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Correlating neutrino magnetic moment and scalar triplet dark matter
to enlighten XENONNT bounds in a type II radiative seesaw model
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We investigate neutrino magnetic moment, triplet scalar dark matter in a type II radiative
seesaw scenario. With three vectorlike fermion doublets and two scalar triplets, we provide a
loop level setup for the electromagnetic vertex of neutrinos. All the scalar multiplet components
constitute the total dark matter abundance of the Universe and also their scattering cross section with
detector lie below the experimental upper limit. Using the consistent parameter space in dark matter
domain, we obtain light neutrino mass in sub-eV scale and also magnetic moment in the desired range.
We further derive the constraints on neutrino transition magnetic moments, consistent with the

XENONNT limit.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has been
an enduring theory: victorious in explaining the nature at
fundamental level. Despite its remarkable success in meet-
ing the experimental observations, it fails to explain several
anomalous phenomena such as matter dominance over
antimatter, oscillation of neutrinos, and its correlation with
nonzero neutrino masses, nature, and identity of dark
matter, etc. Numerous extensions to the SM have been
proposed to resolve these flaws, sparking a constant
struggle between theorists and instrumentalists to under-
stand the true nature of our Universe. Neutrino oscillations
have been confirmed by a variety of experiments, demon-
strating two unique mass squared differences coming from
the solar and atmospheric sectors. Theoretical community
is continually trying to understand the unique properties of
neutrinos, particularly their extremely small masses. As a
consequence of nonzero masses of neutrinos, many new
avenues beyond the Standard Model are expected to exist,
one among them is neutrinos having electromagnetic
properties such as electric and magnetic moments. As
the interaction cross section of neutrinos with matter are
extremely small, it is hard to detect them and even harder to
directly measure their electromagnetic properties with the
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current experiments. The most practical course of action in
the present situation is to set limits on these new properties
based on the available experimental data and on that note,
here we focus on neutrino magnetic moment (?MM) and
more specifically transition magnetic moment.

As we detect the neutrinos indirectly, one of the best
ways is to study their properties by investigating neutrino-
electron elastic scattering in the detector. It is more effective
to probe neutrino magnetic moment in the lower values of
electron recoil energy and the experiments with low
threshold and good energy resolution are suitable in this
context. Solar experiments such as BOREXINO [I] and
Super-Kamiokande [2] and reactor experiments like
GEMMA [3], TEXONO [4], and MUNU [5] are providing
some competing bounds on neutrino magnetic moments.
However, more stringent constraint comes from the astro-
physical sources [6—12] and the next best limit comes from
the recent XENONNT experiment [13]. Other recent works
on neutrino electromagnetic properties can be found in the
literature [14-25]. Here, we are interested in deriving an
upper bound on transition magnetic moment in a minimal-
istic model.

Moving on, the physics of dark matter (DM) has been the
hot cake in physics community, striving hard to reveal its
characteristics. So far, we only have the estimation for its
abundance from the cosmic microwave background and
Planck satellite [26] suggests its density using the param-
eter Qh? ~ 0.12. The Bullet Cluster system [27] predicts the
dark matter to be weakly interacting and eventually a
WIMP (weakly interacting massive particle) with the cross
section 6v ~ 10~ GeV~2 seems to be one of the possible
strategies to match current abundance of Universe in the
particle physics perspective [28]. Since the interaction
strength of dark matter with the visible sector is extremely

Published by the American Physical Society
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small, its detection has been like an Everest climb challenge
over the decades. Only an upper limit is levied on the
DM-detector cross section and several collaborations are
working hard to make the bound more sensitive and
stringent. So far, no direct signal of dark matter is reported
despite the assiduous attempts of the experimentalists and it
is always interesting to look for indirect signs. As the
neutrino sector is experimentally well established and
produced several compelling results in verifying neutrino
oscillation parameters with high accuracy, it will be a
decent choice to correlate DM with light neutrino proper-
ties and create suitable avenues of an indirect probe.

The primary motive of this work is to provide a simple
and minimal model to obtain neutrino magnetic moment in
the light of dark matter. In other words, we realize the
neutrino electromagnetic vertex at one-loop level, with dark
matter particles running in the loop and then study neutrino
and dark matter properties in a collective manner. We
enrich SM with two scalar triplets (one with zero hyper-
charge and other with Y =1) and vectorlike lepton
doublets to design a type II radiative scenario. In detail,
we discuss inert triplet dark matter, neutrino mass and
neutrino magnetic moment in the spotlight of XENONnNT.
In our recent paper, we made a similar study in the context
of type Il radiative seesaw scenario [29], where scalar dark
matter (admixture of two Y = 1/2 doublets) and neutrino
oscillation phenomenology are investigated and a specific
range of neutrino magnetic moment is achieved to explain
XENONIT excess. Comparing both the works, the unique
hypercharge of scalar multiplets create different gauge
coupling strength (especially with Z boson) and on top,
scalar mixing differs. As we shall discuss below that this
distinction will alter the impact of gauge mediated anni-
hilation channels, thereby generating a unique allowed
parameter space.

The paper is organized as follows. In Sec. II, we describe
the model framework with particle content and relevant
interaction terms. In Sec. III, we derive mass spectrum and
Sec. IV deals with neutrino properties, while Sec. V
narrates dark matter observables. In Sec. VI, we provide
a detailed analysis and consistent common parameter space
and also comment on oblique parameters and collider
constraints (if any). Finally, the bounds on vMM using
XENONNT data is discussed in Sec. VIL

II. DETAILS OF TYPE-II RADIATIVE SEESAW
FRAMEWORK

The primary aim of the present model is to realize
neutrino electromagnetic vertex at one-loop with dark
matter. In this work, we look at a type II case by extending
the SM framework with three vectorlike fermion doublets
(i), where k=1, 2, 3 and there are two inert scalar
triplets, one complex (A) and the other being real (7). The

TABLE I. Fields and their charges in the present model.
Field SUB)exSU2), xU(l)y Z,
Fermions  Q; = (u,d)! (3,2,1/6) +
Upg (3,1,2/3) +
dg (3,1,-1/3) +
£y = (v.e)] (1.2,-1/2) +
€r (1, 1, —l) +
Yi(L,R) (17 2, _1/2) -
Scalars H (1,2,1/2) +
A (1,3,1) -
T (1,3,0) -

particle content along with their charges are displayed in
Table I.

The relevant Lagrangian terms of the model are given by
[30-32]

['1// = (yakl’ﬂ_gl‘iGZAl//kL + ylakal//kR + HC)
+ M, ww + wiy' Dy, (1)

where, the new SU(2), doublet in component form is y; =

0
(;’/’5) and its covariant derivative is given by
k

i i
D= (0, +590 Wi =398 v (2)

where ¢, with a = 1, 2, 3 stand for the Pauli matrices. The
scalar Lagrangian takes the form

Lo = (D,A) (D) + 3 (DT (DFT) =V, (3

where  the inert triplets are denoted by
(ATVZ AT . 0 _ AY+iA?
A_< K —A+/ﬁ)’ with AY = 5t and

_ ( TO/\/§ T+
N -2
are given by

) . In the above, the covariant derivatives

3 e
D#A:()#AJrig{Z }JrlgBA

3
. (o2
DHT:aﬂT—Hg[Z? i } (4)
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The scalar potential takes the form

2
V= H H + Ay (H H)? + A Te(ATA) + %Tr(TTT) + AsTr(ATAATA) + 2, Tr(ATA)?

A 2
+ ZTTr(T*T)2 + Aga(HTAATH) + 2, (HTH)Tr(ATA) + % (HTH)Tr(T'T)

A A -
+ %Tr(ATA)Tr(T' T) + % (HTATH + H.c.). (5)

III. MASS MIXING IN SCALAR SECTOR

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

v?
j\/l2 _ ( AT+ _/IHATNE>
C v? ’
_/IHATUE AA+
A 0 /IHATﬁ
M = ( L) (6)
AaT 'y AAg

Here,

Uj MeUg, = diag(Mg,, Mz,)  with

Up MzUy, = diag(My,, Mz,) with

The flavor and mass eigenstates can be related as

T\ bF ™\ 1k
(o) =olis) ()=o) ©

The masses of doubly charged and CP-odd scalar follow as

1)2

Mge = p3 + Agp— -

[38)

v
M7 = uz + (Ana ‘HVHA)E- (10)

In fermion sector, one-loop electroweak radiative correc-
tions provide a mass splitting of 166 MeV [33,34] between
the neutral and charged components of . We work in the

high scale regime of y and so we take M+ ~M,0 = M,,.

2

Ar+ =y "‘}LHT%’
2
Ane = pia + (Aga + 225,) 1
2
Apo = pz +/1HT?,
2
Apo =y + (Aua + ) 5 (7)

One can diagonalize the above mass matrices using Uy, =

( cosOcp sinfcp ) as
—sinfc g cosOcp

—1 { —/1111ATU2 }
Oc = tan ,
2V2(Apr — Agt)
Agar®?
e HAT
Or = tan {—Z(AA% — ATo)} (8)

IV. NEUTRINO PHENOMENOLOGY

A. Neutrino magnetic moment

Though neutrino is electrically neutral, it can have
electromagnetic interaction at loop level, as shown in
Fig. 1. The effective Lagrangian takes the form [35]

EEM = EF”I/Aﬂ. (11)

In the above, the electromagnetic vertex function can
accommodate charge, electric dipole, magnetic dipole and
anapole moments and varies with the type of neutrinos, i.e.,
Dirac or Majorana. In our work, we stick to the Majorana
neutrino magnetic dipole moment. In general, the electro-
magnetic contribution to neutrino magnetic moment can be
written as

LD /‘aﬂy_ao-ﬂyyﬁF/w = /‘aﬁ(maﬂyy/C}L + EgﬂyyﬂL)Fmﬂ

(12)
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FIG. 2. One-loop Feynman diagram for transition magnetic

moment.
FIG. 1. Effective electromagnetic vertex, where ¢ = p — p'. T-(1°) FOES TI A= (A?)
i *,
Here, o is the antisymmetric matrix and F,, is the / Y
1

electromagnetic field strength tensor. By considering the ' \

antisymmetric nature of fermion fields and the character- Ve ) ) Vs
istics of the charge-conjugation matrix, one can write Yrr kL

U0V = —T50" V. (13) FIG. 3. One-loop diagram give rise to light neutrino mass.

Hence, Majorana neutrinos can have only transition  the transition magnetic moment arises from one-loop dia-

(off-diagonal) magnetic moments. In the present model, = gram shown in Fig. 2 and the expression takes the form [36]
|
3 2 2
YakYpk . 1 Mz, 1 Mz,
= M, + cos20csin20-|—— | lo -1)———11o -1 14
Huey ; 1672 Wi csim<be [M%z < g {M% Mz \ %2, (14)

vy
We shall discuss bounds predicted by XENONnNT on transition magnetic moment in the upcoming section.

B. Neutrino mass

From various oscillation experiments, we know that neutrinos indeed oscillate in flavor and posses sub-eV scale mass. In
the present model, neutrino mass can arise at one-loop level, as shown in Fig. 3 with vectorlike leptons and scalar triplets
running in the loop. The contribution takes the form [30-32]

3.y 2 M? 2 M?
YakYpk . Me, Vi M, Vi

M, =Y 2= sindccosOcM, In - In
=2 3272 0 ¢ [Mfﬁ - M2, <Mg2 MZ - ME o \MZ,

k=1

3 / 2 M2 2 M2
M 0 M 0
+ZyLy€ksin9Rcost9RMWo 5 k2 5—In ;"' - R1 5—1In ;/k : (15)
e 3 My = MG, \ My ) My, — My, \ M,
|
V. DARK MATTER PHENOMENOLOGY The cross sections of all the viable channels is used to

A. Relic density compute the relic density by

The neutral and charged components of scalar triplets
contribute to total relic density of dark matter in the
Universe. The channels include several annihilation and Qh? = 7 ,
coannihilation processes, mediated through SM bosons. 9.'*Mp J(xr)

1.07 x 10° GeV™!' 1

(16)
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where the Planck mass Mp = 1.22 x 10" GeV and total
effective relativistic degrees of freedom g, = 106.75. The
function J is given by [37]

J(xs) = dx/m%, (17)

where the thermally averaged cross section (o.;v) is
computed by [38]

I8 dpesi P2 Weit Ko (?
<6effv> = 2 N2 (18)
TR

i gy m

Wi = 4Pij\/§5ij,
<(S — (m;+m;)*)(s — (m; — mj)2)>%
Pij = 4 )
s
Peff = P11- (20)

In the above, K;, K, represent the modified Bessel
functions. ¢g; and m; correspond to the internal degrees
of freedom and masses of particles participating annihila-
tion/coannihilation, respectively, with g;, m; pointing to
the lightest one. We shall make it clear in the next section,
the inert scalars of the model and their mass spectrum to
discuss in detail on the specific channels that provide
reasonable contribution to relic density.

Here,
Dij 9i9; B. Direct detection
Weff = Z = lzj Wij? (19) . I
7 Pu 97 The scalar dark matter can provide spin-independent (SI)
scattering cross section with nucleons via Higgs boson. The
with effective interaction Lagrangian takes the form
Legt D aq¢%¢0qu,
where a, = M, (Aga + Ay, )sin®Og + lAHT(:oszeR - lAHM cos Oy sinfy ). (21)
T MiMg, 2 4

The resulting DM-nucleon cross section is given by

1

os] = Eﬂr

where f, ~ 0.3 [39] is the Higgs-nucleon matrix element,
U, = (%) is the reduced mass with M, being the
nucleon mass. In the Z portal, a large WIMP-nucleon cross
section can arise due to Y =1 triplet component in dark
matter admixture. However, Z-exchange kinematics can be
forbidden by choosing the mass splitting between CP-even
and CP-odd components above ~100 KeV [40,41]. We shall
address this point in the next section with an illustrative plot.

We have used the packages LanHEP [42] and
mictOMEGAs [43-45] to extract dark matter relic density
and also SI DM-nucleon cross section. A detailed dis-
cussion of dark matter observables with suitable plots will
be discussed in the next section.

VI. NUMERICAL ANALYSIS

Here we illustrate the analysis of both neutrino and dark
matter aspects in a correlative manner. There are two CP-
even and two singly charged scalars that mix, in order to
make the analysis simpler, we consider the mass of the one
CP-even scalar (Mp;) and two mass splittings (6 and Scg)

5 ((/IHA + /VHA) Sin2 9R + %/‘LHT C052 QR - %/IHAT COS HR sin HR
M%,MRI

)Zszﬁ, @)

|
to derive the masses of the other CP-even and singly
charged scalars. The relations are as follows:

Mgy, — Mgy =Mey —Me, =6,

Mey, = Mgy + 6cr, Mcy = Mgy + 6cr. (23)

One can notice the difference in mass ordering,
Mp; < Mg,, while M~ > M,, which comes due to the
relative opposite sign in the mass matrices of Eq. (6). We
run the scan over model parameters in range given below

10 GeV < M, <2000 GeV,
0.1 GeV < & < 200 GeV,

0 <sinbg,sinf- < 1,

0.1 GeV < 6cg <20 GeV.
(24)
We first filter out the parameter space using the 3o
constraint on relic density. We then compute the DM-

nucleon cross section and project it as a function of My in
the left panel of Fig. 4. Here, all the cyan colored data
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FIG. 4. Left panel depicts the SI DM-nucleon cross section for the data (cyan) that satisfies Planck limit on relic density. Horizontal
dashed line corresponds to LUX-ZEPLIN bound [46]. Various colored data points of red and green satisfy neutrino magnetic moment
and mass for specific set of values for M,,, shown in the right panel.
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FIG. 5. Allowed region of Yukawa with dark matter mass for two set of values for M,, in the left panel. Right panel provides the

favorable region for mass splittings, where the thick bands correspond to §cg and thin bands indicate &.

points satisfy Planck satellite data [26] in 3¢ region and the
parameter space (red and green) below LZ-ZEPLIN bound
[46] (orange dashed line) can satisfy neutrino magnetic
moment and mass in the desired range when suitable values
are assigned to Yukawa and vectorlike lepton mass. The
obtained neutrino observables are projected in the right

panel for various set of values for M,,. One can notice from
the left panel that specific regions of DM mass are allowed
for different values of heavy fermion mass. This restriction
comes from neutrino magnetic moment and mass, where a
particular region for DM mass and Yukawa is favored based
on the value of M,, in order to satisfy the experimental

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

Mp, [GeV] 5 [GeV] Scr [GeV] M, [TeV] Yukawa sin Og sin ¢
Benchmark—1 580 276 1.17 10 10413 0.083 0.998
Benchmark—2 1326 2.28 1.17 50 107336 0.803 0.932
TABLE III. Neutrino and dark matter observables for the given benchmarks.

| % 1012 [ M, x 101 [GeV] Logl%! em™2 Qh?

Benchmark—1 1.293 1.96 —47.79 0.119
Benchmark—2 1.624 1.92 —45.48 0.12
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FIG. 6. Contribution of various annihilation and coannihilation
channels for high (upper panel) and low (lower panel) values of
mass splitting 8.

bounds in neutrino sector. The same is made transparent in
the left panel of Fig. 5, the right panel depicts the allowed
range for mass splittings (thick bands correspond to dcg
and thin bands indicate ).

We now elaborate on the channels that provide signifi-
cant contribution to relic density. The main parameters to
look up are the mass splittings, i.e., o and dcr, who can alter
the size of contribution of various channels towards DM
abundance. The allowed region of these splittings can be
noticed from the right panel of Fig. 5 as (in GeV scale)
0.17 < 6cr < 1.22 and 1.08 < § < 297, where dcr has a
narrow allowed regime and small in magnitude while 6
varies in a wider range. Now, we illustrate the impact of §
on relic density by choosing two extreme values in bench-
marks (given in Tables II and III) from the parameter space
consistent with both neutrino and dark matter sectors. First
with large &, the smallness of Scg always makes ¢; nearly a
mass degenerate of ¢{, and in consequence, annihilation
channels ¢?x¢0x > WTW~, hh and ¢5 ¢; — qq.£7, hh,
coannihilations ¢p¢5 — ud,vZ, W*h contribute to relic
density (made apparent in the upper panel of Fig. 6).
Second, lower value of § creates proximity in the masses of
(,{)(I)R, ¢(2)R and also ¢, ¢7, thereby inducing additional
channels such as ¢9,¢%, = W W=, ZZ, ¢).45, = ZZ,

0.100 100 i
50 | b 3 1
] ;‘ ‘:..,.l'
© 10} MCANNS .
5 ° ﬁ:
4 5 . : ... q
0.001 — benchmark -1 o
c.?
— benchmark -2 oo
10—4 P P S S S S T 1 L L ] L
500 1000 1500 500 1000 1500 2000
Mm [GeV] Mm [GeV]
Y T . MI - M;i1
100 L = Mgz - M |
3 L g
X YN
8 e '::. ..>'Jq
2 o R |
:d:) . .= .:::
3 cemr o
ol oy A
= 2 S
0.1 N N N ‘
500 1000 1500 2000
M, [GeV]

FIG.7. Top left panel displays relic density as a function of dark matter mass, illustrating the impact of §, with horizontal dashed lines
corresponding to Planck bound [26]. Top right panel shows the parameter space consistent with aspects related to DM and neutrino in
Mg, — 6 plane. Lower panel projects the mass splitting of CP-even mass eigenstates with CP-odd scalar.
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Relevant annihilation channels contributing to relic density (classified based on output particles), where f stands for SM

fermions, f” represents SM quarks and leptons except neutrinos and i = 1, 2.

¢ p7 — WTW~ contribute to relic density (visible in the
lower panel of Fig. 6).

Furthermore, we project relic density as a function of
lightest dark matter mass (M) in the upper left panel of
Fig. 7 for the two benchmarks. Lower mass splitting
basically induces new annihilation and coannihilation
channels to contribute, thereby giving larger cross section
and smaller relic density. Hence, the curve (magenta) begins
to meet Planck bound for larger DM mass, upper right panel
portrays the parameter space in the plane of M, — 6. Lower
panel of Fig. 7 projects the mass splitting of CP-odd scalar
with CP-even mass eigenstates. As the splitting is clearly

2 +1 MZ M2
Z—*le 2(130%—“%)25( =
= ”13:—1 Mz Mz

1671'6 N M2 Z I~%+I+I3>®+(M%37M%3_1)7
wow

Z Iy=1I
2 +1

= Z (P +1-203)In

Li— Li=—I

above 100 KeV, large Z-portal WIMP-nucleon cross section
is avoided [40]. Feynman diagrams for all the annihilation
and coannihilation channels are displayed in Figs. 8 and 9
respectively.

A. Oblique parameters and collider constraints

The masses of scalar multiplet components can get
constrained from the self-energies of gauge bosons and
also collider studies as well. Precision tests can be made by
looking at the oblique parameters, i.e., S, T, and U. The
contributions to these parameters from a scalar multiplet of
hypercharge Y is given by [47,48]

2 2

1 M, M7, Mj, M _
E {z(@c—Ys )2§< M’2> (2—1%+1+13)§<M%V,A;%V1)], (25)
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FIG. 9. Relevant coannihilation channels contributing to relic density, where f = u, c,t, e, u, 7, f’
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where I stands for weak isospin, /5 corresponds to third component of isospin, > stands for mass parameter for dimensional
regularization and the functions used take the form [47,48]

1 , 5 4 1] 1 s, o, X4y ox 1
El19) = gle= P = S ) 4+ =5 =P =57 = E eyt
2
G)+(x,y):x+y—xfyyln§, (26)
where d(x,y) = —(x —y)> +2(x +y) — 1,
— Xyl | x—y-—1

2y/d(x,y) (arctan [\/M} arctan{ d(x’y)} ), d(x,y) >0

g(x.y) =40, d(x,y) =0 (27)
x+y—1 —d(x,)
—d(x,y) In [H}, d(x’y) <0

We compute these parameters for both the scalar triplets
(Y =1, 0) and then write them in the mass basis of physical
scalars using Eq. (9). We calculate and project these
parameters in Fig. 10 for the parameter space consistent
with dark matter and neutrino aspects. We notice that they

are consistent with 1o region of the current bounds on
oblique parameters from Particle Data Group (PDG) [49].

Moving on to collider limits, there exist constraints on
the masses of triplet scalar components both neutral and
charged from ATLAS [50]. The mass of doubly charged

0.3 0.3
0.2+ 0.2+
(U I S 0.1 i ------------- &: ----------------------------------------
» 0.0 P — ~ 00} 20 SWA A wame
S B =0, FT T
-02 -0.2
-03 ‘ ‘ ‘ -03 ‘ ‘ ‘
500 1000 1500 2000 500 1000 1500 2000
Mg [GeV] Mg [GeV]
0.3
0.2+
125 X
o> 00 o o0 ocs ems e oD et
20,1 Frrrmm e ]
-0.2
-0.3 . . .
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FIG. 10. Oblique parameters computed for the parameter space consistent with dark matter and neutrino aspects. Horizontal dashed
lines correspond to 1o region of the current bounds from PDG [49].
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scalar (A*T) is investigated through the production and
associated production channels with WHW-W+W~ and
WHTW-WTZ in the final state, respectively, where they
exclude 230-350 GeV mass range. However, these chan-
nels require triplet to obtain a nonzero vacuum expectation
value and have decay channels for singly charged (to WZ
state) and doubly charged (to WW state) scalars. Hence,
these bounds are not applicable for the present model, since
these decays are forbidden by Z, symmetry.

VII. YMM IMPLICATIONS ON XENONnT

Recently XENONNT [13] has released a new data with
upgraded detector and a total exposure of 1.16 ton-years
and reduced systematic uncertainties. With new upgrade,
more than 50% of background reduction has been achieved
and unlike its predecessor XENONIT, no excess events
were reported in 1-7 keV energy range of electron recoil.

|
do _ Gim,
dT,)sq 27

{(gv +9a)" + (1

E,

In this paper, we use XENONnT data to derive model
independent limits on transition and effective magnetic
moments by examining the changes in the v — e~ elastic
scattering cross section at low energies. We use non-
maximal 6,; mixing to distinguish between the muon
and tau neutrino interactions. We consider XENONnT
background without solar contribution and then add the
expected events due to new physics such as neutrino
magnetic moment. In the presence of magnetic moment,
the total differential cross section of v — e~ scattering can

be written as [51]
do
, 28
- <dTr> EM ( )

( do ) B < do)
dT,) ror dT,) sm

where T, is the electron recoil energy. The first contribution
in Eq. (28) is due to standard weak interactions, given by

T’>2(gv — g2+ <ﬂ> (93— 93)} : (29)

E;

Here, G stands for the Fermi constant, E,, is the neutrino energy. gy and g, are the vector and axial vector couplings, which

can be expressed in terms of weak mixing angle 0y, as

1
gy :2sin29W—|—§,

1
gV s w 25

gy =1/2 foru,,

ga =—1/2 fory,,v,. (30)

The second contribution in (28) comes from the effective electromagnetic vertex of the neutrinos, i.e., magnetic moment

contribution, which can be expressed as

do
dTr EM

In the above, a is the fine-structure constant and g, 5

_ ma? (

6

is the neutrino magnetic moment and yp stands for Bohr magneton.

The differential event rate to estimate the XENONnNT signal is given by

Ede Tlnax
= ne X dE,
VIS mm mm

( vis) X G(T,, Tvis)’

dE

d Ve do
Pee -+ cos 923

v,e e ) 0 do*<¢ e
Sin
dTr eu + 23 dTr et

(32)

where T; represents the visible electron recoil energy at the detector, (7 ;) is the detector efficiency [13] and d¢,/dE,, is
the solar neutrino flux [52]. G(T,, T ) represents the normalized Gaussian smearing function, which takes into account the
limited energy resolution of the detector with resolution power o(T;)/Tyis = 0.0015 + (0.3171/+/T;[keV]). In the
above, P,, and P,, /- are the length averaged neutrino disappearance and appearance oscillation probabilities in the presence
of matter effect, respectively, can be expressed as [15]

1
oo = sin* 6,5 + Ecos4 013(1 + cos 207, cos 20,5,),

P€/4+P6‘T:1_P€€7 (33)
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where 07, is the effective mixing angle in the presence of
matter effect [53] and we take the mixing angles from
NuFit-5.2 [54]. In Eq. (32), the differential cross sections
can be expressed as the sum of SM and magnetic moment
contributions as follows:

do*<¢

_(do L (de | (do
dr, —\dT,)sy \dT,), ar,), '

de*+* ([ do n do n do
dr, — \dT,)sy \dT,), ar,), '

do** do do do
== + |5 + |5 . (34)
dr, dT, ) sm ar.), ar.)
The integration limits on E, goes from

(T, +/2m,T, +T?)/2 to 420 keV (corresponding to
|

70
dN theory
2 = 1 B
o <|:(dTvis ( +a) - )k

Here, the subscript k represents the kth bin of our
theoretical prediction and observed events, o, corresponds
to the statistical uncertainty in each bin. We have consid-
ered the systematic error (o,) to be around 10% (reflected
through the pull parameter a), corresponding to the solar
neutrino flux for our analysis. We also included the
penalties for the uncertainties in mixing angles 6;,, 63,
and 6,3. Left panel of Fig. 11 shows the bounds on the
neutrino transition magnetic moment and effective mag-
netic moment at 90% and 99% C.L. for the experiment
XENONNT. The blue, violet, and red curves represent the
transition magnetic moment sensitivity of the components

XENONNT (vMM)

=
o

Ax?
= = [
S o ) o N kS
T T T T T T T T T T O I

N

10.0 ‘12.5 2‘15.0
[1y] [x10722g]

17.5 20.0

FIG. 11.

TABLE IV. Bound on neutrino magnetic moment at 90% and
99% C.L. at XENONnT experiment.

|y | [x107"2pp]
XENONNT 90% C.L. 99% C.L.
Heff <608 <86
Hy,, <6.77 <9.63
o, <6.98 <9.94
Hy,, <9.04 <129

the upper limit of pp chain in the Sun). The other limit
T, describes the threshold of the detector, which runs from
1 to 140 keV (recoil energy of interest). We now estimate
the neutrino transition magnetic moment using XENONnT
data through the least-squared statistical method and define
the following »? function,

( dN ) observed:| / ) 2 < a )2
- 0 +1— -
dTvis k ‘ Oq

I

s B, and Hy,,» respectively, the black curve corresponds
to the effective magnetic moment sensitivity of XENONnT
experiment. The two gray horizontal lines stand for the
sensitivity at 90% and 99% C.L. and the blue vertical line
indicates the sensitivity of the experiment to transition
magnetic moment 4, at 90% C.L. All the bounds on
transition magnetic moments and effective magnetic mo-
ment are listed in Table IV. As the Sun is the source of
electron type of neutrinos, we notice that the bounds on
transition magnetic moments 4, and g, are more con-
strained than Hy,,- The right panel of Fig. 11 shows
the allowed region of transition magnetic moments in

(35)

12
] 99% C.L.
10 ] XENONNT
CR
8 81
S ] 90% C.L.
—
X
$
2
T T
0 2 4 6 8 10 12

[y, | [X10712p1g]

Left panel projects bounds on transition and effective magnetic moment, right panel shows the allowed region of transition

magnetic moments in 90% and 99% C.L. for one degree of freedom at XENONNT experiment.
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Hy,, = Hy,, Plane at 90% and 99% C.L. for the experiment
XENONNT. Thus, we end the discussion by saying that our
model successfully generates transition magnetic moments
in the allowed region.

VIII. CONCLUDING REMARKS

The primary motive of this model is to provide a
simplified framework to invoke neutrino magnetic moment
along with dark matter. The trick is to realize neutrino
electromagnetic vertex with dark matter running in the
loop. Using vectorlike fermion and scalar multiplets, we
attain magnetic moment and mass for light neutrinos via
type II radiative scenario. The scalar triplet components
annihilate and coannihilate through the Standard Model
scalar and vector bosons to provide correct order of dark
matter relic density in the Universe (consistent with Planck
satellite) and also get recoiled from detector, giving spin-
independent cross section which is sensitive to stringent

upper limit (LZ-ZEPLIN). Both the neutrino and dark matter
aspects are thoroughly discussed in a common model
parameter space, illustrated with suitable plots and bench-
mark values. Using XENONnT data, we have put bounds on
transition magnetic moments in a model independent way.
Finally, we sign off by saying that the model stands simple
but phenomenologically rich in providing a common plat-
form to address neutrino properties (magnetic moment and
mass) and also dark matter physics (relic density and direct
detection).
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