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Abstract
We investigate the impact of the recent results concerning the fit to the global data on neutrino oscillations,
the direct detection experiments of the dark matter, and the Planck measurement for the relic density on
the parameter space relevant to the fermionic dark matter sector of the scotogenic model. In this sector,
the lightest new singlet fermion is adopted to be the dark matter candidate. We show that masses of dark

matter and new scalars smaller than or equal to 1 TeV satisfying the strongest constraints arise from |∆m2
31|

∆m2
21

,

µ → eγ, and direct detection constraints do not guarantee that Ωĥ2 lies in the 2σ range provided recently
by the Planck satellite measurements with ∆m2

ij = m2
i − m2

j . This result is valid for the case that the lightest
new singlet fermion N1 is the dark matter candidate and for the scenarios of normal and inverted ordering
of neutrino masses. Moreover, we find that if N1 is degenerate or nearly degenerate in mass with the next
lightest singlet fermion N2, the new contributions from coannihilation of N1 and N2 become relevant to
reduce the values of the Yukawa coupling needed for producing the relic density of dark matter within 2σ
range of its measured value while respecting the imposed constraints.
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1. INTRODUCTION
One of the important issues related to the structure of our Uni-
verse is the so-known Dark Matter (DM). It accounts for al-
most 27% of the matter in our universe. The combined anal-
ysis of the Planck satellite 2018 results [1] leads to a value
Ωĥ2 = 0.120 ± 0.001 where ĥ is the Hubble parameter and Ω
denotes the present DM density relative to its critical value.

The DM candidate has to be a stable particle in addition to
not having direct interactions with the strong and electroweak
forces. The stability of DM can be assured by the implemen-
tation of discrete or continuous symmetry. The DM candidate
must be nonrelativistic, i.e., cold. The other possibility that DM
can be hot is excluded by many observations.

The first hint for the presence of DM was remarked in the
thirties of the last century [2], and since then, many observa-
tions supported its existence. However, up to date, attempts to
observe a candidate for DM in many proposed experiments fail
to achieve this goal.

The fact that the standard model (SM) does not have a vi-
able candidate to play the role of DM motivated to extend the
SM through enlarging either the gauge group structure or the
matter content or both of them. One of the simple extensions of
the SM is the Scotogenic Model [3] which permits the genera-
tion of neutrino masses while providing a DM candidate that
can be any one of the new particles in the model. Thus, it can
be one of (η, Ni) where η is a new scalar doublet and N1,2,3 are
three singlet Majorana fermions [3]. The DM in the scotogenic
model and in many extended versions of the model has been
investigated in [4, 5, 6, 7, 8]. Moreover, prospects for searches
at Collider have been subjected to many studies as in [6, 9, 10].

The paper is organized as follows: in Section 2, we give
a brief review of the structure of the scotogenic model, neu-
trino mass generation in the model, fermionic DM sector of the

model, and relevant constraints on the parameter space of the
model. In Section 3, we present our analysis and results.

2. THE SCOTOGENIC MODEL
The scalar sector of the scotogenic model contains two scalar
doublets, namely, Φ and η with Φ representing the usual SM
Higgs doublet. The interactions of these scalars with the gauge
bosons and with each other can be derived from the following
Lagrangian:

L = (DµΦ)† DµΦ + (Dµη)† Dµη − V , (1)

where Dµ is the familiar covariant derivative constructed using
the SM gauge fields and the expression of the scalar potential V
can be found in [3]. After electroweak symmetry breaking, we
have Φ =

(
0 1√

2
(h + v)

)Tr and η =
(

H+ 1√
2
(S + iP)

)Tr, where

Tr stands for transpose, h is the physical Higgs boson, and v
is the vacuum expectation value (VEV) of Φ. Because of the Z2
symmetry, the VEV of η is zero. The masses of S , P , and H± are
then given by m2

S = m2
P + λ5v2 = µ2

2 +
1
2 (λ3 + λ4 + λ5)v

2 and
m2

H = µ2
2 + 1

2 λ3v2 [11]. We make the usual assumption that
λ5 is small, |λ5| ≪ |λ3 + λ4|, implying that mS ,P are nearly
degenerate, |m2

S − m2
P | = |λ5|v2 ≪ m2

S ≃ m2
P . The Lagrangian

describing the masses and interactions of Nk is given as

LN = −1
2

Mk Nc
k PR Nk

+ Yrk

[
ℓ̄r H− − 1√

2
ν̄r (S − iP)

]
PR Nk + H.c.,

(2)

where ℓ1,2,3 = e, µ, τ, Yrk and Mk stand for the Yukawa cou-
plings and masses of Nk, the superscript c refers to the charge
conjugation, the chirality operator is defined as PR = 1

2 (1+γ5),
and k, r = 1, 2, 3.

2.1. Neutrino Mass Generation
In the scotogenic model, neutrino masses are absent at the tree
level as a consequence of the Z2 symmetry imposed on the
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model. However, neutrino mass can be generated radiatively
at the one-loop level through S , P , and Nk that mediate inter-
nally the relevant loop diagrams. The mass eigenvalues mj can

be expressed as diag(m1, m2, m3) = U †MνU ∗ [3]:

Mν = Y diag (Λ1, Λ2, Λ3)YT,

Λk =
λ5v2

16π2 Mk

[
M2

k
m2

0 − M2
k
+

2M4
k ln

(
Mk/m0

)(
m2

0 − M2
k
)2

]
.

(3)

Here, m0 = 1
2 (mS + mP ), U is the familiar Pontecorvo-Maki-

Nakagawa-Sakata (PMNS) unitary matrix, and the expres-
sion of Λk corresponds to the adopted approximation m0 ≃
mS ≃ mP case. Regarding the matrix U , we adopt the PDG
parametrization [12] U = ũ diag(eiα1/2, eiα2/2, 1) with α1,2 ∈
[0, 2π] expressing the Majorana CP-violation phases. The ma-
trix ũ can be written in terms of a Dirac phase δ ∈ [0, 2π],
cmn = cos θmn ≥ 0, and smn = sin θmn ≥ 0. The explicit form
of ũ is given in equation (10) in [13]. In our calculations, we
consider the analytic expressions of Yℓrk given in [11] as

Ye1 =
−c12c13Y1

c12c23s13eiδ − s12s23
, Ye2 =

−s12c13Y2

s12c23s13eiδ + c12s23
,

Yµ1 =

(
c12s23s13eiδ + s12c23

)
Y1

c12c23s13eiδ − s12s23
, Yµ3 =

s23Y3
c23

, Yτk = Yk,

Ye3 =
s13Y3

c23c13eiδ , Yµ2 =

(
s12s23s13eiδ − c12c23

)
Y2

s12c23s13eiδ + c12s23
.

(4)

These solutions correspond to the neutrino mass eigenvalues
[11]:

m1 =
Λ1Y2

e1e−iα1

c2
12c2

13
, m2 =

Λ2Y2
e2e−iα2

s2
12c2

13
, m3 =

Λ3Y2
3

c2
13c2

23
. (5)

The masses m1,2,3 must be real and nonnegative. Consequently,
one obtains [11]

α1 = arg
(

Λ1Y2
e1

)
, α2 = arg

(
Λ2Y2

e2

)
, arg

(
Λ3Y2

3

)
= 0

(6)

in a consistency with the neutrino oscillation data.

2.2. Dark Matter
As a consequence of the Z2 symmetry in which only nonstan-
dard model particles are odd under this symmetry, the light-
est odd particle is stable and thus it becomes a dark mat-
ter candidate. In our investigation, we consider a scenario in
which the lightest Majorana singlet fermion, N1, is the dark
matter particle. The dominant contributions to the annihila-
tion cross-section σann originate from the tree-level processes
N1N̄1 → ℓ−i ℓ+j and N1N̄1 → νi ν̄j mediated by the exchange of
H± and (S ,P), respectively. The obtained annihilation cross-
section can be expanded in terms of the relative speed vrel
of the N1N̄1 pair in their center-of-mass frame as σannvrel =

a + bv2
rel + O(v4

rel). The relic density Ω can be expressed in

terms of a and b as [14]

Ωĥ2 =
1.07 × 109x f GeV−1

√
g∗mPl

[
a + 3(b − a/4)/x f

] ,

x f = ln
0.0764c(2 + c)

(
a + 6b/x f

)
M1mPl√g∗x f

,

(7)

where c ≃ 1/2, mPl = 1.22 × 1019 GeV is the Planck mass, g∗ is
the number of relativistic degrees of freedom below the freeze-
out temperature Tf = M1/x f , and ĥ denotes the Hubble pa-
rameter. The expressions of a and b can be found in [15].

In [16], it was pointed out that when the DM and the
new scalar particle are degenerate in mass, their coannihilation
processes become important for the DM relic density. Conse-
quently, in order to compensate for DM relic density, the dark
matter particle has to be heavier which in turn yields more
small BR(µ → eγ) and consequently strong constraints [17].
As a result, to avoid the stringent constraints on the parame-
ter space, we choose M1 < m0 to cancel the possibility of the
coannihilation of new scalar particles and DM. Besides, we con-
sider the case in which the lightest and next to lightest singlet
fermions N1 and N2 are degenerate in masses and play the role
of the DM. We refer to [5, 13, 16] for more discussions and de-
tails about this case.

2.3. Constraints
In our calculations, we consider the two known scenarios for
neutrino masses, namely, the normal ordering (NO) and the in-
verted ordering (IO) scenarios. Various measurements can be
used to obtain information on the values of some of the neu-
trino parameters. In our analysis, we use the results of the re-
cent fit to the global data on neutrino oscillations presented in
[18].

Concerning the cosmological limits on the sum of the neu-
trino masses, the tightest 2σ bound taking into account CMB
temperature, polarization, and lensing measurements from the
Planck satellite, BAO observations, H(z) information, and Su-
pernovae Ia data constraint ∑ mi < 0.12 eV, neutrinoless dou-
ble beta decay experiments can set constraints on the quantity
⟨m⟩ee defined as ⟨m⟩ee = m1U2

e1 + m2U2
e2 + m3U2

e3. The up-
per limit reads |⟨m⟩ee| < 0.06–0.2 eV at the 95% confidence
level [19]. Accordingly, in our analysis, we require the rele-
vant parameter space to satisfy the bound |⟨m⟩ee| < 0.06 eV.
Additionally, using the results of the recent fit to global data

on neutrino oscillations, we require 32.0 <
|∆m2

31|
∆m2

21
< 36.0 and

30.75 <
|∆m2

31|
∆m2

21
< 34.66 in the NO and IO scenarios, respec-

tively, based on the 90% CL ranges of the data on |∆m2
31| and

∆m2
21.
The Yukawa interactions can lead to lepton flavor violation

(LFV) processes as discussed in detail in [20]. The current ex-
perimental limits on an important class of LFV processes are
BR(µ → eγ) < 4.2 × 10−13 [21], BR(τ → eγ) < 3.3 × 10−8

[22], and BR(τ → µγ) < 4.4 × 10−8 [22]. The expressions of
the branching ratios can be found in [20]. The flavor-diagonal
counterpart of the previous FLV processes leads to a modifi-
cation of the anomalous magnetic moment aℓi

of the lepton ℓi
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given by [23]

∆aℓi
=

−m2
ℓi

16π2m2
H

∑
k
|Yik|2 F

(
M2

k /m2
H

)
. (8)

Among these, the anomalous magnetic moment aµ can lead to
stringent bounds on the scotogenic parameter space. Currently,
the difference between the SM and the experimental values of
aµ is given by aexp

µ − aSM
µ = (2.51 ± 0.59)× 10−9 [24].

For the DM candidate N1, the interactions with nucleons
appear at the one-loop level. As already discussed in [25],
the spin-independent cross-section resulted from the Higgs ex-
change. We follow [25, 26] and set the couplings λ3,4 = 0.01
to avoid the strong constraints from direct detection [27, 28].
Consequently, from the discussion about scalar masses above,
we find that mS ≃ mP ≃ mH± + 1

2 λ4v2 ≃ mH± + 350 GeV.
It should be noted that the strong constraints from the direct
detection were not studied before in [11, 15]. A closer look at
the given sets of the benchmark points listed in these refer-
ences reveals that these benchmark points do not respect the
strong constraints from the direct detection that require pick-
ing m0 ≃ mS ≃ mP ≃ mH± + 350. Additionally, in this
work we use the latest neutrino oscillation parameters deter-
mined from the global analysis given in [18]. This in turn leads
to different values of the Yukawa couplings listed in equa-
tion (4) except for the last line in the equation. As a result,
this change will affect the parameter space respecting the stud-
ied constraints and accordingly predictions of the model pre-
sented in [11, 15]. For instance, if we take one of the allowed
benchmark points in [11] {Y1, Y2, Y3, M1, M2, M3, mH±} ≡
{0.155, 0.380, 0.712, 20, 29, 85, 70} and using the latest global fit
for neutrino data in [18], one finds that it leads to the predic-
tion BR(µ → eγ) ≃ 2.05 × 10−6, which violates the experimen-
tal bound imposed on BR(µ → eγ). Finally, we will discuss, in
this work, the impact of considering the IO neutrino mass sce-
nario on the allowed parameter space by the set of the relevant
constraints discussed above. This investigation was not carried
out in [11, 15].

3. RESULTS AND DISCUSSIONS
We start our analysis by setting θ12,23,13 and δ to their central
values listed in the recent fit to the global data on neutrino oscil-
lations [18], and perform scanning over the related parameter
space of the model which include the masses of N1,2,3, mH , m0
and the parameters Y1,2,3 contributing to the Yukaw couplings.
Experimentally, constraints can be set on the masses of the new
scalars in the model using the data on W and Z widths and
the null results of direct searches for new particles at e+e−

colliders [29]. These constraints read mH± + mS ,P > mW± ,
mH± > 70 GeV, mS + mP > mZ. For light dark matter masses
M1 < 100 GeV, lepton flavor violation [30] and direct search
at LHC [31, 32] mostly exclude the parameter space. As a con-
sequence, we require all scalars to be above 100 GeV. Regard-
ing the new singlet fermion masses, the mass of N1 is not con-
strained by current collider data. On the other hand, the masses
of the fermions N2 and N3 have to be large to satisfy the current
lepton flavor violation. In the analysis below, we set the masses
of the new particles in GeV as M2 = M1 + 200, M3 = M1 + 250,
mH = M1 + 400, and m0 = M1 + 750. We start by discussing a
scenario in which the lightest particle N1 plays the role of DM.
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FIGURE 1: Left (Right) allowed regions in the M1-Y1 planes by
µ → eγ constraint in NO (IO) neutrino mass scenarios for Y2 =
0.01 and Y3 = 0.03.
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FIGURE 2: Left (right) plot: allowed regions in the M1-Y1 (M1-

Y2) planes by |∆m2
31|

∆m2
21

constraints in NO and IO neutrino mass

scenarios in magenta and orange colors, respectively. To obtain
the left (right) plot, we used Y2 = 0.5, Y3 = 0.9 (Y1 = 0.04,
Y3 = 0.12).

In Figure 1, we show our results for the allowed regions,
red color regions, in the M1-Y1 plane by applying the µ → eγ
constraint. We have checked and confirmed that the imposed
constraints on the parameter space from the processes τ → eγ
and τ → µγ are weak so that not only the red regions but nearly
most of the shown regions in the figures are allowed. In addi-
tion, we note from the figure that, in the NO neutrino mass
scenario, larger values of Y1 can be allowed by the µ → eγ con-
straint which are excluded in the IO scenario.

In Figure 2, we display our results for the allowed regions

in the M1-Y1 and M1-Y2 planes by |∆m2
31|

∆m2
21

constraints in NO and

IO neutrino mass scenarios represented by magenta and orange
colors, respectively. Regarding the allowed regions in the M1-
Y1 plane, we find that, from the left plot in the figure, it is pos-
sible to get large allowed values of Y1 in the NO neutrino mass
scenario compared to the allowed ones in IO scenario for each
value of M1. This finding is reversed if we consider the M1-Y2
plane as can be remarked from the right plot in the figure.

In Figure 3, we show our results for the allowed regions

in the M1-Y1 plane by µ → eγ, |∆m2
31|

∆m2
21

and Ωĥ2 constraints for

both NO and IO neutrino mass scenarios. Clearly from the fig-
ure, no region in the M1-Y1 plane satisfies the considered con-
straints simultaneously for the set of the other chosen param-
eters. One reason for this can be attributed to the large values
of Y1 required to satisfy the relic density Ωĥ2 constraint as can
be seen from the blue regions in the plots. It turns out that the
effect of having large values of Y1 coupling to satisfy the relic
density Ωĥ2 constraint can be achieved with small values of Y1
coupling if one considers a scenario in which N1 and N2 are
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FIGURE 3: Left (Right): allowed regions in the M1-Y1 plane by

µ → eγ, |∆m2
31|

∆m2
21

, and Ωĥ2 constraints in magenta, red, and blue

colors, respectively, corresponding to NO (IO) scenarios. For
the left plot, we set Y2 = 0.5 and Y3 = 0.8 while for the right
plot we used Y2 = 0.1 and Y3 = 0.2.
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FIGURE 4: Left (Right): allowed regions in the M1-Y1 plane by
Ωĥ2 constraints for N1 being DM candidate (N1 being degener-
ate with N2 in mass) where the regions in blue and red colors
correspond to the NO and IO neutrino mass scenarios, respec-
tively. For obtaining the right plot, we used also Y2 = 0.3.

degenerate or nearly degenerate in their masses where contri-
butions from coannihilation become relevant. This can be clear
from Figure 4 in which we provide the plots in the two cases
of DM: either only N1 or a degenerate N1 and N2 DM. In the
figure, the regions in blue and red colors correspond to the NO
and IO neutrino mass scenarios, respectively. It is clearly from
the figure that the mass degeneracy of N1 and N2 allows small
values of Y1 to satisfy the bounds from Ωĥ2 measurements.
This in turn leads to the possibility of finding a parameter space

that can satisfy the strongest bounds from µ → eγ, |∆m2
31|

∆m2
21

, Ωĥ2,

and the direct detection simultaneously as can be seen from the
intersection of all regions representing the constraints in Fig-
ure 5. This will have an impact on the set of benchmark points
obtained in [11, 15, 13] and on their corresponding predictions
which requires further extensive investigation that we leave to
a possible future study. It should be noted that the result in Fig-
ure 5 is just an example for illustration and one can vary the
parameters to obtain other regions.

CONFLICTS OF INTEREST
The authors declare that there are no conflicts of interest re-
garding the publication of this paper.

600 700 800 900 1000

0.38

0.40

0.42

0.44

0.46

0.48

M1

900 950 1000 1050 1100 1150 1200

0.30

0.32

0.34

0.36

0.38

0.40

M1

Y

FIGURE 5: Left (Right): allowed regions in the M1-Y1 plane by

µ → eγ, |∆m2
31|

∆m2
21
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