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The absorption of fermionic dark matter has recently been studied as a signature for the direct detection
of dark matter. We construct the first UV completion of the scalar effective operator associated with this
signature. We calculate the constraints on the model and demonstrate there is viable parameter space which
can be probed by a next-generation experiment such as XLZD. We also consider the cosmological history
of our model and show that the correct relic abundance can be obtained via freeze-out in the dark sector.
However, within this minimal model, we find that the absorption signal is highly suppressed in the
parameter space that yields the correct relic abundance.
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I. INTRODUCTION

The direct detection of dark matter in terrestrial experi-
ments remains one of the most promising strategies for
understanding its microscopic properties. The traditional
approach to direct detection involves searching for the
elastic scattering of dark matter on nuclei ðχN → χNÞ, and
has produced strong bounds on dark matter–nucleon
interactions for dark matter masses in the GeV–TeV
range [1]. However, within the landscape of dark matter
models there are a range of potential direct detection signals
beyond elastic nuclear (or electron) scattering. An interest-
ing class of signals arise from inelastic processes in which
the dark matter is absorbed.
Dark matter absorption processes are, of course, used

extensively to search for light bosonic dark matter, for
example axions and dark photons. On the other hand, the
direct detection of fermionic dark matter through absorp-
tion has been comparatively less explored. This is despite
the fact that it occurs generically in models where there is
no stabilising symmetry for the dark matter. The require-
ment that dark matter is long-lived on cosmological time-
scales leads to strongly suppressed interactions unless the
dark matter is sufficiently light. Hence, fermionic dark
matter can yield an observable absorption signal only for
keV-scale masses, once the lower bound of mχ ≳ keV [2,3]

from Pauli exclusion is also taken into account. While
keV-scale dark matter is challenging to detect in elastic
scattering experiments, absorption processes have the
advantage that the entire rest mass energy of the dark
matter can be deposited in the detector.
In this paper, we focus on fermionic dark matter

absorption via interaction with electrons,1 specifically
the process eχ → eν. This process was first considered in
the context of sterile neutrino dark matter via active-
sterile mixing [4]; however, in that scenario the poten-
tially accessible parameter space is excluded by x-ray
constraints on decaying dark matter [7]. More recently, it
was revisited in Refs. [8,9], which used an effective field
theory (EFT) approach to investigate the sensitivity of
existing and future experiments. The PandaX-4T experi-
ment has subsequently performed a dedicated search for
this signal [10].
An advantage of the EFT approach is its model-

independence; however, one must also consider whether
or not there exist viable ultraviolet (UV) completions.
There are several additional, nontrivial requirements that
the UV completion must satisfy: cosmological stability of
dark matter and observational bounds on its decay; con-
straints on the mediator from both terrestrial experiments
and astrophysics; a viable dark matter production mecha-
nism and thermal history; and invariance under the full
Standard Model (SM) gauge group. As we shall demon-
strate, the combination of these considerations can be
highly constraining, and may exclude the possibility of
observing a signal in future direct detection experiments.
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1Fermionic dark matter absorption via interaction with nucle-
ons has been considered in [4–6].
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In this work, we present a minimal UV completion of the
scalar2 operator ðχ̄PRνÞðēeÞ. In addition to the Dirac
fermion dark matter χ, the model features a right-handed
sterile neutrino and a scalar mediator that mixes with the
Higgs, leading to the absorption process shown in Fig. 1.
The sterile neutrino is simultaneously responsible for
generating Dirac neutrino mass.
There are several complementary probes of our model,

some of which already provide strong bounds on the
parameter space. First, the decay χ → νγγ is tightly con-
strained by X-ray observations for dark matter masses
above 15 keV. There are also strong bounds on the scalar
mediator from horizontal branch stars and supernova
1987A. Taking these constraints into account, we show
that there remains parameter space that could be probed by
a next-generation liquid xenon direct detection experiment,
if one ignores the additional requirement of a viable dark
matter production mechanism.
In much of the parameter space, including the region of

potential interest for direct detection, the dark sector self-
thermalizes and the relic abundance is produced by freeze-
out in the dark sector. We show that this mechanism can
yield the observed relic abundance, but simultaneously
predicts a highly suppressed direct detection signal.
Contrary to the naïve expectations of the EFT analysis,
we conclude that in a minimal UV completion direct
detection is not a powerful probe of the model.
The structure of the paper is as follows. In Sec. II we

present our UV completion of the scalar operator. Section III
discusses the phenomenology of the model, including dark
matter decays, and collider and astrophysical bounds on the
scalar mediator. Production of the darkmatter is addressed in
Sec. IV, before we conclude in Sec. V.

II. THE MODEL

We begin by introducing a UV complete model that
can, in principle, yield an observable direct detection

signal. At the level of the EFT, the scalar-mediated dark
matter absorption process eχ → eν proceeds via the
dimension-6 operator/s

1

Λ2
ðχ̄PL;RνÞðēeÞ; ð1Þ

where Λ is a scale associated with the UV completion of
the effective operator. The tree-level completion of this
operator is shown in Fig. 1, with Λ given in terms of UV
parameters by

1

Λ4
¼ jYeeYχνj2

m4
ϕ

; ð2Þ

where Yee and Yχν are the vertex factors depicted in the
diagram.
The minimal UV completion features the SM Higgs as

the scalar mediator and introduces a coupling to dark matter
of the form yHχL̄ H̃ χ. However, this scenario cannot yield
an observable signal in direct detection. First, assuming
that yHχ ∼Oð1Þ, the effective operator scale is set by the
electroweak scale, combined with the electron Yukawa
coupling: Λ ∼mh=

ffiffiffiffiffi
ye

p
. This is already beyond the foresee-

able reach of direct detection experiments [8]. Second, after
electroweak symmetry breaking, the coupling yHχ leads to
mixing between the dark matter and the active neutrinos.
This enables the radiative decay χ → νγ to proceed via aW
boson/charged lepton loop. This dark matter decay mode is
highly constrained by x-ray line searches, translating into
an upper bound on the coupling of yHχ ≲ 10−26 for keV
scale dark matter [11].
With the minimal scenario ruled out, we consider a new

light scalar mediator. We introduce a real gauge singlet
scalar field ϕ that couples to the SM fermions via mixing
with the Higgs. We also introduce a chiral, gauge singlet
fermion νR that couples to the dark matter via a term ϕν̄Rχ.
As its name suggests, νR is also responsible for the
generation of neutrino mass. After integrating out ϕ, this
model generates the operator ðχ̄PRνÞðēeÞ.
The Lagrangian describing the model is

L ¼ LSM þ Lχ þ LνR þ Lϕ þ Lint; ð3Þ

with

Lχ ¼ iχ̄0L∂χ
0
L þ iχ̄0R∂χ

0
R −Mχðχ̄0Lχ0R þ h:c:Þ; ð4Þ

LνR ¼ iν̄0R∂ν
0
R − ðyHνL̄ H̃ ν0R þ h:c:Þ; ð5Þ

Lϕ ¼ 1

2
∂μϕ

0
∂
μϕ0 − κ1ϕ

0 −
κ2
2
ϕ02 −

κ3
3!

ϕ03 −
κ4
4!

ϕ04; ð6Þ

Lint ¼ −δ1H†Hϕ0 −
δ2
2
H†Hϕ02 − ðyϕχνϕ0χ̄0Lν

0
R þ h:c:Þ

− ðMχνχ̄
0
Lν

0
R þ h:c:Þ; ð7Þ

FIG. 1. Dark matter absorption via electron interaction.

2For a UV completion of the vector operator ðχ̄γμPRνÞðēγμeÞ
see [8]. That paper also proposed a scalar-mediated simplified
model, but this requires a UV completion to be invariant under
the SM gauge group.
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where we use 0 to denote fields prior to diagonalization to
the mass basis, and H̃ ¼ iσ2H�. All couplings and masses
are taken to be real without loss of generality.
The above Lagrangian exhibits a Uð1Þ lepton number

symmetry, with the charges of the non-SM fields given by
Lðν0RÞ ¼ Lðχ0L;RÞ ¼ þ1. This has been imposed to forbid a
Majorana mass term for νR. For Majorana neutrinos, the
dark matter absorption process in Fig. 1 would be sup-
pressed by a small active-sterile mixing angle, since the
outgoing neutrino state is required to be approximately
massless. This symmetry also enforces χ0 to be a Dirac
fermion.
Another important feature of the Lagrangian is the

absence of a L̄ H̃ χ0 coupling, which is enforced by a Z2

symmetry under which χ0 and ϕ0 are odd, while all other
fields are even. This Z2 is softly broken by κ1, κ3, δ1, and
Mχν, allowing ϕ0 to mix with the Higgs and for the
ðχ̄PRνÞðēeÞ operator to be generated,3 while still providing
a natural suppression of the decay χ → νγ (as discussed in
Sec. III).
Finally, for simplicity, we consider only a single neutrino

generation, which for concreteness we take to be the
electron neutrino. The generalization to three generations
is relatively straightforward and is not expected to signifi-
cantly affect the phenomenology of the model, but would
enhance the direct detection signal by a factor of three.

A. Diagonalization and mixing

After electroweak symmetry breaking, we expand H
around its vacuum expectation value (VEV) using the usual
parametrization

H ≡ 1ffiffiffi
2

p
�

0

vþ h0

�
; ð8Þ

where v ≈ 246 GeV and h0 is a real scalar field. We also re-
express ϕ0 as an expansion around its VEV (which may be
zero): ϕ0 → ϕ0 þ hϕ0i. Explicit expressions for the scalar
VEVs and the resulting mass matrices in terms of the
Lagrangian parameters are given in Appendix A.
If either δ1 or δ2hϕ0i are nonzero, mixing occurs between

the SM Higgs boson h0 and ϕ0. The mixing can be
expressed in terms of an angle θϕ, such that

�
h

ϕ

�
¼

�
cos θϕ − sin θϕ
sin θϕ cos θϕ

��
h0

ϕ0

�
; ð9Þ

where h and ϕ (unprimed) denote the heavier and lighter
mass eigenstates respectively. We take mh ≈ 125 GeV and
ϕ is the light mediator relevant for dark matter absorption.

Mixing occurs between the dark matter and neutrino via
the Mχν and yϕχνhϕ0i terms in the Lagrangian. The
diagonalization of the corresponding mass matrix is
detailed in Appendix A. The mass eigenstates (again
unprimed) can be expressed in terms of real rotations:

�
νL;R

χL;R

�
¼

�
cos θL;R − sin θL;R
sin θL;R cos θL;R

��
ν0L;R
χ0L;R

�
: ð10Þ

In the massless neutrino limit, sin θL vanishes and
mixing only occurs between χ0R and ν0R. After diagonaliza-
tion, and working in this limit, the tree-level couplings
between χL;R and νL;R are given by

L ⊃ − cos θR cos θϕyϕχνðϕχ̄LνRÞ þ h:c:

− sin θR cos θϕyϕχνðϕχ̄LχRÞ þ h:c: ð11Þ

The vertex factors contributing to the dark matter absorp-
tion process in Fig. 1 can then be written explicitly:

Yee ¼
me

v
sin θϕ; ð12Þ

Yχν ¼ yϕχν cos θR cos θϕ: ð13Þ

See Appendix A for the full expressions, including addi-
tional couplings proportional to neutrino mass.

III. PHENOMENOLOGY

A. Direct detection

In a direct detection experiment, the absorption of χ can
transfer sufficient energy to ionize an atomic electron. This
signal can be detected in large volume argon and xenon
time projection chambers via subsequent scintillation and
secondary ionization. The differential rate for dark matter
absorption via the operator ðχ̄PRνÞðēeÞ=Λ2 was calculated
in Refs. [8,9] for a xenon target. The event rate is propor-
tional to the effective absorption cross section,

σe ≡ m2
χ

4πΛ4
: ð14Þ

The projected sensitivities of current and proposed future
xenon experiments to σe were calculated by Ref. [8]. The
authors assumed a detection efficiency equal to that of the
XENON1T experiment [12], with an energy threshold of
1 keV (sensitive to absorption events for mχ ≳ 3 keV), and
determined the projected sensitivity by requiring at least 10
events during an experiment’s full exposure. Here, we
predominantly focus on the sensitivity at the proposed
XLZD detector [13] (assuming an exposure of 200 tonne-
years), which offers the best prospects in the foreseeable
future.

3This can also be achieved through only spontaneous breaking
of the Z2 symmetry by hϕ0i; this is a special case of the more
general model.
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The typical momentum transfer in the absorption process
is of order mχ. The EFT description is therefore valid
provided mϕ ≫ mχ . In terms of the parameters of our
model, the effective absorption cross section in this limit is

σe ¼
m2

χY2
eeY2

χν

4πm4
ϕ

ð15Þ

¼ sin2θϕcos2θϕcos2θR

�
me

v

�
2 y2ϕχν
4π

m2
χ

m4
ϕ

: ð16Þ

To assess the potential sensitivity of direct detection to our
model, we compare this expression with the projections of
Ref. [8]. This is justified only within the regime of validity
of the EFT, with corrections of order ðmχ=mϕÞ2 as mϕ

approaches mχ .
It is evident from Eq. (16) that the most interesting

parameter space for direct detection is where the mixing is
small between χ0R and ν0R (cos θR ≃ 1) and where the
Yukawa coupling in the dark sector is large (yϕχν ≃ 1).
This region of parameter space corresponds to
hϕ0i þMχν ≪ mχ . In subsequent sections we always take
cos θR ¼ 1.

B. Dark matter decay

The dark matter is unstable and can decay into final
states featuring neutrinos and photons. There must be an
odd number of neutrinos in the final state, since χ is
fermionic. Given the suppression of the decay χ → νγ, the
dominant decay modes are χ → νγγ, and the invisible
mode χ → ννν.
As discussed in Sec. II, the softly broken Z2 symmetry

naturally suppresses the otherwise leading visible decay
mode χ → νγ. In the massless neutrino limit, when yHν and
hence sin θL vanish, the only coupling of χ to the SM is
through the scalar portal, and the visible decay modes must
proceed via the ϕ −H mixing. The χ → νγ decay vanishes
in this limit, meaning that the dominant visible decay mode
is χ → νγγ, which occurs at one-loop via the diagrams
shown in Fig. 2. The corresponding decay width is

Γχ→νγγ ¼
Y2
χνsin2θϕ

2048π5m3
χ

α2

v2
Ivisðmϕ; mχÞ; ð17Þ

with

Ivisðmϕ; mχÞ ¼
�
11

6

�
2
Z

m2
χ

0

ds12

�
m2

χ − s12
m2

ϕ − s12

�
2

s212: ð18Þ

The factor of ð11=6Þ2 comes from the loop function in the
limit wheremχ is much smaller than the SM fermion andW
boson masses. In the regimewheremϕ ≫ mχ , the width can
be written purely in terms of the dark matter mass and
effective absorption cross section4:

Γχ→νγγ ≃1.8×10−27 sec−1
�

mχ

10 keV

�
5
�

σe
10−50 cm2

�
: ð19Þ

This provides a good approximation to Eq. (17), up to an
Oð1Þ factor, even when mϕ ∼mχ . This decay rate must be
less than the upper bound imposed by diffuse x-ray
measurements [14].
Figure 3 shows the x-ray limits on χ → νγγ decays in

terms of the dark matter absorption effective cross section
as a function of mχ . The sharp changes in the excluded
region (shaded blue) near mχ ¼ 10, 40 keV arise from the
differing sensitivities of the x-ray telescopes used to set the
bound. Also shown in the figure is the projected direct
detection sensitivity of LZ (assuming 15.3 tonne-years
exposure) and the proposed next generation experiment
XLZD (assuming 200 tonne-years exposure) from Ref. [8].
We will subsequently focus on the sensitivity of XLZD as it
offers the best prospects in the foreseeable future. We find
that, given the x-ray bounds, XLZD will only provide new
sensitivity for dark matter masses mχ ≲ 15 keV. In sub-
sequent sections, we analyse a benchmark dark matter mass
of mχ ¼ 10 keV.
We now turn to the invisible decay, χ → ννν. This decay

can occur at tree level when neutrinos are massive, as can
be seen from Fig. 1 by replacing the electrons with
neutrinos and employing crossing symmetry. The tree-level

FIG. 2. Feynman diagrams for the χ → νγγ decay at one-loop, where f denotes charged SM fermions.

4This result differs by a factor of ð11=4Þ2 from the EFT result
in Ref. [9], since in that case only electrons run in the loop.
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diagram vanishes in the massless neutrino limit, as do
one-loop diagrams featuring νL in the final state. However,
the invisible decay into three νR can still occur at one-loop
via the ϕ3 coupling, as shown in Fig. 4.
The decay width of χ → ννν is given by

Γχ→ννν ¼
Y6
χνK2

16mχð4πÞ7
Iinvisðmϕ; mχÞ; ð20Þ

where, to first order in sin θϕ,

K ¼ κ3 þ κ4hϕ0i þ 3δ2v sin θϕ; ð21Þ

Iinvisðmϕ; mχÞ ¼
Z

m2
χ

0

ds12

�
m2

χ − s12
m2

ϕ − s12

�
2

s12jC0j2; ð22Þ

and C0 ¼ C0ð0; 0; s12; m2
ϕ; m

2
χ ; m2

ϕÞ is a one-loop scalar
integral [15]. In the regime where mϕ ≫ mχ , jC0j2 ≃ 1=m4

ϕ

and the width can be written as

Γχ→ννν ≃ 2.5 × 10−21 sec−1
�
yϕχν cos θR

1

�
6

×

�
K=mϕ

10−11

�
2
�

mχ

10 keV

�
7
�
200 keV

mϕ

�
6

: ð23Þ

This differs from Eq. (20) only by an Oð1Þ factor, even
when mϕ ∼mχ . For successful structure formation,
ðΓχ→νννÞ−1 must be greater than 468 Gyr [16]. This places
an upper bound on the ϕ3 coupling of K ≲ 10−11mϕ.
Neglecting possible cancellations between the terms in
K, this translates into strong upper bounds on the scalar
parameters:

jκ3j≲ 10−6 eV

�
mϕ

200 keV

�
; ð24Þ

jκ4hϕ0ij≲ 10−6 eV

�
mϕ

200 keV

�
; ð25Þ

jδ2j≲ 3 × 10−11
�
10−7

sin θϕ

��
mϕ

200 keV

�
: ð26Þ

Simultaneously satisfying these bounds and obtaining a
value of sin θϕ that is large enough to be of phenomeno-
logical interest likely requires values of the scalar potential
parameters that are unstable under radiative corrections.
Naturalness aside, the above bounds do not restrict the
prospects for direct detection. The scalar parameters
relevant for direct detection are mϕ, sin2 θϕ, and hϕ0i
(which leads to χR − νR mixing). The first two of these
are unconstrained by the invisible decay bound.
Specifically, m2

ϕ ∼ κ2 and sin2θϕ ∼ δ21=m
2
h when

Eqs. (24)–(26) are satisfied. Furthermore, the bound on
jκ4hϕ0ij imposed by Eq. (25) is consistent with the limit
hϕ0i ≪ mχ in which the direct detection prospects are
maximized (i.e., yϕχν ≃ 1 and cos θR ≃ 1).

C. Mediator constraints

There are also strong constraints on the scalar mediator ϕ
which, as we shall show, further restrict the parameter space
that could be probed through direct detection. The most
relevant constraints come from astrophysics. Production of
ϕ can occur in stars and the core of supernovae, leading to
energy loss as ϕ or its decay products, χ and νR, escape
the stellar medium. We utilize the limits derived in
Refs. [17,18]. Due to the fast decay of ϕ → χνR in our
model, trapping of ϕwithin a stellar or supernova core does
not occur, however the decay products χ and νR can be
trapped due to the process χN ↔ νRN, depending on the
value of yϕχν. We calculate the thermally averaged mean
free path for this process using the same stellar/supernova
parameters as Refs. [17,18].

FIG. 3. Constraints on the dark matter absorption effective
cross section from X-ray searches for χ → νγγ decays, with the
excluded region shaded blue. The projected direct detection
sensitivities of LZ and XLZD are shown in orange and purple,
respectively.

FIG. 4. Feynman diagram for the χ → ννν decay at one-loop in
the massless neutrino limit (sin θL → 0).
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Figure 5 shows the bounds from stellar and SN1987A
luminosity on the mϕ − sin2θϕ parameter space. The upper
edges of these regions correspond to where the mean free
path of χ or νR is less than 10% of the stellar or supernova
core radius. This depends on yϕχν and we show results for
yϕχν ¼ 1 and yϕχν ¼ 10−2. Note that obtaining a precise
bound in the trapping regime would require a more detailed
treatment. Also shown in Fig. 5 are constraints on the scalar
mediator from searches for invisible meson decays. The
fixed target experiment NA62 constrains the kaon decay
K → πϕ [19], while BABAR constrains B → Kϕ [20].
BABAR provides the strongest constraint in the mϕ ≃
300 MeV–1 GeV region, where the supernova core is
not hot enough to produce ϕ. The region where mϕ < mχ

is excluded by dark matter stability, since here the decay
channel χ → ϕν is available.
For yϕχν ≲ 0.1, the combination of SN1987A and NA62

excludes sin2θϕ ≳ 10−14 formϕ ≲ 300 MeV, with horizon-
tal branch stars providing stronger limits for mϕ ≲ 70 keV.
If yϕχν ≳ 0.1, there may be unconstrained windows of
parameter space between the NA62 and stellar/SN limits.
Overlaid on Fig. 5 is the projected sensitivity of XLZD to

mχ ¼ 10 keV for a range of yϕχν couplings. We see that
much of the parameter space accessible to direct detection
has already been probed by searches for the mediator. New
regions of parameter space are accessible by XLZD, pro-
vided yϕχν ≳ 10−2. These results are qualitatively the same

across the relevant mass range, 4 keV≲mχ ≲ 15 keV.
As mentioned, corrections of order ðmχ=mϕÞ2 apply to the
projected XLZD sensitivities as mϕ approaches mχ and the
EFT begins to break down.

IV. DARK MATTER PRODUCTION

We now turn to the production of dark matter in the early
universe. To avoid conflicting with bounds on the effective
number of relativistic degrees of freedom during BBN and
at the time of the CMB [21], we require that the dark sector
never enters into equilibrium with the SM bath. On the
other hand, χ, ϕ, and νR may achieve thermal equilibrium
among themselves. This is expected to be the case in the
regions of parameter space of interest for direct detection,
where the Yukawa coupling in the dark sector is relatively
large, yϕχν ≳ 10−2 (see Fig. 5). Given some initial pop-
ulation, for example produced via freeze-in, the dark sector
reaches equilibrium and subsequent freeze-out in the dark
sector sets the final dark matter relic abundance.5 This
process of freeze-in, thermalization and freeze-out in the
dark sector was first explored in the context of a dark
photon mediator in Ref. [22] and more recently in a scalar

FIG. 5. Projected direct detection sensitivity of XLZD for mχ ¼ 10 keV, cos θR ¼ 1 and various values of yϕχν. The yellow and blue
shaded regions are excluded by HB star and SN1987A luminosity constraints, respectively. Trapping within the core of these objects
depends on yϕχν and limits are shown for yϕχν ¼ 1 (solid curves) and yϕχν ¼ 10−2 (dotted curves). See main text for details. Also shown
are constraints from meson decays (green), and dark matter stability (gray).

5The relic abundance can be produced purely by freeze-in from
the SM sector in the parameter space where yϕχν is highly
suppressed. However, this would not yield a direct detection
signal.
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portal model in Ref. [23]. In the following two sections we
discuss in turn thermalization and freeze-out in detail.

A. Freeze-in and thermalization

The dark sector will be populated through freeze-in from
the SM thermal bath, via processes such as ff̄ → χν̄R,
where f denotes SM fermions. This freeze-in production
will continue until the SM bath temperature, TSM, falls
below the electron mass and the process eþe− → χν̄R
ceases to be efficient. In addition to this irreducible
contribution, there may be additional processes that pop-
ulate the dark sector, for example inflaton decay during
reheating.
For the larger values of the scalar mixing that we consider,

sin2θϕ ≳ 10−14, the reheat temperature should bewell below
the electroweak scale. This is because for higher reheat
temperatures, electroweak processes, such as WZ → Wϕ,
can cause the dark sector to enter equilibrium with the SM
bath. We use micrOMEGAS-v5.3[24] to numerically calculate
the irreducible population of dark sector particles created
from (tree-level) freeze-in processes, and estimate that for
sin2 θϕ ¼ 10−14, a reheat temperature of TR ≲ 20 GeV is
required. For smaller values of sin2 θϕ, the reheat temperature
canbehigher, and for sin2 θϕ ≲ 10−16 the dark sector remains
out of equilibrium with the SM regardless of the reheat
temperature.
As the dark sector is populated, ϕ; χ, and νR interact

through the yϕχν coupling, which can lead to their thermal-
ization. Determining whether the dark sector reaches
internal equilibrium, and the value of the dark sector
temperature TD, requires solving the Boltzmann equations
for the momentum distributions generated by freeze-in.
However, thermalization is expected to occur rapidly in the
parameter space of interest for direct detection due to the
large values of the coupling (10−2 ≲ yϕχν ≲ 1). Hence, in
the following we simply assume that equilibrium is
achieved and consider the temperature in the dark sector
as a free parameter. To support this assumption, in
Appendix B we compare the dark sector interaction rates
to the expansion rate and show that for the relevant range of
dark sector temperatures and couplings, kinetic and chemi-
cal equilibrium are maintained until TSM ∼me=3 and all
freeze-in processes have effectively ceased.
The thermalized dark sector particles contribute to the

effective number of relativistic degrees of freedom by
an amount that depends on the temperature ratio
TD=TSM. The limits on ΔNeff from both BBN and CMB
[25] translate to an upper bound on the dark sector
temperature of TD ≲ 0.4 × TSM.

B. Freeze-out of dark matter

Next, we calculate the relic abundance of dark matter
produced via freeze-out within the dark sector. The
equilibrium number density of χ at a dark sector

temperature TD is given by

neqχ ðTDÞ ¼
gχm2

χTD

2π2
K2ðmχ=TDÞ; ð27Þ

where gχ ¼ 4 and K2 is a modified Bessel function of the
second kind. We divide the number density by the SM
entropy density to obtain the yield, or comoving number
density6:

Yeq
χ ðTD; TSMÞ≡ neqχ ðTDÞ

sðTSMÞ
: ð28Þ

Figure 6 shows the equilibrium yield of χ for various
ratios of TD=TSM as a function of TSM. The observed
present day yield of χ, shown as a horizontal purple dashed
line, must be obtained via freeze-out from these equilibrium
curves. Hence, to achieve the correct relic abundance
requires 0.08≲ TD=TSM ≲ 0.4 at the onset of freeze-out,
with the upper limit coming from the bound on ΔNeff .
We now solve the Boltzmann equation across the viable

range of TD=TSM, to find the range of yϕχν that gives the
observed present daydarkmatter abundance. TheBoltzmann
equation for the dark matter number density, nχðtÞ, is

ṅχ þ 3Hnχ ¼ −hσviTD
ðn2χ − ðneqχ Þ2Þ; ð29Þ

FIG. 6. Yield of χ while in equilibrium with a dark sector of
temperature TD, as a function of the SM bath temperature, TSM.
The various curves are for different dark sector temperatures, with
warmer (colder) colors indicating a warmer (colder) dark sector.
The horizontal purple dashed line indicates the observed present
day dark matter yield. If χ is to freeze-out with the correct
abundance, the dark sector must be sufficiently warm. Results are
shown for mχ ¼ 10 keV.

6After the freeze-in processes have ended, the entropy density
of the SM and dark sectors are (approximately) separately
conserved.
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where hσviTD
is the thermally averaged cross section times

velocity evaluated at temperature TDðtÞ, and we have
assumed Maxwell-Boltzmann statistics. At the time of
freeze-out, the relevant number-changing processes are
χχ → νRνR, χ̄ χ̄ → ν̄Rν̄R, and χχ̄ → νRν̄R. We use
micrOMEGAS-v5.3 [24] to numerically calculate hσvi as a
function of temperature. When the ΔNeff bound is satisfied,
the Hubble parameterHðtÞ is largely determined by the SM
degrees of freedom. In addition, the effective number of
entropic degrees of freedom is approximately constant
during freeze-out, dg�S=dTSM ≃ 0. Hence, expressed in
terms of the yield,Yχ ≡ nχ=sðTSMÞ, the Boltzmann equation
becomes

dYχ

dTSM
¼ sðTSMÞ

HðTSMÞTSM
hσviTD

ðY2
χ − ðYeq

χ Þ2Þ: ð30Þ

Figure 7 shows the freeze out of χ within the dark sector
at the extremal allowed values of TD. The red curve shows
the hottest dark sector, TD ¼ 0.4 × TSM, while the blue
curve shows the coldest dark sector, TD ¼ 0.08 × TSM. In
each case the Yukawa coupling yϕχν has been chosen to
obtain the observed dark matter abundance. For the hotter
dark sector, yϕχν must be larger so that equilibrium is
prolonged and there is sufficient annihilation of dark matter
into neutrinos. The solutions reveal that for χ to account for
the present day yield, yϕχν must be in the range 2 × 10−4 to
5 × 10−4 formϕ ¼ 200 keV. This range varies linearly with
mϕ, since hσvi ∝ ðyϕχν=mϕÞ4. Furthermore, the required

yϕχν varies negligibly across the range of mχ of interest for
direct detection (4 keV≲mχ ≲ 15 keV). Note that the
results are independent of sin2 θϕ, since all interactions
with the SM during freeze-out are Boltzmann suppressed.
Finally, we consider the potential of direct detection to

probe the values of yϕχν that yield the correct dark matter
abundance. From Fig. 5, we see that formϕ ¼ 200 keV and
2 × 10−4 < yϕχν < 5 × 10−4, the sensitivity of XLZD to
sin2 θϕ lies well within the parameter space already
excluded by SN1987A. Furthermore, given that the rel-
evant range of yϕχν depends linearly on mϕ, as discussed
above, this conclusion holds for the full range of mϕ in
Fig. 5. Hence, after imposing the correct relic abundance,
there is no unconstrained parameter space that can be
probed via dark matter absorption at XLZD.

V. CONCLUSION

Fermionic dark matter absorption is an interesting direct
detection signal that has recently been studied using
effective field theory. Motivated by this, we have con-
structed a UV complete model of the scalar operator
associated with this signature. Our model can achieve
the correct cosmological relic abundance via freeze-out
within the dark sector. We find that visible dark matter
decays, in conjunction with stellar and supernova con-
straints on the scalar mediator, provide strong constraints.
The parameter space that is consistent with these bounds
and could also be probed at a next-generation direct
detection experiment such as XLZD under-predicts the
relic density. This case study demonstrates that the absorp-
tion signal cannot be observed in upcoming direct detection
experiments for a minimal, realistic model of scalar-
mediated dark matter. It would therefore be interesting
to construct other, nonminimal models which have this
signal as well as a consistent cosmological history yielding
the correct relic abundance.

ACKNOWLEDGMENTS

This work was supported in part by the Australian
Research Council through the ARC Centre of Excellence
for Dark Matter Particle Physics, CE200100008 and the
Australian Government Research Training Program
Scholarship initiative. P. C. is supported by the
Australian Research Council Discovery Early Career
Researcher Award DE210100446.

APPENDIX A: DIAGONALIZATION
OF THE MODEL

This appendix provides details on the diagonalization of
the scalar and fermion sectors, as well as the full expres-
sions for their interaction terms in the mass basis.

FIG. 7. Yield of dark matter χ when freezing out from a dark
sector of temperature TD, as a function of the SM bath temper-
ature, TSM. The horizontal purple dashed line indicates the
observed present day dark matter yield. The Yukawa coupling
yϕχν is set for each curve by requiring freeze-out at the correct
present day yield. Results are shown for mϕ ¼ 200 keV,
cos θR ¼ 1, and mχ ¼ 10 keV. Results for other values are
discussed in the text.
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1. Scalar sector diagonalization

The full scalar potential is given by

VðH;ϕ0Þ ¼ −M2
HH

†H þ λHðH†HÞ2

þ κ1ϕ
0 þ κ2

2
ϕ02 þ κ3

3!
ϕ03 þ κ4

4!
ϕ04

þ δ1H†Hϕ0 þ δ2
2
H†Hϕ02: ðA1Þ

We expand H around its VEV with the parametrization

H ≡ 1ffiffiffi
2

p
�

0

vþ h0

�
; ðA2Þ

where h0 is a real scalar field. We also reexpress ϕ0 as an
expansion around its (possibly zero) VEV: ϕ0 → ϕ0 þ hϕ0i.
Minimizing the potential gives

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M2

H − 2δ1hϕ0i − δ2hϕ0i2
2λH

s
; ðA3Þ

and the VEV of ϕ0 satisfies the cubic equation

κ4hϕ0i3 þ 3κ3hϕ0i2 þ ð6κ2 þ 3δ2v2Þhϕ0i þ ð6κ1 þ 3δ1v2Þ
¼ 0: ðA4Þ

The parametrization of the scalar fields about their VEVs
results in the mass terms

Vmass ¼
1

2

�
h0 ϕ0

�� μ2h0 μ2h0ϕ0=2

μ2h0ϕ0=2 μ2ϕ0

��
h0

ϕ0

�
; ðA5Þ

where

μ2h0 ¼ 2λHv2; ðA6Þ

μ2ϕ0 ¼ δ2v2

2
þ κ2 þ κ3hϕ0i þ κ4

2
hϕ0i2; ðA7Þ

μ2h0ϕ0 ¼ 2vðδ1 þ δ2hϕ0iÞ: ðA8Þ

Diagonalizing the mass matrix above yields the mass
eigenvalues

m2
h;ϕ ¼

�
μ2h0 þ μ2ϕ0

2

�
�
�
μ2h0 − μ2ϕ0

2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
μ2h0ϕ0

μ2h0 − μ2ϕ0

�2

vuut ;

ðA9Þ

where h and ϕ (unprimed) denote the heavier and lighter
mass eigenstates respectively. The mixing can be expressed
in terms of an angle θϕ, such that

�
h

ϕ

�
¼

�
cos θϕ − sin θϕ
sin θϕ cos θϕ

��
h0

ϕ0

�
; ðA10Þ

with

tan 2θϕ ¼ −μ2h0ϕ0

μ2h0 − μ2ϕ0
: ðA11Þ

In the limit of small mixing (θ2ϕ ≪ 1),

sin2θϕ ≃
v2ðδ1 þ δ2hϕ0iÞ2
ðm2

h −m2
ϕÞ2

: ðA12Þ

2. Fermion sector diagonalization

With ϕ0 and H expanded about their VEVs, the mass
terms for χ0 and ν0 are given by

L ⊃ −
�
ν̄0L χ̄0L

�
M

�
ν0R
χ0R

�
þ h:c:; ðA13Þ

where

M≡
�

Mν 0

yϕχνhϕ0i þMχν Mχ

�
; ðA14Þ

and Mν ¼ yHνv=
ffiffiffi
2

p
. Note that without loss off generality,

we can take the three nonzero elements ofM to be real and
positive by rephasing of the fermion fields.
The fermion mass matrix can be diagonalized via a

biunitary transformation:

�
mν 0

0 mχ

�
¼ ULMU†

R; ðA15Þ

where UL and UR are 2 × 2 unitary matrices. Under this
transformation, the mass basis fields (denoted without
primes) are given by

�
νL

χL

�
¼ UL

�
ν0L
χ0L

�
;

�
νR

χR

�
¼ UR

�
ν0R
χ0R

�
: ðA16Þ

The masses mν and mχ are the singular values of M:

m2
ν ¼

1

2

�
a −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 − 4M2

νM2
χ

q �
; ðA17Þ

m2
χ ¼

1

2

�
aþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 − 4M2

νM2
χ

q �
; ðA18Þ

with
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a ¼ M2
ν þM2

χ þ ðyϕχνhϕ0i þMχνÞ2: ðA19Þ

Since M has real entries, we can parametrize UL;R in
terms of real rotations,

UL;R ¼
�
cos θL;R − sin θL;R
sin θL;R cos θL;R

�
; ðA20Þ

and the mixing angles can be written in terms of the
Lagrangian parameters as

tan 2θL ¼ 2Mνðyϕχνhϕ0i þMχνÞ
M2

χ −M2
ν þ ðyϕχνhϕ0i þMχνÞ2

; ðA21Þ

tan 2θR ¼ 2Mχðyϕχνhϕ0i þMχνÞ
M2

χ −M2
ν − ðyϕχνhϕ0i þMχνÞ2

: ðA22Þ

In the massless neutrino limit, sin θL vanishes. The
region of parameter space where cos θR ≃ 1 offers the
best prospects for direct detection. In this region
yϕχνhϕ0i þMχν ≪ Mχ , which may require fine-tuning of
the scalar potential if yϕχν ∼ 1.

3. Interaction terms in the mass basis

Upon transforming to the mass basis, we obtain the
following tree-level couplings between χ, ϕ and νL;R:

L⊃−ϕ
�
νL χL

��
Yνν YχνL

YχνR Yχχ

��
νR

χR

�
þh:c:; ðA23Þ

with,

Yνν ¼ −yϕχν cos θϕ sin θL cos θR

þ yHνffiffiffi
2

p sin θϕ cos θL cos θR; ðA24Þ

YχνL ¼ −yϕχν cos θϕ sin θL sin θR

þ yHνffiffiffi
2

p sin θϕ cos θL sin θR; ðA25Þ

YχνR ¼ yϕχν cos θϕ cos θL cos θR

þ yHνffiffiffi
2

p sin θϕ sin θL cos θR; ðA26Þ

Yχχ ¼ yϕχν cos θϕ cos θL sin θR

þ yHνffiffiffi
2

p sin θϕ sin θL sin θR: ðA27Þ

In the massless neutrino limit, where yHν and sin θL vanish,
the couplings simplify to

Yνν ¼ 0; ðA28Þ

YχνL ¼ 0; ðA29Þ

YχνR ¼ yϕχν cos θϕ cos θR; ðA30Þ

Yχχ ¼ yϕχν cos θϕ sin θR; ðA31Þ

which is the result stated in Sec. II.

APPENDIX B: DARK SECTOR EQUILIBRIUM

If the dark sector remains in chemical and kinetic
equilibrium after all freeze-in processes have effectively
ceased, the freeze-in and freeze-out eras of dark matter
production can be treated separately, as in Sec. IV. In this
appendix, we show that chemical and kinetic equilibrium
are indeed maintained post-freeze-in for the range of dark
sector temperatures and couplings that allow for the freeze-
out of χ with the correct relic abundance.
Chemical equilibrium is maintained between χ and νR

when the annihilation rate of dark matter to sterile neutrinos
is greater than the Hubble parameter. We calculate the ratio
of these two quantities as a function of TD and TSM:

Γann

H
¼ neqχ ðTDÞhσviTD

HðTSMÞ
; ðB1Þ

where neqχ ðTDÞ is the equilibrium number density of χ and
hσviTD

is the thermally averaged dark matter annihilation
cross section times velocity at temperature TD. As in

FIG. 8. The dark matter annihilation rate compared to the
Hubble rate in the early universe. Red and green curves
correspond to TD=TSM ¼ 0.4 and 0.08, respectively. Solid
curves show results for yϕχν ¼ 10−2 and dashed curves for
yϕχν ¼ 2 × 10−4. For all curves, mχ ¼ 10 keV and
mϕ ¼ 200 keV. The vertical line at TSM ¼ me=3 indicates the
temperature below which all freeze-in processes have effectively
concluded.
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Sec. IV, we use micrOMEGAS-v5.3 [24] to numerically
calculate hσvi, including contributions from χχ → νRνR,
χ χ̄ → ν̄Rν̄R, and χχ̄ → νRν̄R. We work in the limit of
massless neutrinos and take cos θR ¼ 1. The ΔNeff bound
discussed in Sec. IV enforces TD < 0.4 × TSM, such that
the Hubble rate is largely determined by the SM degrees of
freedom. Kinetic equilibrium is maintained whenever
chemical equilibrium holds and persists to lower temper-
atures, since the annihilation rate is suppressed by a factor
of neqχ compared with the scattering rate χνR ↔ χνR.
Figure 8 shows Γann=H as a function of TSM for two dark

sector couplings, yϕχν ¼ 10−2 and 2 × 10−4, and two
dark sector temperatures, TD=TSM ¼ 0.4 and 0.08. These

temperatures correspond to the upper and lower bounds
discussed in Sec. IV B, between which successful freeze-
out of χ with the correct relic abundance can occur. At SM
bath temperatures below TSM ∼me=3, shown as a vertical
gray dashed line, freeze-in processes from the SM bath
are Boltzmann suppressed. We see that for 0.08 ≲
TD=TSM ≲ 0.4, dark sector equilibrium is maintained both
during and beyond the end of the freeze-in era, provided
yϕχν ≳ 2 × 10−4. This supports the assumption made in
Sec. IV that the dark sector enters equilibrium as ϕ, χ and
νR are produced via portal interactions, and that the freeze-
in and freeze-out eras of dark matter production can be
treated separately.
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