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The scotogenic model of neutrino mass is modified so that the dark Majorana fermion singlet S which
makes the neutrino massive is itself generated in one loop. This is accomplished by having Z6 lepton
symmetry softly broken to Z2 in the scalar sector by a unique quadratic term.

DOI: 10.1103/PhysRevD.106.095020

I. INTRODUCTION

The origin of neutrino mass [1] may be dark matter [2].
A one-loop radiative mechanism [3] is the possible con-
nection, known now widely as the scotogenic model. They
may also be indirectly related through lepton parity [4] or
lepton number [5]. There are many variants of this basic
idea. Here it is proposed that the dark-matter mass itself is
also radiative [6]. This scenario is very suitable for freeze-in
light dark matter through Higgs decay [7]. It arises as the
result of softly broken lepton symmetry and serves as a
comprehensive framework for understanding neutrinos and
dark matter as belonging in the same category of funda-
mental particles.
To implement this idea, a heavy right-handed neutrino N

is assumed, but it is prevented from coupling directly to the
left-handed neutrino ν by a symmetry. Nevertheless, both ν
andN couple to the dark fermion S. The imposed symmetry
is then softly broken so that S gets a radiative mass from N,
and ν pairs up with N in one loop through S. This scenario
is very suitable for the freeze-in mechanism [8] where the
dark matter interacts very weakly and slowly builds up its
relic abundance, from the decay of a massive particle, in
this case the Higgs boson of the Standard Model (SM),
before the latter itself goes out of thermal equilibrium. The
direct detection of dark matter in underground experiments

then becomes very difficult, which is consistent with the
mostly null results obtained so far.
It is well known that baryon number B and lepton

number L are automatically conserved in the standard
model (SM) of particle interactions in the case of massless
ν. The simplest way for it to become massive is to add a
singlet right-handed fermion NR, then they pair up through
the term N̄RðνLϕ0 − eLϕþÞ, whereΦ ¼ ðϕþ;ϕ0Þ is the SM
Higgs scalar doublet. This renders the neutrino a Dirac
mass from the vacuum expectation value hϕ0i ¼ v, and NR

is naturally assigned L ¼ 1. On the other hand, gauge
invariance also allows the NRNR Majorana mass term,
hence L naturally breaks to ð−1ÞL and a seesaw mass for νL
is obtained. In this paper, we assume L to be an input
symmetry of the Lagrangian, so that other choices of L for
NR are also possible [9]. In particular, a Z6 symmetry is
softly broken to Z2.

II. MODEL

Each family of the SM is extended to include a right-
handed fermion singlet NR and a left-handed fermion
singlet SL. The scalar sector consists of the SM Higgs
doublet Φ and a second doublet η ¼ ðηþ; η0Þ together with
a neutral singlet χ0. The discrete symmetry Z6 is imposed
on these fields as shown in Table 1, and is respected by all
dimension-four terms of the Lagrangian. It is softly broken
by the quadratic scalar mass term χ0χ0, resulting in a
radiative mass for SL, which then induces a radiative
Majorana mass for ν. A residual Z2 discrete symmetryD ¼
ð−1ÞLþ2j remains [4], where j is the intrinsic spin of the
particle in question.
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The resulting Higgs potential is given by

V ¼ m2
1Φ†Φþm2

2η
†ηþm2

3χ̄
0χ0 þ 1

2
m2

4χ
02 þ H:c:

þ 1

2
λ1ðΦ†ΦÞ2 þ 1

2
λ2ðη†ηÞ2 þ

1

2
λ3ðχ̄0χ0Þ2

þ λ12ðΦ†ΦÞðη†ηÞ þ λ13ðΦ†ΦÞðχ̄0χ0Þ
þ λ23ðη†ηÞðχ̄0χ0Þ þ μη†Φχ0 þ H:c: ð1Þ

Let hϕ0i ¼ v, then the mass of the Higgs boson H is given
by m2

H ¼ 2λ1v2. Note that the Z6 symmetry is respected by
all dimension-four terms, but is softly broken to Z2 by the
m2

4 term. Together with the following allowed Yukawa
terms,

L ⊃ fχ S̄LNRχ
0 þ fηðνLη0 − eLηþÞSL þ H:c:; ð2Þ

the lepton number L may be assigned as shown in Table 1.
However, since the NRNR Majorana mass term is allowed
by Z6, only lepton parity ð−1ÞL is strictly conserved, as is
dark parity D ¼ ð−1ÞLþ2j [4].

III. RADIATIVE DARK MATTER MASS

The fermion singlet NR has an allowed Majorana mass
mN under Z6, but SL is massless at tree level. However, the
breaking of Z6 through the soft quadratic scalar term χ0χ0

allows SL to acquire a radiative Majorana mass in one loop,
as shown in Fig. 1. The residual symmetry of this model is
then Z2, which may be understood as dark parity derived
from lepton parity [4], as shown in Table 1.
Let χ0 ¼ ðχR þ iχIÞ=

ffiffiffi
2

p
and η0 ¼ ðηR þ iηIÞ=

ffiffiffi
2

p
, then

the 2 × 2 mass-squared matrices spanning ðχR; ηRÞ and
ðχI; ηIÞ are given by

M2
R;I ¼

�
m2

3 þ λ13v2 �m2
4 μv

μv m2
2 þ λ12v2

�
: ð3Þ

This means that the radiative mS comes from the difference
in the contributions of M2

R and M2
I . Let ðψR1;ψR2Þ be the

mass eigenstates of M2
R with eigenvalues ðm2

R1; m
2
R2Þ:

ψR1 ¼ cRχR þ sRηR; ψR2 ¼ −sRχR þ cRηR; ð4Þ

and similarly for M2
I . Of the 6 parameters m2

R1; m
2
R2;

m2
I1; m

2
I2; sR; sI, only 4 are independent. In the limit that

m2
4 is very small, sI differs from sR by only a small amount,

say

sI ¼ sR þ δ; cI ¼ cR − δðsR=cRÞ; ð5Þ

then

m2
I1 ¼ m2

R1 − ðδ=sRÞðm2
R1 −m2

R2Þ;
m2

I2 ¼ m2
R2 − ðδsR=c2RÞðm2

R1 −m2
R2Þ: ð6Þ

Now the radiative mS mass is given by

mS ¼
fχmN

32π2
½c2RFðm2

R1; m
2
NÞ − c2IFðm2

I1; m
2
NÞ

þ s2RFðm2
R2; m

2
NÞ − s2IFðm2

I2; m
2
NÞ�fTχ ; ð7Þ

where Fða; bÞ ¼ a lnða=bÞ=ða − bÞ and fχ is the S̄LNRχ
0

coupling.

IV. RADIATIVE NEUTRINO MASS

Since SL gets a radiative mass, νL is now connected to
NR as shown in Fig. 2. Call this Dirac mass mD, then the
neutrino gets the usual seesaw Majorana mass m2

D=mN .
SincemS itself is suppressed bym−1

N from Fig. 1,mν gets
suppressed bym−3

N in this case. On the other hand, there is a
diagram for Majoranamν directly as shown in Fig. 3, which
is suppressed by only m−1

N .
The radiative neutrino mass mν is then generated from

mS in exact analogy to mS from mN , i.e.

TABLE I. Particle content of model with ω6 ¼ 1.

Fermion/scalar SUð2ÞL × Uð1ÞY Z6 L D

ðν; eÞL ð2;−1=2Þ ω 1 þ
NR (1, 0) ω3 1 þ
SL (1, 0) ω−2 0 −

ðϕþ;ϕ0Þ (2, 1/2) 1 0 þ
ðηþ; η0Þ (2, 1/2) ω −1 −
χ0 (1, 0) ω −1 −

FIG. 1. One-loop radiative Majorana mass for the dark
fermion S. FIG. 2. One-loop radiative Dirac mass linking νL to NR.
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mν ¼
fηmS

32π2
½s2RFðm2

R1; m
2
SÞ − s2IFðm2

I1; m
2
SÞ

þ c2RFðm2
R2; m

2
SÞ − c2IFðm2

I2; m
2
SÞ�fTη ;

¼ fη:Λ:fTη ð8Þ

where fη is the νLSLη0 coupling and Λ is the diagonal
matrix containing the loop functions. Just as mS is a
function of fχ , sL, δ, mR1, mR2, and mN , mν is a function
of fη, sL, δ, mR1, mR2, and mS. We explore below the
possible parameter space for the dark matter mass mS and
the neutrino mass mν.

V. THE VIABLE PARAMETER SPACE

For a general complexYukawafχ , themass eigenstates for
the S fermion with corresponding mass eigenvalues can be
determined from Eq. (7) by following the diagonalization
procedure of a complex symmetricmatrix. For simplicity, we
consider theYukawamatrix to be,fχ ¼ diagð1; 1; 1Þ, and the
lightest fermion denoted here as S1, is considered as the DM
candidate. Besides, the masses of S1;2;3 depend on the RH
neutrino masses, mN1;2;3

and the scalar masses mRi
, mIi , sR

and δ as seen in Fig. 4.We can see fromFig. 4 that themass of
the DM candidate S1 increases if the mass-splitting between

ψR andψ I increaseswhich in turn depends on the larger value
of mass parameter, m4 associated with the quadratic scalar
mass term that softly breaks the Z6 to Z2 resulting the
radiative mass for the Si.
Besides, the Yukawa matrix fη, introduced in Eq. (2),

can be written using the Casas-Ibarra parametrization [10]
in the following way,

fη ¼ UPMNS

ffiffiffiffi
m̂

p
R

ffiffiffiffiffiffiffiffi
Λ−1

p
ð9Þ

where, UPMNS is the PMNS matrix of the neutrino mixing,
m̂ ¼ diagðm1; m2; m3Þ is the neutrino masses and R is an
complex orthogonal matrix whose angles are taken to be
real in our case for simplicity. This expression is 3 × 3
matrix ðfηÞij, which corresponds to three flavors νi and
ðSLÞj. As a result, fη is a function of all neutrino masses
and mixing would lead to the charged lepton flavor
violation (LFV) in our model. We consider the constraints
on the following charged LFV processes: Brðμ→eγÞ<
4.2×10−13 [11], Brðτ→eγÞ<5.6×10−8 and Brðτ→μγÞ<
4.2×10−8 [12], Brðμ → 3eÞ < 10−12 [13], Brðτ → 3eÞ <
2.7 × 10−8 and Brðτ → 3μÞ < 2.1 × 10−8 [14], μ − e con-
version in Ti < 1.7 × 10−12 [15] and μ − e conversion in
Au < 7 × 10−13 [16] to determine the viable region of the
parameter space with our numerical analysis.

VI. PRODUCTION OF THE DARK FERMION SL

The dark fermions, SL can have effective interaction,
fhS̄Sh with the Higgs boson generated at one-loop shown
in Fig. 5, where the relevant Yukawa coupling, fh is
given by,

fh ¼
λ13v
32π2

fχmN ½c2RGðm2
R1; m

2
NÞ − c2IGðm2

I1; m
2
NÞ

þ s2RGðm2
R2; m

2
NÞ − s2IGðm2

R1; m
2
NÞ�fTχ ; ð10Þ

with Gða; bÞ ¼ 1=ða − bÞ − b lnða=bÞ=ða − bÞ2.
Based on this effective interaction between the Higgs

and the dark matter candidate S1, one can consider the
freeze-in mechanism [8,17] to achieve the correct relic
abundance of the DM with the following considerations,

FIG. 4. Correlation between the lightest RH neutrino mass,mN1

and the DM mass, mS1 for three fixed mass separations,
mR1 −mI1, sR and δ. Here, mN2

¼ mN1
þ 100 GeV and

mN3
¼ mN2

þ 200 GeV. Moreover, the mass parameters m2

and m3 are fixed at m2 ¼ m3 ¼ 1000 GeV, and the cubic term,
μ ¼ 500 GeV.

FIG. 3. Scotogenic Majorana mass for ν.

FIG. 5. One-loop diagram of the interaction among the Higgs
boson and the dark fermions, SL.
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(i) The reheating temperature has been set as TR ≪
mN1;2;3

; mR1;R2; mI1;I2; mηþ so that during the gradual
increase of the abundance of feebly interacting mas-
sive particle, S1 from an initially negligible value at
the early universe (i.e. at TR) through the decay and
scattering from the thermal bath particles, the abun-
dances of Ni, ψR and ψ I are already Boltzmann
suppressed as their presence in the thermal bathwould
led to excessive relic abundance of S1 via the
processes, controlled by the Yukawa couplings, fη
and fχ , noted below,

S̄1S1 ↔NiNj;ψRi
ψRj

;ψ Iiψ Ij ;ψRi
ψ Ij ;η

þη−;νν; lþl−.

ð11Þ
Therefore, TR is set at the TR ∼ Tc ¼ 159.5 GeV
[18], which is the Standard Model cross-over
temperature.

(ii) Now the relevant processes which contribute to the
freeze-in of the DM are the decay of the Higgs into
dark fermions, S1, and the scattering of the SM
fermions, f and gauge bosons, V via Higgs boson
at s-channel as follows,

h → S1S1; f̄f → S1S1; VV → S1S1 ð12Þ

Among these processes, the decay channel dominates
the DM production, because the other channels are
much more suppressed by the squared mass of Higgs.

We calculate the relic abundance following the forma-
lism presented in [19].1 We find out that for the DM mass

varying from 0.001 GeV to 1 GeV, the required value of the
fh coupling is 2 × 10−10 to 8 × 10−12, respectively, as seen
from Fig. 6 (left). Besides, we can see from Fig. 6 (right)
that for a fixed value of the DM mass or in other words for
fixed values of mN1

, mR1 −mI1, sR, and δ, one can adjust
the value of the scalar coupling λ13 to achieve the fh value
for the correct relic abundance. It is worth noting that the
radiative DM mass in our analysis is typically less than one
GeV, as shown in Fig. 4, and if the DM mass is of the order
of one GeV, then the S1 annihilation to electron positron or
the first family of quarks is possible. However, the cross
section of these processes is very suppressed (being
proportional to m2

f) and would result in an excessive relic
abundance. Therefore, we avoid the freeze-out scenario, in
which a S1 particle in thermal equilibrium would overclose
the universe.

VII. CONCLUSION

In this work, we address a modification of the scoto-
genic model of the neutrino mass where the mass of the
fermionic dark matter is radiatively generated at one-loop
along with the mass of the neutrino. We determine the
viable parameter space which satisfies the current limits
on the charged lepton flavor violating processes.
Afterwards, within that parameter space, we calculate
the relic abundance of the DM via freeze-in mechanism
involving the decay of the Higgs boson and the 2 → 2
scatterings of SM fermions and gauge bosons into DM
pairs. We find out that for the light DM in our model with
mass ranging from mS1 ¼ 0.001 GeV to mS1 ¼ 1 GeV,
the required effective coupling between the Higgs and the
DM generated at one-loop, fh has to be from fh ¼
2 × 10−10 to fh ¼ 8 × 10−12, respectively to obtain the
correct relic abundance. So we can see that the increasing
value of the DM mass requires smaller value of fh.

FIG. 6. Left: DM relic abundance with respect to the effective Higgs-DM coupling, fh for different DM masses via the freeze-in
mechanism. The horizontal black line represent the observed DM relic abundance, Ωh2 ¼ 0.12� 0.001 (68% Confidence Level) [20].
Right: correlation between the couplings, λ13 and fh for fixed DM mass, mN1

, mR1 −mI1, sR, and δ.

1Micromega can do freeze-in analysis in principle; however,
we used the mathematical formalism of the micromegas in
Mathematica and for some specific channels involving Higgs
because we were taking reheating temperatures much lower than
NR to calculate our freeze-in relic density.
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Furthermore, we observe that such loop suppressed small
value of the effective coupling fh can be achieved for the
DM mass range, mS1 ¼ 0.001 – 1 GeV by adjusting the
scalar quartic coupling, λ13 which turns out be relatively
larger than the fh, and within the range, Oð10−8 – 10−6Þ.
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