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Self-interacting dark matter (SIDM) with a light mediator is a promising scenario to alleviate the small-
scale problems of the cold dark matter paradigm while being consistent with the latter at large scales, as
suggested by astrophysical observations. This, however, leads to an underabundant SIDM relic due to large
annihilation rates into mediator particles, often requiring an extension of the simplest thermal or
nonthermal relic generation mechanism. In this work, we consider a singlet-doublet fermion dark matter
scenario where the singlet fermion with a light scalar mediator gives rise to the velocity-dependent dark
matter self-interaction through a Yukawa type attractive potential. The doublet fermion, by virtue of its tiny
mixing with the singlet, can be long-lived and can provide a nonthermal contribution to the singlet relic at
late epochs, filling the deficit in the thermal relic of singlet SIDM. The light scalar mediator, due to its
mixing with the standard model Higgs, paves the path for detecting such SIDM at terrestrial laboratories
leading to constraints on model parameters from CRESST-III and XENON1T experiments. Enlarging the
dark sector particles by two more singlet fermions and one scalar doublet, all odd under an unbroken Z2

symmetry can also explain nonzero neutrino mass in scotogenic fashion.

DOI: 10.1103/PhysRevD.105.075019

I. INTRODUCTION

There is ample evidence suggesting the existence of a
nonluminous, nonbaryonic form of matter in the present
Universe, known as the dark matter (DM). Satellite-borne
experiments like Planck and WMAP, which have measured
anisotropies in the cosmic microwave background (CMB)
very precisely, predict that DM makes up around one-
fourth (26.8%) of the present energy density of the
Universe. DM abundance is conventionally expressed as
[1]: ΩDMh2 ¼ 0.120� 0.001 at 68% C.L., where ΩDM is
the DM density parameter and h ¼ Hubble Parameter=
ð100 km s−1Mpc−1Þ is the reduced Hubble parameter.
Similar evidences for DM exist in astrophysical observa-
tions at galactic and cluster scales as well [2–4]. Note that
the estimate of DM abundance by Planck is based on the
standard model of cosmology or the ΛCDM model, which
has been very successful in describing the Universe at large
scales ð≥OðMpcÞÞ. In ΛCDM model, Λ denotes the

cosmological constant or the dark energy component of
the Universe, and CDM refers to cold dark matter. Dark
matter in ΛCDM model is assumed to be a pressureless,
collisionless fluid that provides the required gravitational
potential for structure formation in the early Universe. As
no standard model (SM) particle mimics the properties that
a DM candidate is expected to have, several beyond
standard model (BSM) scenarios have been proposed to
explain DM. Among different possibilities, the weakly
interacting massive particle (WIMP) paradigm has been
very popular. AWIMP candidate has mass and interactions
in the typical electroweak regime and naturally satisfies the
correct DM relic abundance from its thermal freeze-out.
This remarkable coincidence is often referred to as the
WIMP miracle [5].
While ΛCDM predictions are in remarkable agreement

with large scale structures of the Universe, at small scales, it
faces severe challenges from several observations, leading to
the core-cusp problem, the problem of missing satellites and
the too-big-to-fail problem etc. For recent reviews on these
issues and possible solutions, see [6,7]. One interesting
solution to these small-scale anomalies was proposed by
Spergel and Steinhardt [8] where they considered self-
interacting dark matter (SIDM) as an alternative to conven-
tional collisionless CDM of ΛCDM; see [9,10] for earlier
studies. The self-interacting nature of DM is often quantified
through the ratio of self-interacting cross section of SIDM to
its mass as σ=m ∼ 1 cm2=g ≈ 2 × 10−24 cm2=GeV [11–16].
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The advantage of SIDM is that it resolves the small-scale
anomalies of the ΛCDM model, yet matches with the CDM
halos at large radii consistent with observations. This is
because of the significant dependency of self-interacting
cross section on DM velocity. Studies of SIDM simulations
suggest that self-interaction is stronger at smaller DM
velocities and thus have a large impact on small scale
structures while it is in agreement with CDM predictions
at larger scales with larger DM velocities [11–14,17–20].
From a particle physics point of view, such a velocity-
dependent self-interaction can be naturally realized in
models of DM with a light BSM mediator. If there exists
some coupling of this light mediator with SM particles, it
ensures thermal equilibrium between the dark sector and the
SMbath in the earlyUniverse. The same coupling can also be
probed at direct search experiments as well [21,22]. Several
model building efforts have been made to realize such
scenarios. For example, see [23–31] and references therein.
Another shortcoming of the SM of particle physics is

that it also fails to explain the origin of neutrino mass
and mixing, which has been established by the neutrino
oscillation experiments [32,33]. Within the SM, there is no
way for the left-handed neutrinos to couple with the SM
Higgs field through a renormalizable operator, as there is no
right-handed neutrino field. Therefore, BSM frameworks
must be invoked to explain the neutrino mass.
In this paper, in order to accommodate a viable SIDM

component of the Universe along with an explanation of
tiny neutrino mass, we consider a fermionic singlet-doublet
extension of the SM. Singlet-doublet fermion DM models
have been well studied in the typical WIMP paradigm
[34–61], where the mixing between the singlet and the
doublet fermion fields are sizeable. On the contrary, here
we consider an extremely small singlet-doublet mixing so
that the DM is dominantly composed of the singlet. The
self-interaction among the DM is achieved by introducing
an additional light scalar field which gives rise to an
attractive Yukawa-type potential. Moreover, the light scalar
mixes with the SM Higgs and paves a way to detect DM at
terrestrial laboratories. The nonzero coupling of the dark
matter with the visible sector brings the dark sector to
thermal equilibrium. However, the requirement of large
self-interaction among DM makes the thermal relic of the
singlet to be underabundant. The small mixing between the
singlet and doublet fermions makes the latter long-lived,
allowing the doublet to decay back to the singlet DM after
the singlet component freezes out, thus fulfilling the relic
deficit. We then show that the sub-eV neutrino mass can be
generated in a scotogenic setup [62] with the help of SIDM
and its heavier counterparts and an additional BSM scalar
doublet, all odd under an in-built Z2 symmetry.
The paper is organized as follows. InSec. II,we discuss the

model for singlet-doublet dark matter followed by a dis-
cussion on the scotogenic setup for neutrino mass generation
in Sec. III. This is followed by a discussion on charged lepton
flavor violation in Sec. IV. The production and relic density

of dark matter is discussed in Sec. V followed by discussion
on the dark matter self-interaction in Sec. VI. Then we
discuss the direct and indirect detection prospects in
Secs. VII and VIII, respectively. We discuss some collider
signatures of the model in Sec. IX and finally conclude
in Sec. X.

II. SINGLET-DOUBLET FERMION DARK
MATTER WITH SELF-INTERACTIONS

We extend the SM by adding one vectorlike fermion
doublet ΨT ¼ ðψ0;ψ−Þ (with hypercharge Y ¼ −1, where
we use Q ¼ T3 þ Y=2), and three right-handed neutrinos
(RHN) NRi

. A discrete Z2 symmetry is imposed, under
which the doublet Ψ and all three RHNs (NRi

; i ¼ 1, 2, 3)
are odd, while all SM particles are even. All the newly
added particles are also singlet under SUð3Þc, i.e., color
neutral. To mediate velocity dependent self-interaction of
DM, we add a very light scalar singlet S, even under the Z2

symmetry. We also add a Z2-odd scalar doublet η to
generate neutrino mass radiatively, which we will discuss
in Sec. III. The quantum numbers of these BSM fields
under SUð3Þc ⊗ SUð2ÞL ⊗ Uð1ÞY ⊗ Z2 are listed in
Table I.
The Lagrangian of the model, guided by Table I is

given by

L ¼ LSM þ Ψ̄
�
iγμ
�
∂μ − ig2

σa

2
Wa

μ − ig1
Y 0

2
Bμ

��
Ψ

þ NRi
ðiγμ∂μÞNRi

−MΨ̄Ψ −
1

2
MNRi

NRi
ðNRi

Þc

− yiΨ̄ H̃ðNRi
þ ðNRi

ÞcÞ − YαiL̄αη̃NRi

− yΨΨ̄ΨS − y0iNRi
ðNRi

ÞcSþ H:c:þ Lscalar; ð1Þ

where L, H are lepton and Higgs doublets of the SM
while LSM;Lscalar are the SM Lagrangian, complete scalar
Lagrangian of the model respectively. The scalar potential
involving the new scalar doublet η and the scalar singlet S is
given by

TABLE I. Charge assignment of BSM fields under the gauge
groupG≡GSM ⊗Z2, whereGSM ≡ SUð3Þc ⊗ SUð2ÞL ⊗ Uð1ÞY .
Fields SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl} ⊗ Z2

Fermions
Ψ ¼

�
ψ0

ψ−

�
1 2 − 1 −

NRi
(i ¼ 1, 2, 3) 1 1 0 −

Scalars S ¼ sþuþis0ffiffi
2

p 1 1 0 þ

η ¼
�

ηþ
η0þiηIffiffi

2
p

�
1 2 1 −
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VðH; η; SÞ ¼ −μ2HH†H þ λH
2
ðH†HÞ2 þ μ2ηη

†ηþ λη
2
ðη†ηÞ2

þ λHηðH†HÞðη†ηÞ þ λ0HηðH†ηÞðη†HÞ

þ λ00Hη

2
½ðH†ηÞ2 þ ðη†HÞ2� þ μ2SðS†SÞ

þ λSðS†SÞ2 þ μ0SS
3 þ λSHðH†HÞðS†SÞ; ð2Þ

where the linear terms of singlet scalar S are assumed to be
negligible. As shown in the Lagrangian given by Eq. (1),
the fermion doublet Ψ being vectorlike, has a bare Dirac
mass M and all the three right handed neutrinos have bare
Majorana mass MRi

. We assume the Yukawa couplings yi
between the doublet and singlet fermions to be very small,
typically of the order 10−10. After SM Higgs and the singlet
scalar S acquire vacuum expectation values (VEV), the
Yukawa term yiΨ̄ H̃ NRi

induces a Dirac mass, which is,
albeit very tiny, thanks to the tiny Yukawa couplings
(yi ∼ 10−10). So, the effect of the singlet-doublet mixing
is negligible and the lightest singlet fermion (NR1

) essen-
tially becomes the DM. The motivation for such tiny
Yukawa coupling is that, it makes the doubletΨ sufficiently
long-lived to produce the singlet DM at late epoch via its
decay. This brings the DM relic back to the correct ballpark
which is otherwise underabundant due to strong annihila-
tion into light scalar mediator S. The mixing between the
singlet scalar S and the SM Higgs paves a way to detect
DM at terrestrial laboratories such as CRESST-III and
XENON1T. As we discuss in Sec. III, the scalar doublet η
along with the singlet right handed neutrinos which are
representing SIDM in our setup, give rise light neutrino
masses at one loop level.

III. NEUTRINO MASS

In our setup, the right-handed neutrinos (NRi
), the

lightest one of which is the SIDM, are all odd under an
imposed Z2 symmetry. Therefore, the couplings of NRi

with left-handed leptons via SM Higgs are forbidden.
Consequently generation of tiny light neutrino mass at
the tree level becomes unfeasible and one needs to resort to
radiative scenarios. Then the simplest possibility is to
introduce a Z2 odd scalar doublet η as given in Eq. (1).
As a result, the light neutrino masses can be generated via
scotogenic one-loop radiative process proposed by Ma
[62]. The relevant terms for neutrino mass generation are
identified as the bare mass terms of RHNs and the Dirac
Yukawa terms that couple SM lepton doublets and RHNs
via scalar doublet η, as shown in Eq. (1). After the
electroweak symmetry breaking (EWSB), the scalar dou-
blets H and η can be parametrized as

H ¼
 

0
vþhffiffi

2
p

!
; η ¼

 
η�

η0þiηIffiffi
2

p

!
; ð3Þ

where v is the vacuum expectation value (VEV) of SM
Higgs doublet H, while η does not acquire any VEV to
keep the Z2 symmetry intact. The neutral scalar (η0) and
pseudoscalar (ηI) acquire masses as follows.

M2
R;I ¼ μ2η þ

1

2
ðλHη þ λ0Hη � λ00HηÞv2: ð4Þ

Neutrino mass is induced via the one-loop diagram shown
in Fig. 1 and is given by

ðMνÞαβ ¼
X3
k¼1

ðYÞiβðYÞiα
32π2

MNRi

�
M2

R

M2
R −M2

NRi

ln

�
M2

R

M2
NRi

�
−

M2
I

M2
I −M2

NRi

ln

�
M2

I

M2
NRi

��
ð5Þ

where MNRi
;i¼1;2;3 are the mass eigenvalues of the RHN

mass eigenstates NRi
; i ¼ 1, 2, 3 in the internal line and the

indices α; β ¼ e, μ, τ run over the three neutrino gener-
ations. Neutrino mass vanishes in the limit of λ00Hη → 0 as it
corresponds to degenerate neutral scalar and pseudoscalar
masses M2

R ¼ M2
I . Thus, apart form the Yukawa couplings

(Y) and RHN masses, the quartic coupling (λ00Hη) also plays
a significant role in neutrino mass generation.
To include the constraints from light neutrino data in the

analysis, it is often convenient to write the Yukawa
couplings in the Casas-Ibarra parametrization [63,64] as

Y ¼
ffiffiffiffi
Λ

p −1R
ffiffiffiffiffiffi
m̂ν

p
U†

PMNS ð6Þ
where R, in general, is an arbitrary complex orthogonal
matrix satisfyingRRT ¼ I that can be parametrized in terms

of three complex angles (α, β, γ). We use R equal to
the identity matrix (I3), as considering it to be complex
does not alter the DM phenomenology. Here, m̂ν ¼
Diagðm1; m2; m3Þ is the diagonal light neutrino mass
matrix and the diagonal matrix Λ is defined as Λ ¼
Diag (Λ1,Λ2,Λ3), with

FIG. 1. One-loop generation of light neutrino mass in scoto-
genic fashion.
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Λi ¼
2π2

λ5
ζk

2MNRi

v2
;

and ζi ¼
�

M2
NRi

8ðM2
R −M2

I Þ
½LiðM2

RÞ − LiðM2
I Þ�
�−1

: ð7Þ

where

Liðm2Þ ¼ m2

m2 −M2
NRi

ln
m2

M2
NRi

: ð8Þ

In Eq. (6), UPMNS represents the usual Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix of neutrinos.

IV. LEPTON FLAVOR VIOLATION

In the SM, charged lepton flavor violating (CLFV)
decays like μ → eγ occurs at loop level and is highly
suppressed by the smallness of neutrino masses and
remains much beyond the current experimental sensitivity
[65]. Therefore, any future observation of such LFV decays
like μ → eγ will definitely be an indication of new physics
beyond the SM.
In the scotogenic scenario, the charged scalar doublet ηþ

running in a loop along with singlet fermions can facilitate
such CLFV decays, as shown in Fig. 2. This decay width of
μ → eγ can be calculated as[64,66],

Brðμ → eγÞ ¼ 3ð4πÞ3α
4G2

F
jADj2Brðμ → eνμνeÞ; ð9Þ

where AD is given by

AD ¼
X
k

ðYÞ�ieðYÞiμ
16π2

1

M2
ηþ
fðriÞ; ð10Þ

with ri ¼ M2
NRi

=M2
ηþ . fðxÞ is the loop function given by

fðxÞ ¼ 1 − 6xþ 3x2 þ 2x3 − 6x2 log x
12ð1 − xÞ4 : ð11Þ

The most stringent bound on such CLFV decay is from
the MEG collaboration on Brðμ → eγÞ < 4.2 × 10−13 at
90% confidence level [65].
Another crucial CLFVobservable is the three body decay

process μ → 3e. This branching fraction is given by [64]:

Brðμ → eēeÞ ¼ 3ð4πÞ2α2
8G2

F
M2Brðμ → eνμνeÞ ð12Þ

where details of M2 is given in the Appendix E.
Similarly, the conversion of μ → e in nuclei might

become one of the most severely constrained CLFV
observables in scotogenic scenarios because of the great
projected sensitivities of various collaborations. The con-
version rate, relative to the muon capture rate, can be
expressed as:

CRðμ → e;NucleusÞ ¼ peEem3
μG2

Fα
3
emZ4

effF
2
p

8π2Z
K2

1

Γcapt
:

ð13Þ

where Z and N are the number of protons and neutrons in
the nucleus, Zeff is the effective atomic charge, Fp is the
nuclear matrix element and Γcapt represents the total muon
capture rate. Furthermore, pe and Ee (taken to be ≃mμ in
the numerical evaluation) are the momentum and energy of
the electron andmμ is the muon mass. The details of K2 can
be found in Appendix F.
In Fig. 3, the NR1

Yukawa couplings obtained by the
Casas-Ibarra parametrization are shown against the mass of
NR1

. The colored dots (blue, magenta and cyan) are allowed
from CLFV bounds for μ→eγ, μ → 3e and CRðμ → e∶TiÞ
[65,67,68], while the grey colored points which do not

FIG. 2. Feynman diagram of CLFV decay.

FIG. 3. Yukawa couplings obtained by the Casas-Ibarra para-
metrization shown againstMNR1

. The colored dots (blue, magenta
and cyan) are allowed from all CLFV constraints while the grey
colored points which do not overlap with the colored points are
ruled out.
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overlap with the colored points are ruled out by the CLFV
constraints. For the scan, we have fixed the mass splitting
between the RHNs (ΔM ¼ MNR2;3

−MNR1
) at 200 GeVand

Mηþ is fixed around 1000 GeV. The λ00Hη coupling, crucial
for neutrino mass generation as well as determining the
order of Yukawa coupling, is varied randomly in a range
½10−10; 1�. We consider the normal ordering and the lightest
active neutrino mass is assumed to be 10−3 eV consistent
with the constraint for the sum of active neutrino massesP

mν ¼ 0.12 eV from cosmological data [1]. From Fig. 3,
we see that the required L̄ η̃NRi

coupling- Yαi roughly
varies in the range 10−6–0.1 in order to reproduce the
correct light neutrino masses and mixing. We will use this
information in Sec. V for calculating the relic density
of SIDM.

V. PRODUCTION OF SIDM

Due to electroweak gauge interactions, the vectorlike
fermion doublet Ψ remains in thermal equilibrium at a
temperature above its mass scale in the early Universe. The
SM gauge singlets (NRi

), also come to thermal equilibrium

through the process ΨΨ→
S
NRi

NRi
(shown in the left panel

of Fig. 4) mediated by the light scalar S. This is because of
the large Yukawa coupling: y0i ∼ 0.35 which is necessary
for sufficient self interaction as discussed in Sec. VI. Due to
efficient annihilation of the dark matter into light scalar S
through the process shown in the right panel of Fig. 4, the
thermal relic of the DM (NR1

) is found to be under-
abundant. The annihilation of a fermion pair through a
scalar mediator (irrespective of the final states) is a p-wave
process and hence velocity suppressed [69]. The thermally
averaged cross section for the most dominant annihilation
process relevant to DM freeze-out is given by:

hσviDM DM→S S ¼
3

4

y04

16πM2
DM

v2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

M2
S

M2
DM

s
ð14Þ

where MDM ¼ MNR1
.

The thermal relic of DM NR1
is under-abundant up to

DM mass ∼1 TeV due to large annihilation cross section
into light mediators given by Eq. (14). Thanks to the small
Yukawa coupling of the Lagrangian term yiΨH̃NRi

, the

doublet Ψ decays sufficiently late into SM Higgs and the
three singlets (NRi

), and since the heavier singletsNR2;3
also

decay into the DM NR1
eventually, it helps in restoring the

DM relic within the correct ballpark.
In the early Universe, the number density of the doublet

Ψ gets depleted in three ways viz. ΨΨ → SS, ΨΨ →
NRi

NRi
and ΨΨ → SMSM. Here we assume the Yukawa

coupling yΨ of the doublet Ψ with light scalar S to be
sufficiently small, so that ΨΨ → SMSM always domi-
nantly decides the freeze-out abundance of Ψ. Considering
ΨΨ → SMSM to be the dominant process, the freeze-
out number density of Ψ can be easily calculated by
implementing SMþ inert fermion doublet (Ψ) model
in LanHEP [70] and feeding the model files into
MicrOmegas [71]. The freeze-out abundance of Ψ as a
function of mass MΨ is shown in Fig. 5. The relevant
interactions for the fermion doublet in component form are
shown in Appendix-A. From Fig. 5, we see that freeze-
out abundance of Ψ matches the correct relic density
(ΩDMh2 ¼ 0.12) only for mass around 1000 GeV. Since
it is essentially the number density of Ψ that is converted
into number density of the DM at late epoch, to produce
correct relic for DM NR1

, the freeze-out number density of
Ψ must satisfy

ΩDMh2 ¼
�
MDM

MΨ

�
ΩΨh2 ð15Þ

Note that the inert scalar doublet η also has Yukawa
coupling to NRi

. Depending upon the mass hierarchies of η
and NR2;3

, one can decay into other, and this may affect
the DM relic density because all Z2 odd particles will
ultimately decay into DM. To obtain the relic density
precisely, we need to solve the relevant coupled Boltzmann

FIG. 5. Freeze-out abundance of Ψ as a function of its
mass MΨ.

FIG. 4. Left: Feynman diagram responsible for bringing DM
into thermal equilibrium, Right: dominant annihilation mode
for DM.
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equations. We consider two different scenarios depending
upon masses of η and NR2;3

.
Case I: MNR2;3

< Mη < MΨ. In this case, η can decay

into all three NRi
with corresponding partial decay width

Γη→NRi
l. Thermally produced NR2;3

along with those pro-
duced from decays of Ψ and η will subsequently decay into

DM through the three body decay process ΓðNR2;3
→

NR1
llÞ. Both these processes are simultaneously constrained

from charged lepton flavor violation discussed in Sec. IV.
The relevant Boltzmann equation in this case is given by
Eq. (16) below while the formulae for relevant cross section
and the decay widths are given in Appendix C.

dYNR1

dx
¼ −

sðMDMÞ
x2HðMDMÞ

ðhσðNR1
NR1

→ SSÞviÞðY2
NR1

− ðYeq
NR1

Þ2Þ þ x
HðMDMÞ

ðhΓΨ→HNR1
iYΨ þ hΓη→NR1

liYηÞ
dYNR2;3

dx
¼ −

sðMDMÞ
x2HðMDMÞ

ðhσðNR2;3
NR2;3

→ SSÞviÞðY2
NR2;3

− ðYeq
NR2;3

Þ2Þ

þ x
HðMDMÞ

ðhΓΨ→HNR2;3
iYΨ þ hΓη→NR2;3

liYη þ hΓNR2;3
→NR1

lliYNR2;3
Þ

dYΨ

dx
¼ −

sðMDMÞ
x2HðMDMÞ

ðhðσðΨΨ → SMSMÞvi þ hσðΨΨ → NRNRÞvi þ hσðΨΨ → SSÞviÞðY2
Ψ − ðYeq

Ψ Þ2Þ

−
x

HðMDMÞ
ðhΓΨ→HNRi

iYΨÞ
dYη

dx
¼ −

sðMDMÞ
x2HðMDMÞ

ðhσðηη → HHÞviÞðY2
η − ðYeq

η Þ2Þ − x
HðMDMÞ

ðhΓη→NRi
iYηÞ ð16Þ

In the above x ¼ MDM
T , sðMDMÞ ¼ 2π2

45
g�sM3

DM, HðMDMÞ ¼
1.67g1=2�

M2
DM

MPl
and hσðΨΨ → SMSMÞvi represents the ther-

mally averaged cross section [72] of annihilation ofΨ to all
SM particles, which is fixed by the SM gauge interaction of
the doublet Ψ. Also hΓA→BCDi represents the thermally
averaged decay width of the process A → BCD in general.

Case II: Mη < MNR2;3
< MΨ. In this case, NR2;3

can

decay into η through ΓðNR2;3
→ ηlÞ and η then decays

into the DM through the process η → NR1
l, constrai-

ned by charged lepton flavor violation. The relevant
Boltzmann equations in this case are given by
Eq. (17) below.

dYNR1

dx
¼ −

sðMDMÞ
x2HðMDMÞ

ðhσðNR1
NR1

→ SSÞviÞðY2
NR1

− ðYeq
NR1

Þ2Þ þ x
HðMDMÞ

ðhΓΨ→HNR1
iYΨ þ hΓη→NR1

liYηÞ
dYNR2;3

dx
¼ −

sðMDMÞ
x2HðMDMÞ

ðhσðNR2;3
NR2;3

→ SSÞviÞðY2
NR2;3

− ðYeq
NR2;3

Þ2Þ þ x
HðMDMÞ

ðhΓΨ→HNR2;3
iYΨ − hΓN2;3→ηliYNR2;3

Þ

dYΨ

dx
¼ −

sðMDMÞ
x2HðMDMÞ

ðhðσðΨΨ → SMSMÞvi þ hσðΨΨ → NRNRÞvi þ hσðΨΨ → SSÞviÞðY2
Ψ − ðYeq

Ψ Þ2Þ

−
x

HðMDMÞ
ðhΓΨ→HNRi

iYΨÞ
dYη

dx
¼ −

sðMDMÞ
x2HðMDMÞ

ðhσðηη → HHÞviÞðY2
η − ðYeq

η Þ2Þ þ x
HðMDMÞ

ðhΓN2;3→ηliYNR2;3
− hΓη→NR1

iYηÞ: ð17Þ

We show the relic density evolution plots for case I and
case II in the top and bottom panels of Fig. 6 for
MDM ¼ 100 GeV, MΨ ¼ 12 TeV, which yield correct
relic density of the DM. For better understanding, we
show in Fig. 6, the contributions from different subpro-
cesses to the relic abundance in different color codes as
indicated in the figure inset. The evolution of number

densities of Ψ, η, NR2;3
and the DM in light of all the

processes incorporated in the Boltzmann equations given
by Eq. (16), Eq. (17) are shown in blue, orange, brown, and
red colored curves, respectively. Additionally, we have also
shown the equilibrium distribution of Ψ, η, NR2;3

and the
DM in green, magenta, cyan, and purple colored curves
respectively and the underabundant thermal freeze-out relic
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of DM is depicted by the dotted dark-cyan curve. Due to the
large decay width of η, it decays while still in equilibrium
(η → NRi

l) which is too early to mark any significant effect
in the final relic of DM NR1

.
In case I (top panel of Fig. 6), the processes η → NRi

l
and NR2;3

→ NR1
ll are simultaneously constrained from

charged lepton flavor violation as the same couplings are
involved in all the processes. We considerMη ¼ 1000 GeV
and MNR2;3

¼ 300 GeV where the masses of NR2;3
are

assumed to be equal for simplicity. Then, for λ00Hη ¼
Oð1Þ and assuming normal hierarchy of active neutrinos,
the allowed Yukawa coupling Yiα is of the order Oð10−5Þ.
The decay width corresponding to this coupling is calcu-
lated to be Γη→NRi

l ≃ 1 × 10−9 GeV. Due to such large
decay width, η decays while in equilibrium and DM
produced at such an early epoch annihilates into light
mediators quickly. Therefore, η does not affect DM relic
density. The three body decay width of two heavier singlets

NR2;3
for the same parameter space considered in η → Nil is

given by ΓNR2;3
→NR1ll ≃ 1 × 10−22 GeV. Since the decay

width of NR2;3
is comparable to that of ΓΨ→HNRi

, its effect
can be seen in the plot shown in Fig. 6. The decay ofΨwith
decay width ΓΨ→HNRi

¼ 1 × 10−20 GeV produces all NRi
’s

equally around x ∼ 2 × 103 and finallyNR2;3
decays into the

DM (NR1
) around x ∼ 2 × 104, producing correct final relic

density for the dark matter. Note that considering inverted
hierarchy of active neutrinos does not alter the conse-
quences significantly. In case II (bottom panel of Fig. 6),
for λ00Hη ¼ Oð1Þ and normal hierarchy, and masses Mη ¼
300 GeV and MNR2;3

¼ 1000 GeV, the decay widths are

calculated to be ΓNR2;3
→ηl ≃ 1 × 10−10 GeV and Γη→NR1

l ≃
1 × 10−11 GeV. Due to such large decay widths, both η
and NR2;3

decays while still in equilibrium, not affecting
the final DM relic at all. The correct relic of DM is
entirely decided by late decay of Ψ with ΓΨ→HNRi

¼
1 × 10−20 GeV.
As we can see from Fig. 6, due to the constraints from

charged lepton flavor violation, the decay processes other
than Ψ → HNRi

do not affect the relic significantly and
the relation given by Eq. (15) holds for correct DM relic.
Thanks to the validity of Eq. (15) and the fact that ΩΨh2 is
decided entirely by MΨ, only a certain combination of
(MDM;MΨ) will produce the correct relic density for the
DM. We show in Fig. 7, the contour of correct DM relic
density in the plane of MΨ versus MDM. As we can see,
to obtain the correct relic density for a light DM (below
10 GeV), MΨ must be very heavy (above 150 TeV) as
expected from Eq. (15). As MDM increases, Mψ decreases
satisfying Eq. (15) and for MDM ¼ 300 GeV, the corre-
spondingMψ ¼ 3 TeV. ForMDM ∼ 1 TeV, the relic density

FIG. 7. Contour of correct relic density for the DM (NR1
) in the

plane of MΨ and MDM.

FIG. 6. Evolution of comoving number densities of dark matter
along with other dark sector particles.
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in the correct ballpark can directly be satisfied from its
thermal freeze-out, beyond which thermal DM relic is
overabundant.

VI. DARK MATTER SELF-INTERACTION

The dark sector particles have elastic self-scattering
through t-channel processes due to the presence of the
term y01NR1

ðNR1
ÞcS in the model Lagrangian given by

Eq. (1). The Feynman diagram of such process is shown in
Fig. 8. In order to alleviate the small-scale anomalies of
ΛCDM, the typical DM self-scattering cross section should
be σ ∼ 1 cm2=g ≈ 2 × 10−24 cm2=GeV, which is 14 orders
of magnitude larger than the typical WIMP cross section
(σ ∼ 10−38 cm2=GeV). This suggests the existence of a
light mediator, which is much lighter than the electro-
weak scale. The scalar mediator S in our model serves this
purpose. The nonrelativistic DM scattering can be well
described by the attractive Yukawa potential,

VðrÞ ¼ y021
4πr

e−MSr: ð18Þ

To capture the relevant physics of forward scattering
divergence, the transfer cross section σT is defined as
[6,12,20]

σT ¼
Z

dΩð1 − cos θÞ dσ
dΩ

: ð19Þ

Capturing the whole parameter space requires the calcu-
lations to be carried out well beyond the perturbative
limit. Depending on the masses of DM (MDM) and the
mediator (MS) along with relative velocity of DM (v) and
interaction strength (y021), three distinct regimes can be
identified, namely the Born regime (y021MDM=ð4πMSÞ ≪ 1;
MDMv=MS ≥ 1), classical regime (y021MDM=ð4πMSÞ ≥ 1;
y021MDM=4πMS ≥ 1), and the resonant regime (y021MDM=
ð4πMSÞ ≥ 1;MDMv=MS ≤ 1). DM self-scattering cross
section in all three regimes are given in Appendix B.
Using these self-interaction cross sections and constraining
σ=MDM in the required range from astrophysical observa-
tions at different scales, we get the allowed parameter space
of the model for sufficient self-interaction in the plane of
DM mass MDM and mediator mass MS. In Figs. 9 and 10,
we show the parameter space for the model in MDM
versus MS plane which gives rise to the required DM

self-scattering cross section (σ=MDM) in the range
0.1–1 cm2=g for clusters (v∼ 1000 km=s), 0.1–10 cm2=g
for galaxies (v ∼ 200 km=s) and 0.1–100 cm2=g for dwarf
galaxies (v ∼ 10 km=s). We have also varied the Yukawa
coupling y01 in the range 0.1-1 (shown in colored bar) which
decides the strength of self-scattering.
The allowed region toward the left (right) corner corre-

sponds to the Born(classical) region, where the velocity
dependence of the cross sections are trivial. The central
region sandwiched between these two is the resonant
region, where quantum mechanical resonances and anti-
resonance appear due to the attractive potential. The
resonant regime covers a large region of parameter spaceFIG. 8. Feynman diagram for elastic DM self-interaction.

FIG. 9. Top panel: cluster; Bottom panel: galaxy; Self-
interaction cross section in the range 0.1–1 cm2=g for clusters
(v∼ 1000 km=s) and 0.1–10 cm2=g for galaxies (v ∼ 200 km=s.)
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in the MDM versus MS plane. These resonances are more
prominent at dwarf and galactic scales where DM velocities
are comparatively smaller. This is because, for a fixed
Yukawa coupling y01, the conditionMDMv=MS < 1 dictates
the onset of nonperturbative quantum mechanical effects is
easily satisfied by smaller velocities. The resonant spikes
are not distinct in these figures as we have varied the
Yukawa coupling in a range 0.1–1. Nevertheless, prominent
resonant spikes can be seen in Fig. 14 in Sec. VII, where we
show the same parameter space for a fixed Yukawa
coupling y01 ¼ 0.35, while confronting the SIDM parameter
space to direct search. We can see from the figures that a
wide range of DM mass can give rise to sufficient self-
interaction. However, the mass of the mediator is con-
strained roughly within two orders of magnitudes excepting
for the resonance case.
The self-scattering cross section per unit DM mass

as a function of average collision velocity is shown in

Fig. 11, which fits to data from dwarfs (orange), low
surface brightness (LSB) galaxies (blue), and clusters
(green) [18,73]. The red dashed curve corresponding to
the velocity-dependent cross section calculated from our
model for a benchmark point (i.e., MDM ¼ 50 GeV, MS ¼
50 MeV and y01 ¼ 0.4), which is allowed from all relevant
phenomenological constraints, gives a nice fit to the
astrophysical observations. It is clear from the Fig. 11 that
the model shows remarkable velocity dependence in self-
scattering and can appreciably explain the astrophysical
observation of velocity-dependent DM self-interaction.

VII. DIRECT DETECTION

The spin-independent elastic scattering of DM is pos-
sible through S −H mixing (θSH), where DM particles can
scatter off the target nuclei which are located at terrestrial
laboratories. The Feynmann diagram for direct detection is
shown in Fig. 12 and the scattering cross section of DM per
nucleon can be expressed as

σS−HSI ¼ μ2r
4πA2

½Zfp þ ðA − ZÞfn�2 ð20Þ

where μr ¼ MDMmn
MDMþmn

is the reduced mass of the DM-nucleon
system, mn being the nucleon (proton or neutron) mass, A
and Z are the mass and atomic number of the target nucleus
respectively. The fp and fn are the interaction strengths of
proton and neutron with DM, respectively and they can be
given as,

fp;n ¼
X

q¼u;d;s

fp;nTq
αq

mp;n

mq
þ 2

27
fp;nTG

X
q¼c;t;b

αq
mp;n

mq
; ð21Þ

where

αq ¼ y01θSH

�
mq

v

��
1

M2
S
−

1

M2
H

�
: ð22Þ

In Eq. (21), the values of fp;nTq
can be found in [74] and the

mixing angle θSH can be derived in terms of the parameters
λSH; hSi; v;MS;Mh. Depending on the value of λSH the

FIG. 10. Self-interaction cross section in the range
0.1–100 cm2=g for dwarfs (v ∼ 10 km=s).

FIG. 11. The self-interaction cross section per unit mass of DM
as a function of average collision velocity.

FIG. 12. The spin-independent scattering cross section of DM-
nucleon via Higgs portal.
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S −H mixing can be very small or large. Note that θSH also
has upper bound by invisible Higgs decay (as the singlet
scalar is typically lighter than the Higgs mass), while a
lower bound on θSH can be obtained by considering S to
decay before the big bang nucleosynthesis (BBN) epoch,
i.e., τS < τBBN. In Fig. 13, we have shown the lower
bound on θSH as a function ofMS from this lifetime criteria.
We see from Fig. 13 that θSH < 10−11 is disfavored for
all MS ∼ 10 MeV.
Using Eq. (21) and (22), the spin-independent cross

section in Eq. (20), can be reexpressed as:

σS−HSI ¼ μr
2y021θ

2
SH

πA2

�
1

M2
S
−

1

M2
H

�
2

×

�
Z

�
mp

v

��
fpTu þ fpTd þ fpTs þ

2

9
fpTG

�

þ ðA − ZÞ
�
mn

v

��
fnTu þ fnTd þ fnTs þ

2

9
fnTG

��
2

:

ð23Þ

Direct search experiments like CRESST-III [75] and
XENON1T [76] put severe constraints on the model
parameters. XENON1T provides the most stringent con-
straint on DM mass above 10 GeV, while CRESST
constrains the mass regime below 10 GeV. In Fig. 14.
The most stringent constraints from CRESST-III [75],
XENON1T [76] experiments on MDM −MS plane are
shown against the self-interaction favored parameter space
assuming y01 ¼ 0.35. The blue (purple) colored contours
denote exclusion limits from XENON1T (CRESST-III)
experiment for specific S −H mixing parameter θSH. The

region below each contour is excluded for that particular
θSH as shown in the Fig. 14. It is seen that direct search
experiments severely constrain the allowed parameter space
for self-interaction. In particular, for MDM ¼ 50 GeV and
MS ¼ 50 MeV, θSH > 10−7 is already ruled out.

VIII. INDIRECT DETECTION

Now we briefly discuss about the indirect detection
prospects and relevant constraints for the model considered
here. Being p-wave process, all the annihilation channels of
DM in this model are velocity suppressed (σv ∼ v2), unlike
a S-wave process, where the cross section is independent of
velocity (σv ∼ v0). Since we are considering the mediator S
to be very light for sufficient self-interaction, the annihi-
lation cross section must be multiplied by the Sommerfeld
enhancement factor [77], which reflects the modification of
the initial-state wave function due to multiple mediator
exchange: ðσvÞenh ¼ S × σv. The Sommerfeld enhance-
ment factors for s-wave and p-wave annihilations are given
respectively as [78–80],

Ss ¼
π

a
sinhð2πacÞ

coshð2πacÞ − cosð2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c − ðacÞ2

p
Þ

Sp ¼ ðc − 1Þ2 þ 4ðacÞ2
1þ 4ðacÞ2 Ss ð24Þ

where a ¼ 2πv=y02 and c ¼ 3y02MDM=2π3MS

Note that, for v ≳ y02
4π, we get Ss;p ≈ 1 (and hence not

significant at the epoch of DM freeze-out), whereas for
smaller velocities S increases proportionally to 1=v in the
s-wave case and 1=v3 in the p-wave case, so that effectively

FIG. 13. Lifetime of S is shown in the plane of θSH versus MS.
FIG. 14. Constraints from DM direct detection in the plane of
DM mass ðMDMÞ versus mediator mass ðMSÞ for self-interaction.
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all DM annihilation cross sections [e.g., Eq. (14)] increases
proportionally to 1=v with decreasing velocity in both
the cases. The Sommerfeld enhancement saturates for
v≲MS=ð2MDMÞ, so the ratio of the two masses determines
the maximum possible enhancement. Since all the annihi-
lation channels to SM final states are further suppressed by
the scalar mixing θSH (so that hσviDMDM→SMSM ∼ θ2SH=v),
all fluxes of gamma rays, cosmic rays and neutrinos
produced by such a set-up are well below the present
and future reach of indirect detection probes [69], even
in presence of maximum Sommerfeld enhancement.
For example, we have estimated that, the benchmark
values of the parameters (MDM ¼ 100 GeV;MS ¼ 10MeV;
y0 ¼ 0.35;θSH ∼ 10−7) considered here gives Sommerfeld
enhancement of Oð104Þ and an effective cross section of
Oð10−40Þ cm3=s for the local galactic DM velocity
v ¼ 240 km=s ¼ 8 × 10−4 c, which is well below the
current constraints given by the indirect search experiments
like Fermi-LAT [81,82], MAGIC [83], HESS [84], AMS-
02 [85], constraints from CMB by Planck [1] and γ-rays by
INTEGRAL [86].

IX. COLLIDER SIGNATURES

The fermionic singlet-doublet DM model is rich in
collider phenomenology with several interesting signa-
tures such as opposite sign dileptonþmissing energy
ðlþl−þETÞ, three leptonsþmissing energy ðlllþETÞ
etc., [57,60,87]. Here we briefly point out an interesting
feature of the model: the displaced vertex signature of ψ�.
Note that the doublet mass required to obtain the correct
DM relic density (see Fig. 7) is above Oð10 TeVÞ. It is not
possible to produce such a heavy particle currently at LHC.
However, it can produced at proposed HE-LHC [88] with
27 TeV center-of-mass energy and FCC-hh [89] with
100 TeV centre-of-mass energy. Once these particles are
produced by virtue of gauge interactions, they can be long-
lived before decaying into final state particles including
DM [51,56,57,60,90]. The charged component of the
doublet, ψ� may have a sufficiently long lifetime leading
to a displaced vertex signature if produced at colliders. The
final states of such displaced vertex in forms of charged
leptons or jets can be reconstructed by dedicated analysis,
some of which in the context of the Large hadron collider
(LHC) may be found in [91,92]. Similar analysis in the
context of upcoming experiments like MATHUSLA, elec-
tron-proton collider and FCC may be found in [93–96] and
references therein.
In the present case, Mψ0 ≫ MW ,

1so the heavy charged
states ψ� can decay directly into a W� and the singlets
(ψ� → W�NRi

) which is suppressed by the tiny singlet-
doublet mixing. Importantly, a mass splitting between the

charged component of the doublet ψ� and the neutral
component ψ0 can be created from quantum corrections at
one loop with virtual photon and Z boson exchange. Virtual
W� bosons do not contribute as their couplings to ψ� and
ψ0 are identical. This mass splitting is given by [98,99],

δm ¼ jMψ�j − jMψ0 j ¼ α

2
MZf

�M2
ψ�

M2
Z

�
ð25Þ

where fðrÞ is the loop function given as,

fðrÞ ¼ r
π

Z
1

0

dxð2 − xÞ ln
�
1þ x

r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − xÞ2

p �
:

where α is the electromagnetic coupling constant. This
mass splitting δm is shown as a function ofMψ� in Fig. 15.
With this mass splitting, ψ� can decay into the neutral
component ψ0 and a soft pion via an off-shell W
(ψ� → π�ψ0), which dominates over leptonic decay modes
involving l�ν instead of π� (ψ� → l�νψ0) [98]. The
possible decay channels of ψ� and the corresponding
decay widths are summarized in Appendix D. We see that,
unless the Yukawa coupling (yi ¼ y) is larger than
2 × 10−6, the decay mode ψ� → π�ψ0 always dominates
over other decay channels ψ� → W�NRi

as the latter is
suppressed by the singlet-doublet mixing. However larger
Yukawa coupling will not give the correct relic density as
the doublet would decay much earlier in that case and
would lead to underabundance. So, for the scale of Yukawa
coupling that gives correct relic (y ∼ 10−10), ψ� → π�ψ0 is
the dominant decay mode and its decay width is given by,

FIG. 15. Mass splitting between ψ� and ψ0 as a function
of Mψ� .

1LEP experiment currently excludes charged doublet mass
below 102.5 GeV [97].
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Γψ�→π�ψ0 ¼ G2
F

π
ðfπ cos θcÞ2δm3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
π�

δm2

s
; ð26Þ

where, GF ¼ 1.16 × 10−5 GeV−2 is the Fermi constant,
fπ ≈ 135 MeV is the pion form factor, θc is the Cabibbo
angle and mπ� ¼ 139.57 MeV is the charged pion mass.
We show the corresponding decay length cτψ� in the rest
frame of ψ� as a function of Mψ� in Fig. 16. The decay
length varies within 0.1–10 cm which gives rise to a
displaced vertex signature at colliders. The cyan colored
region is disallowed from ATLAS search for such long-
lived charged particles with a lifetime ranging from 10 ps to
10 ns [100]. As shown in Fig. 7, the doublet mass below
3 TeV cannot give rise to correct DM relic density. We
exclude these ψ� mass range as depicted by the magenta
colored region. Such displaced vertex signatures can be
probed as a signature of verifiability of the model at present
and future colliders.

X. CONCLUSION

We have studied a singlet-doublet fermion dark matter
model to explain the self-interacting nature of dark matter
and sub-eV masses of light neutrinos simultaneously. We
extended the SM with a vectorlike fermion doublet and
three right-handed neutrinos (RHNs), all odd under an
imposed Z2 symmetry. We assumed a negligible mixing
between the fermion singlet and fermion doublet in order to
keep the doublet long-lived. Moreover, the singlet RHNs
are much lighter than the doublet so that the lightest RHN
serves as a candidate of DM. Light scalar S (MS < MDM)

having sizeable Yukawa coupling (∼Oð0.1Þ with the DM
not only facilitates velocity-dependent DM self-interaction
that helps alleviating the small-scale anomalies of ΛCDM,
but also mixes with the SM Higgs providing a portal for
detecting such SIDM at terrestrial direct search laborato-
ries. We show that for a typical SIDM of mass 50 GeV
and a mediator mass 50 MeV, direct detection experiments
like XENON1T and CRESST-III already rule out scalar
portal mixing θSH > 10−7. Due to the large coupling of DM
with the mediator, the thermal relic of the dark matter is
negligibly small as DM annihilates efficiently into the light
mediator. However, due to the small mixing between the
singlet and doublet fermions, the thermal relic of long-lived
fermion doublet gets converted into singlet DM at late
epochs, typically before the BBN but after the thermal
freeze-out of SIDM. The doublet is required to be very
heavy in order to generate the correct DM relic density and
can be pair- produced at future collider experiments such as
HE-LHC and FCC-hh, the decay of which may give rise
to displace vertices. All annihilation channels being
p-wave suppressed, the model is also safe from bounds
by the indirect detection experiments even in presence of
Sommerfeld enhancement due to multiple mediator
exchanges. While the lightest RHN is the SIDM, three
copies of RHNs along with a Z2-odd scalar doublet can
lead to the generation of light neutrino mass at a one-loop
level. These Z2-odd particles, apart from their typical
contributions to charged lepton flavor violating signatures,
can also play an interesting role in DM relic evolution as
discussed in this work.
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APPENDIX A: INTERACTIONS FOR DM RELIC
CALCULATIONS

Gauge interaction of Ψ with SM is given by:

LΨ
int ¼ Ψ̄iγμ

�
−i

g
2
τ:Wμ − ig0

Y
2
Bμ

�
Ψ

¼
�

e
2 sin θW cos θW

�
ψ0γμZμψ

0

þ effiffiffi
2

p
sin θW

ðψ0γμWþ
μ ψ

− þ ψþγμW−
μ ψ

0Þ

− eψþγμAμψ
− −

�
e cos 2θW

2 sin θW cos θW

�
ψþγμZμψ

−:

ðA1Þ

FIG. 16. Decay length of ψ� in its rest frame as a function
of Mψ�
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where g ¼ e
sin θW

and g0 ¼ e
cos θW

, e being the electromagnetic
coupling constant and θW , the Weinberg angle.

APPENDIX B: DM SELF-INTERACTION CROSS
SECTIONS AT LOW ENERGY

In the Born limit (y021MDM=ð4πMSÞ ≪ 1),

σBornT ¼ y041
2πM2

DMv
4

�
ln

�
1þM2

DMv
2

M2
S

�
−

M2
DMv

2

M2
S þM2

DMv
2

�
ðB1Þ

Outside the Born regime (y021MDM=ð4πMSÞ ≥ 1), there are
two distinct regions viz, the classical regime and the
resonance regime. In the classical regime (y021MDM=
4πMS ≥ 1;MDMv=MS ≥ 1), the solutions for an attractive
potential is given by [20,101,102]:

σclassicalT ¼

8>>><
>>>:

4π
M2

S
β2 lnð1þ β−1Þ β ≤ 10−1

8π
M2

S
β2=ð1þ 1.5β1.65Þ 10−1 ≤ β ≤ 103

π
M2

S
ðln β þ 1 − 1

2
ln−1βÞ β ≥ 103

ðB2Þ

where β ¼ 2y21MNR
=ð4πMSÞv2.

Outside the classical regime, there lies the resonant
regime for (y021MDM=ð4πMSÞ ≥ 1;MDMv=MS ≤ 1), char-
acterized by the appearance of quantum mechanical reso-
nances and antiresonance in σT due to (quasi-)bound states
formation in the attractive potential. No analytical formula
for σT is available in this regime and the nonrelativistic
Schrodinger equation needs to be solved by partial wave
analysis. Instead, here we use the nonperturbative results
obtained by approximating the Yukawa potential to be a

Hulthen potential ðVðrÞ ¼ � y02
1

4π
δe−δr

1−e−δrÞ, which is given
by [20]:

σHulthenT ¼ 16πsin2δ0
M2

DMv
2

ðB3Þ

where l ¼ 0 phase shift δ0 is given in terms of the Γ
functions by:

δ0 ¼ arg

�
iΓ
�
iMDMv
kMS

�
=ΓðλþÞΓðλ−Þ

�

λ� ¼ 1þ iMDMv
2kMS

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αDMDM
kMS

− M2
DMv

2

4k2M2
S

r
ðB4Þ

and k ≈ 1.6 is a dimensionless number.

APPENDIX C: RELEVANT CROSS SECTIONS AND DECAY WIDTHS
FOR RELIC DENSITY CALCULATION

ΓðΨ → HNiÞ ¼
y2i

32πM3
Ψ
ððMΨ þMNi

Þ2 −M2
HÞðM4

Ψ þM4
Ni

þM4
H − 2M2

ΨM
2
Ni

− 2M2
Ni
M2

H − 2M2
ψM2

HÞ12 ðC1Þ

Γðη → NilÞ ≈
Y2
αi

32π
Mη

�
1 − 4

M2
Ni

M2
η

�
3=2

ðC2Þ

ΓðN2;3 → N1llÞ ≈
Y2
α1Y

2
α2;3

8π

ðΔM2;3Þ5
M4

η
ðwhere ΔM2;3 ¼ MN2;3

−MN1
Þ: ðC3Þ

σðNiNi → SSÞ ¼ y04i
192πsðs − 4M2

Ni
Þ ×
�
24sð4M4

Ni
þ 2M4

S þ sM2
Ni
ÞA

M4
S þM2

Ni
s − 4M2

SM
2
Ni

−
24ð8M2

Ni
− 4M2

S − s2 − ðs − 2M2
SÞ4M2

Ni
Þ

s − 2M2
S

Log

�
2M2

S þ sðA − 1Þ
2M2

S − sðAþ 1Þ
��

ðC4Þ

where A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs−4M2

SÞðs−4M2
Ni
Þ

s2

q
. Thermal averaged cross section for annihilation of A to B is given by: [72]

hσviAA→BB ¼ x
2½K2

1ðxÞ þ K2
2ðxÞ�

×
Z

∞

2

dzσðAA→BBÞðz2 − 4Þz2K1ðzxÞ ðC5Þ

where z ¼ ffiffiffi
s

p
=MA and x ¼ MA=T. Thermal averaged decay width of A decaying to BC is given by:
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hΓðA → BCÞi ¼ ΓðA → BCÞ
�
K1ðxÞ
K2ðxÞ

�
ðC6Þ

In Eqn. (C5) and (C6), K1 and K2 are the modified Bessel functions of 1st and 2nd kind respectively.

APPENDIX D: POSSIBLE DECAY MODES OF ψ�

The decay widths of possible decay modes of ψ� are [57,98],

Γψ�→π�ψ0 ¼ G2
F

π
ðfπ cos θcÞ2δm3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
π�

δm2

s
; ðD1Þ

Γψ�→ψ0l�ν ¼
G2

F

15π3
δm5

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2l

q
PðblÞ; ðD2Þ

Γψ�→π�NRi
≈ 2y2i v

2
G2

F

π
ðfπ cos θcÞ2ΔMi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
π�

ΔM2
i

s
; ðD3Þ

Γψ�→W�NRi
≈
αy2i v

2

32s2W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðM2

ψ� ;M2
NRi

;M2
WÞ

q ððMψ� þM2
NRi

þ 2M2
WÞððMψ� −MNRi

Þ2 −M2
WÞ

M3
ψ�M2

WðMψ0 −MNRi
Þ2 ðD4Þ

where, PðblÞ ¼ 1 − 9
2
b2l − 4b4l þ 15b4l

2
ffiffiffiffiffiffiffiffi
1−b2l

p tanh−1
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2l

q
, bl ¼ ml=δm, λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ab − 2ac − 2bc,

GF ¼ 1.16 × 10−5 GeV−2 is the Fermi constant, fπ ≈ 135 MeV is the pion form factor, α is electromagnetic
coupling constant, θc is the Cabibbo angle, v ¼ 246 GeV is the vacuum expectation value (vev), sW is the sin of
Weinberg angle, δm ¼ Mψ� −Mψ0 , ΔMi ¼ Mψ� −MNRi

, MW is the mass of W boson and mπ� ¼ 139.57 MeV is the
charged pion mass.

APPENDIX E: DETAILS OF CLFV DECAY μ → 3e

Brðμ → eēeÞ ¼ 3ð4πÞ2α2
8G2

F
M2Brðμ → eνμνeÞ ðE1Þ

where M2 is given as:

M2 ¼
�
jANDj2 þ jADj2

�
16

3
log

�
mμ

me

�
−
22

3

�
þ 1

6
jBj2 þ 1

3
ð2jFRRj2 þ jFRLj2Þ

þ
�
−2ANDA�

D þ 1

3
ANDB� −

2

3
ADB� þ H:c:

��
ðE2Þ

where AD is as given in Eq. (10), and AND is given by:

AND ¼
X3
k¼1

ðYÞ�keðYÞkμ
6ð4πÞ2

1

M2
ηþ
G2ðrkÞ; ðE3Þ

and

FRR ¼ FglR
g22 sin

2 θWM2
Z
; FRL ¼ FglL

g22 sin
2 θWM2

Z
; ðE4Þ

with the coefficient F given by
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F ¼
X3
k¼1

ðYÞ�keðYÞkμ
2ð4πÞ2

mμme

M2
ηþ

g2
cos θW

F2ðrkÞ: ðE5Þ

For the box diagrams, the co-efficient B is given by:

B ¼ 1

ð4πÞ2e2M2
ηþ

X3
j;k¼1

�
1

2
D1ðrj; rkÞðYÞ�keðYÞkeðYÞ�jeðYÞjμ þ

ffiffiffiffiffiffiffiffi
rjrk

p
D2ðrj; rkÞðYÞ�keðYÞ�keðYÞjeðYÞjμ

�
: ðE6Þ

The loop functions G2, F2, D1, D2 are given by:

F2ðxÞ ¼
1 − 6xþ 3x2 þ 2x3 − 6x2 log x

6ð1 − xÞ4 ; ðE7Þ

G2ðxÞ ¼
2 − 9xþ 18x2 − 11x3 þ 6x3 log x

6ð1 − xÞ4 ; ðE8Þ

D1ðx; yÞ ¼ −
1

ð1 − xÞð1 − yÞ −
x2 log x

ð1 − xÞ2ðx − yÞ −
y2 log y

ð1 − yÞ2ðy − xÞ ; ðE9Þ

D2ðx; yÞ ¼ −
1

ð1 − xÞð1 − yÞ −
x log x

ð1 − xÞ2ðx − yÞ −
y log y

ð1 − yÞ2ðy − xÞ : ðE10Þ

These loop functions do not have any poles. In the limit x; y → 1 and y → x, the functions become

F2ð1Þ ¼
1

12
; G2ð1Þ ¼

1

4
; D1ð1; 1Þ ¼ −

1

3
; D2ð1; 1Þ ¼

1

6
; ðE11Þ

D1ðx; xÞ ¼
−1þ x2 − 2x log x

ð1 − xÞ3 ; D1ðx; 1Þ ¼ D1ð1; xÞ ¼
−1þ 4x − 3x2 þ 2x2 log x

2ð1 − xÞ3 ; ðE12Þ

D2ðx; xÞ ¼
−2þ 2x − ð1þ xÞ log x

ð1 − xÞ3 ; D2ðx; 1Þ ¼ D2ð1; xÞ ¼
1 − x2 þ 2x log x

2ð1 − xÞ3 : ðE13Þ

APPENDIX F: DETAILS OF μ → e CONVERSION IN NUCLEI

CRðμ → e;NucleusÞ ¼ peEem3
μG2

Fα
3
emZ4

effF
2
p

8π2Z
K2

1

Γcapt
: ðF1Þ

where

K2 ¼ jðZ þ NÞðgð0ÞLV þ gð0ÞLSÞ þ ðZ − NÞðgð1ÞLV þ gð1ÞLSÞj2 þ jðZ þ NÞðgð0ÞRV þ gð0ÞRSÞ þ ðZ − NÞðgð1ÞRV þ gð1ÞRSÞj2 ðF2Þ

In the above, gð0ÞXK and gð1ÞXK (with X ¼ L, R and K ¼ S, V) are given by

gð0ÞXK ¼ 1

2

X
q¼u;d;s

ðgXKðqÞGðq;pÞ
K þ gXKðqÞG

ðq;nÞ
K Þ; gð1ÞXK ¼ 1

2

X
q¼u;d;s

ðgXKðqÞGðq;pÞ
K − gXKðqÞG

ðq;nÞ
K Þ: ðF3Þ

Neglecting the Higgs-penguin contributions due to the smallness of the involved Yukawa couplings. Therefore, the
corresponding couplings are

gLVðqÞ ¼ gγLVðqÞ þ gZLVðqÞ; gRVðqÞ ¼ gLVðqÞjL↔R; gLSðqÞ ≈ 0; gRSðqÞ ≈ 0: ðF4Þ
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The photon and Z-boson couplings can be computed from the Feynman diagrams which are given by:

gγLVðqÞ ¼
ffiffiffi
2

p

GF
e2QqðAND − ADÞ; gZRVðqÞ ¼ −

ffiffiffi
2

p

GF

gqL þ gqR
2

F
M2

Z
: ðF5Þ

And the tree-level Z-boson couplings to a pair of quarks are

gqL ¼ g2
cos θW

ðQqsin2θW − Tq
3Þ; gqR ¼ g2

cos θW
Qqsin2θW; ðF6Þ
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