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Abstract

Dark, chiral fermions carrying lepton flavor quantum numbers are natural candidates
for freeze-in. Small couplings with the Standard Model fermions of the order of lepton
Yukawas are ‘automatic’ in the limit of Minimal Flavor Violation. In the absence of total
lepton number violating interactions, particles with certain representations under the
flavor group remain absolutely stable. For masses in the GeV-TeV range, the simplest
model with three flavors, leads to signals at future direct detection experiments like
DARWIN. Interestingly, freeze-in with a smaller flavor group such as SU(2) is already
being probed by XENON1T.
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1 Introduction

One of the intriguing questions of particle dark matter (DM) is whether it is a single particle or
comes in different varieties or flavors. In fact, in many BSM (Beyond Standard Model) models,
it is not unusual to find a flavored DM. The sneutrino in MSSM [1] is one such popular can-
didate. Independent of specific BSM models, ideas of flavored DM have been in development
for some time [2–8]. In another interesting paper, Batell et al. [9]. have shown that imposing
minimal flavor violation (MFV) automatically ensures stability of the DM in the quark sector.
In the leptonic sector however such a stability is not guaranteed [10].

In the present work, we focus on flavored DM and study its relevance to the freeze-in
mechanism [11–13]. The conditions required for a successful production of the relic den-
sity through this mechanism are in contrast to the “WIMP" (Weakly Interacting Massive Parti-
cle) paradigm. The dark particle is never in thermal equilibrium, pushing its couplings with
the Standard Model (SM) particles to quite low values, in some cases as low as ∼ O(10−6).
Modelling the Feebly Interacting Massive Particle (FIMP) DM typically involves two scenarios.
The first scenario that is considered is called Ultraviolet (UV) freeze-in where the DM is pro-
duced at high temperatures through non-renormalizable interactions with the SM particles. In
this case, the effective scale suppressing the non-renormalizable operators sets the couplings
small. In the second case of the Infrared (IR) freeze-in, the relic density is sourced via small
renormalizable couplings. Various techniques have been adopted to arrive at these two sce-
narios [14–23,23–30]. In recent times, there have also been attempts towards a full effective
theory for freeze-in DM [31].

In this work, we discuss flavored DM within the context of freeze-in mechanism. The DM is
assumed to have non-trivial representations under the charged lepton flavor group of the SM.
We show that this choice is apt for the freeze-in mechanism. The neutrino sector on the other
hand, is far more model dependent and could also lead to freeze-in mechanisms for certain
models (see for example, [32, 33]). We also address the issue of stability for charged lepton
flavored DM and show that in the absence of total lepton number violating interactions, they
can be absolutely stable. Of the possible stable representations, chiral representations are
interesting for freeze-in. In particular, those which have the same chiral representation as
those of the SM leptons. We call them as flavor mirrors. This is in similar vein as models
of mirror Standard Model, but restricting to only the flavor symmetry [34–36]. As is sort of
well understood, in this the couplings of the dark fermions are determined by the Yukawa
couplings. In particular, the lightest of them could couple with the electron Yukawa making it
an interesting candidate for freeze-in. Furthermore, it can be shown that at the lowest order of
the effective theory, at dimension 5, both the operators, the Higgs operator as well as the dipole
operators are chirally suppressed. The Higgs portal and the magnetic dipole moment operators
play the dominant role in setting the relic density whereas the dipole operators, especially the
electric dipole moment, dominate in direct detection rates. In fact, for masses ofO(1-100) GeV,
we find that there would be signatures at the future direct detection experiments like LZ and
DARWIN. For a smaller flavor group like the SU(2), we find that there are already constraints
from XENON1T.

The paper is organized as follows. In the next section, we address the issue of stability
under lepton flavor groups. In section III, we focus on minimal chiral flavored DM and show
that it satisfies the relic density and study its direct detection signatures. We also show the
results for the smaller flavor group SU(2). We conclude in section IV.
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Table 1: Shown are the lowest dimension flavor representations. The columns are, re-
spectively, representation of χL and χR under GLF , its lepton number (qLN ), whether
MFV requirement is essential to the stability argument, whether lepton number con-
servation (LNC) is imposed, whether χ is stable, and the lowest dimension operators
allowed under MFV.

χL χR qLN MFV LNC Stable Operators

(3, 1) (1, 3) 0 Ø Ø
�

χ̄LσµνYlχR

�

Bµν,
�

χ̄Lσµνγ5YlχR

�

Bµν, (χ̄LYlχR)H†H

(3, 1) (1, 3) -1 Ø Ø Ø
�

χ̄LσµνYlχR

�

Bµν,
�

χ̄Lσµνγ5YlχR

�

Bµν, (χ̄LYlχR)H†H

(3, 1) (3,1) -1 Ø Ø Ø
�

χ̄LσµνχR

�

Bµν,
�

χ̄Lσµνγ5χR

�

Bµν, (χ̄LχR)H†H

(3,1) (1,3) 1 Ø Ø

(6, 1) (1, 6) 1 Ø Ø Ø
�

χ̄LσµνY †
l Y †

l χR

�

Bµν,
�

χ̄Lσµνγ5Y †
l Y †

l χR

�

Bµν,
�

χ̄LσµνYl Y
†
l χR

�

H†H

(6,1) (1,6) -1 Ø Ø

(8,1) (1,8) 1,-1 Ø Ø Ø
�

χ̄LσµνYl Y
†
l χR

�

Bµν,
�

χ̄Lσµνγ5Yl Y
†
l χR

�

Bµν,
�

χ̄LσµνYl Y
†
l χR

�

H†H

(8, 1) (1,8) 0 Ø Ø
�

χ̄LσµνYl Y
†
l χR

�

Bµν,
�

χ̄Lσµνγ5Yl Y
†
l χR

�

Bµν,
�

χ̄LσµνYl Y
†
l χR

�

H†H

2 Lepton Flavored Dark Matter and its Stability

In the absence of Yukawa couplings, the leptonic part of the SM Lagrangian has an additional
global SU(3) covering over the three generations of electron, muon and tau1. This symmetry
is valid separately for the doublets Li (i = 1,2, 3, generation index) and the singlets Ei of the
SU(2)L of the SM gauge group. The total flavor group in the charged lepton sector is given
by:

GLF ≡ SU(3)L ⊗ SU(3)E . (1)

The Yukawa terms break the flavor symmetry which becomes evident when GSM is broken via
the Higgs mechanism: LY = L̄Yl EH + h.c., where Yl is a 3× 3 matrix in flavor/generational
space and generation indices of the fields are suppressed.

The leptonic doublets and singlets transform non-trivially under the GLF as:

L ∼ (3,1)GLF
, E ∼ (1, 3)GLF

. (2)

The dark sector does not carry any of the SM gauge quantum numbers as it is assumed
to be a SM singlet. On the other hand, it could come in three generations like the charged
leptons in the SM. Its interactions with the SM, however, could either induce additional flavor
violation or restrict to the violation present in Yl . The latter falls under the paradigm of MFV.
Formally, this is achieved by treating the Yukawa matrix as a (spurion) field that has a non-
trivial transformation under GLF , Yl ∼ (3, 3̄)GLF

, such that the Yukawa term now becomes
invariant under GLF . Then, models with additional flavored matter content can be studied as
effective field theories (EFTs) under the MFV hypothesis where the Yukawa is a spurion and
we only include operators that are invariant under GLF , in addition to the SM gauge symmetry.

The MFV ansatz not only restricts the interactions of the DM particles with SM fermions but
also has implications for the stability of the DM. It was shown that these restrictions can in and
of themselves lead to the stability of specific representation of quark flavored DM [9]. We will
follow stability arguments similar to refs. [9,10] assuming a lepton flavored, SM gauge singlet,
Dirac fermion DM, χ. In the following we will consider not just the triplet representations as
mentioned above, but also other higher dimensional representations like sextets and octets.

1This is in addition to the individual lepton numbers of U(1)Le
, U(1)Lµ , U(1)Lτ

3

https://scipost.org
https://scipost.org/SciPostPhys.11.1.006


SciPost Phys. 11, 006 (2021)

The most generic operator that can cause the decay of DM χ is:

Odeca y = χ L...
︸︷︷︸

A

L̄...
︸︷︷︸

B

E...
︸︷︷︸

C

Ē...
︸︷︷︸

D

Yl ...
︸︷︷︸

E

Y †
l ...
︸︷︷︸

F

Oweak , (3)

with one χ field decaying into A number of L fields, B number of L̄ fields, C number of E
fields, D number of Ē fields, E number of the spurion Yl and F number of the spurion Y †

l . The
operator Oweak accounts for other weak fields that render Odeca y an SM gauge singlet.

In order for Odeca y to be allowed under MFV, it must be a singlet under GLF ≡ SU(3)L ⊗
SU(3)E . The invariance of the operator Odeca y , under the various SU(3) groups becomes
evident in the (p, q) notation [37] of each representation. Noting that a tensor product (p, q)i
with p factors of 3i and q factors of 3̄i is invariant under the corresponding SU(3)i if

(p− q)i mod 3= 0 . (4)

We denote the irreducible representation of χ under GLF as:

χ ∼ (nL , mL)L × (nE , mE)E , (5)

and get the following conditions for Odeca y to be allowed:

SU(3)L : (A− B + E − F + nL −mL) mod 3= 0 ,

SU(3)E : (C − D− E + F + nE −mE) mod 3= 0 .
(6)

Adding these two equations gives:

(A− B + C − D+ nL −mL + nE −mE) mod 3= 0 . (7)

This condition depends on the number of SM fields appearing in Odeca y , in addition to χ ’s rep-
resentation under GLF , and therefore at best gives stability conditions dimension by dimension,
and cannot predict absolute stability [10]. A special case of interest is the case where the in-
teractions conserve total lepton number. Then for Odeca y to be allowed while conserving total
lepton number gives a condition:

(A− B + C − D) = 0 , (8)

and subtracting this from eq. (7) leads to a condition dependent only on the DM flavor rep-
resentation. Stating the condition for the most general decay operator Odeca y to be forbidden
then gives us the stability condition:

(nL −mL + nE −mE) mod 3 6= 0 . (9)

This condition automatically predicts the absolute stability of specific representations. These
arguments can also be generalized for the case of a DM with a non-zero lepton number qLN ,
in which case eq. (8) gets modified to:

(A− B + C − D+ qLN ) = 0 =⇒ (A− B + C − D+ qLN ) mod 3= 0 , (10)

which taken together with eq. (7) gives the following condition for stability:

(nL −mL + nE −mE − qLN ) mod 3 6= 0 . (11)

The stability condition thus depends on the lepton number qLN in addition to the flavor rep-
resentation, eq. (5), of the DM, given all interactions conserve total lepton number.
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We also note that a zero or rational, non-integer lepton number assignment can make a
fermionic DM trivially stable, independent of any flavor structures, and can be argued from
just the condition for an even number of fermions (1 + A+ B + C + D) mod 2 = 0 and LNC
(qLN + A− B + C − D) = 0 =⇒ (qLN + A− B + C − D) mod 2 = 0. These two together then
give for DM stability:

(2A+ 2C + qLN + 1) mod 2 6= 0 =⇒ (qLN + 1) mod 2 6= 0 . (12)

As long as this condition is satisfied, the DM is completely stable.
In Table 1, we list the lowest dimension representations of DM χ and their stabilities in

accordance to eqs. (11) and (12). The first 2 columns give the flavor representations of the left
and right chiralities of DM χ, with the DM lepton number listed in the third column and in the
sixth column we list a Ø if such a DM is rendered stable by eq. (11) or eq. (12). In the fourth
column, a Ø means the MFV condition given by eqs. (6) has been implemented to investigate
the stability, while if eq. (12) by itself implies stability of DM, the MFV column is left empty
(then implementing MFV from eqs. (6) neither adds to nor spoils the stability argument). We
have assumed in all the cases that the interactions conserve lepton number, as can be seen
from the Ø’s in the fifth column. We see that in addition to the flavor representations, the sign
as well as the magnitude of lepton number of the DM candidate dictate its stability. Finally,
the sixth column lists the lowest dimension operators for DM interaction with SM for cases
where the DM is stable.

We note that although a vector-like representation, third row of table 1, can be rendered
stable, the interactions shown in last column are to leading order not suppressed by the
charged lepton Yukawa matrices and do not lead to the small couplings. Hence, the repre-
sentations of interest to us that naturally lead to a freeze-in production are the ones that are
chiral as well as absolutely stable. Finally a note is in order. Imposition of lepton number
and/or baryon number conservation leading to a stable DM is found in many BSM models too.
For example, the R-parity conservation in MSSM [38] the KK Parity in UED models [39], and
fractional baryon number conservation in RS models [40].

3 Minimal Flavored Chiral Dark Matter

We choose a chiral fermionic DM (χ), and in particular the simplest flavor representation,

χL ∼ (3, 1)GLF
, χR ∼ (1,3)GLF

, χ = χL ⊕χR ,

with a lepton number 0 (which is stable as shown in table 1; phenomenology doesn’t depend
on the specific choice of lepton number). The multiplet χ consists of three fields

χ ∼ (χ1,χ2,χ3) ,

the lightest of which becomes the DM. We call it minimal Flavored Dark Matter (mFDM). For
simplicity, we work in the basis where the charged lepton mass matrix is diagonal so that
Yl = Diag(ye, yµ, yτ). The Lagrangian can be written while respecting MFV as:

Ltot = LSM +Lχ , (13)

where LSM contains the SM interactions and

Lχ = χ̄
�

i /∂ −mχYl

�

χ +Le f f
χ (14)

= χ̄1

�

i /∂ −mχ ye

�

χ1 + χ̄2

�

i /∂ −mχ yµ
�

χ2 + χ̄3

�

i /∂ −mχ yτ
�

χ3 +Le f f
χ , (15)
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(a) EDM and MDM type (b) Higgs mediated

Figure 1: The 2→ 2 annihilation channels relevant for dark matter freeze-in. A, Z , H
stand for the photon, Z and the Higgs fields. The blob represents the effective oper-
ator. Additional diagrams with the W bosons initial states are not shown.

where, mχ is the only free parameter (dimension 1) and the mass ratios are fixed by MFV as:

{mχ1
, mχ2

, mχ3
}= mχ{ye, yµ, yτ} . (16)

Hence, χ1 becomes the lightest particle, the mFDM. Its interaction with SM is extracted from
the lowest dimension effective operators:

Le f f
χ ⊃

1
ΛM FV

�

χ̄LσµνYlχR

�

Bµν
︸ ︷︷ ︸

M DM

+
i

ΛM FV

�

χ̄Lσµνγ5YlχR

�

Bµν
︸ ︷︷ ︸

EDM

+
1

ΛM FV

�

χ̄LYlχR

�

H†H
︸ ︷︷ ︸

H−mediated

, (17)

where EDM and MDM refer to the electric and magnetic dipole moment operators, respectively.
The lightest particle, χ1, also the has the smallest couplings. In the following, we study the
relic density and direct detection of χ1.

3.1 Relic Density

The freeze-in production mechanism assumes that DM had a negligible number density to
begin with, and the observed relic density [41] is accumulated slowly from the annihilation
or decay of SM particles to DM particles [11–13, 42]. The lowest dimension operators in
eq. (17) give rise to two types of productions. The first two terms are dimension 5 operators
and lead to UV freeze-in [43], see fig. (1a), with sensitivity to the reheating temperature TRH .
While the last term of eq. (17) gives also a renormalizable term after EWSB

Le f f
χ1
⊃

vev
ΛM FV

yehχ̄1χ1 ,

giving rise to IR freeze-in [12], see fig. (1b) that is independent of the reheating temperature,
albeit still dependent on the effective scale ΛM FV . To compute the relic density one needs to
solve the Boltzmann equations with appropriate initial conditions. In the present context, the
Boltzmann equations are best expressed in terms of the yield, Y ≡ n/ŝ, the number density
per co-moving volume, with ŝ the entropy density. The collision term takes the form [44,45]:

dY
dT
= −

�

45
π

�3/2 MPl

4π2 gs
?

p
g?

�

1+
1
3

d ln g?
d ln T

�

R(T )
T6

, (18)

with the rate R(T ) given as:

R(T ) =
∑

i∈ f ,b

N i
c

(2π)625
T

∫ ∞

smin

ds
p

s

√

√

√

1−
4m2

i

s

√

√

√

1−
4m2

χ1

s
K1

�p
s

T

�

∫

dΩ?3
∑

|M|2i . (19)
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The total rate is a sum of the contributions from each SM particle i (fermion f or boson b)
with mass mi , electromagnetic charge qi , and color d.o.f. N i

c . Here, MPl is the Planck mass, g∗
and gs

∗ are the total number of effectively massless degrees of freedom contributing to energy
and entropy densities, respectively, s is the centre of mass energy with a minimum value of
smin ≡ max(4m2

i , 4m2
χ1
) for the annihilation process and K1 is the modified Bessel function of

the second kind. The squared amplitude is summed over initial and final spin states and after
integration over solid angle between initial and final momenta, gives:

∫

dΩ?3
∑

�

�M
�

�

2
f =



















32π
3s c2

W e2q2
f

y2
e

Λ2
M FV
(s− 4m2

χ1
) (s+ 2m2

f ) , for EDM photon

32π
3s c2

W e2q2
f

y2
e

Λ2
M FV
(s+ 8m2

χ1
) (s+ 2m2

f ) , for MDM photon
16πm2

f

((s−m2
h)

2+Γ 2
h m2

h)
y2

e

Λ2
M FV
(s− 4m2

χ1
) (s− 4m2

f ) , for Higgs mediated

(20)

with, cW the cosine of Weinberg angle, e the electromagnetic gauge coupling, mh the Higgs
mass, Γh the Higgs decay width and ye the electron Yukawa. The expressions for the Z medi-
ated production fig. (1a), are similar to those of the photon, with c2

W/s replaced by s2
W s
�

�

(s−m2
Z)

2 + Γ 2
Z m2

Z

�

. It should be noted that, amplitudes involving W bosons in the initial state
are also present. The full computation takes in to account all the contributions.

The total relic density for χ1 is then given by:

Ωh2 = 2
Y (T0) s(T0)mχh2

ρcri t
= 2 mχ1

Y (T0)
2.9× 109 m−3

10.5 GeV m−3
, (21)

where the factor of 2 accounts for the anti-particles, ρcri t is the critical density, Y (T0) is the
yield at temperature T0 of the SM bath at the time of observation, and is calculated from
eq. (18) by integrating over temperature from T0 to TRH , keeping in mind that Y (TRH) = 0
from the assumption of negligible initial DM number density.

We verify the relic density obtained from micrOMEGAs 5.0 [46] against our calculations
given above, for fermionic channels of production. And thereby proceed by using the code,
which takes into account all 2→ 2 processes with SM gauge bosons and fermions, for calcu-
lating the freeze-in relic density. Note that the 2→ 2 Higgs/Z mediated channel also accounts
for the Higgs/Z decay contributions when the mediator goes on-shell (see ref. [46]).

In the present work we restrict ourselves to masses of DM between a GeV to 100’s of GeV,
which is of interest at the liquid xenon/argon direct detection experiments that give the leading
limit (Sec. 3.2). Additionally, we limit the parameter space to values where χ2, χ3 production
is suppressed, i.e. mχ2

>> TRH , so that the lightest particle χ1 with the coupling proportional
to the electron Yukawa ye forms the majority of the relic density. Thus, χ2 relic density is less
than 1% of the observed relic density. The relic density of χ3 is further suppressed. Given the
Lagrangian in eq. (17), χ2 and χ3 are stable particles, and given their negligible abundances,
they do not have any cosmological significance.

For far lower masses of DM, ∼ O(keV)-O(MeV), the role of the plasmon for our case
has not been studied in great detail in literature and will be expanded upon in an upcoming
publication [47].

The squared amplitudes from the dipole and Higgs-mediated operators with fermionic
contributions to the relic density are shown in eq. (20). In order to understand the interplay
between the “IR" and “UV" production channels of DM, we show in fig. (2) the relative contri-
butions of the different channels. In fig. (2a), TRH is 5 GeV and the Higgs number density is
Boltzmann suppressed making the magnetic dipole operator the dominant production chan-
nel. As the TRH increases to 50 GeV, the Higgs portal production becomes dominant when
TRH ¦ mh > mχ1

/2, while the magnetic dipole moment operator starts dominating for larger
mχ1

, as can be seen in fig. (2b). Also, we see that for TRH = 50 GeV, the condition mχ2
>> TRH

7
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Figure 2: Fractional contribution of different annihilation channels to the total relic
density, with ΛM FV (shown in color) chosen to reproduce the observed relic density
for each DM mass.

sets the lower bound of mχ1
¦ 2.5 GeV. For larger still reheating temperatures, the pattern con-

tinues similarly. We also briefly note that although we have an effective photon interaction,
the plasmon production of DM (see refs. [47–50]) is subdominant, owing to the more mas-
sive DM we consider here. For figs. (2), we have chosen ΛM FV corresponding to each DM mass
such that each DM production channel adds up to give the total relic density of Ωh2 = 0.12.

3.2 Direct Detection

Freeze-in generated DM is notoriously difficult to test experimentally, owing to the very small
couplings with SM particles (see ref. [51] for a review). On the other hand, light mediators
with masses less than the exchanged momentum can increase the elastic scattering cross-
section and the scattering rates at direct detection experiments [52]. The dipole operator
interactions from eq. (17) of the mFDM consist of an elastic scattering process mediated by
the photon whose Feynman diagram is shown in fig. (3). For masses of mFDM in the GeV
range, observations from electron scattering do not probe the parameter space of interest
[53,54], even if one considers variations in the DM velocity distribution [55–57]. Thus, in the
following, we discuss direct detection constraints on the model from nuclear scatterings.

Figure 3: Diagram relevant to direct detection sourced from the dipole like operators.
A stands for the photon field. The blob represents the effective operator.

Direct detection of DM with dipolar interactions has garnered significant attention in literature
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[58–76]. The differential rate of events, per unit time per unit mass, is given as [77–82]:

dR
dER

=
1

mN

ρDM

mχ1

∫ vesc

vmin(ER)
dv f�(v)

dσN

dER
(v, ER) v , (22)

where R is the rate, ER the recoil energy, v the relative velocity between the DM particle and
the nucleus, and mN the mass of the target nucleus for a given experiment. The local DM
energy density, ρDM is taken to be 0.3 GeV/cm3 [83–86] and f�(v) is the velocity distribution
of DM in Sun’s rest frame [87,88] given by:

f�(v) =
2π
N0

v2 v2
0

2vv�

�

exp

�

−
(v − v�)2

v2
0

�

− exp

�

−
(v + v�)2

v2
0

��

, (23)

with N0 =
πv3

0

2

�

p
π

�

Erf
�

vesc − v�
v0

�

+ Erf
�

vesc + v�
v0

�

�

−
v0

v�

�

exp

�

−
(vesc − v�)2

v2
0

�

− exp

�

−
(vesc + v�)2

v2
0

���

, (24)

the normalization. Here, v� is the velocity of Sun in the Galactic reference frame; the most
probable velocity of DM is v0 = 220 km/s, and vesc = 540 km/s is the local Galactic escape ve-

locity [89]. In eq. (22), v is integrated over, from a minimum velocity of vmin(ER) =
1

mred

q

mN ER
2

, which is necessary to produce a recoil energy of ER, to a maximum velocity of vesc . The re-
duced mass of the DM and the target nucleus is given by mred ≡ mN mχ1

/(mN +mχ1
).

And finally, the differential cross section is given as [81]:

dσN

dER
=

1
32πmN m2

χ1

1
v2
|M|2

�

�F(ER)
�

�

2
, (25)

with M the amplitude for the DM-nucleus(N) elastic scattering where-in the nucleus is treated
as a point-like particle. F(ER) is the nuclear form factor that accounts for the finite size of
the nucleus. It is a function of the momentum exchange q (ER ≡ q2/2mN ), which could
significantly differ from one, for large q.

For mFDM, the squared amplitudes in the non-relativistic limit, for scattering across a
target nucleus with charge Z and magnetic dipole moment µZ ,N are:

|M|2 = 1
4
|M|2 '















8Z2e2c2
W y2

e m2
χ1

mN

ERΛ
2
M FV

, for EDM

8Z2e2c2
W y2

e m2
χ1

mN v2

ERΛ
2
M FV

�

1+ ER
2mN v2 −

ER
mχ1

v2

�

, for MDM dipole-charge

16 c2
W y2

e µ
2
Z ,N m2

χ1
m2

N
(v2+2)
Λ2

M FV
, for MDM dipole-dipole

(26)
and the corresponding differential cross sections become:

dσN

dER
=















Z2αc2
W y2

e
1

Λ2
M FV

1
v2ER

�

�FE(ER)
�

�

2
, for EDM

Z2αc2
W y2

e
1

Λ2
M FV

1
ER

�

1+ ER
2mN v2 −

ER
mχ1

v2

�

�

�FE(ER)
�

�

2
, for MDM dipole-charge

αc2
W y2

e

ERΛ
2
M FV

�

µZ ,N

À

e
2mn

�2 mN ER
m2

nv2

�

�FM (ER)
�

�

2
, for MDM dipole-dipole

(27)

where FM is the magnetic nuclear form factor normalized to FM (0) = 1, and FE is the nuclear
charge form factor normalized to FE(0) = 1. For the numerical analysis we take FE and FM

to be approximately equal to the Helm form factor, F(ER) =
3 j1(qrn)

qrn
e−(qs)2/2|q=p2mN ER

, where
j1 is the first spherical Bessel function. For a heavy nuclei, a good approximation is given by
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rn ≈ 1.14A1/3 fm and s ≈ 0.9 fm, for the radial and surface thickness parameters, respectively
[59,81,90], where A denotes the atomic weight of the target nucleus.

We see that the EDM contribution scales as 1/(v2ER), and gives the largest contribution
in the non-relativistic limit of small v and ER. This is why the direct detection limits from
EDM are the most constraining and is the only one that shows up in fig. (4). To obtain this
constraint, we consider the XENON1T experiment [89], which gives the strongest constraint
for DM with masses greater than a few GeV. Current generation liquid argon experiments are
not sensitive to the model studied in this paper [91,92], however, future liquid argon detectors
like DarkSide-20k [93] and ARGO [94,95]will probe these models. For concreteness, we only
focus on xenon-based experiments.

One must then calculate the total number of scattering events, as the dipolar mediated
elastic scattering cannot be approximated to a contact interaction (with bounds given as σSI
vs. mχ). This is given as:

N = 0.475 MT ×∆t ×
∫ Emax

R

Emin
R

dER ε(ER)
dR
dER

, (28)

where MT is the total mass of the target liquid xenon,∆t is the time period over which the data
is taken, ε(ER) is the efficiency taken from fig. 1 of ref. [89] and the factor of 0.475 accounts
for the reference region, fig. 3 of ref. [89]. Here the integration over the recoil energy is from
Emin

R = 4.9 keV to Emax
R = 40.9 keV. From table 1 of ref. [89], we demand for the total number

of events to be less than 1.7 over 1 ton×year, deriving the bounds on ΛM FV for a given mχ1
.

In fig. (4a), we show the combined results for relic density as well as direct detection for a range
of masses and ΛM FV . We have shown the contours for Ωh2= 0.12 for reheating temperatures
TRH = 5 (red), 10 (magenta), 20 (orange) and 50 (blue) GeV. As expected, larger TRH mandates
smaller coupling, and hence larger ΛM FV , at the behest of the UV production. For each TRH ,
the cut-off/edge in low mχ1

is owing to the condition of mχ2
>> TRH while the cut-off/edge

at large mχ1
values is from requiring ΛM FV > mχ3

(this condition sets in even before the
Boltzmann suppression makes it infeasible to produce a DM much heavier than the TRH). The
downward dip in each case is because of a decreasing ΛM FV (increasing effective coupling)
required to compensate for the Boltzmann suppression for mχ1

> TRH . We also observe a sharp
dip at mχ1

∼ mh/2 that is explained by the Higgs production going off-shell, requiring larger
couplings (smaller ΛM FV ) to reproduce the observed relic density.

Also shown in fig. (4a) are the limits from XENON1T data (yellow region) which is not yet
sensitive to the region of interest of this effective theory model. It should be noted that relax-
ing the constraint of mχ3

® ΛM FV , by utilising the unknown O(1) factors in the coefficients of
these operators, would put the model under the scrutiny of XENON1T data. We also present
the projected bounds from a 2000 ton×year run of DARWIN [96] and a ∼15 ton×year run
of LZ [97], which would probe the parameter space relevant for a TRH of a few GeV. Both
these constraints arise from the EDM type interaction that dominates, as discussed above, at
the low velocities of these experiments. A comment is in order regarding the effective the-
ory conditions we have imposed viz, mχ3

® ΛM FV . Removing this condition makes larger
parameter space accessible at the Direct Detection experiments. This condition can be signifi-
cantly relaxed by considering a smaller flavor group SU(2) instead of SU(3). In this case, only
the first two generations are considered to have non-trivial representations under the flavor
group [98,99], when the flavor group is broken from SU(3) to SU(2). Assuming chiral doublet
representations for the DM, in a similar fashion to the triplet case, we plot the current bounds
from XENON1T in fig. (4b). Note that we have imposed the relevant effective field theory con-
straints, mχ2

< ΛM FV here too. As can be seen, a significant region of the parameter space is
already ruled out from XENON1T data with LZ and DARWIN projected to probe a much larger
region of this model. There exist FIMP models that derive constraints from indirect detection
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Figure 4: Results from relic density constraints and direct detection experiments:
the contours correspond to the parameter space exactly reproducing observed relic
density, for given reheating temperatures. The yellow shaded region is ruled out
by current bounds from XENON1T, and the future projections of constraints from
DARWIN and LZ are also shown.

experiments [14, 100], CMB and astrophysics experiments [48, 50, 101–104], and at collid-
ers [105,106]. However, we estimate that these constraints do not probe the models studied
in this work [107–111]. Neutron star constraints [112] are not able to probe these models
either because they probe much heavier masses or because the capture rate is suppressed due
to the large velocity of DM particles near the neutron star surface.

4 Conclusions and outlook

The charged lepton flavor group provides a natural framework for freeze-in DM. In particular,
representations that are chiral under the charged lepton flavor group provide the coupling of
the right order to satisfy the relic density. The dimension 5 operators of the effective theories
contain magnetic and electric dipole moment operators in addition to the Higgs portal terms.
These play an important role, especially in testing this model, as the elastic scattering cross
section from the electric dipole operator is significantly enhanced at low momenta. In the
relic density, for low reheating scenarios, the magnetic dipole operator dominates whereas for
higher reheating temperatures, TRH ¦ 20 GeV, the Higgs portal dominates.

The phenomenological analysis in this work has been restricted to the dimension 5 effective
field theory. There could be higher dimensional operators at dimension 6 etc., and it would
be interesting to study the implications of those operators, at least for specific representations.
The operators can be classified in terms of two types: those with Yukawa insertions as dictated
by MFV at the leading order and those with Yukawa insertions as dictated by MFV at the sub-
leading order. For example, some vector-vector four fermion operators would fall in the second
category. In that case a full numerical analysis and perhaps some additional assumptions
(perhaps on Z’ masses etc) might be needed to make connection with the phenomenology.
The wide range of prospects makes a detailed study outside the scope of this work.
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While not a necessary condition, assuming total lepton number conservation assures the
stability of these DM particles. This naturally fits in with models with Dirac neutrinos [113]
and Dirac neutrinogenesis [114] and can lead to construction of models with viable neutrino
sector. It is interesting to note that right handed neutrinos interacting solely via weak inter-
actions are well within the bounds from Ne f f as long as mν < 100 keV [115, 116]. The GLF
chosen in the paper including lepton number conservation would allow for operators which
might be suppressed by the neutrino mass operator in most cases depending on the particle
spectrum and the representation allowed. This would require a separate investigation which
has not been included in the paper.

On the other hand, relations with tiny lepton number violation for Majorana neutrinos
and DM stability would be interesting to study. Overall, flavored DM seems to be an ideal
candidate where one can expect a “FIMP" miracle to take place.
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A Amplitudes for relic density and direct detection

Amplitudes for 2→ 2 annihilation production of relic density:

MEDM =
iq f ecW ye

2ΛM FV

(p1 + p2)
α

s

�

ū(p3, mχ1
).(γαγµ − γµγα).γ5.v(p4, mχ1

)
�

×
�

v̄(p2, m f )γµu(p1, m f )
�

, (29)

MM DM =
q f ecW ye

2ΛM FV

(p1 + p2)
α

s

�

ū(p3, mχ1
).(γαγµ − γµγα).v(p4, mχ1

)
�

×
�

v̄(p2, m f )γµu(p1, m f )
�

, (30)

MH =
m f ye

ΛM FV

�

ū(p3, mχ1
).v(p4, mχ1

)
��

v̄(p2, m f ).u(p1, m f )
�

. (31)

Amplitudes for direct detection calculations:

EDM: MEDM = Ze
yecW

2ΛM FV

1
(p3 − p1)2

�

ū
�

p4, mN

�

γνu (p2, mN )
�

×
�

ū
�

p3, mχ1

�

(γµγν − γνγµ)γ5u
�

p1, mχ1

�

�

(p3 − p1)
µ , (32)

MDM dipole charge: MSI
M DM = Ze

yecW

2ΛM FV

i
(p3 − p1)2

�

ū
�

p4, mN

�

γνu (p2, mN )
�

×
�

ū
�

p3, mχ1

�

(γµγν − γνγµ)u
�

p1, mχ1

�

�

(p3 − p1)
µ , (33)

MDM dipole-dipole: MSD
M DM =

yecW

2ΛM FV

i
q2

µZ ,N

2

�

ū
�

p4, mN

�

(γνγα − γαγν)u (p2, mN )
�

�

p2 − p4

�α

×
�

ū
�

p3, mχ1

�

(γµγν − γνγµ)u
�

p1, mχ1

�

�

(p3 − p1)
µ . (34)

12

https://scipost.org
https://scipost.org/SciPostPhys.11.1.006


SciPost Phys. 11, 006 (2021)

References

[1] T. Falk, K. A. Olive and M. Srednicki, Heavy sneutrinos as dark matter, Phys. Lett. B 339,
248 (1994), doi:10.1016/0370-2693(94)90639-4.

[2] P. Agrawal, Z. Chacko, S. Blanchet and C. Kilic, Flavored dark matter, and its
implications for direct detection and colliders, Phys. Rev. D 86, 055002 (2012),
doi:10.1103/PhysRevD.86.055002.

[3] N. Desai, C. Kilic, Y.-P. Yang and T. Youn, Suppressed flavor violation in lepton fla-
vored dark matter from an extra dimension, Phys. Rev. D 101, 075043 (2020),
doi:10.1103/PhysRevD.101.075043.

[4] P. Agrawal, Z. Chacko, C. Kilic and C. B. Verhaaren, A couplet from flavored dark matter,
J. High Energ. Phys. 08, 072 (2015), doi:10.1007/JHEP08(2015)072.

[5] T. Hambye, On the stability of particle dark matter, Proc. Sci. 110, 098 (2011),
doi:10.22323/1.110.0098.

[6] P. Agrawal, M. Blanke and K. Gemmler, Flavored dark matter beyond Minimal Flavor
Violation, J. High Energ. Phys. 10, 072 (2014), doi:10.1007/JHEP10(2014)072.

[7] C.-J. Lee and J. Tandean, Lepton-flavored scalar dark matter with minimal flavor viola-
tion, J. High Energ. Phys. 04, 174 (2015), doi:10.1007/JHEP04(2015)174.

[8] W. Chao, H.-K. Guo and H.-L. Li, Tau flavored dark matter and its impact on
tau Yukawa coupling, J. Cosmol. Astropart. Phys. 002 (2017), doi:10.1088/1475-
7516/2017/02/002.

[9] B. Batell, J. Pradler and M. Spannowsky, Dark matter from minimal flavor violation, J.
High Energ. Phys. 08, 038 (2011), doi:10.1007/JHEP08(2011)038.

[10] M.-C. Chen, J. Huang and V. Takhistov, Beyond minimal lepton-flavored Dark Matter, J.
High Energ. Phys. 02, 060 (2016), doi:10.1007/JHEP02(2016)060.

[11] J. McDonald, Thermally generated gauge singlet scalars as self-interacting dark matter,
Phys. Rev. Lett. 88, 091304 (2002), doi:10.1103/PhysRevLett.88.091304.

[12] L. J. Hall, K. Jedamzik, J. March-Russell and S. M. West, Freeze-in production of FIMP
dark matter, J. High Energ. Phys. 03, 080 (2010), doi:10.1007/JHEP03(2010)080.

[13] N. Bernal, M. Heikinheimo, T. Tenkanen, K. Tuominen and V. Vaskonen, The dawn of
FIMP Dark Matter: A review of models and constraints, Int. J. Mod. Phys. A 32, 1730023
(2017), doi:10.1142/S0217751X1730023X.

[14] A. Biswas, D. Borah and A. Dasgupta, UV complete framework of freeze-in massive particle
dark matter, Phys. Rev. D 99, 015033 (2019), doi:10.1103/PhysRevD.99.015033.

[15] A. Goudelis, K. A. Mohan and D. Sengupta, Clockworking FIMPs, J. High Energ. Phys.
10, 014 (2018), doi:10.1007/JHEP10(2018)014.

[16] J. Kim and J. McDonald, Clockwork Higgs portal model for freeze-in dark matter, Phys.
Rev. D 98, 023533 (2018), doi:10.1103/PhysRevD.98.023533.

[17] L. Covi, A. Ghosh, T. Mondal and B. Mukhopadhyaya, Models of decaying FIMP Dark
Matter: potential links with the Neutrino Sector, (2020), arXiv:2008.12550.

13

https://scipost.org
https://scipost.org/SciPostPhys.11.1.006
https://doi.org/10.1016/0370-2693(94)90639-4
https://doi.org/10.1103/PhysRevD.86.055002
https://doi.org/10.1103/PhysRevD.101.075043
https://doi.org/10.1007/JHEP08(2015)072
https://doi.org/10.22323/1.110.0098
https://doi.org/10.1007/JHEP10(2014)072
https://doi.org/10.1007/JHEP04(2015)174
https://doi.org/10.1088/1475-7516/2017/02/002
https://doi.org/10.1088/1475-7516/2017/02/002
https://doi.org/10.1007/JHEP08(2011)038
https://doi.org/10.1007/JHEP02(2016)060
https://doi.org/10.1103/PhysRevLett.88.091304
https://doi.org/10.1007/JHEP03(2010)080
https://doi.org/10.1142/S0217751X1730023X
https://doi.org/10.1103/PhysRevD.99.015033
https://doi.org/10.1007/JHEP10(2018)014
https://doi.org/10.1103/PhysRevD.98.023533
https://arxiv.org/abs/2008.12550


SciPost Phys. 11, 006 (2021)

[18] D. Borah, B. Karmakar and D. Nanda, Common origin of dirac neutrino mass
and freeze-in massive particle dark matter, J. Cosmol. Astropart. Phys. 039 (2018),
doi:10.1088/1475-7516/2018/07/039.

[19] M. Blennow, E. Fernandez-Martínez and B. Zaldívar, Freeze-in through portals, J. Cos-
mol. Astropart. Phys. 003 (2014), doi:10.1088/1475-7516/2014/01/003.

[20] S. Hong, G. Kurup and M. Perelstein, Conformal freeze-in of dark matter, Phys. Rev. D
101, 095037 (2020), doi:10.1103/PhysRevD.101.095037.

[21] O. Lebedev and T. Toma, Relativistic freeze-in, Phys. Lett. B 798, 134961 (2019),
doi:10.1016/j.physletb.2019.134961.

[22] L. Darmé, A. Hryczuk, D. Karamitros and L. Roszkowski, Forbidden frozen-in dark mat-
ter, J. High Energ. Phys. 11, 159 (2019), doi:10.1007/JHEP11(2019)159.

[23] S. Biondini and J. Ghiglieri, Freeze-in produced dark matter in the ultra-
relativistic regime, J. Cosmol. Astropart. Phys. 075 (2021), doi:10.1088/1475-
7516/2021/03/075.

[24] M. Chianese, B. Fu and S. F. King, Interplay between neutrino and gravity portals
for FIMP dark matter, J. Cosmol. Astropart. Phys. 034 (2021), doi:10.1088/1475-
7516/2021/01/034.

[25] N. Bernal, A. Donini, M. G. Folgado and N. Rius, FIMP Dark Matter in Clock-
work/Linear Dilaton extra-dimensions, J. High Energ. Phys. 04, 061 (2021),
doi:10.1007/JHEP04(2021)061.

[26] M. A. G. Garcia, Y. Mambrini, K. A. Olive and S. Verner, Case for decaying spin-3/2 dark
matter, Phys. Rev. D 102, 083533 (2020), doi:10.1103/PhysRevD.102.083533.

[27] S. H. Im and K. S. Jeong, Freeze-in axion-like dark matter, Phys. Lett. B 799, 135044
(2019), doi:10.1016/j.physletb.2019.135044.

[28] S. Koren and R. McGehee, Freezing-in twin dark matter, Phys. Rev. D 101, 055024
(2020), doi:10.1103/PhysRevD.101.055024.

[29] R. N. Mohapatra and N. Okada, Freeze-in dark matter from a minimal B-
L model and possible grand unification, Phys. Rev. D 101, 115022 (2020),
doi:10.1103/PhysRevD.101.115022.

[30] S.-P. Li and X. Zhang, Freeze-in self-interacting dark matter in warped extra dimension,
(2021), arXiv:2101.00618.

[31] B. Barman, D. Borah and R. Roshan, Effective theory of freeze-in dark matter, J. Cosmol.
Astropart. Phys. 021 (2020), doi:10.1088/1475-7516/2020/11/021.

[32] C. Cosme, M. Dutra, T. Ma, Y. Wu and L. Yang, Neutrino portal to FIMP
dark matter with an early matter era, J. High Energ. Phys. 03, 026 (2021),
doi:10.1007/JHEP03(2021)026.

[33] M. Chianese, B. Fu and S. F. King, Dark matter in the type Ib seesaw model, J. High Energ.
Phys. 05, 129 (2021), doi:10.1007/JHEP05(2021)129.

[34] T. D. Lee and C. N. Yang, Question of parity conservation in weak interactions, Phys. Rev.
104, 254 (1956), doi:10.1103/PhysRev.104.254.

14

https://scipost.org
https://scipost.org/SciPostPhys.11.1.006
https://doi.org/10.1088/1475-7516/2018/07/039
https://doi.org/10.1088/1475-7516/2014/01/003
https://doi.org/10.1103/PhysRevD.101.095037
https://doi.org/10.1016/j.physletb.2019.134961
https://doi.org/10.1007/JHEP11(2019)159
https://doi.org/10.1088/1475-7516/2021/03/075
https://doi.org/10.1088/1475-7516/2021/03/075
https://doi.org/10.1088/1475-7516/2021/01/034
https://doi.org/10.1088/1475-7516/2021/01/034
https://doi.org/10.1007/JHEP04(2021)061
https://doi.org/10.1103/PhysRevD.102.083533
https://doi.org/10.1016/j.physletb.2019.135044
https://doi.org/10.1103/PhysRevD.101.055024
https://doi.org/10.1103/PhysRevD.101.115022
https://arxiv.org/abs/2101.00618
https://doi.org/10.1088/1475-7516/2020/11/021
https://doi.org/10.1007/JHEP03(2021)026
https://doi.org/10.1007/JHEP05(2021)129
https://doi.org/10.1103/PhysRev.104.254


SciPost Phys. 11, 006 (2021)

[35] I. Y. Kobzarev, L. B. Okun and I. Y. Pomeranchuk, On the possibility of experimental
observation of mirror particles, Sov. J. Nucl. Phys. 3, 837 (1966).

[36] Z. Chacko, H.-S. Goh and R. Harnik, Natural electroweak breaking from a mirror sym-
metry, Phys. Rev. Lett. 96, 231802 (2006), doi:10.1103/PhysRevLett.96.231802.

[37] T. P. Cheng and L. F. Li, Gauge theory of elementary particle physics, Oxford University
Press, Oxford, England, ISBN 9780198519614 (1984).

[38] P. Fayet, Supergauge invariant extension of the Higgs mechanism and a model for the elec-
tron and its neutrino, Nucl. Phys. B 90, 104 (1975), doi:10.1016/0550-3213(75)90636-
7.

[39] G. Servant and T. M.P. Tait, Is the lightest Kaluza-Klein particle a viable dark matter can-
didate?, Nucl. Phys. B 650, 391 (2003), doi:10.1016/S0550-3213(02)01012-X.

[40] K. Agashe and G. Servant, Warped unification, proton stability, and dark matter, Phys.
Rev. Lett. 93, 231805 (2004), doi:10.1103/PhysRevLett.93.231805.

[41] N. Aghanim et al., Planck 2018 results, Astron. Astrophys. 641, A6 (2020),
doi:10.1051/0004-6361/201833910.

[42] C. E. Yaguna, The singlet scalar as FIMP dark matter, J. High Energ. Phys. 08, 060 (2011),
doi:10.1007/JHEP08(2011)060.

[43] F. Elahi, C. Kolda and J. Unwin, UltraViolet freeze-in, J. High Energ. Phys. 03, 048
(2015), doi:10.1007/JHEP03(2015)048.

[44] M. Dutra, Origins for dark matter particles : from the “WIMP miracle” to the “FIMP won-
der”, Ph.D. thesis, Orsay, LPT (2019)

[45] S. Yaser Ayazi, S. M. Firouzabadi and S. P. Zakeri, Freeze-in production of fermionic dark
matter with pseudo-scalar and phenomenological aspects, J. Phys. G: Nucl. Part. Phys. 43,
095006 (2016), doi:10.1088/0954-3899/43/9/095006.

[46] G. Bélanger, F. Boudjema, A. Goudelis, A. Pukhov and B. Zaldívar, micrOMEGAs5.0 :
Freeze-in, Comput. Phys. Commun. 231, 173 (2018), doi:10.1016/j.cpc.2018.04.027.

[47] S. Chatterjee and R. Laha, to appear (2021).

[48] C. Dvorkin, T. Lin and K. Schutz, Making dark matter out of light: Freeze-in from plasma
effects, Phys. Rev. D 99, 115009 (2019), doi:10.1103/PhysRevD.99.115009.

[49] J. H. Chang, R. Essig and A. Reinert, Light(ly)-coupled dark matter in the
keV range: freeze-in and constraints, J. High Energ. Phys. 03, 141 (2021),
doi:10.1007/JHEP03(2021)141.

[50] C. Dvorkin, T. Lin and K. Schutz, The cosmology of sub-MeV dark matter freeze-in, (2020),
arXiv:2011.08186.

[51] P. Agrawal et al., Feebly-interacting particles: FIPs 2020 workshop report, (2021),
arXiv:2102.12143.

[52] T. Hambye, M. H. G. Tytgat, J. Vandecasteele and L. Vanderheyden, Dark
matter direct detection is testing freeze-in, Phys. Rev. D 98, 075017 (2018),
doi:10.1103/PhysRevD.98.075017.

15

https://scipost.org
https://scipost.org/SciPostPhys.11.1.006
https://doi.org/10.1103/PhysRevLett.96.231802
https://doi.org/10.1016/0550-3213(75)90636-7
https://doi.org/10.1016/0550-3213(75)90636-7
https://doi.org/10.1016/S0550-3213(02)01012-X
https://doi.org/10.1103/PhysRevLett.93.231805
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1007/JHEP08(2011)060
https://doi.org/10.1007/JHEP03(2015)048
https://doi.org/10.1088/0954-3899/43/9/095006
https://doi.org/10.1016/j.cpc.2018.04.027
https://doi.org/10.1103/PhysRevD.99.115009
https://doi.org/10.1007/JHEP03(2021)141
https://arxiv.org/abs/2011.08186
https://arxiv.org/abs/2102.12143
https://doi.org/10.1103/PhysRevD.98.075017


SciPost Phys. 11, 006 (2021)

[53] C. Cheng et al., Search for light dark matter-electron scattering in the PandaX-II experi-
ment, Phys. Rev. Lett. 126, 211803 (2021), doi:10.1103/PhysRevLett.126.211803.

[54] E. Aprile et al., Light dark matter search with ionization signals in XENON1T, Phys. Rev.
Lett. 123, 251801 (2019), doi:10.1103/PhysRevLett.123.251801.

[55] A. Hryczuk, E. Karukes, L. Roszkowski and M. Talia, Impact of uncertainties in the halo
velocity profile on direct detection of sub-GeV dark matter, J. High Energ. Phys. 07, 081
(2020), doi:10.1007/JHEP07(2020)081.

[56] A. Radick, A.-M. Taki and T.-T. Yu, Dependence of dark matter - electron scattering on
the galactic dark matter velocity distribution, J. Cosmol. Astropart. Phys. 004 (2021),
doi:10.1088/1475-7516/2021/02/004.

[57] T. N. Maity, T. S. Ray and S. Sarkar, Halo uncertainties in electron recoil events at direct
detection experiments, (2020), arXiv:2011.12896.

[58] M. Pospelov and T. ter Veldhuis, Direct and indirect limits on the electro-magnetic form
factors of WIMPs, Phys. Lett. B 480, 181 (2000), doi:10.1016/S0370-2693(00)00358-0.

[59] V. Barger, W.-Y. Keung and D. Marfatia, Electromagnetic properties of dark mat-
ter: Dipole moments and charge form factor, Phys. Lett. B 696, 74 (2011),
doi:10.1016/j.physletb.2010.12.008.

[60] K. Sigurdson, M. Doran, A. Kurylov, R. R. Caldwell and M. Kamionkowski, Dark-
matter electric and magnetic dipole moments, Phys. Rev. D 70, 083501 (2004),
doi:10.1103/PhysRevD.70.083501.

[61] E. Massó, S. Mohanty and S. Rao, Dipolar dark matter, Phys. Rev. D 80, 036009 (2009),
doi:10.1103/PhysRevD.80.036009.

[62] T. Lin and D. P. Finkbeiner, Magnetic inelastic dark matter: Directional
signals without a directional detector, Phys. Rev. D 83, 083510 (2011),
doi:10.1103/PhysRevD.83.083510.

[63] T. Banks, J.-F. Fortin and S. Thomas, Direct detection of dark matter electromagnetic dipole
moments, (2010), arXiv:1007.5515.

[64] S. Chang, N. Weiner and I. Yavin, Magnetic inelastic dark matter, Phys. Rev. D 82, 125011
(2010), doi:10.1103/PhysRevD.82.125011.

[65] E. Del Nobile, C. Kouvaris, P. Panci, F. Sannino and J. Virkajärvi, Light magnetic
dark matter in direct detection searches, J. Cosmol. Astropart. Phys. 010 (2012),
doi:10.1088/1475-7516/2012/08/010.

[66] E. Del Nobile, G. B. Gelmini, P. Gondolo and J.-H. Huh, Direct detection of light anapole
and magnetic dipole DM, J. Cosmol. Astropart. Phys. 002 (2014), doi:10.1088/1475-
7516/2014/06/002.

[67] J. Kopp, L. Michaels and J. Smirnov, Loopy constraints on leptophilic dark matter and
internal bremsstrahlung, J. Cosmol. Astropart. Phys. 022 (2014), doi:10.1088/1475-
7516/2014/04/022.

[68] A. Ibarra and S. Wild, Dirac dark matter with a charged mediator: a comprehensive
one-loop analysis of the direct detection phenomenology, J. Cosmol. Astropart. Phys. 047
(2015), doi:10.1088/1475-7516/2015/05/047.

16

https://scipost.org
https://scipost.org/SciPostPhys.11.1.006
https://doi.org/10.1103/PhysRevLett.126.211803
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1007/JHEP07(2020)081
https://doi.org/10.1088/1475-7516/2021/02/004
https://arxiv.org/abs/2011.12896
https://doi.org/10.1016/S0370-2693(00)00358-0
https://doi.org/10.1016/j.physletb.2010.12.008
https://doi.org/10.1103/PhysRevD.70.083501
https://doi.org/10.1103/PhysRevD.80.036009
https://doi.org/10.1103/PhysRevD.83.083510
https://arxiv.org/abs/1007.5515
https://doi.org/10.1103/PhysRevD.82.125011
https://doi.org/10.1088/1475-7516/2012/08/010
https://doi.org/10.1088/1475-7516/2014/06/002
https://doi.org/10.1088/1475-7516/2014/06/002
https://doi.org/10.1088/1475-7516/2014/04/022
https://doi.org/10.1088/1475-7516/2014/04/022
https://doi.org/10.1088/1475-7516/2015/05/047


SciPost Phys. 11, 006 (2021)

[69] E. Del Nobile, G. B. Gelmini and S. J. Witte, Prospects for detection of target-dependent an-
nual modulation in direct dark matter searches, J. Cosmol. Astropart. Phys. 009 (2016),
doi:10.1088/1475-7516/2016/02/009.

[70] E. Del Nobile, G. B. Gelmini and S. J. Witte, Target dependence of the an-
nual modulation in direct dark matter searches, Phys. Rev. D 91, 121302 (2015),
doi:10.1103/PhysRevD.91.121302.

[71] E. Del Nobile, Direct detection signals of dark matter with magnetic dipole moment, Proc.
Sci. 314, 626 (2017), doi:10.22323/1.314.0626.

[72] X. Chu, J. Pradler and L. Semmelrock, Light dark states with electromagnetic form factors,
Phys. Rev. D 99, 015040 (2019), doi:10.1103/PhysRevD.99.015040.

[73] B. J. Kavanagh, P. Panci and R. Ziegler, Faint light from dark matter: classifying and
constraining dark matter-photon effective operators, J. High Energ. Phys. 04, 089 (2019),
doi:10.1007/JHEP04(2019)089.

[74] J. Hisano, A. Ibarra and R. Nagai, Direct detection of vector dark matter through elec-
tromagnetic multipoles, J. Cosmol. Astropart. Phys. 015 (2020), doi:10.1088/1475-
7516/2020/10/015.

[75] J.-L. Kuo, M. Pospelov and J. Pradler, Terrestrial probes of electromagnetically interacting
dark radiation, Phys. Rev. D 103, 115030 (2021), doi:10.1103/PhysRevD.103.115030.

[76] S. Kang, S. Scopel, G. Tomar and J. Yoon, On the sensitivity of present direct detec-
tion experiments to WIMP-quark and WIMP-gluon effective interactions: A systematic
assessment and new model-independent approaches, Astropart. Phys. 114, 80 (2020),
doi:10.1016/j.astropartphys.2019.07.001.

[77] A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers and Y. Xu, Model independent direct
detection analyses, (2012), arXiv:1211.2818.

[78] A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers and Y. Xu, The effective field theory of
dark matter direct detection, J. Cosmol. Astropart. Phys. 004 (2013), doi:10.1088/1475-
7516/2013/02/004.

[79] T. Marrodán Undagoitia and L. Rauch, Dark matter direct-detection experiments, J. Phys.
G: Nucl. Part. Phys. 43, 013001 (2015), doi:10.1088/0954-3899/43/1/013001.

[80] M. Schumann, Direct detection of WIMP dark matter: concepts and status, J. Phys. G:
Nucl. Part. Phys. 46, 103003 (2019), doi:10.1088/1361-6471/ab2ea5.

[81] T. Lin, Dark matter models and direct detection, Proc. Sci. 333, 009 (2019),
doi:10.22323/1.333.0009.

[82] F. Froborg and A. R. Duffy, Annual modulation in direct dark matter searches, J. Phys. G:
Nucl. Part. Phys. 47, 094002 (2020), doi:10.1088/1361-6471/ab8e93.

[83] J. I. Read, The local dark matter density, J. Phys. G: Nucl. Part. Phys. 41, 063101 (2014),
doi:10.1088/0954-3899/41/6/063101.

[84] P. F. de Salas, K. Malhan, K. Freese, K. Hattori and M. Valluri, On the estimation of the
local dark matter density using the rotation curve of the Milky Way, J. Cosmol. Astropart.
Phys. 037 (2019), doi:10.1088/1475-7516/2019/10/037.

17

https://scipost.org
https://scipost.org/SciPostPhys.11.1.006
https://doi.org/10.1088/1475-7516/2016/02/009
https://doi.org/10.1103/PhysRevD.91.121302
https://doi.org/10.22323/1.314.0626
https://doi.org/10.1103/PhysRevD.99.015040
https://doi.org/10.1007/JHEP04(2019)089
https://doi.org/10.1088/1475-7516/2020/10/015
https://doi.org/10.1088/1475-7516/2020/10/015
https://doi.org/10.1103/PhysRevD.103.115030
https://doi.org/10.1016/j.astropartphys.2019.07.001
https://arxiv.org/abs/1211.2818
https://doi.org/10.1088/1475-7516/2013/02/004
https://doi.org/10.1088/1475-7516/2013/02/004
https://doi.org/10.1088/0954-3899/43/1/013001
https://doi.org/10.1088/1361-6471/ab2ea5
https://doi.org/10.22323/1.333.0009
https://doi.org/10.1088/1361-6471/ab8e93
https://doi.org/10.1088/0954-3899/41/6/063101
https://doi.org/10.1088/1475-7516/2019/10/037


SciPost Phys. 11, 006 (2021)

[85] P. F. de Salas, Dark matter local density determination based on recent observations, J.
Phys.: Conf. Ser. 1468, 012020 (2020), doi:10.1088/1742-6596/1468/1/012020.

[86] R. Guo, C. Liu, S. Mao, X.-X. Xue, R. J. Long and L. Zhang, Measuring the lo-
cal dark matter density with LAMOST DR5 and Gaia DR2, 495, 4828 (2020),
doi:10.1093/mnras/staa1483.

[87] A. Gould, Resonant enhancements in weakly interacting massive particle capture by the
earth, Astrophys. J. 321, 571 (1987), doi:10.1086/165653.

[88] J. D. Lewin and P. F. Smith, Review of mathematics, numerical factors, and corrections for
dark matter experiments based on elastic nuclear recoil, Astropart. Phys. 6, 87 (1996),
doi:10.1016/S0927-6505(96)00047-3.

[89] E. Aprile et al., Dark matter search results from a one ton-year exposure of XENON1T,
Phys. Rev. Lett. 121, 111302 (2018), doi:10.1103/PhysRevLett.121.111302.

[90] R. H. Helm, Inelastic and elastic scattering of 187-Mev electrons from selected even-even
nuclei, Phys. Rev. 104, 1466 (1956), doi:10.1103/PhysRev.104.1466.

[91] P. Agnes et al., DarkSide-50 532-day dark matter search with low-radioactivity argon,
Phys. Rev. D 98, 102006 (2018), doi:10.1103/PhysRevD.98.102006.

[92] P. Agnes et al., Low-mass dark matter search with the DarkSide-50 experiment, Phys. Rev.
Lett. 121, 081307 (2018), doi:10.1103/PhysRevLett.121.081307.

[93] C. E. Aalseth et al., DarkSide-20k: A 20 tonne two-phase LAr TPC for direct dark matter
detection at LNGS, Eur. Phys. J. Plus 133, 131 (2018), doi:10.1140/epjp/i2018-11973-
4.

[94] P. Agnes et al., Sensitivity of future liquid argon dark matter search experi-
ments to core-collapse supernova neutrinos, J. Cosmol. Astropart. Phys. 043 (2021),
doi:10.1088/1475-7516/2021/03/043.

[95] Y. Wang and Global Argon Dark Matter Collaboration Team, A global liquid argon dark
matter search program, In APS April Meeting Abstracts, APS Meeting Abstracts, H17.002
(2019).

[96] J. Aalbers et al., DARWIN: towards the ultimate dark matter detector, J. Cosmol. As-
tropart. Phys. 017 (2016), doi:10.1088/1475-7516/2016/11/017.

[97] D. S. Akerib et al., Projected WIMP sensitivity of the LUX-ZEPLIN dark matter experiment,
Phys. Rev. D 101, 052002 (2020), doi:10.1103/PhysRevD.101.052002.

[98] R. Barbieri, G. R. Dvali and L. J. Hall, Predictions from a U(2) flavor symmetry in super-
symmetric theories, Phys. Lett. B 377, 76 (1996), doi:10.1016/0370-2693(96)00318-8.

[99] B. Batell, A. Freitas, A. Ismail and D. McKeen, Flavor-specific scalar mediators, Phys. Rev.
D 98, 055026 (2018), doi:10.1103/PhysRevD.98.055026.

[100] J. Herms and A. Ibarra, Probing multicomponent FIMP scenarios with gamma-ray tele-
scopes, J. Cosmol. Astropart. Phys. 026 (2020), doi:10.1088/1475-7516/2020/03/026.

[101] G. Lambiase, S. Mohanty, A. Nautiyal and S. Rao, Constraints on electromagnetic form
factors of sub-GeV dark matter from the Cosmic Microwave Background anisotropy,
(2021), arXiv:2102.04840.

18

https://scipost.org
https://scipost.org/SciPostPhys.11.1.006
https://doi.org/10.1088/1742-6596/1468/1/012020
https://doi.org/10.1093/mnras/staa1483
https://doi.org/10.1086/165653
https://doi.org/10.1016/S0927-6505(96)00047-3
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRev.104.1466
https://doi.org/10.1103/PhysRevD.98.102006
https://doi.org/10.1103/PhysRevLett.121.081307
https://doi.org/10.1140/epjp/i2018-11973-4
https://doi.org/10.1140/epjp/i2018-11973-4
https://doi.org/10.1088/1475-7516/2021/03/043
https://doi.org/10.1088/1475-7516/2016/11/017
https://doi.org/10.1103/PhysRevD.101.052002
https://doi.org/10.1016/0370-2693(96)00318-8
https://doi.org/10.1103/PhysRevD.98.055026
https://doi.org/10.1088/1475-7516/2020/03/026
https://arxiv.org/abs/2102.04840


SciPost Phys. 11, 006 (2021)

[102] S. Mahmoudi, M. Haghighat, S. Al. Modares Vamegh and R. Mohammadi, Dipo-
lar dark matter and CMB B-mode polarization, Eur. Phys. J. C 80, 402 (2020),
doi:10.1140/epjc/s10052-020-7982-y.

[103] Y. Ali-Haïmoud, Testing dark matter interactions with CMB spectral distortions, Phys. Rev.
D 103, 043541 (2021), doi:10.1103/PhysRevD.103.043541.

[104] S. Gardner, Shedding light on dark matter: A Faraday rotation experiment to limit a dark
magnetic moment, Phys. Rev. D 79, 055007 (2009), doi:10.1103/PhysRevD.79.055007.

[105] G. Bélanger et al., LHC-friendly minimal freeze-in models, J. High Energ. Phys. 02, 186
(2019), doi:10.1007/JHEP02(2019)186.

[106] R. T. Co, F. D’Eramo, L. J. Hall and D. Pappadopulo, Freeze-In dark matter with displaced
signatures at colliders, J. Cosmol. Astropart. Phys. 024 (2015), doi:10.1088/1475-
7516/2015/12/024.

[107] V. Barger, W.-Y. Keung, D. Marfatia and P.-Y. Tseng, Dipole moment dark matter at the
LHC, Phys. Lett. B 717, 219 (2012), doi:10.1016/j.physletb.2012.09.036.

[108] S. Mohanty and S. Rao, Detecting dipolar dark matter in beam dump experiments, (2015),
arXiv:1506.06462.

[109] X. Chu, J.-L. Kuo, J. Pradler and L. Semmelrock, Stellar probes of dark sector-photon
interactions, Phys. Rev. D 100, 083002 (2019), doi:10.1103/PhysRevD.100.083002.

[110] G. Marocco and S. Sarkar, Blast from the past: Constraints on the dark sec-
tor from the BEBC WA66 beam dump experiment, SciPost Phys. 10, 043 (2021),
doi:10.21468/SciPostPhys.10.2.043.

[111] C. Arina, A. Cheek, K. Mimasu and L. Pagani, Light and Darkness: consistently coupling
dark matter to photons via effective operators, (2020), arXiv:2005.12789.

[112] B. Dasgupta, A. Gupta and A. Ray, Dark matter capture in celestial objects: light medi-
ators, self-interactions, and complementarity with direct detection, J. Cosmol. Astropart.
Phys. 023 (2020), doi:10.1088/1475-7516/2020/10/023.

[113] C. Bonilla, S. Centelles-Chuliá, R. Cepedello, E. Peinado and R. Srivastava, Dark matter
stability and Dirac neutrinos using only standard model symmetries, Phys. Rev. D 101,
033011 (2020), doi:10.1103/PhysRevD.101.033011.

[114] S.-P. Li, X.-Q. Li, X.-S. Yan and Y.-D. Yang, Freeze-in Dirac neutrinogenesis: thermal lep-
tonic CP asymmetry, Eur. Phys. J. C 80, 1122 (2020), doi:10.1140/epjc/s10052-020-
08696-z.

[115] A. D. Dolgov, Neutrinos in cosmology, Phys. Rep. 370, 333 (2002), doi:10.1016/S0370-
1573(02)00139-4.

[116] N. Blinov, K. J. Kelly, G. Krnjaic and S. D. McDermott, Constraining the self-interacting
neutrino interpretation of the Hubble tension, Phys. Rev. Lett. 123, 191102 (2019),
doi:10.1103/PhysRevLett.123.191102.

19

https://scipost.org
https://scipost.org/SciPostPhys.11.1.006
https://doi.org/10.1140/epjc/s10052-020-7982-y
https://doi.org/10.1103/PhysRevD.103.043541
https://doi.org/10.1103/PhysRevD.79.055007
https://doi.org/10.1007/JHEP02(2019)186
https://doi.org/10.1088/1475-7516/2015/12/024
https://doi.org/10.1088/1475-7516/2015/12/024
https://doi.org/10.1016/j.physletb.2012.09.036
https://arxiv.org/abs/1506.06462
https://doi.org/10.1103/PhysRevD.100.083002
https://doi.org/10.21468/SciPostPhys.10.2.043
https://arxiv.org/abs/2005.12789
https://doi.org/10.1088/1475-7516/2020/10/023
https://doi.org/10.1103/PhysRevD.101.033011
https://doi.org/10.1140/epjc/s10052-020-08696-z
https://doi.org/10.1140/epjc/s10052-020-08696-z
https://doi.org/10.1016/S0370-1573(02)00139-4
https://doi.org/10.1016/S0370-1573(02)00139-4
https://doi.org/10.1103/PhysRevLett.123.191102

	Introduction
	Lepton Flavored Dark Matter and its Stability
	Minimal Flavored Chiral Dark Matter
	Relic Density
	Direct Detection

	Conclusions and outlook
	Acknowledgements
	Amplitudes for relic density and direct detection
	References

