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Neutrino magnetic moment and inert doublet dark matter
in a radiative seesaw scenario
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Abstract. We illustrate neutrino mass and magnetic moment along with dark
matter phenomenology in a Type-III radiative scenario. To achieve this, we ex-
tend the Standard Model with three vector-like fermion triplets and two inert
doublets, which can provide a suitable framework for studying the above phe-
nomenological aspects. The inert scalars contribute to the total relic density of
dark matter in the universe. The neutrino aspects are realized at one-loop level
with magnetic moment obtained through charged scalars, while neutrino mass
gets contribution from charged and neutral scalars. Taking inert scalar upto 2
TeV and triplet fermion mass in a few TeV range, we obtain a common parame-
ter space, compatible with experimental limits associated with both neutrino and
dark matter sectors. Finally, we demonstrate that the model is able to provide
neutrino magnetic moments in a wide range from 1072y to 1071%, meeting
the bounds of various experiments such as Super-K, TEXONO, Borexino and
XENONnNT.

1 Introduction

Despite the overwhelming success of the Standard Model (SM) in accounting for the inter-
actions among the elementary particles, it lacks the ability to explain the observed neutrino
oscillation phenomenon as well as the dark matter content of the universe. Hence, the ex-
ploration of physics beyond the standard model becomes inevitable for the understanding of
several open problems of nature. To accommodate the non-zero neutrino mass, many new
ideas are put forward, which are expected to have implications in many other sectors. One
such possibility amongst them is that neutrinos can possess electromagnetic properties like
electric and magnetic dipole moments. Solar, accelerator and reactor experiments possibly
could provide the direct measurement of magnetic moments and eventually put the limits on
them.

In recent past, 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 17 keV, peaked around 2.5 keV [1]. It turns out that such excess can be explained with
large transition magnetic moment of neutrinos. With new data from its successor XENONnT
[2], no visibly bold excess events were seen in the low energy region creating a bizarre situa-
tion between these two experiments. The collaboration is suspecting the excess in XENONI1T
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was due to uncounted tritium whose presence or absence they can’t corroborate. In this
scenario, we cannot completely ignore the possible implication of new physics effects at
XENONIT and that is why it is very interesting to explore such possibilities.

The nature and identity of dark matter remains still a mystery. Thus, we raise a question,
whether a dark matter particle running in the loop, forming an electromagnetic vertex can
provide neutrino magnetic moment. With this view point, we provide a simple model [3]
that can accommodate non-zero magnetic moment for neutrino and also discuss dark matter
phenomenology in a correlative manner.

The paper is organized as follows. In section-II, we describe the model along with the par-
ticle content and the relevant interaction terms to address neutrino magnetic moment, neutrino
mass and dark matter. The mass spectrum of scalar sector due to mixing is also discussed in
this section. Section-III narrates neutrino magnetic moment and neutrino masses at one-loop.
Section-IV describes the dark matter relic density and its detection prospects. Section-V pro-
vides the detailed analysis, showing common parameter space to obtain observables related
to the aspects of neutrino and dark matter sectors. Section-VI gives the signature of mag-
netic moment in the light of electron recoil event excess at XENONIT and also the overall
obtained range of magnetic moment in the concerned model. Finally, concluding remarks are
presented in section-VIL.

2 Model description

To address the neutrino mass, magnetic moment and dark matter in a common platform, we
extend the SM framework with three vector-like fermion triplets X;, with k = 1,2,3 and
two inert scalar doublets 77;, with j = 1,2. We impose an additional Z, symmetry to realize
neutrino phenomenology at one-loop and also for the stability of the dark matter candidate.
The particle content along with their charges are displayed in Table. 1.

|  Field [SUB)cxSUQLxUN)y |2 |

Leptons | £, = (v,e)l 1,2, -1/2) +
er 1,1, -1 +

ZiLR) 1,3,0) -

Scalars H 1,2, 1/2) +
0 1,2, 1/2) -

Table 1. Fields and their charges in the present model.

T

The SU(2) triplet X g = (21 3253 )L R can be expressed in the fundamental representa-
tion as ’

aNa 0
P Lt (EL‘R/ ) ()
' \/5 ZZ,R _Z(L),R/ \/5

Here, 0’s represent Pauli matrices and 20 , = 3 5% = (Zi R T2 R) / V2. The relevant

Lagrangian term involving the new particles of the model is given by

S 7 S 1 <
Ly = YolarZiallj + yorly i + 3 Ty D] = STHEMZ] + he. )
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where =0 = ZZ’O + E;’O and T = (£,%,,%3)". The covariant derivative for X is given by

3
. o’
D, =0,%+ig ZTWM,E : 3)
a=1
The Lagrangian for the scalar sector takes the form
R 2 [ 2
Lscalar = (fm 590 Wt 59 Bﬂ)m + (6# 590 Wt 39 Bﬂ)nz - V(H.m1,m),
iy + i

T .
where, the inert doublets are denoted by n; = (n}r, 77(;) , with 77(; = ! and the scalar

potential is expressed as [4]
V(H,n1,m0) = piH'H + iim m + p5mym + i (nima + hc) + Au(H H) + 21 Gqym)*

ﬂ//
+ Lmbm) + Ap@in)im) + Ap@in)aim) + f [Grjm2)? + he ]

"

M
+ > [aHxH"‘H)(njnj) + Ay (H )y H) + =2 [(H ) + h.c]). @)
j=1.2

2.1 Mass spectrum

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

Act 2 2 (Ari 2 2 (1\11 w
M2 = 2] M= 2] M= 2] 5
(H%Z Ac2 R\l Ag T=\u2, An )
where,
/IH j ’ " 02
ACjZ/,l?-FTJUZ, A(R/l)j=:u§+(/lHj+/1Hji/lHj)5~ (6)

. . . . cosf sinf
One can diagonalize the above mass matrices using Uy = ( sinfd  cos 9) as

2 2
Uy MUq, = diag(Mg,, M,) with 6c = tan™' [ﬁ]

(N

2’
T Aq2 : 2 2 : -1 12
UpeyMr1Ubr, = diag(Mg 1, Mg 1) With - Oy = tan [ }

A2 — Ay

The flavor and mass eigen states can be related as

ot (-0 (400
(nz) Ve (¢z)’ (n'; Yae\gt) \nt) = Yorlot) ®

The invisible decays of Z and W* at LEP, limit the masses of inert scalars as [5, 6]
Mci > Mz/2, Mg+ My > Mz, Mci+ Mg > My. 9)

Moving on to fermion sector, electroweak radiative corrections provide a mass splitting of
166 MeV [7] between the charged and neutral component of triplet. We work in the high
scale regime, this small splitting does not effect the phenomenology.
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Figure 1. Effective electromagnetic vertex, where ¢ = p — p’.

3 Neutrino phenomenology
3.1 Neutrino Magnetic moment

Though neutrino is electrically neutral, it can have electromagnetic interaction at loop level,
as shown in Fig. 1, where the blob represents the effective one-loop coupling while ¥(p) and
¥ (p’) denote the incoming and outgoing neutrino states. The effective interaction Lagrangian
takes the form

Lem =yl A" . (10)

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

Lu(p, P) = fo@Vu + ifu(@)Twq” + fe(@Twd s + faA(@) @YV — qu@)ys » (1)

where fo(q?), fu(@®), fe(g*) and fa(g®) represent the form factors of charge, magnetic
dipole, electric dipole and anapole respectively.

In the non-relativisitic regime, fp(0) = Q stands for the charge, f)(0) = u represents
magnetic dipole moment, fz(0) denotes electric dipole moment and f4(0) stands for the Zel-
dovich anapole moment of the particle. All the four form factors remain finite in Dirac type

neutrino. For Majorana case, using the property of charge conjugation y¢ = C;ZT, we get
YT = T = yCrC'y. (12)
Since Cy C™" = =y, Clyuys) C™" = yuys, Col, ™' = =0y and Co7y5) C™' = =0y,
we obtain
Lu(p. P = = fo(@ W = ifu(@)Tud” = fe(@)T0q ys + fa@)@ Ve = qu@ys . (13)

which results fp(¢*) = fu(q*) = fe(¢*) = 0 for a Majorana neutrino. However, if the
electromagnetic current is between two different neutrino flavors in the initial and final states
ie., EI},w ;A with i # j, Majorana neutrinos can have non-zero transition dipole moments.

In the present model, the magnetic moment arises from one-loop diagram shown in the
left panel of Fig. 2, and the expression of corresponding contribution takes the form [3]

3 2 2
(Y2)ap . 1 [ [MCZ} ]
(Uy)ep = MEZ (1 +sin26¢c)—— |In -1
A ; 82 [ M?>

c2 M%;
(1 —sin26¢) ! {1 [M%‘} 1] (14)
+(1 =sin26¢c)——1|In - ],
Mz | M3

where y = ¢ = Y and (Y?),5 = YakYkTﬁ.
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Figure 2. One-loop Feynman diagram for transition magnetic moment (left panel) and light neutrino
mass (right panel).

3.2 Neutrino mass

In the present model, contribution to neutrino mass can arise at one-loop from two diagrams,
one with charged scalars and fermion triplet in the loop while the other with neutral scalars
and fermion triplets. The relevant diagrams are provided in the right panel of Fig. 2 and the
corresponding contribution takes the form [3]

2 2
(Yo MZ, Mg, M, M ]
M)os = ——Ms+|(1 +5in20¢c)————1n “1+ (1 -sin260c)—————In
(My)ap 21 o x| ( C)M o, 2 ( C)M myyey M2
2 2
Z 2)"ﬁM (1 + sin 20g) Mz 1 ! (1 — sin 260) M2 1 My
+ sin —— 1n + — sin —— In
32 [ TR = M2 M, e M, M2 M2,
2 2
Z(Y oty (1 + sin26,) M2 1 - +(1 —sin26)) Mz 1 - }
— sin —— 1N — sin —— 1N .
AN ! ML, -3, | M ! M2, - M M
(15)

4 Dark Matter phenomenology
4.1 Relic density

In our proposed model, we consider the new scalar particles as dark matter candidates
and study their phenomenology up to 2 TeV mass range. All the inert scalar components
contribute to the dark matter relic density of the Universe through annihilations and co-
annihilations. With the scalar Higgs mediator, ¢f¢f can annihilate to ff, WYW~,ZZ, hh

and via Z boson, ¢{¢ can co-annihilate to ff, W*W~, Zh. Additionally, the charged
and neutral components can co-annihilate to f’f”, AW*,ZW* hW* through W*. Here,

= uct,v,v,,v: and f” = d,s,b,e,u,7. The abundance of dark matter can be com-
puted using the stnadard formula,

1.07 x10° GeV™! 1
Mp g.'? J(xp)’

Qn? = (16)

where, Mp = 1.22 x 10" GeV and g, = 106.75 denote the Planck mass and total number of
effective relativistic degrees of freedom respectively. The function J is defined by

J(xp) = f N <Ui>2(x) dx (17)
xf
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where the thermally averaged cross section {(ov) reads as

00

X

O S5 )

xS
G X (s — 4M3y) \/EKI( ‘/_)ds. (18)
Mpwm
Here K, K, are the modified Bessel functions, x = Mpy/T, with T being the temperature,
Mpw is dark matter mass, & is the dark matter cross section and x stands for the freeze-out
parameter.

4.2 Direct searches

The direct search signals come from the scattering off the scalar dark matter from the nucleus
via the Higgs and the Z boson. Mass splitting between real and imaginary components above
100 KeV can forbid gauge kinematics [8]. Thus, the DM-nucleon cross section in Higgs
portal can provide a spin-independent (SI) cross section, whose sensitivity can be checked
with stringent upper bound of LZ-ZEPLIN experiment. The effective interaction Lagrangian
in Higgs portal takes the form

L = a, 08 ¢%qq,  where (19
— M,
ag = ——
2M2 My,

The corresponding cross section is given by [8],

(A1 €08” Og + A1 sin® ) with Apj = Apj + Ayy; + Aj7 .

Os1

1 ( M, Mg, )2(/&1 cos? g + Az, sin® O

2
2 A 12
= — M, 20
47 \ M, + My, 2Mp M? )f " 0

where, M, denotes the nucleon mass, nucleonic matrix element f ~ 0.3. We have used
micrOMEGAs to compute relic density and also DM-nucleon cross section. The detailed
analysis of neutrino and dark matter observables and their viability through a common pa-
rameter space will be discussed in the next section.

5 Analysis

In the present framework, we consider ¢¥ to be the lightest inert scalar eigen state 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 Mg, corresponding to the mass of ¢f
and three mass splittings namely 0, d1r and dcr. The masses of the rest of the inert scalars
can be derived using the following relations:

Mgy — Mgy = Mpp — My = Mcy — Mcy =6,
Mpg; — Myj; = 6r, Mg — Mc; = Ocr , 2D

where, i = 1,2. In the above set up, the scalar mixing angles can be related as follows

2MR1 +0 2MR1 +0

in26; =sin20p | —m8M8M8M8M8 _—
SN 201 = S 2Or (ZMRI + 26IR +0 2MR1 + 26CR +0

) R sin26¢ = sin ZHR( ) . (22)

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 < Mg <2000 GeV, 0<sinfg <1,

0.1 GeV <6 <200GeV, 0.1 GeV <r,dcr <20 GeV. (23)
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We filter out the parameter space by providing Planck constraint on relic density [9] in 30
and then compute DM-nucleon SI cross section for the available parameter space. We project
the cross section as a function of Mg, in the left panel of Fig. 3 with cyan data points, where
the dashed brown line corresponds to LZ-ZEPLIN upper limit [10]. Choosing a set of values
for the Yukawa and fermion triplet mass, with the obtained parameter space, one can satisfy
the aspects of neutrino mass and mixing phenomenology. The blue, green and red data points
corresponding to 25, 80 and 420 TeV of 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 of dark matter mass is favoured as we move
towards high scale (triplet mass) and moreover the favourable region shifts towards larger
values with scale. The suitable region of Yukawa and fermion triplet mass is depicted in the
left panel of Fig. 4, allowed range for scalar mass splittings is displayed in the right panel.
Here light colored band corresponds to dig and dark colored band stands for cg. Using two

42 3.x10710
2.5x10°1°
-44
LZ-ZEPLIN (2022) o
D - 210 SOUTNANNTE it A
i >
[
% ‘= ©. 1.5%10-10
e e <
S -48
® M;=420TeV 1xqo-rop © Me =400 Tev
Ms = 80 TeV
-50 - 3
M; =80 TeV A
Planck allowed o M;=25TeV o Ms=25TeV
52 500 1000 1500 2000 1.x10° 2.x10-1 3.x10-7 4.x10-" 5.x10-1 6.x10-""
Mg [GeV] lpvl el

Figure 3. Left panel projects ST WIMP-nucleon cross section as a function Mg, with dashed brown
line of LZ-ZEPLIN upper limit [10]. Cyan data points satisfy Planck limit [9] on relic abundance in 3o
Blue, green and red data points satisfy neutrino mass and magnetic moment for a specific set of values
for fermion triplet and Yukawa, visible in the right panel.

3.0x10°° . . ! 500
2.5x1075}
-5
2.0x1075F 200t
-5
s 1.5%10 . = 100-
H : 2 o D Q000
3 w
> 1.0x107%- s 50¢
20+
5.0%x10°° : . . 10
20 50 100 200 500 0 5 10 15
Ms [TeV] Oir, Ocr [GeV]

Figure 4. Left panel displays the suitable region for triplet mass and Yukawa to explain neutrino
phenomenology. Right panel shows the allowed region for scalar mass splittings, thick (thin) bands
correspond to dir(dcr) respectively.

specific benchmark values (shown in table. 2 and table. 3) which are favourable to explain
both neutrino and dark matter aspects discussed so far, we project relic abundance scalar dark
matter in Fig. 5.
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Table 2. Set of benchmarks from the consistent parameter space.

Mpg, [GeV] | 6 [GeV] | dcr [GeV] | 0r [GeV] | Ms [TeV] | Yukawa | sin8g
benchmark-1 1472 101.69 9.03 0.35 420 107%% 1 0.09
benchmark-2 628 36.40 4.38 3.45 80 10748 0.06
Table 3. Neutrino and dark matter observables for the given benchmarks.
ol [us] | M, [GeV] [ Logg™ em™ [ Qh?
benchmark-1 2.73 x 1071 1.99 x 10710 —47.78 0.123
benchmark-2 | 3.03x 107" | 1.92x 10710 —47.04 0.119
1
0.1005===========‘=_='=_=_=_§5555555;s .................
oot0l
E ¢4
(o]
0.001}
104 e benchmark-1 |
benchmark-2
10° 500 1000 1500 2000
Mg, [GeV]

Figure 5. Relic density as a function of dark matter mass for the chosen benchmark of the favourable
parameter space of table-2.

6 Implications

In the experimental perspective, non-zero neutrino magnetic moment of solar neutrinos can
provide explanation for the excess in electron recoil events at XENONIT collaboration [1].
In other words, the neutrino transition magnetic moment can provide additional contribution
to the neutrino-electron scattering process. In this section, we utilize non-zero 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 given as

(do-) _(do-) +(d0')
dTe)ror \dTe)sy \dTe gy’

where T, is the electron recoil energy. The first contribution in eq. (24) is due to standard
weak interactions, given by

do _ G%:me
dT. )y  2r

(24)

T\ T
(gv+gA>2+(1—E—) (gv—gA)2+(mE2 )(gﬁ—g%] . 29)

4
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where G stands for the Fermi constant and
1
gy = 2sin® Oy + 5 ga = 1/2 for v,,
1
gy = 2 sin® Oy — 5 ga =—1/2 for v,, v, . (26)

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

( do ) _nd? ( 11 ) (,u )2 o
dT,Joy m2 \T. E,J\pug)’

where, a is the electromagnetic coupling, E, is the initial neutrino energy, u,,, is the neutrino
magnetic moment and yp is the Bohr magneton. For high T, value, weak cross-section domi-
nates and for low 7, value, the electromagnetic cross-section dominates and hence, we search
for the signature of neutrino magnetic moment in the low energy region. For simplicity, we

take one transition magnetic moment u,,, to explain the XENONIT excess. The differential
event rate to estimate the XENONIT signal is given by

dN Ev max doe dose s
d_T,:ntexfgnn dE, fT dT( Py + 08”03 —— =T, P ) dz X &(T,) X G(T,, T,).
(28)

In the above, €(T,) denotes the efficiency of detector [1], n,, is the count of number of target
electrons in the fiducial volume of one ton Xenon [11], d¢;/dE, represents the solar neutrino
flux spectrum [12], and the function G(7T,, T,) reflects the normalised Gaussian smearing
function that takes into account the detector’s limited energy resolution [1]. The limits 7y, = 1
KeV and Ty« = 30 KeV stand for the threshold and maximum recoil energy of detector
respectively. The extremes of neutrino energy for the integral are given by E"* = 420 KeV
and E™" = [T + (2m,T + T2)2]/2 [13]. The survival probability can be expressed as

1
P,, = sin* 0,3 + 3 cos* 015(1 + cos 207, + cos 26),) . (29)

And the disappearance probability can be taken as P, = 1 — P,,. The oscillation parame-
ters are taken from [14]. In Fig. 6, we project the event rate as a function of recoil energy
T,, for two set of values for magnetic moment, i.e., f1,,, = 2.6 X 107" g and 3.2 x 107"y
(red curves). Adding with 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 XENONIT experiment [1].
In Fig. 7, we project neutrino magnetic moment as a function of dark matter mass, choosing
specific set of values assigned to triplet fermion. As seen earlier in the left panel of Fig. 3,
a specific range of dark matter mass is favoured with the scale of triplet mass. It is trans-
parent that the model parameters are able to provide neutrino magnetic moment in the range
10’12;13 to 10’10/43, sensitive to the upper limits of Super-K [15], TEXONO [16], Borexino
[17], XENONIT [1], XENONNnNT [2] and white dwarfs [18] (colored horizontal lines). Thus,
from all the above discussions made, 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.

7 Conclusions

In this work, we have attempted to address neutrino mass, magnetic moment and dark matter
phenomenology in a common framework. For this purpose, we have extended the standard
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-------- Signal +Background  ==-=-=-- Signal -------- Background @ XENON-1T data

Events/(ton.yr KeV)

Hv,, = (2.6-3.2)x1072% ug

15 20 25 30
Tr [KeV]

Figure 6. Excess recoil events (blue) to match XENONI1T [1] (black) through the signal from transition

neutrino magnetic moment i,,, = 2.6 X 107"'ug and 3.2 x 107" up (in red) along with background
(green).

M; = 25 TeV
M; = 80 TeV
M;s = 420 TeV

a > Super-K
10-0  H—— — — PSR —— S -
__k ________ et TEXONO _____

|kv| [Hel

10—11

LB s B O B O S B B B

400 600 800 1000 1200 1400 1600 1800 2000

Mg1 [GeV]

Figure 7. 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 XENONIT (average value of

suggested range in [1]), XENONNT [2], Borexino [17], TEXONO [16], Super-K [15] and white dwarfs
[18].

model with three vector-like fermion triplets and two inert scalar doublets to realize Type-I11
radiative scenario. A pair of charged scalars help in obtaining neutrino magnetic moment,
all charged and neutral scalars come up in getting light neutrino mass at one-loop level. All
the inert scalars participate in annihilation and co-annihilation channels to provide total dark
matter relic density of the Universe, consistent with Planck satellite data and also provide a
suitable cross section with nucleon, sensitive to LZ-ZEPLIN upper limit. The lightest dark
matter mass is scanned upto 2 TeV while the fermion triplet mass is taken with larger values,
i.e., few hundred TeV. Choosing Yukawa of the order 1073, we have obtained light neutrino

10
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mass in sub-eV scale and also transition magnetic moment ~ 10~ 5, to successfully explain
the excess electron recoil events at low energy scale reported by XENONIT experiment.
Finally, we have also demonstrated with a plot that the model is able to provide neutrino
magnetic moment in a wide range (1072 to 107'%yp), in the same ball park of 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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