broader with a larger lower
momentum counterpart. Such modified momenta distributions provide another observable
difference between standard IR freeze-in scenarios and freeze-in with a heavy mediator and a
low reheat temperature.

4 Dark Matter Freeze-In: T-Channel Mediator

We now focus on dark matter freeze-in with a t-channel mediator. This scenario contains
several qualitative differences from the s-channel mediator framework discussed in the previous
section. In particular, the t-channel framework does not feature the resonant behavior of the
annihilation processes that resulted in large deviations from the EFT approach in the s-
channel scenario. Instead, as we will see, deviations from the EFT arise due to on-shell
production of the t-channel mediator through annihilation processes, as well as new loop-
induced decays of SM particles. As mentioned earlier, we study the t-channel scenario in two
cases: (1) mediator coupling to the right-handed electron, eg; (2) mediator coupling to the
right-handed top quark, tg.

4.1 Contributions to Dark Matter Freeze-In

The various processes contributing to dark matter production in the t-channel framework are
shown schematically in Fig.9. In the low energy EFT, DM freeze-in arises via four-fermion
interactions obtained by integrating out the heavy mediator Sy (diagram (a) ), analogous to
the s-channel case. However, since DM is now no longer Zs-symmetric, and since St carries
SM charges, additional contributions exist and must be taken into account. Since the Sp — X
system carries an effective Zo-symmetry, there are three classes of annihilation processes:
XX, X S}, or St S; (top row in Fig.9). Since Sy — fX is the only decay channel available
for St at tree-level, each St particle produced in the early Universe will result in a DM
particle, hence the latter two diagrams contribute to secondary DM production. In addition
to these annihilation processes, the mediator St also gives rise to novel loop-level processes
that produce DM via decays of SM particles. This is shown in the second row of Fig. 9. We
now discuss these various contributions in more detail.

(a) ff — XX annihilation
As in the s-channel case, we can estimate the DM yield from freeze-in via a four-fermion
dimension-6 operator ﬁ( fX)(X f) obtained from integrating out the t-channel mediator from
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Figure 9. Various contributions to dark matter freeze-in in the t-channel mediator scenario. Diagram
(c) is representative of several processes involving SM particles annihilating into a pair of mediators.

the Lagrangian in Eq. (2.10), where now A = mg,./yr

yEFT 15 Ne yr MpiThy
(1.66)77 g.5\/g2  ms,

assuming my < Try. For the full calculation, we use the full amplitude for the process,

(4.1)

r((ms +mx)* — t)?
(mg, —t)> 7

where ¢ is the standard Mandelstam variable. Note that there is no resonance effect for a

M2 = Yy (4.2)

t-channel mediator, as was the case for the s-channel mediator, as the propagator cannot
go on-shell. Thus, Eq. (4.1) is expected to remain a good approximation of the annihilation
contribution.

(b) (Z/7/g/h) f — Sh.X coannihilation

Fermion coannihliation with an electrically neutral SM boson (Z/v/g/h)f — S;:X pro-
ceeds via the two diagrams shown in Fig.9 (b). In contrast to the ff — XX process, the
cross section for this class of diagrams scales as y% instead of y4T. However, since these
processes involve the mediator being produced on-shell and we have assumed Try < mg,,
the probability for such interactions to occur is Boltzmann suppressed. Note that all initial
state particles, including Z, h,t, can be approximated to be massless since their masses are
negligible compared to the kinematic threshold required for this process.

These interactions, if sufficiently rapid, will produce a thermal abundance of dark matter.
Hence we require that these interactions remain slower than Hubble at all times, Y n{ov) < H,
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where the sum is over all processes that contribute to the production of the X S} final state.
For the case where St couples to tp, the dominant process is coannihilation with a gluon,
gtp — S}X (the htr — S;X contribution is of the same order of magnitude due to the
large top Yukawa), which enforces the approximate condition

A y% \/Eeix 5 mST/ Mpy, (43)

where © = mg,/Tru, and we have ignored O(1) factors in the estimate. For the case
where St couples to eg, coannihilations with Z/v are the most important: summing these
contributions, the approximate condition to avoid thermalization is the same as in Eq. (4.3)
with oy — .

We focus on regions of parameter space where the non-thermalization conditions are
satisfied, so that dark matter is produced from freeze-in. In this case, freeze-in formulae
analogous to Eq.(2.11) (see e.g. discussions in [9]) can be used to calculate the freeze-in
abundance. For instance, for the process ht; — S}X , the first diagram in Fig. 9 (b) gives

45 g7 y§ Mp1 [0 dT /°° (s —mg, )?
Y. o — ds ——2T K T). 4.4
X(resSE0 = (1 G107 g, S\l Sy IO Sy S (Vs (44)

For this process, g2 = 3(m¢/v)? 7. For the other processes, both diagrams in Fig.9 (b)
contribute, and the DM yield does not admit a simple closed form as above, but they are

straightforward to evaluate numerically.

(c) SM — SpS}

The final diagram in the top row of Fig.9 represents annihilations of SM particles that
pair-produce the mediator. There are several classes of diagrams contributing with the most
important being annihilations of gauge bosons. Such dimension-4 operators involve no small
couplings and can therefore be efficient enough to thermalize the St population if Tgry is
sufficiently high. This occurs if the reheat temperature is greater than the St freeze-out
temperature T, , which can be very roughly estimated as T}, ~ mg, /20 for weak scale
interactions. In this regime, the dark matter abundance is a result of thermal freeze-out of
the mediator, whose decays then populate dark matter, rather than freeze-in processes.

For simplicity, we will focus on the Try < Ty, ~ mg,; /20 regime, and assume that Sp
is never in equilibrium with the SM bath ® but instead can be produced via freeze-in. Note
that the DM abundance from this contribution is independent of yr. However, given that
the St abundance from freeze-in has to be smaller than its thermal freeze-out abundance,

"In the case of the Higgs we do not include the contribution from the second diagram in Fig. 9 (b), as
it depends on the coupling hSTS;, which is an independent parameter of the Lagrangian. We neglect this
coupling, for simplicity. However, in general, this diagram will contribute to the dark matter abundance,
especially at relatively sizable values of Trr. However, even in this regime, we do not expect a sizable change
in the value of yr needed to achieve the correct relic abundance compared to what is shown in Fig. 10.

81f St interacts with gluons, as in the case where it couples to tr, thermal equilibrium is maintained to far
lower temperatures. However, in this case the St freeze-out abundance is also significantly smaller, and the
subsequent contribution to dark matter abundance becomes negligible.
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such freeze-in contributions are very small and generally do not contribute significantly to
the dark matter relic abundance.

(d,e) Z,h decay

The SM Higgs and Z bosons can decay into a pair of dark matter particles through one-
loop diagrams with f, St in the loop, as shown in the bottom panel of Fig.9. We compute
the decay widths with the help of Package-X [35, 36].

In the model in which Sz couples to eg, the Z — X X decay width in the m., mz < mg,.
limit can be written as

4 92 2 6 2 2\ 2
Yyr9r ™Mz 2 my 1 msy 1 Mgy
r e~ L=\ —=2 —m5 —— 22— |1+ ——=log | =L | + <log | —=F ,
ZoXX 8mm? 4 X 27337T2m§T 372 08 m?% 7208 m?

(4.5)
where gr = etan Oy is the Z coupling to right-handed electrons, and we have dropped terms
suppressed by powers of m?/ m%T. In the model in which St couples to tg, the corresponding
width receives additional comparable contributions that consist of powers of m?/ m%T instead
of m2Z / m%T and depend on the Z coupling to the SM left-handed top quark. We do not
present the full expression for this decay width since it is quite lengthy 9, but we use it in our
numerical calculations.

We evaluate the Higgs diagram in Fig. 9 (d) to be

2 (12 24,4
Nyt |m3 o, my (mj, — Ams )m5
r = —L—m ) (4.6)
h=XX 8mm? 4 X 297402
T

for both models (f = eg,tr, with N, = 1, 3, respectively).

The dark matter abundance from such decays can be estimated by substituting the above
decay widths into Eq. (2.12). Note that while the Z decay width can be enhanced by large
logarithms, the Higgs decay width is suppressed by powers of both dark matter and loop
fermion masses, as the process requires a helicity flip since the mediator couples only to right-
handed fermions. ' Due to these additional suppression factors, as well as a smaller number
density of Higgs bosons compared to Z bosons in the early Universe at Trp < mp, myz, the
contribution from Higgs decay is several orders of magnitude smaller than the contribution
from Z decay in all cases we consider (see Fig. 10).

9For Z decays involving top quark loops, the part of the amplitude leading to Eq. (4.5)

2 m2
is proportional to gTTZTTZ [ﬁ—i—%log <— ST)} The additional contributions are proportional to
St

m%
2 2
— (g% + gr) — (9% — gr)log (— e )], where g% is the SM Z coupling to tz. These terms lead to contri-
St ST
butions comparable to the ones in Eq. (4.5).
OFor simplicity, for the Higgs decay, we ignore the possible coupling between the Higgs and St of the form

)\vhSTS}, which would introduce a new diagram analogous to Fig.9 (e). This contribution would scale as
~ (Av?)? instead of (m7)” in Eq. (4.6), and can be important. However, since the Higgs contribution to the
relic abundance turns out to be subdominant in all cases (see Fig. 10), this additional contribution would not
change our conclusions.
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Figure 10. The size of the coupling yr needed to produce the correct relic density from various
processes as a function of the reheat temperature, Try, for St coupling to the right-handed electron
er (top panel) and to the right-handed top-quark tr (bottom panel), for mx = 1 GeV and mg, =
1200 GeV. The dashed curve in the electron plot is the EFT approximation. In the shaded regions,
coannihilation processes are rapid enough to produce a thermal DM population.

4.2 Cosmological History

We now turn to a discussion of the interplay between the above contributions in setting
the correct dark matter relic density from freeze-in. Fig. 10 shows the relative contributions
of the various channels as a function of Try for mx = 1 GeV and mg, = 1200 GeV for
scenarios where the mediator couples to er (top panel) or tg (bottom panel). Here, we
choose mg, = 1200 GeV for the mediator mass in view of strong constraints from LHC
searches (see Sec.5.1.3).

For the electron case (top panel of Fig. 10), the EFT approximation from Eq. (4.1) (dashed
blue curve) closely matches the full calculation for ete™ — X X (solid blue curve) throughout,
as no strong resonance features are present for a t-channel mediator. The contribution from
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loop-mediated Z decays (purple curve) is seen to be subdominant to this annihilation con-
tribution throughout. Higgs decay contributions (orange curve) are even weaker and do not
feature in this plot. Atlow Try (< 60 GeV), fermion annihilation dominates dark matter pro-
duction, giving the correct relic density for yp ~ O(10™%). At higher Ty, coannihilation with
a SM boson, in this case v and Z, become increasingly important, as an increasingly greater
fraction of the thermal population gains enough energy to produce St via (y/Z)e — S}X .
These coannihilation processes overtake fermion annihilation as the dominant dark matter
production channel around Trp ~ 60 GeV. In the shaded region, the coannihilation processes
thermalize the DM with the SM bath as determined by Eq. (4.3) with as — «. As anticipated,
the curves for the correct relic density from freeze-in lie away from this region.

Some of these features change when we consider the scenario where the mediator couples
to tg (bottom panel of Fig. 10). Here, the fermion annihilation curve (solid blue) is signifi-
cantly weaker (i.e. requires significantly larger couplings) than for the electron case, as the
number density of top quarks in the thermal bath is severely Boltzmann suppressed at such
low temperatures. '' For this reason, Z loop decays, although suppressed by several factors,
50 GeV, producing
the correct relic density for y7 ~ 107% —1073. The contribution from Higgs decays, enhanced

provide the dominant contribution to dark matter freeze-in for Try <
by the large top Yukawa coupling, is also visible, but remains subdominant to the Z decay
contribution. As in the eg case, coannihilation processes with SM bosons become dominant
at larger Try. In this case, coannihilation with a gluon, gt — S}X (brown curve in the fig-
ure), dominates for Try = 50 GeV, and significantly smaller couplings ~ 1075 can produce
the correct relic abundance.

In Fig. 11, we show contour plots of the value of the coupling yr needed to obtain the
correct relic abundance as a function of the mediator mass mg, and the reheat temperature
Tri. As explained earlier, we terminate the x-axis at Try/mg, = 1/20, beyond which
the mediator is likely in thermal equilibrium with the SM bath. We also delineate regions
of parameter space where different processes dominate dark matter production. For the
case of St coupling to er (top panel), the annihilation process eTe™ — XX dominates in
large regions of parameter space, giving the desired relic abundance with yr = O(107%).
This changes at Try /Mg, ~ 0.05, beyond which the coannihilation process (v/Z)e — S}X
dominates. This boundary is delineated by a red curve in the plot. Thus, the EFT approach
where S7 is integrated out breaks down at Try /Mg, ~ 0.05.

The bottom panel of Fig. 11 shows the analogous contour plot for Sy coupling to t. As
explained before, in most of the low Try parameter space, Z decays provide the dominant
contribution as t¢ annihilation is Boltzmann suppressed for Try < m;. Since the Z-decay
width into dark matter is parametrically suppressed by the heavy mediator mass as well as
loop factors (see Eq. (4.5) ), somewhat large couplings > 1073 are needed to obtain the correct
relic density. Indeed, in the white region on the bottom left corner of the plot, the required

1¥We do not show the analogous approximate solution from Eq. (4.1), which was derived assuming the initial
fermions are massless, which is inapplicable for the top quark.
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Figure 11. Contours of the coupling yr needed to produce the correct relic density as a function
of the reheat temperature, T, and mediator mass, mg,, for mx = 1 GeV, for scenarios where
the mediator couples to the right-handed electron (top panel) or the right-handed top quark (bottom
panel). Red curves separate regions where different processes dominate dark matter production, as
denoted by the labels (see text for more details). The dashed grey curve in the bottom panel denotes
the approximate lower bound on mg, from the LHC.
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coupling is > 1. As Tgry increases, top-gluon coannihilation, gt — S}X , grows to dominate,
and smaller couplings yr ~ 10~* are sufficient. In the plot, this occurs to the right of the
2> 1200 GeV, we also see the emergence of a third

~

red curve at Try/ms, ~ 0.04. For mg,
region, where tf — X X dominates: in this region, Tgy is sufficiently lower than mg,. that the
coannihilation processes involving on-shell production of St are suppressed, but high enough
that the Boltzmann suppression of the thermal abundance of top quarks is no longer too
severe, so that dark matter production from t¢ annihilations are dominant. Hence all three
processes — fermion annihilation, fermion-boson coannihilation, and boson decays — can be
the leading dark matter production mode in this t-channel scenario.

It is instructive to compare the nature of EFT breakdown in the t-channel scenario with
those from the s-channel framework (Fig. 7). In both cases, the EFT breaks down due to the
emergence of processes where the mediator is produced on-shell. In the s-channel scenarios,
the mediator is produced on resonance via the inverse decay process ff — h, S, Z, Z', whereas
in the t-channel case it is a product of coannihilation between a SM fermion and a boson.

We end with a brief comment regarding the dark matter momentum distribution in the
t-channel mediator scenario. The various contributing processes have distinct energy scales
associated with them, and will therefore produce dark matter with different momenta. For
the electron case, fermion annihilations produce DM with p ~ T, whereas coannihilations
produce DM with p ~ 0 directly, as well as with p ~ mg, /2 from the subsequent decays
of Sp. Likewise, the top quark case features annihilations (p ~ m;), coannihilations (p ~
0, mg,/2), as well as Z decays (p ~ mz/2). Thus, the dark matter momentum distribution
carries imprints of the dominant production process. We leave a detailed investigation of such
features for future study.

5 Phenomenology

Having discussed the early Universe history, we now turn to a discussion of the phenomenolog-
ical aspects of the various frameworks discussed in this paper. It is well known that indirect
detection of dark matter annihilations is extremely unlikely in freeze-in models due to the
small effective couplings involved, which remains true in the setups we studied in this paper.
However, while the effective couplings are small, the real couplings involved in SM-dark mat-
ter interactions, relevant for direct experimental probes such as direct detection and colliders,
can be relatively sizable for Try << Myeq, improving detection prospects on these fronts. We
discuss collider prospects below, and follow with a short discussion of direct detection.

5.1 Probing mediators at collider experiments

Collider phenomenology of standard freeze-in setups often involve displaced decays of the
mediator particles due to the feeble couplings involved, see, e.g. [3—7]. For the setups we have
considered, which can involve larger couplings, the signatures can be qualitatively different.
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5.1.1 S-channel scalar mediator

The DM-Higgs coupling, ynx x, needed for DM freeze-in will induce an exotic decay channel
of the SM Higgs into dark matter with the decay rate

S mp o 4m%( 3/2
F(h—>XX):§yhXX <1— m% ) . (5.1)
The combination of the most recent ATLAS searches for invisible Higgs decays, performed
with 5, 20, 139 fb~! of 7, 8, and 13 TeV data, sets a bound of BR(h — invisible) ~ 0.11 at 95%
C.L. [37]. Similarly, the latest CMS combination of Higgs invisible decay searches performed
with 5, 20, 36 fb~! of 7, 8, and 13 TeV data provides the bound BR(h — invisible) ~ 0.19
at 95% C.L. [38]. The ATLAS bound translates into a bound on the Higgs coupling to DM
ynxx S 0.01 for mx < my. This bound is shown in red in Fig. 3, and is seen to probe our
freeze-in scenario at very low reheat temperatures Try ~ GeV and for DM masses 2> 10 GeV.
Future projections show that a bound on the Higgs invisible branching ratio at the level of
~ 2% can be achievable at the HL-LHC [39, 40], which translates into ypxx < 4 x 1073,
slightly extending the coverage in parameter space.

The phenomenology of the heavy scalar, S, depends not only on the coupling ynxx
but also on its mixing with the SM Higgs boson, sin 6. It can be singly or pair produced
at the LHC via its Higgs portal coupling, with the production cross section given by the
corresponding cross section for a SM Higgs with the same mass, suppressed by sin? ). Thus,
non-negligible production at colliders requires this mixing to be sizable. For example, for the
parameters used in Sec. 3.1, mg = 500 GeV and sin@, = 0.1, the heavy scalar production
cross section calculated at NNLO+NNLL is ~ 45 fb [41]. This value of sin @), will lead to
prompt decays of S into SM fermions and gauge bosons with width F%M ~ 0.6 GeV. Its decay
width into dark matter particles depends on yp,x x and sin 8},. For the values needed to obtain
the correct relic abundance via freeze-in, this width is generally negligible, except at very low
values of Tryy ~ GeV and myx 2 10 GeV (in and around the white region in Fig. 3, which
corresponds to ypxx > 1). LHC searches for new scalar resonances do not yet constrain this
heavy scalar with mg = 500 GeV, but it can be probed at the HL-LHC via its decays to ZZ
[39, 42]. More exotic decays of S are possible if the dark sector contains additional structure.
This is a model dependent question, and a specific example that realizes such possibilities is
discussed in Appendix B.1.

5.1.2 S-channel Vector Mediator
Kinetic Mixing

If the Z — Z’ kinetic mixing is significant, the Z’ can be produced copiously at the LHC,
and its decays can provide observable signatures. Depending on the parameters, the Z’ can
decay dominantly into dark matter or to SM states.

The strongest LHC limits on Z’ resonances are derived from CMS and ATLAS searches
for narrow dilepton resonances. The most important searches are: CMS search [32] for
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dimuon resonances in 110 GeV < myz < 200 GeV; CMS search [34] and ATLAS search [33]
for dilepton resonances at higher masses up to 6 TeV. Ref. [43] shows that in a kinetically
mixed Z’ model where the Z’ decays 100% into SM states, the bounds are at the level of
€ ~ 1072 across the range of masses we consider in our paper. In Fig. 5, we set bounds on the
Z' parameter space for two different values of gpgp = 3 x 107%, 3 x 107°. For small values
of gpgp, these bounds are seen to be significant for low Ty models.

Invisible decays of Z’ into dark matter, Z’ — XX, could be probed, e.g. by monojet
searches [44, 45]. We have checked that the monojet cross sections predicted from the pa-
rameter space in Fig. 5 are several orders of magnitude smaller than what is currently probed
by LHC searches.

Indirect constraints from electroweak precision measurements [46, 47] or measurements
of Z invisible decay width (I'lY = 499.0 + 1.5 MeV [48]) are also very weak in the mz > 100
GeV mass range that we focus on in this paper.

Gauged L, — L-

The Z' gauge boson arising from gauging L, — L is only mildly constrained by collider
data if mz > myz. The Z’ can be produced at the LHC through its coupling to muons, taus,
and neutrinos via the processes pp — Z'u* =, pp — Z'vo, and pp — Z'pv,,, where the muons
can be replaced with taus. However, so far, LHC searches have only been performed in the
mass range (5—70) GeV, where the Z' is produced from Z decay (Z — Z'u* =, 2" — utp™)
[49]. Additional bounds can be obtained recasting ATLAS and CMS multilepton analyses.
This has been done in [50], showing that the Z’ masses up to 550 GeV are probed for ¢/ = O(1).

Additional constraints arise from high intensity experiments. The most stringent con-
straints come from the measurement of the neutrino trident process v, N — v,u*p~ N [51, 52]
by the CCFR experiment [53], but this only constrains light Z’ masses. Finally, the L, — L, Z'
can address the (g —2),, anomaly. However, for couplings ¢’ < O(1), this requires myz < 200
GeV [51].

All these bounds can in principle be affected by the mixing of the Z’ with the SM
hypercharge gauge boson. In the L, — L; model, this mixing is generated at one loop (see
Eq. (2.9)). For the values of ¢’ needed to produce the measured relic abundance, this mixing
is very small and does not appreciably affect the collider bounds on Z’.

5.1.3 T-channel Mediator

The t-channel mediator Sp is a scalar with the same quantum numbers as the antifermion
f (f =tr or f = eg) that it couples to, whereas the St — X system shares an effective
Zy-symmetry, as can be inferred from the Lagrangian in Eq. (2.10). Consequently, the Sp
phenomenology is very similar to that of a right-handed stop or slepton in the MSSM, with
X being the Bino LSP (lightest supersymmetry particle) and the Zs-symmetry being the
R-symmetry. The LHC searches for stops and sleptons pair production, followed by prompt
decays into the corresponding fermion and the LSP (missing energy). The range of values of

the coupling y7 needed to obtain the correct dark matter abundance results in St decays that
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are prompt for the purpose of LHC searches. Therefore, the most stringent bounds on St
arise from the ATLAS and CMS searches for promptly decaying stops [54-57] and sleptons
[58, 59]. The LHC bounds on such particles, with an essentially massless LSP (recall that in
Sec. 4, we focused on benchmarks with mx = 1 GeV), are approximately mg, 2 1200 GeV
(2400 GeV) for St coupled to the top quark (electron), based on ~ 140/fb LHC Run II data.

5.2 Direct Detection

Direct detection signals are generically suppressed in dark matter freeze-in models due to the
feeble couplings involved. However, as we discuss here, our low reheat temperature freeze-in
scenarios have better direct detection prospects due to generically larger SM-dark matter
interactions.

For s-channel Higgs mediated models, the direct detection spin-independent DM-nucleon
cross section can be approximated by

HXn

n,h —43
T~ 7 x 10 (
Isr =1 GeV

2

) (ynxx cos 0y)*cm? (5.2)
where we have neglected the contribution of the heavy scalar, and px, is the dark matter-
nucleon reduced mass. The XENONIT result [31] constraints some parts of the parameter
space of our freeze-in framework for dark matter masses above ~ 10 GeV (see the orange
curve in Fig. 3).

For Dirac dark matter in the kinetically mixed scenario, the spin-independent scattering
cross section receives contributions from both the Z and the Z’ and is given by

HXn
GeV

O'g’IZ ~3x10738 ( )2 ahghet(my/mly)* em?. (5.3)
For light dark matter masses as we consider in the plots of Sec. 3.2, the most relevant bounds
are from the CRESST-III experiment [60], which constrain og; ~ 10737 cm?. Future experi-
ments such as SuperCDMS and NEWS-G will improve on this by several orders of magnitude
[61]. However, even these more stringent projections are unable to probe the parameter space
relevant for the freeze-in scenario discussed in this paper. For larger values of the dark matter
mass and relatively large values of egpgp, the cross sections in Eq. (5.3) could be tested with
XENONIT data [31] or with future LZ [62] or DARWIN [63] data.

For the t-channel mediator framework, different processes can play the leading role for
direct detection. For the model with Sp coupled to right-handed electrons, dark matter can
scatter with electrons at tree-level (s-channel analog of Fig. 9 (a)) with an approximate cross

4 92 4
100 GeV
Oe = Llixe ~ 1074 3 <e> cm?. (5.4)
mg mg,.

section

For y7 ~ 10~° as roughly needed for the correct relic abundance, this cross section is far too
small to be probed experimentally. Scattering with nuclei are mediated by one-loop penguin
diagrams (analogous to Fig.9 (d,e)) with the Z/h mediating the scattering with nuclei. For
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the model with St coupled to right-handed top quarks, analogous diagrams mediated by
gluons are also relevant. Ref. [64] finds that the direct detection cross section mediated by
gauge bosons features a further suppression by |q|?/ m?, where ¢ is the momentum transferred
in the scattering process. The Higgs penguin is also negligible since the h X X effective vertex
is much smaller than the ZX X effective vertex due to additional mass suppressions (see the
discussion below Eq.(4.6)). Therefore, it will be quite challenging to probe the t-channel
mediator framework considered in this paper at direct detection experiments.

6 Summary

In this paper, we have studied scenarios of dark matter freeze-in where the mediator particle
that gives rise to interactions between the dark matter (X') and the Standard Model is heavier
than the reheat temperature, Try, in the early Universe. In such setup, the standard approach
is to integrate out the mediator and focus on an effective field theory (EFT) with higher
dimensional interactions between the SM and DM. We examined the validity of this approach
in the regime M,eq 2= TrH.

We studied three classes of s-channel mediator frameworks: (i) a heavy scalar that mixes
with the SM Higgs boson, (ii) a heavy Z’ that mixes kinetically with the SM hypercharge,
and (iii) a Z’ gauge boson from a gauged L, — L, symmetry that couples directly to both SM
particles and dark matter. In all cases, the EFT approach (integrating out the mediators —
including the SM Higgs / Z boson — and focusing only on the resulting ff — X X processes)
captures the correct dark matter freeze-in abundance at very low Tgry, where dark matter
is dominantly produced through non-resonant annihilation of SM fermions: Try < 5 GeV

for the scalar case, Try < 7 GeV for the kinetically mixed Z’ case, and Try < 0.025my
for the L, — L, Z' model. However, at higher Try, the resonant enhancement of the s-
channel annihilation cross section, not captured within the EFT, becomes important. The
predicted dark matter freeze-in abundance from fermion annihilation in the EFT can deviate
from the full result by several orders of magnitude (see Fig.7). In this regime, the dark
matter abundance is instead appropriately captured by considering decays of exponentially
suppressed thermal abundances of the mediators in the bath.

Similarly, we studied t-channel mediator scenarios with couplings to top quarks or elec-
trons (both right-handed). For the er case, we found that the EFT calculation reproduces
the correct dark matter abundance for Try < 0.05 Meq- At higher Try, dark matter is
dominantly produced through coannihilation processes (Z/v)e — S} X. Similarly, for the tg
case, gt — S’; X dominates at high temperatures, Trg 2 0.04 M,,eq. In contrast, for low Triy
scenarios, given the suppressed abundance of top quarks in the thermal bath, loop decays of
the SM Z boson induced by the t-channel mediator are the dominant source of dark matter
abundance.

We thus find that in both s- and t-channel scenarios, novel channels that are not captured
by the EFT dominate dark matter production even when Tgry is more than an order of mag-

nitude below the mass of the mediator. It is therefore important to include such contributions
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when studying dark matter freeze-in production with heavy mediators. Furthermore, these
new production channels also change the momentum distribution of dark matter, peaking it
towards a warmer distribution than standard freeze-in scenarios.

Finally, we discussed the collider phenomenology of the heavy mediators and the prospects
of testing these scenarios at direct detection experiments. We find that, in contrast to media-
tors in standard freeze-in scenarios, the mediators in our setup can have large couplings with
both DM and SM particles, leading to qualitatively different collider phenomenology com-
pared to standard freeze-in setups. Parts of the parameter space of our low Try scenarios
are already probed by LHC searches for Higgs invisible decays, searches for prompt dilep-
ton resonances and for SUSY stops and sleptons, as well as by dark matter direct detection
experiments.
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A Contributions from the Epoch Before Radiation Domination

In this Appendix, we consider contributions from the era before radiation domination, when
the Universe was governed by the energy density of the inflaton, ¢, when the temperature of
the radiation bath could have been larger than Try [65, 66]. Since the annihilation and decay
freeze-in contributions discussed in this paper become more efficient at higher temperatures,
this earlier epoch, despite being very short in duration, can contribute non-negligibly to the
current dark matter relic density.

The transfer of the inflaton energy density, pg, into the thermal (radiation) bath energy
density, pg, is governed by the following differential equations:

pg = —3Hpy —Lypy,  pr=—4Hpr+Typs, (A.1)

where we assume that ¢ decays into radiation with a rate I'y. During this evolution, the
temperature of the radiation bath is given by

where ¢,(7T) is the effective number of degrees of freedom in the bath at temperature 7". If
we assume an instantaneous decay of the inflaton energy density, the conventional reheat

— 31 —



temperature signifying the temperature of the Universe at the onset of radiation domination
can be written as

90 1/4
Trg=|—%—"— LyMpy. A3
. <87r3g*(TRH>> e -
The maximum temperature the radiation bath reaches during this phase can be written as
T 1/8
P (| (A.4)
RH Fqs Pl

where pgo is the initial energy density of the inflaton. Thus, temperatures prior to the radia-
tion dominated era can be higher than Try if pgo > I%MI%I, i.e., if the initial inflaton energy
density is large and transferred to the radiation bath at a very slow rate. Parameterizing

Pg0 = Mé) Ly = agMy, (A.5)

we expect Thrax > Tr if ag < M¢,/Mpl. In this case, the higher temperatures during this
era can result in greater dark matter production from decays of the heavy mediator(s), whose
abundances are no longer Boltzmann suppressed, as well as annihilation processes, which
can proceed faster. We numerically solve the above differential equations and calculate the
production of dark matter from various processes, and find, indeed, that the dark matter
abundance from this era dominates over the abundance from the subsequent radiation dom-
inated era for oy < My/Mp; for which Tarax > TgH, as discussed above. Thus, for this
epoch before radiation domination to contribute negligibly to the dark matter abundance in
the Universe, we must assume oy > My/Mpy.

B Specific Models

In this Appendix, we discuss some specific realizations of the simplified models discussed in
this paper, and explore how model-specific details can affect phenomenological aspects.

B.1 S-channel Mediator: Sterile Neutrino Dark Matter

Here we discuss a specific model for the s-channel simplified model presented in Sec. 3.1. We
consider an extension of the canonical (type I) seesaw mechanism, where singlet right-handed
neutrinos, NN;, act as portals to a hidden sector (see e.g. [13, 15, 17, 67-70] for details):

LD yi;LihNj + MjNJ-CNj + y;ch;ch/Nj- (B.1)

Here L; (i = 1,2,3) and h are the SM lepton doublet and Higgs fields, respectively, v;;, y;j
are dimensionless Yukawa couplings, and L/, h' are hidden sector fermion and scalar states,
charged under a hidden sector U(1)" symmetry. Integrating out the N;, which we assume to
be much heavier than other scales in the model (these will henceforth be ignored, and the
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notation Ny will refer to the light sterile states L’) and dropping indices for simplicity, we
have: 1 1 1
2 2 / I/ 1207111\ 2
—y“(Lh —yy (Lh)(L'h —y“(L'h)°. B.2
L5 3y (Lh) + ryy (Lh)(L'R) + oy ™ (L'I) (B.2)

As before, we also assume a quartic term A A’2h? that leads to mixing between the two
scalars. Here, the scalar h’ serves as the heavy mediator, S, while one of the sterile neutrinos,
e.g. Nip, is dark matter. If the hidden sector scalar obtains a VEV, v/, the dark matter
mass is given by y?v"2/M and is naturally much smaller than the mediator mass mg ~ v/, if
M > v'. If the U(1)' is gauged, this model also includes the vector (Z’) mediator with mass
my ~ g'v’, which is again significantly heavier than dark matter.

The effective Higgs-sterile neutrino couplings are approximately

!,/ 12,1 12,12 )\'U M N. TN .
yy'v ) y'“v Avy'“v VTN, N
yhuNj = M thiNj = 2sin ‘9h M ~ 2 ’I’)’L;LQM ~ 2 m;? - ) (B?’)
Y2 TN, TN,

Y N;N; = 2cosby ~ 2cos b, ;
v
Here, h, h' denote the SM-like and heavy Higgs mass eigenstates, and v, N denote the SM and
hidden sector sterile neutrinos. Note that all of the couplings are suppressed by the heavy
scale, M, and are therefore expected to be small.

Considering a specific model also gives rise to a novel phenomenology that is not captured
by the simplified model discussion. While freeze-in production of dark matter Ni proceeds
via both annihilation of SM fermions and decays of h, h’, in this specific model there are also
additional production channels, due to the presence of the additional sterile neutrinos ;.
These can lead to both annihilation N;N; — N1 N7 and decay N; — N1 Njv contributions via
the Higgs and neutrino portals. While the decays of h, h' to N; are invisible, the presence of
the additional sterile neutrino states also gives rise to new collider signatures: h,h’ — N;N;,
which can then further decay into SM fermions, e.g. as N; — veTe™ with displaced vertices

(see e.g. [T1]).

B.2 T-channel Mediator: Axino Dark Matter

Here we discuss a specific model for the t-channel simplified model presented in Sec. 4. The
model contains axino dark matter and is based on Ref. [23] (the interested reader is referred
to this paper for more details). Models that solve the strong CP problem using the Peccei
Quinn (PQ) symmetry contain a new particle, the axion. Supersymmetric extensions also
contain its superpartner, the axino. The couplings of the axino to the MSSM particles (as
is the case for the axion) are suppressed by the PQ scale, f,. Therefore, the axino only has
feeble couplings to the remainder of the MSSM field content and, as we discuss below, can
be a dark matter candidate with an abundance set by the freeze-in mechanism.

Since the axino is part of a chiral multiplet, it does not acquire a tree-level Majorana soft
mass term from supersymmetry breaking, but can obtain a small effective mass due to mixing
with neutral heavy states by virtue of the presence of Dirac mass terms, or from loop effects.
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The axino can therefore naturally be much lighter than the MSSM particles. We henceforth
treat the axino mass as a free parameter. We also confine ourselves to scenarios where Trpy
is significantly below the scales of both PQ and supersymmetry breaking, so that the axino
is the only relevant SUSY particle in the early Universe.

Following Ref. [23], we focus on the KSVZ-type axion models [72, 73], where SM particles
are not charged under the U (1) pg symmetry. In this setup, the axino couples to MSSM states
via loops of heavy PQ states (with masses at the PQ scale, f,). The Lagrangian contains a
dimension-5 axino-gluon-gluino vertex, which is given by

as = uv ~b ~b
G’ . B4
S f, 10" G G (B.4)

Likewise, an axino-quark-squark vertex arises at two loops and is given by [23]

2
ag mg fa>
~ —lo . B.5
Y11= Jan fa g<mg (B.5)

Depending on the mass hierarchy between the squarks and gluinos, either of these two

Lagg =

interactions can dominate dark matter production in the early Universe through the t-channel
processes gg — aa,qq — aa. If we assume that gluinos are much heavier than squarks and
can be neglected, then the only relevant interaction for dark matter production is the axino-
quark-squark interaction. Thus, this well motivated supersymmetric framework maps onto
our t-channel simplified model Lagrangian in Eq. (2.10), with the squarks acting as the heavy
mediator, S7, and gery (K1, as mg < f,) as the coupling yr.
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