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We examine dark matter, neutrino magnetic moment, and mass in a Type-III radiative scenario.
The Standard Model is enriched with three vectorlike fermion triplets and two inert doublets to provide a
suitable platform for the above phenomenological aspects. The inert scalars contribute to the total relic
density of dark matter in the Universe. Neutrino aspects are realized at one loop with the magnetic moment
obtained through charged scalars, while the neutrino mass gets contributions from charged and neutral
scalars. Taking inert scalars up to 2 TeV and triplet fermions in the few hundred TeV range, we obtain a
common parameter space, compatible with experimental limits associated with both neutrino and dark
matter sectors. Using a specific region for the transition magnetic moment [Oð10−11μBÞ], we explain the
excess recoil events, reported by the XENON1T Collaboration. Finally, we demonstrate that the model is
able to provide neutrino magnetic moments in a wide range from 10−12μB to 10−10μB, meeting the bounds
of various experiments such as Super-K, TEXONO, Borexino, and XENONnT.
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I. INTRODUCTION

The fascinating description of elementary particle phys-
ics is elegantly portrayed by the Standard Model (SM)
in the low-energy regime. The locally gauge-invariant
Lagrangian is able to describe how the interactions proceed
at the most fundamental level. This gauge theory has
provided a pathway to understand the behavior of nature
at a very tiny length scale and serves as a theoretical torch
for exploring several unknown things beyond, a never-
ending tale of theorists and experimentalists to unravel
the mysteries of the Universe. A small chunk of puzzles
include neutrino masses and mixing [1–10], the nature and
identity of dark matter (DM) [11–14], matter-antimatter
asymmetry [15–18], and the recently observed anomalies in
the flavor sector [19].
Several neutrino experiments have unambiguously

proved that oscillation of neutrino flavor occurs during
propagation, and that neutrinos possess small but nonzero
masses. With this extra degree of freedom, many new
possibilities are opened up, and one such possibility among
them is that neutrinos can possess electromagnetic

properties like electric and magnetic dipole moments.
Solar, accelerator, and reactor experiments help us in the
direct measurement of magnetic moments and eventually
put limits on them. One possible mode of measurement
involves the study of neutrino/antineutrino electron scatter-
ing at low-energy limits. In minimally extended SM,
one can have a neutrino magnetic moment (νMM) of the
order 10−19 μB for Dirac-type neutrinos. However, these
values are beyond the sensitivity reach of any experimental
measurement. On the other hand, for Majorana-type
neutrinos, one can have a very high transition magnetic
moment, fitting the experimental observations. That is why
the study of νMM becomes important for the distinction of
Dirac and Majorana types of neutrinos.
In the recent past, the XENON Collaboration performed

a search for new physics with its 1 ton detector and reported
an excess of events over the known backgrounds in the
recoil energy range 1–7 keV, peaked around 2.5 keV [20].
It turns out that such excess can be explained with a large
transition magnetic moment of neutrinos. With new data
from its successor XENONnT [21], no visibly bold excess
events were seen in the low-energy region, creating an
anomalous situation between these two experiments. The
collaboration is suspecting this excess in XENON1T was
due to uncounted tritium, whose presence or absence they
cannot corroborate. In this scenario, we cannot completely
ignore the possible implication of new physics effects at
XENON1T, and that is why it is very interesting to explore
such possibilities. Several works explaining this excess
and neutrino electromagnetic properties can be found in the
literature [22–31].
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Zwicky made a proposal in 1933 for the existence of
dark matter through observations of spiral galaxy rotation
curves; however, the physics of this mysterious particle is
still unsettled. The freeze-out scenario has been the one that
has fascinated theoretical physicists, a paradigm that is able
to provide proper relic density as per the Planck satellite
by a weakly interacting massive particle (WIMP). Now, we
raise the question of whether a dark matter particle running
in the loop and forming an electromagnetic vertex can
provide a neutrino magnetic moment. With this viewpoint,
we provide a simple model that can accommodate a non-
zero magnetic moment for the neutrino and also discuss
dark matter phenomenology in a correlative manner.
We check the sensitivity of νMM with XENONnT [21],
Borexino [32], TEXONO [33], Super-K [34], and white
dwarfs [35] and also explain the excess in electron recoil
events reported at XENON1T [20].
The paper is organized as follows: In Sec. II, we describe

the model along with the particle content and interaction
terms to address the neutrino magnetic moment, neutrino
mass, and dark matter. The mass spectrum of the scalar
sector due to mixing is also discussed in this section.
Section III focuses on the neutrino magnetic moment and
neutrino masses at one loop. Section IV describes the dark
matter relic density and its detection prospects. Section V
provides a detailed analysis, showing common parameter
spaces to obtain observables related to the aspects of
neutrino and dark matter sectors. We also emphasize more
specific constraints on Yukawa couplings from current
neutrino oscillation data. Section VI gives the signature of
the magnetic moment in the light of electron recoil event
excess at XENON1T and also the overall obtained range of
the magnetic moment in the concerned model. Finally,
concluding remarks are provided in Sec. VII.

II. MODEL DESCRIPTION

To address the neutrino mass, magnetic moment, and
dark matter in a common platform, we extend the SM
framework with three vectorlike fermion triplets Σk, with
k ¼ 1, 2, 3, and two inert scalar doublets ηj, with j ¼ 1, 2.
We impose an additional Z2 symmetry to realize neutrino
phenomenology at one loop and also for the stability of the
dark matter candidate. The particle contents along with
their charges are displayed in Table I.

The SUð2ÞL triplet ΣL;R ¼ ðΣ1;Σ2;Σ3ÞTL;R can be
expressed in the fundamental representation as

ΣL;R ¼ σaΣa
L;Rffiffiffi
2

p ¼
 
Σ0
L;R=

ffiffiffi
2

p
Σþ
L;R

Σ−
L;R −Σ0

L;R=
ffiffiffi
2

p
!
: ð1Þ

Here, σa’s represent Pauli matrices, and Σ0
L;R ¼ Σ3

L;R,

Σ�
L;R ¼ ðΣ1

L;R ∓ Σ2
L;RÞ=

ffiffiffi
2

p
. The Lagrangian terms of the

model are given by

LΣ ¼ y0αklαLΣkRη̃j þ yαklc
αLiσ2ΣkLηj þ

i
2
Tr
�
Σ̄γμDμΣ

�

−
1

2
Tr
�
Σ̄MΣΣ

�þ H:c: ð2Þ

In the above, Σþ;0 ¼ Σþ;0
L þ Σþ;0

R and Σ ¼ ðΣ1;Σ2;Σ3ÞT .
The covariant derivative for Σ is given by

DμΣ ¼ ∂μΣþ ig

"X3
a¼1

σa

2
Wa

μ;Σ

#
: ð3Þ

The Lagrangian for the scalar sector takes the form

Lscalar ¼
����
�
∂μ þ

i
2
gσaWa

μ þ
i
2
g0Bμ

�
η1

����
2

þ
����
�
∂μ þ

i
2
gσaWa

μ þ
i
2
g0Bμ

�
η2

����
2

− VðH; η1; η2Þ; ð4Þ

where the inert doublets are denoted by ηj ¼
�
ηþj
η0j

	
, with

η0j ¼
ηRj þiηIjffiffi

2
p , and the scalar potential is expressed as [36,37]

VðH; η1; η2Þ ¼ μ2HH
†H þ μ21η

†
1η1 þ μ22η

†
2η2 þ μ212ðη†1η2 þ H:c:Þ þ λHðH†HÞ2 þ λ1ðη†1η1Þ2

þ λ2ðη†2η2Þ2 þ λ12ðη†1η1Þðη†2η2Þ þ λ012ðη†1η2Þðη†2η1Þ þ
λ0012
2

�ðη†1η2Þ2 þ H:c:
�

þ
X
j¼1;2

�
λHjðH†HÞðη†jηjÞ þ λ0HjðH†ηjÞðη†jHÞ þ λ00Hj

2

�ðH†ηjÞ2 þ H:c:
��

: ð5Þ

TABLE I. Fields and their charges in the present model.

Field SUð3ÞC × SUð2ÞL ×Uð1ÞY Z2

Leptons lL ¼ ðν; eÞTL ð1; 2;−1=2Þ þ
eR ð1; 1;−1Þ þ

ΣkðL;RÞ ð1; 3; 0Þ −

Scalars H ð1; 2; 1=2Þ þ
ηj ð1; 2; 1=2Þ −

SINGIRALA, SINGHA, and MOHANTA PHYS. REV. D 108, 095048 (2023)

095048-2



A. Copositive criteria

The above potential has a stable vacuum if [36]

λH; λ1; λ2 > 0;

λH1 þ λ0H1 þ 2
ffiffiffiffiffiffiffiffiffiffi
λHλ1

p
> 0;

λH2 þ λ0H2 þ 2
ffiffiffiffiffiffiffiffiffiffi
λHλ2

p
> 0;

λ12 þ λ012 þ 2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
> 0;

jλ00H1j; jλ00H2j; jλ0012j < jλHj; jλ1j; jλ2j; jλH1j; jλ0H1j; jλH2j; jλ0H2j; jλ12j; jλ012j: ð6Þ

B. Mass spectrum

The mass matrices of the charged and neural scalar
components are given by

M2
C ¼

�ΛC1 μ12

μ12 ΛC2

�
; M2

R ¼
�ΛR1 μ12

μ12 ΛR2

�
;

M2
I ¼

�ΛI1 μ12

μ12 ΛI2

�
: ð7Þ

Here,

ΛCj ¼ μ2j þ
λHj

2
v2;

ΛRj ¼ μ2j þ


λHj þ λ0Hj þ λ00Hj

� v2
2
;

ΛIj ¼ μ2j þ


λHj þ λ0Hj − λ00Hj

� v2
2
: ð8Þ

One can diagonalize the above mass matrices using
Uθ ¼



cos θ
− sin θ

sin θ
cos θ

�
as

UT
θC
M2

CUθC ¼ diagðM2
C1;M

2
C2Þ with θC ¼ tan−1

�
2μ212

ΛC2 − ΛC1



;

UT
θR
M2

RUθR ¼ diagðM2
R1;M

2
R2Þ with θR ¼ tan−1

�
2μ212

ΛR2 − ΛR1



;

UT
θI
M2

IUθI ¼ diagðM2
I1;M

2
I2Þ with θI ¼ tan−1

�
2μ212

ΛI2 − ΛI1



: ð9Þ

The flavor and mass eigenstates can be related as

�
ηþ1
ηþ2

�
¼ UθC

�
ϕþ
1

ϕþ
2

�
;

�
ηR1
ηR2

�
¼ UθR

�
ϕR
1

ϕR
2

�
;

�
ηI1
ηI2

�
¼ UθI

�
ϕI
1

ϕI
2

�
: ð10Þ

The invisible decays of Z and W� at LEP limit the masses
of inert scalars as [38,39]

MCi > MZ=2; MRi þMIi > MZ; MCi þMRi;Ii > MW:

ð11Þ

Moving on to the fermion sector, electroweak radiative
corrections provide a mass splitting of 166 MeV [40]
between the charged and neutral components of the triplet.
We work in the high-scale regime; this small splitting does
not affect the phenomenology.

III. NEUTRINO PHENOMENOLOGY

A. Neutrino magnetic moment

Though the neutrino is electrically neutral, it can have
electromagnetic interaction at loop level, as shown in Fig. 1,
where ψðpÞ and ψðp0Þ denote the incoming and outgoing
neutrino states. The effective interaction Lagrangian takes
the form [41]

FIG. 1. Effective electromagnetic vertex, where q ¼ p − p0.
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LEM ¼ ψ̄ΓμψAμ: ð12Þ

In the above, the electromagnetic vertex function varies with
the type of neutrino—i.e., Dirac or Majorana. In the case of a
Dirac neutrino, Γμ takes the form

Γμðp; p0Þ ¼ fQðq2Þγμ þ ifMðq2Þσμνqν þ fEðq2Þσμνqνγ5
þ fAðq2Þðq2γμ − qμ=qÞγ5; ð13Þ

where fQðq2Þ, fMðq2Þ, fEðq2Þ, and fAðq2Þ represent the
form factors of the charge, magnetic dipole, electric dipole,
and anapole, respectively.
In the nonrelativisitic regime, fQð0Þ ¼ Q stands for the

charge, fMð0Þ ¼ μ represents the magnetic dipole moment,
fEð0Þ denotes the electric dipole moment, and fAð0Þ stands
for the Zeldovich anapole moment of the particle. All four
form factors remain finite in a Dirac-type neutrino. For the
Majorana case, using the property of charge conjugation
ψc ¼ Cψ̄T , we get

ψ̄Γμψ ¼ ψcΓμψ
c ¼ ψCΓT

μC−1ψ : ð14Þ

Since CγTμC−1 ¼ −γμ, Cðγμγ5ÞTC−1 ¼ γμγ5, CσTμνC−1 ¼
−σμν, and Cðσμνγ5ÞTC−1 ¼ −σμνγ5, we obtain

Γμðp; p0Þ ¼ −fQðq2Þγμ − ifMðq2Þσμνqν − fEðq2Þσμνqνγ5
þ fAðq2Þðq2γμ − qμ=qÞγ5; ð15Þ

which results in fQðq2Þ ¼ fMðq2Þ ¼ fEðq2Þ ¼ 0 for a
Majorana neutrino. However, if the electromagnetic current
is between two different neutrino flavors in the initial and

final states—i.e., ψ iΓμψ jAμ with i ≠ j—Majorana neutri-
nos can have nonzero transition dipole moments.
In the present model, the magnetic moment arises from

the one-loop diagram shown in Fig. 2, and the expression of
corresponding contribution takes the form [42]

ðμνÞαβ¼
X3
k¼1

ðY2Þαβ
8π2

MΣþ
k

"
ð1þsin2θCÞ

1

M2
C2

 
ln

�
M2

C2

M2
Σþ
k



−1

!

þð1−sin2θCÞ
1

M2
C1

 
ln

�
M2

C1

M2
Σþ
k



−1

!#
; ð16Þ

where y ¼ y0 ¼ Y and ðY2Þαβ ¼ YαkYT
kβ.

B. Neutrino mass

In the present model, contribution to neutrino mass can
arise at one loop from two diagrams—one with charged
scalars and fermion triplets in the loop, while the other has
neutral scalars and fermion triplets. The relevant diagrams
are provided in Fig. 3, and the corresponding contribution
takes the form [43–45]

ðMνÞαβ ¼
X3
k¼1

ðY2Þαβ
32π2

MΣþ
k

"
ð1þ sin 2θCÞ

M2
C2

M2
Σþ
k
−M2

C2
ln

 
M2

Σþ
k

M2
C2

!
þ ð1 − sin 2θCÞ

M2
C1

M2
Σþ
k
−M2

C1
ln

 
M2

Σþ
k

M2
C1

!#

þ
X3
k¼1

ðY2Þαβ
32π2

MΣ0
k

"
ð1þ sin 2θRÞ

M2
R2

M2
Σ0
k
−M2

R2
ln

 
M2

Σ0
k

M2
R2

!
þ ð1 − sin 2θRÞ

M2
R1

M2
Σ0
k
−M2

R1
ln

 
M2

Σ0
k

M2
R1

!#

−
X3
k¼1

ðY2Þαβ
32π2

MΣ0
k

"
ð1þ sin 2θIÞ

M2
I2

M2
Σ0
k
−M2

I2
ln

 
M2

Σ0
k

M2
I2

!
þ ð1 − sin 2θIÞ

M2
I1

M2
Σ0
k
−M2

I1
ln

 
M2

Σ0
k

M2
I1

!#
: ð17Þ

IV. DARK MATTER PHENOMENOLOGY

A. Relic density

The model provides scalar dark matter candidates, and
we study their phenomenology for dark matter masses up to
the 2 TeV range. All the inert scalar components contribute
to the dark matter density of the Universe through anni-
hilations and coannihilations. With the mediation of scalar

FIG. 2. One-loop Feynman diagram for transition magnetic
moment.

FIG. 3. One-loop diagram that generates light neutrino mass.
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Higgs, ϕR
i ϕ

R
j can annihilate to ff,WþW−, ZZ, hh, and via

the Z boson, ϕR
i ϕ

I
j can coannihilate to ff̄,W

þW−, and Zh.
The charged and neutral components can coannihilate to
f0f00, AW�, ZW�, and hW� through W�. Here, f0 ¼
u; c; t; νe; νμ; ντ, and f00 ¼ d; s; b; e; μ; τ [46–48]. The
abundance of dark matter can be computed by

Ωh2 ¼ 1.07 × 109 GeV−1

MPlg�1=2
1

JðxfÞ
; ð18Þ

whereMPl ¼ 1.22 × 1019 GeV and g� ¼ 106.75 denote the
Planck mass and the total number of effective relativistic
degrees of freedom, respectively. The function J is

JðxfÞ ¼
Z

∞

xf

hσviðxÞ
x2

dx: ð19Þ

In the above, the thermally averaged cross section hσvi
reads as

hσviðxÞ ¼ x
8M5

DMK
2
2ðxÞ

Z
∞

4M2
DM

σ̂ × ðs − 4M2
DMÞ

ffiffiffi
s

p
K1

×

�
x
ffiffiffi
s

p
MDM

�
ds: ð20Þ

Here K1, K2 are the modified Bessel functions,
x ¼ MDM=T, where T is the temperature, MDM is the dark
matter mass, σ̂ is the dark matter cross section, and xf
stands for the freeze-out parameter.

B. Direct searches

Moving to direct searches, the scalar dark matter can
scatter off the nucleus via the Higgs and the Z boson. Mass
splitting between real and imaginary components above
100 KeV can forbid gauge kinematics [48]. Thus, the
DM-nucleon cross section in the Higgs portal can provide a
spin-independent (SI) cross section, whose sensitivity can
be checked with a stringent upper bound of the LZ-ZEPLIN
experiment. The effective interaction Lagrangian in the
Higgs portal takes the form

Leff ¼ aqϕR
1ϕ

R
1qq̄; where

aq ¼
Mq

2M2
hMR1



λL1 cos2 θR þ λL2 sin2 θR

�
with

λLj ¼ λHj þ λ0Hj þ λ00Hj: ð21Þ

The corresponding cross section is given by [46–48]

σSI ¼
1

4π

�
MnMR1

MnþMR1

�
2
�
λL1 cos2 θRþ λL2 sin2 θR

2MR1M2
h

�
2

f2M2
n;

ð22Þ

where Mn denotes the nucleon mass, and the nucleonic
matrix element f ∼ 0.3 [49].We have implemented the model
in the LanHEP [50] package and used micrOMEGAs [51–53]
to compute relic density and also the DM-nucleon cross
section. The detailed analysis of neutrino and dark matter
observables and their viability through a common param-
eter space will be discussed in the upcoming section.

V. ANALYSIS

In the present framework, we consider ϕR
1 to be the

lightest inert scalar eigenstate, and there are five other
heavier scalars. To make the analysis simpler, we consider
the mass parameters related to the scalar masses as follows:
one parameter MR1 corresponding to the mass of ϕR

1 , and
three mass splittings—namely δ, δIR, and δCR. The masses
of the rest of the inert scalars can be derived using the
following relations:

MR2 −MR1 ¼ MI2 −MI1 ¼ MC2 −MC1 ¼ δ;

MRi −MIi ¼ δIR; MRi −MCi ¼ δCR; ð23Þ

where i ¼ 1, 2. In the above setup, the scalar mixing angles
can be related as follows:

sin 2θI ¼ sin 2θR

�
2MR1 þ δ

2MR1 þ 2δIR þ δ

�
; ð24Þ

sin 2θC ¼ sin 2θR

�
2MR1 þ δ

2MR1 þ 2δCR þ δ

�
: ð25Þ

We have performed the scan over model parameters as
given below in order to obtain the region, consistent with
experimental bounds associated with both dark matter and
neutrino sectors:

100 GeV ≤ MR1 ≤ 2000 GeV; 0 ≤ sin θR ≤ 1;

0.1 GeV ≤ δ < 200 GeV;

0.1 GeV ≤ δIR; δCR ≤ 20 GeV: ð26Þ

We filter out the parameter space by providing the Planck
constraint on relic density [54] in 3σ and then compute the
DM-nucleon SI cross section for the available parameter
space. We project the cross section as a function of MR1 in
the left panel of Fig. 4 with cyan data points, where the
dashed brown line corresponds to the LZ-ZEPLIN upper
limit [55]. Choosing a set of values for the Yukawa and
fermion triplet mass, with the obtained parameter space,
one can satisfy the discussed aspects of neutrino phenom-
enology. The blue, green, and red data points correspond-
ing to 25, 80, and 420 TeVof the triplet mass and suitable
Yukawa satisfy the neutrino magnetic moment and light
neutrino mass in the desired range simultaneously, as
projected in the right panel. We notice that a wide region
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of dark matter mass is favored as we move towards high
scale (triplet mass), and moreover, the favorable region
shifts toward larger values with scale. The suitable region
of the Yukawa and fermion triplet mass is depicted in the
left panel of Fig. 5, with the allowed range for scalar mass
splittings displayed in the right panel. Here, the light-
colored band corresponds to δIR, and the dark-colored
band stands for δCR. Using two specific benchmark values
(shown in Tables II and III) which are favorable to explain

both the neutrino and dark matter aspects discussed so far,
we project the relic abundance of scalar dark matter
in Fig. 6.

A. Constraints from neutrino oscillation
parameters

More specific constraints on the Yukawa couplings can
be obtained from the neutrino oscillation parameters. For
this purpose, we consider the neutrino mixing matrix as the

FIG. 4. Left panel projects the SIWIMP-nucleon cross section as a functionMR1, with the dashed brown line showing the LZ-ZEPLIN
upper limit [55]. Cyan data points satisfy the Planck limit [54] on relic abundance in 3σ. Blue, green, and red data points satisfy neutrino
mass and magnetic moment for a specific set of values for a fermion triplet and Yukawa, visible in the right panel.

FIG. 5. Left panel displays the suitable region for the triplet mass and Yukawa to explain neutrino phenomenology. Right panel shows
the allowed region for scalar mass splittings; thick (thin) bands correspond to δIR ðδCRÞ.

TABLE II. Set of benchmarks from the consistent parameter space.

MR1 [GeV] δ [GeV] δCR [GeV] δIR [GeV] MΣ [TeV] Yukawa sin θR

Benchmark 1 1472 101.69 9.03 0.35 420 10−4.89 0.09
Benchmark 2 628 36.40 4.38 3.45 80 10−4.85 0.06

TABLE III. Neutrino and dark matter observables for the given benchmarks.

jμνj [μB] Mν [GeV] Log½σSI�10 cm−2 Ωh2

Benchmark 1 2.73 × 10−11 1.99 × 10−10 −47.78 0.123
Benchmark 2 3.03 × 10−11 1.92 × 10−10 −47.04 0.119
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product of a tri-bimaximal (TBM) matrix with a rotation
matrix U13, given by

Uν ¼ UTBM ·U13 ¼

0
B@

cosΘ sinΘ 0

− sinΘffiffi
2

p cosΘffiffi
2

p 1ffiffi
2

p

sinΘffiffi
2

p − cosΘffiffi
2

p 1ffiffi
2

p

1
CA

·

0
@

cosφ 0 e−iζ sinφ

0 1 0

−eiζ sinφ 0 cosφ

1
A: ð27Þ

From Eqs. (16) and (17), the matrices associated with
neutrino magnetic moment and mass can be written in a
compact form as

μν ¼ Y · diagðΛ1;Λ2;Λ3Þ · YT;

Mν ¼ Y · diagðΛ0
1;Λ0

2;Λ0
3Þ · YT; ð28Þ

where

Λk ¼
1

8π2
MΣþ

k

"
ð1þ sin 2θCÞ

1

M2
C2

 
ln

"
M2

C2

M2
Σþ
k

#
− 1

!
þ ð1 − sin 2θCÞ

1

M2
C1

 
ln

"
M2

C1

M2
Σþ
k

#
− 1

!#
;

Λ0
k ¼

1

32π2
MΣþ

k

 "
ð1þ sin 2θCÞ

M2
C2

M2
Σþ
k
−M2

C2
ln

 
M2

Σþ
k

M2
C2

!
þ ð1 − sin 2θCÞ

M2
C1

M2
Σþ
k
−M2

C1
ln

 
M2

Σþ
k

M2
C1

!#

þ
"
ð1þ sin 2θRÞ

M2
R2

M2
Σ0
k
−M2

R2
ln

 
M2

Σ0
k

M2
R2

!
þ ð1 − sin 2θRÞ

M2
R1

M2
Σ0
k
−M2

R1
ln

 
M2

Σ0
k

M2
R1

!#

−

"
ð1þ sin 2θIÞ

M2
I2

M2
Σ0
k
−M2

I2
ln

 
M2

Σ0
k

M2
I2

!
þ ð1 − sin 2θIÞ

M2
I1

M2
Σ0
k
−M2

I1
ln

 
M2

Σ0
k

M2
I1

!#!
; ð29Þ

and

Y ¼

0
B@

Ye1 Ye2 Ye3

Yμ1 Yμ2 Yμ3

Yτ1 Yτ2 Yτ3

1
CA: ð30Þ

Diagonalizing the matrices in Eq. (28) using Uν, we obtain three unique solutions where the Yukawa couplings
corresponding to different flavors become linearly dependent. The relations take the form

Ye1 ¼
� ffiffiffi

2
p

cosΘ cosφ
sinΘ cosφ − e−iζ sinφ

�
Yτ1; Ye2 ¼ −

ffiffiffi
2

p
sinΘ

cosΘ
Yτ2; Ye3 ¼

� ffiffiffi
2

p
cosΘ sinφ

sinΘ sinφþ e−iζ cosφ

�
Yτ3;

Yμ1 ¼
�
e−iζ sinφþ sinΘ cosφ
e−iζ sinφ − sinΘ cosφ

�
Yτ1; Yμ2 ¼ −Yτ2; Yμ3 ¼

�
e−iζ cosφ − sinΘ sinφ
e−iζ cosφþ sinΘ sinφ

�
Yτ3: ð31Þ

Thus, the obtained diagonalized matrices associated with neutrino magnetic moment and mass in the basis of active
neutrinos are [56–58]

FIG. 6. Relic density as a function of dark matter mass for the
chosen benchmark of the favorable parameter space of Table II.
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μDν ¼

0
B@

a1ðY2
τ1Λ1Þ 0 0

0 a2ðY2
τ2Λ2Þ 0

0 0 a3ðY2
τ3Λ3Þ

1
CA;

MD
ν ¼

0
B@

a1ðY2
τ1Λ0

1Þ 0 0

0 a2ðY2
τ2Λ0

2Þ 0

0 0 a3ðY2
τ3Λ0

3Þ

1
CA; ð32Þ

where

a1 ¼
2e2iζ

ð−eiζ cosφ sinΘþ sinφÞ2 ; a2 ¼
2

cos2Θ
;

a3 ¼
2e−2iζ

ðe−iζ cosφþ sinΘ sinφÞ2 : ð33Þ

The matrix Uν replicates the standard Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix, where the mixing an-
gles, Θ and φ, can be fixed using the observed neutrino
oscillation parameters. Using the best-fit values on θ12, θ13,
and θ23 from [59], we get Θ ¼ 33.04° and φ ¼ 10.18°.
Furthermore, we take ζ ¼ 180°, which falls within the 1σ
region of the observed value of CP phase 197þ27

−24 [59].
Substituting the above, we get

jUνj ¼

0
B@

0.8250 0.5452 0.1481

0.2544 0.5927 0.7641

0.5044 0.5927 0.6278

1
CA; ð34Þ

which is consistent enough in comparison with the leptonic
mixing matrix that it can explain the observed mixing
angles in the 3σ region [59]:

jUSK−3σ
PMNS j ¼

0
B@

0.801 → 0.845 0.513 → 0.579 0.143 → 0.155

0.234 → 0.500 0.471 → 0.689 0.637 → 0.776

0.271 → 0.525 0.477 → 0.694 0.613 → 0.756

1
CA: ð35Þ

Furthermore, the Yukawa matrix turns out to be

Y ¼

0
B@

1.6356Yτ1 −0.9197Yτ2 −0.2360Yτ3

−0.5044Yτ1 −Yτ2 1.2170Yτ3

Yτ1 Yτ2 Yτ3

1
CA; ð36Þ

and the relevant coefficients in the diagonal matrices of
Eq. (32) become a1 ¼ 3.930, a2 ¼ 2.846, and a3 ¼ 2.537.
To illustrate, we consider all three generations of heavy

fermion triplets to be degenerate in mass—i.e., mΣ ∼ 420
TeV—and scan the DM consistent parameter space to
extract the constraints on Yukawa. In Fig. 7, we project the
allowed region of Yukawa (shown as cyan, magenta, and
orange data points) that satisfies the required bound on
mass squared differences [59] in 3σ (blue and black dashed
lines), and also the cosmological bound on the sum of
active neutrino masses—i.e., 0.058 ≤ ðm1 þm2 þm3Þ ≤
0.12 eV (normal hierarchy) [60], represented as green
vertical lines. We mention that this projected parameter
space is consistent with the neutrino magnetic moment in a
wide range of values—i.e., 3 × 10−12 to 7 × 10−10 (in units
of μB)—which is the regime where all the experiments have
provided the bounds (to be discussed in the next section).

VI. IMPLICATIONS

In the experimental perspective, a nonzero neutrino
magnetic moment of solar neutrinos can provide an
explanation for the excess in electron recoil events at the
XENON1T Collaboration [20]. In other words, the neutrino
transition magnetic moment can provide an additional

contribution to the neutrino-electron scattering process.
In this section, we utilize a nonzero transition neutrino
magnetic moment to explain the excess in electron recoil
events.
In the presence of magnetic moment, the total differential

cross section can be written as [61]

�
dσ
dTe

�
TOT

¼
�
dσ
dTe

�
SM

þ
�
dσ
dTe

�
EM

; ð37Þ

where Te is the electron recoil energy. The first contribution
in Eq. (37) is due to standard weak interactions, given by

FIG. 7. Allowed region of Yukawa (colored data points),
satisfying the 3σ limit on mass-squared differences [59] and
cosmological bounds on the sum of active neutrino masses [60]
(colored vertical lines).
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�
dσ
dTe

�
SM

¼ G2
Fme

2π

�
ðgV þ gAÞ2 þ

�
1 −

Te

Eν

�
2

ðgV − gAÞ2

þ
�
meTe

E2
ν

�
ðg2A − g2VÞ



: ð38Þ

In the above, GF stands for the Fermi constant, and

gV ¼ 2 sin2 θW þ 1

2
; gA ¼ 1=2 for νe;

gV ¼ 2 sin2 θW −
1

2
; gA ¼ −1=2 for νμ; ντ: ð39Þ

The second contribution comes from the effective electro-
magnetic vertex of the neutrinos—i.e., the magnetic
moment contribution, which is expressed as

�
dσ
dTe

�
EM

¼ πα2

m2
e

�
1

Te
−

1

Eν

��
μνeμ
μB

�
2

; ð40Þ

where α is the electromagnetic coupling, Eν is the initial
neutrino energy, μνeμ is the neutrino magnetic moment,
and μB is the Bohr magneton. For high Te values, the weak
cross-section dominates, and for low Te values, the electro-
magnetic cross section dominates, and hence we search
for the signature of the neutrino magnetic moment in the
low-energy region. For simplicity, we take one transition
magnetic moment μνeμ to explain the XENON1T excess.
The differential event rate to estimate the XENON1T signal
is given by

dN
dTr

¼ nte ×
Z

Emax
ν

Emin
ν

dEν

Z
Tmax

T th

dTe

�
dσνee

dTe
Pee

þ cos2 θ23
dσνμe

dTe
Peμ

�
×
dϕs

dEν
× εðTeÞ ×GðTe; TrÞ:

ð41Þ

In the above, εðTeÞ denotes the efficiency of the detector [20],
nte is the count of target electrons in the fiducial volume of
one ton of xenon [62], dϕs=dEν represents the solar
neutrino flux spectrum [63], and the function GðTe; TrÞ
reflects the normalized Gaussian smearing function that takes
into account the detector’s limited energy resolution [20].
The limits T th ¼ 1 KeV and Tmax ¼ 30 KeV stand for the
threshold and maximum recoil energy of the detector,
respectively. The extremes of neutrino energy for the integral
are given by Emax

ν ¼ 420 KeV and Emin
ν ¼ ½T þ ð2meT þ

T2Þ12�=2 [42]. The survival probability can be expressed as

Pee ¼ sin4 θ13þ
1

2
cos4 θ13ð1þ cos2θm12þ cos2θ12Þ; ð42Þ

and the disappearance probability can be taken as Peμ=τ ¼
1 − Pee [64,65]. The oscillation parameters are taken

from [59]. In Fig. 8, we project the event rate as a function
of recoil energy Tr, for two sets of values for magnetic
moment—i.e., μνeμ ¼ 2.6 × 10−11μB and 3.2 × 10−11μB (red
curves). Adding the background (green curve), we are able to
meet the observed recoil event excess in the low-energy
region near 2.5 KeV as of the XENON1T experiment [20].
In Fig. 9, we project the neutrino magnetic moment as a

function of dark matter mass, choosing specific set of
values assigned to the triplet fermion. As seen earlier in the
left panel of Fig. 4, a specific range of dark matter mass
is favored with the scale of triplet mass. It is transparent that
the model parameters are able to provide a neutrino magnetic
moment in the range 10−12μB to 10−10μB, sensitive to the
upper limits of Super-K [34], TEXONO [33], Borexino [32],

FIG. 8. Excess recoil events (blue) to match XENON1T [20]
(black) through the signal from the transition neutrino magnetic
moment μνeμ ¼ 2.6 × 10−11μB and 3.2 × 10−11μB (in red) along
with the background (green).

FIG. 9. Allowed region of neutrino magnetic moment with the
mass spectrum of dark matter and fermion triplet. Horizontal
colored lines stand for the upper bounds of XENON1T (average
value of suggested range in [20]), XENONnT [21], Borexino
[32], TEXONO [33], Super-K [34], and white dwarfs [35].
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XENON1T [20], XENONnT [21], and white dwarfs [35]
(colored horizontal lines). Thus, from all the above dis-
cussions, it is evident that this simple framework can provide
a consistent phenomenological platform for a correlative
study of neutrino magnetic moment (especially), mass, and
dark matter physics.

VII. CONCLUDING REMARKS

The primary aim is to address neutrino mass, magnetic
moment, and dark matter phenomenology in a common
framework. For this purpose, we have extended the
standard model with three vectorlike fermion triplets and
two inert scalar doublets to realize a Type-III radiative
scenario. A pair of charged scalars help in obtaining the
neutrino magnetic moment; all charged and neutral scalars
get a light neutrino mass at the one-loop level. All the inert
scalars participate in annihilation and coannihilation chan-
nels to provide the total dark matter relic density of the
Universe, consistent with Planck satellite data, and also
provide a suitable cross section with nucleons sensitive to
the LZ-ZEPLIN upper limit. The lightest dark matter mass
is scanned up to 2 TeV, while the fermion triplet mass is

taken with larger values—i.e., a few hundred TeV.
Choosing Yukawa of the order 10−5, we have obtained a
light neutrino mass in the sub-eV scale and also a transition
magnetic moment of ∼10−11 μB, to successfully explain the
excess electron recoil events at a low-energy scale reported
by the XENON1T experiment. Finally, we have also
demonstrated with a plot that the model is able to provide
the neutrino magnetic moment in a wide range (10−12μB to
10−10μB), in the same ball park as Borexino, Super-K,
TEXONO, XENONnT, and white dwarfs. Overall, this
simple model provides a suitable platform to study neutrino
phenomenology, especially the neutrino magnetic moment
and also dark matter aspects.
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