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We consider the possibility of the lightest sterile neutrino dark matter which has dipole interaction with
heavier sterile neutrinos. The lifetime can be long enough to be a dark matter candidate without violating
other constraints and the correct amount of relic abundance can be produced in the early Universe. We find
that a sterile neutrino with the mass of around MeV and the dimension-five nonrenormalizable dipole

interaction suppressed by As 2 10'> GeV can be a good candidate of dark matter, while heavier sterile
neutrinos with masses of the order of GeV can explain the active neutrino oscillations.
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I. INTRODUCTION

In the context of the standard model (SM) of particle
physics, the oscillations between neutrino flavor species
and the invisible component of the mass in the Universe
cannot find any solution in itself. Both problems require
new physics with new particles or new interactions beyond
the standard model (BSM).

The simplest explanation of neutrino oscillation phe-
nomena is that neutrinos have tiny masses, which can be
explained by the seesaw mechanism with the introduction
of heavy right-handed Majorana neutrinos [1-4]. To
explain two squared mass differences measured from the
solar and atmospheric neutrino oscillations, only two kinds
of right-handed neutrinos are enough. If three generations
of right-handed neutrinos are assumed like other SM
fermions, the remaining one right-handed neutrino can
be practically decoupled from neutrino oscillation and free
from the observations, thus it can be a candidate for sterile
neutrino dark matter [5-7].

Sterile neutrino dark matter with keV-scale mass has
been studied thoroughly, since those can be produced in
the early Universe through the simplest mechanism of
Dodelson-Widrow (DW) [5] with proper amount for dark
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matter, and those can be warm dark matter with a
significant free streaming scale that could help to relax
the problems of the cold dark matter. However, the sterile
neutrino DM generated by DW mechanism are now
severely constrained from the observations in x-ray [8—12]
and structure formation [13-15], even if the hadronic
uncertainties are taken into account [16]. For this, see a
recent review Refs. [17,18]. That has brought other
mechanisms for the production of dark matter such as
the resonant oscillation production [19] or other non-
thermal production mechanisms. Nonthermal production
mechanisms of sterile neutrino DM include the decay of an
extra singlet scalar [20,21], scatterings through new medi-
ators in the thermal bath without reaching thermal equi-
librium [22-28] which is recently called “freeze-in” [29].
For a review on freeze-in scenarios, see, e.g., Refs. [30,31].

The possibility of the neutrino magnetic moment has
been studied from a long time ago [32-34]. While the
magnetic moments between the active neutrinos can arise
from the dimension-six operators, those between the gauge
singlet right-handed neutrinos can arise from the dimension-
five operator [35]. Considering that both operators are
induced by the same new physics, the dimension-five
operator is much less suppressed and may leave observable
effects of high scale physics than the dimension-six operator.
Provided that neutrino masses are generated through seesaw
mechanism, neutrinos are Majorana particle, being self-
conjugate, hence the magnetic moments act as the transition
moments indeed. This transition induces the decay of heavier
neutrinos to a lighter neutrino emitting a photon and various
new scattering channels. Even if the effects are highly
suppressed and negligible in terrestrial experiments, those

Published by the American Physical Society
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may contribute to the decay and production of sterile neutrino
dark matter.

In this paper, we explore the possibility of the lightest
sterile neutrino as dark matter which interact with other
sterile neutrinos and the SM particles through the dipole
interaction. The sterile neutrino DM can decay into a
photon and an active neutrino through the dipole operator,
even if its Yukawa coupling is vanishing. The bound on
the sterile neutrino DM lifetime constrains the scale of the
dipole interaction as well as the mixing between left-
handed and other sterile neutrinos. On the other hand,
through this dipole interaction, sterile neutrinos are pro-
duced by the scattering processes in thermal plasma in the
early Universe. We find that a sterile neutrino with the mass
of around MeV and the dimension-five nonrenormalizable
dipole interaction suppressed by As > 105 GeV can be a
good candidate for dark matter, while heavier sterile
neutrinos with masses of the order of GeV can explain
the active neutrino oscillations.

This paper is organized as follows. After we describe
the Langrangian of the model and give mass eigenstates
and those interaction vertices in Sec. II, we examine the
scenarios of sterile neutrino DM by estimating its lifetime
and DM abundance generated in the early Universe in
Sec. III. We mention the observation signatures in Sec. IV,
and then conclude in Sec. V.

II. MODEL

In this section, after we introduce the model, we derive
the Lagrangian in the mass eigenstates and summarize their
basic properties. The interactions of the sterile neutrinos
will be used in the following sections.

We consider a model with Lagrangian including standard
model (SM) part Lgy; and additional one containing three
right-handed neutrinos £, as

EZESM+£UR7 (1)
where
| — L
£DR - _EURI'MUR,‘]‘URJ' + Yvaila PUR;
+ Cijtilr” v lvriBu, + He. (2)

Here, B, is the gauge field strength of U(1), gauge field
B,, L, are lepton doublets with a flavor, ® is the Higgs
doublet and forms ® = e®* with the superscript ¢ and *
for charge conjugation. The Majorana mass of v, are
taken to be diagonal, real, and positive as M, =
diag(M,,,.M,,,. M,,.) without loss of generality. We also
note that the dipole interaction above is the most general
form for vy because of the identity ysPr = Pg. The dipole
interaction is a dimension-5 operator and the coupling

Cij= /C\—; is suppressed by a high energy scale A5 with an
antisymmetric coupling c;; of the order of unity.

After the electroweak symmetry breaking, with the
vacuum expectation value (VEV) v =246 GeV of the
SM Higgs field ®, the B gauge boson and neutrinos are

decomposed into the mass basis as

Bﬂ:CWAﬂ_SWz s (3)
Vig = UgiVi + ®aiygi’ (4)
Vg = —(Of U)ij”j + U5 (5)

where cy (sw) is cosine (sine) of the Weinberg angle, and
A, and Z, are the photon and Z-boson. v; and vy; are the
mass eigenstates of light active neutrinos with the mass
eigenvalues m, and those of sterile neutrinos with the mass
eigenvalues m,, , respectively. Here, i or j runs from I to 3,
and we have m, ~M,. due to the mass hierarchy. m,, are
eigenvalues of the mass matrix of the light neutrinos, which
is generated through the seesaw mechanism [1-4] as

m, ~ —myp mj, = —OM, O, (6)

M

VR
in the flavor basis. Those are related as m'* —
diag(m,, my, m3) = U'm,U* through the PMNS matrix
U [36,37]. The mixing between left- and right-handed
neutrinos are parameterized by the mixing matrix

0 =mpM;! <1, (7)

with the Dirac mass (mp), = y,v/V2. Naively,
the typical magnitude of the left-right mixing can be
estimated as

ml/
M

VR

©% ~ (8)

For the lightest sterile neutrino being the DM candidate,
its lifetime should be long enough compared to the age of
the Universe. This is obtained when y,,,; is practically zero
so that we consider the Yukawa coupling

0 Yve2  Yve3
Y = 0 ylxﬂZ yy/,tS . (9)
0 Y2 Yur3

Even with this vanishing Yukawa coupling between the
lightest sterile neutrino and the active neutrinos, it is still
possible to reproduce the light neutrino masses to explain
the observed neutrino oscillations [7]. Following the para-
metrization of Casas and Ibarra [38], the Dirac mass term or
the neutrino Yukawa coupling can be expressed as
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v

Yvai 7§

with R being a complex orthogonal matrix with RRT = 1.
For the normal ordering of neutrino mass, an expression of
the orthogonal matrix is

= iU(my*®)'*R(M,,)"/?, (10)

VR

1 0 0
R=|0 cosw —sinw |, (11)
0 sinw cosw

with @ being a complex parameter. If the imaginary
values for the complex orthogonal matrix are large, the

1
ENCZE\/Q%_I'Q%Z D" Prv; +v5,(O7U) ;i Pry; + D" PL(UTO) 05, + U5y PL(©70),,05)),

Lp = (CWF

— CTE(UO) . 1Py

1j%si

+ (CWFW - SWZW){_V?(UT@*MCZZ(@I )zj[}’”
]PLU + i Vsi 1k(®TU)k] [yﬂ
—swZu) Wi (CY + CYys) 'y

+V_5(UT®*)ikCZj[7
= (CwF
+ Vst(cyxy + CA ’/7/5)”[7//4

In the last line in Eq. (15), we used Majorana nature v; = vj and vy; = v

couplings are defined as
(CDU + C‘ZD}/S)U

(CI;/{/\ + Czy)yS)U (
(G + Cvs)y =

(Cl/sl/x + C;sys}/s)u — C PL7
with the chiral projection operator
1 F7s
P LR — . (17)
' 2
The dipole interaction operator ;[y*,y"]v,;F,, can

be induced also from the Dirac dipole operator,
D[y, v*|vgB,,. However, this is actually a dimension 6
operator with [39,40]

1
— L[,

A2 ]’/RB;w

—)—zﬁ[yﬂ,y”}ysFﬂw (18)

6

while the operator v%;[y*,y*|ug;B,, is dimension five.
Thus, as usual if we assume that the cutoff scale is common

- swZ, ){ZTi(UT®>ikal(®TU*)lj[7ﬂ
— Gty

]Vl +l/sz(c . + Cv UYVS):][Y 4 ]VSJ)

(U'©)yCu(@"U*),;P, -
'0), G P+ (UTOY), kC Pr:
_Cik(GTU*)ijR + Cik(GTU)ijD

components of Yukawa couplings (10) and mixings (7) can
be enhanced as

diag\1/2 _ipp2  m
O = |(my™)' PR(M,,)72]P ~ —-

VR

exp(2lmw),  (12)

which can be much larger than Eq. (8).

By substituting the decomposition in Egs. (3)—(5) into
the Lagrangian, we obtain the interaction of the mass
eigenstate neutrinos

;Ccc = W;}/M(Um'PLU,' + ®aiPLU§i) + H.C., (13)

|
—=ré
\/292 a

rIPgvs

]PR(G)TU*)/Z’/I + G5 v Prys;

]PLVj
1Py - C}le/_si[}’”vyb]PLygj

Toj +w(CV + Crs)ylr e

(15)

5;» and the corresponding vector and axial-vector

(UT0°)4C}y(©U),;Pr

(16)

for all higher dimensional operators, then the operator with
lower dimension must be more important. In this respect,
we do not consider dimension-6 operators in the rest of
this paper.

III. LIGHTEST STERILE NEUTRINO
AS DARK MATTER

The lightest sterile neutrino can be a good candidate for
DM, if it is stable enough and the relic density is consistent
with that for DM. In this section, we study the parameter
space in our model for the lightest sterile neutrino to be DM
by examining the lifetime and its production in the early
Universe. We find that the lightest sterile neutrino with
the mass of around MeV and the dimension-five dipole
interaction suppressed by As > 10" GeV can be a good

015016-3



WONSUB CHO, KI-YOUNG CHOI, and OSAMU SETO

PHYS. REV. D 105, 015016 (2022)

candidate for dark matter, and the right amount for DM can
be produced through the thermal production in the early
Universe. Though we denote the mass eigenstate of sterile
neutrinos vy; in the previous section, to distinguish between
the lightest DM sterile neutrino and the heavier sterile
neutrinos, we use v, for only the lightest sterile neutrino vy,
and vy, for the heavier sterile neutrinos with 4 running from
2 to 3 in the rest of this paper.

A. Stability of sterile neutrino DM

Even in the case of vanishing y,,;, a v, can decay into a
photon and an active neutrino v; through the dipole
interaction and the mixing between the heavier sterile
neutrinos with active neutrinos, vy, — vy. To avoid the
constraints from the monochromatic photon observation, it
is required that the lifetime 7 > 10?® second, which is much
longer than the age of the present Universe. The decay rate
of vy — vy is given by

3

cv 2

(v —>1/yz c g Cvi
i=1

1 /105 GeV\2/ 0] \2/ m, 3
1078 sec As 10°°) \1MeV) "’

(19)

+|Can [P]m3,

where, i is the index of the mass eigenstate of light active
neutrinos, and @ is the nonvanishing mixing between active
and heavier sterile neutrinos (v, and v). In the second
line, we used the relation in Eq. (16) by dropping the
constants of the order of unity ¢;; and

1
e =0(3,)

up to complex phases. We find that the preferred parameters
are As 2 10" GeV for m, ~1MeV and |©]~107°
from Eq. (19).

(20)

B. Relic density of sterile neutrino DM

The sterile neutrino DM can be produced in the early
Universe through the scatterings of the thermal particles
(thermal production) and decay of the decoupled heavy
unstable particles (nonthermal production). First, we pro-
vide the general formula for the production of DM in this
subsection and details of the thermal and nonthermal
production of the lightest sterile neutrino DM are presented
in Secs. III C and III D, respectively.

The Boltzmann equation for the number density of
heavier sterile neutrinos n, (h = 2,3) are described by

dn
Ush + 3Hnysh —

dt (ov(ab = vy X)) (nny, —

Nysh nX)

—T(vy — all)n, (21)

for h =2 and 3, where n, are the number density of a
particle, cv(ab — vX) is the scattering cross section times
the relative velocity for a process from initial particles a and
b to v and another by-product X, and I" is the decay rate of
the corresponding mode. Similarly, the Boltzmann equation
for the number density of the sterile neutrino DM v, is
given by

dn,
——=+3Hn, = (ov

dt (ab_)l/sX»nanb_'_F(ysh _)yl/s)nv

sh*

(22)

The last term is the production from the decay of the
heavier sterile neutrinos v;, and we ignored the decay of v
here, since it is negligibly small. The Hubble parameter H
in the radiation dominated Universe is given by

g,

SMAH? = p
=730

—ZET4, (23)
where p is the total energy density of radiation, T is its
temperature, g, is the total relativistic degrees of freedom,
and Mp is the reduced Planck mass.

The scattering term in the right-hand side (rhs) in
Egs. (21) and (22) is given by [41]

T ©o \/E
N =3>"7 dsg;ig;pijAEEjovK, | — |,
(ov)nin; 32”4,2,,-:/(mi+mj)2 59i9;Pij oV 1(T>

(24)
where
4EEav—H/ S TMP(27)'s
X (pi+pj—pr), (25)
with f being indices for final states, and
(5 = (s m) (5 = (m; = m; )2
Pij = ! / (26)

2\/s

Here, K(z) is the modified Bessel function of the first kind
with g;, m;, and E; being the internal degrees of freedom,
and the mass and energy of i particle, respectively. The
Mandelstam variable s = (p; + p;)* is defined with the
incoming 4-momenta of p; and p;.

For heavier sterile neutrinos, the dominant production
comes from the thermal scattering through Yukawa inter-
actions, dominantly through the Higgs boson mediation
qu — qug, (t-channel) and gg — Dy, (s-channel) for
h =2,3. Here, any SM fermion can be ¢, however, in
practice, (top) quarks are dominant. Heavier sterile neu-
trinos also decay into the active neutrinos and also into the
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lightest sterile neutrino. On the other hand, the lightest
sterile neutrinos with vanishing Yukawa couplings are
produced through the dipole interaction from scattering
processes (thermal production, TP) dominantly ff — y,
Z > VU OF Ul (s-channel),' and from the decay
(nonthermal production, NTP) of decoupled heavier sterile
neutrinos which such as vy, (v3) — vgy. Since the inter-
action of the sterile neutrino DM is too small, their
production mechanism is the same as that of gravitino or
axino which have very weak interactions [31].2 In fact,
operators in Eq. (15) have the same Lorentz structure to
those for the axino, namely, the axino-gaugino-gauge field
strength vertex [44—48]. We consider both production
mechanisms in the following subsections one by one.

C. Thermal production of sterile neutrino DM

The lightest sterile neutrino DM can be produced directly
from the particles in the thermal equilibrium. Since v; is
weakly interacting with the other particles and always in
the out of equilibrium, the abundance Y = n/s defined as
the ratio of the number density to the entropy density is
estimated as

Vsh dT’

yTP — /TR (ov(ij = v X))nin; + T'(vg, — yrn
" T sTH

0

(27)

where s = is the entropy density with g, ¢ being the
total relativistic degrees of freedom for the entropy, T is
the present temperature and 7' is the reheating temperature
after inflation. Once Y!¥ is obtained, the present relic
density is given by

e — M _yte oM ) (1) o)
o Pcm/so 1 MeV 106"

=2.8x10%/GeV with the
present entropy density s, = 2” x 3.91 x T3 and the criti-
cal density p.i = 3M%H} w1th H, being the present
Hubble parameter.

At high temperature before the electroweak symmetry
breaking, the most dominant production modes for the
lightest sterile neutrino are the scattering fv,, or fr s — fu,
via t-channel and ff — v, or v via s-channel
mediated by B boson through the dipole interaction. In
calculation, we introduced the thermal mass for the B boson
mpg ~ gyT to regulate the divergence in the t-channel.

2m%g.s 3
45 T

where we used (pgi/s0)”' =

'There are other production modes yW* or ZW* — v, —
v, f* (t-channel) and interchange of W* and f*. However, those
are subdominant due to the suppression by both the mixing ®
and As.

*The massive particle with very weak interactions has been
called as super-WIMP [42], E-WIMP [43], or FIMP [29].

We give the explicit expression of the spin averaged
amplitude squared in Appendix. By substituting those into
Egs. (27) and (28), we obtain

101 GeV\2/ T
YIP ~4.2 %107 © SR (29)
As 10" GeV

and

100 GeV\2/ T
QPR = 0.1( —= k).
0 (1 Me V)( As ) (1011 GeV) (30)

Note that here the abundance is proportional to the
reheating temperature 7y due to the nonrenormalizable
interaction. In this case, the production from decay of
thermal particles are subdominant and can be ignored [46].
We consider the reheating temperature to be less than As,
otherwise we might have to consider the full UV theory
for the temperature above the cutoff scale As. In Fig. 1, we
show the final abundance as a function of Ty for two
choices of As = 10" GeV and 10'® GeV. In Fig. 2, the
contours of Q™ 1% = 0.1 for several T are shown with the
lifetime constraint with Eq. (19) in the (m, , As) plane.

Here, we note that the lightest sterile neutrino DM, v,
cannot be produced through neutrino oscillation at all,
since the Yukawa coupling y,,; are almost vanishing, thus
neither the Dodelson-Widrow [5] nor the Shi-Fuller [19]
mechanism works.

D. Nonthermal production of sterile neutrino DM

In the hot and dense early Universe, the sterile neutrinos
are produced from the thermal particles. After the heavier
sterile neutrinos decoupled from thermal bath, those decay
into the SM particles as well as the lightest sterile neutrino
DM. This contribution to the sterile neutrino DM is called
nonthermal production. For this, we first estimate the relic

100
10~ b, ____________/;,.’_/ _____
~ 1072
=
e
&
< 108
1074 =10 GeV
5 = 1016 GeV
1072 = - - )
100 10" 10% 10 10" 10t 10%
TR[GCV]
FIG. 1. The plot of Q[h? vs Tg with m, =1 MeV for A5 =

10" GeV (blue solid) and 106 GeV (orange dashed).
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1018

Tr = 10° GeV
C Tr =100 GeV
Tr = 10" GeV
PR = 0.1
ONTPR2 = 0.01

1017

1072

FIG. 2. The contours on the plane of (m, , As) which give the
correct relic density for the lightest sterile neutrino DM from TP,
for the reheating temperature Tk = 108,10'°,10'> GeV with
solid, dotted, dot-dashed lines, respectively. Blue and orange
lines are the amount produced by the nonthermal production as
discussed in Sec. III D 2. The mauve shaded regions are dis-
favored due to a shorter lifetime of DM than 10?® sec. The light
magenta region, m, < 2 keV, is disfavored from the constraint of
the structure formation. Here, we fixed the heavier sterile neutrino
masses as (mg,mg) = (1 GeV, 10 GeV).

abundance of the heavier sterile neutrinos at the decoupling
time, and then calculate the branching ratio of the decay
into the lightest sterile neutrino DM.

1. Production of heavier sterile neutrinos

The heavier sterile neutrinos vy, are produced by scatter-
ings through Yukawa interaction. The dominant production
modes are gv — quy, via t-channel Higgs boson exchange
and gq — v, via s-channel Higgs boson exchange process.
We express those amplitudes in the Appendix. The scattering
cross section of each mode is given as

Ny
) = g (31
for large T > m,, m;,, M, . Here, N_. is the color factor, yr is
Yukawa coupling of the SM fermions, m, and m;, are masses
of the top quark and the SM Higgs boson, respectively. For
the scattering with a top quark, the equilibrium condition is
expressed as

n{o(qv < quy,)v) > H (32)

with n = %T{ ¢(3) ~1.202 being the Riemann zeta
function of 3. By recasting the condition Eq. (32) with

Eq. (31), we find that the thermal equilibrium is attained for
temperature

T<1TeV< v )2. (33)

107
Since we find

M

107° - l/2R

v <100 Gev> ’

from Eq. (10), this condition Eq. (33) is satisfied for
M, 2 1TeV with R=1 and for M,, <1 TeV with a
nontrivial R. After the electroweak symmetry breaking,
top quarks decay and disappear from the thermal bath so
that the scatterings are suppressed and the heavier sterile
neutrinos become decoupled. Since sterile neutrinos are
relativistic at that moment, the abundance before the decay
of heavier sterile neutrinos is given by

1
Y (T) v ———— =~ 1072,

by for h=2,3
h g*S(Tdec)

(34)

where Ty is the decoupling temperature.

The heavier sterile neutrinos vy, (h = 2,3) can also be
produced though oscillations from the active neutrinos,
namely the Dodelson-Widrow mechanism [5]. If those
were stable, the present abundance could be expressed
by [5,18]

® | 2 m 2
Q, i ~01 (O L
b (1.57 x 107> ) \10 keV

® | 2 m 2
w107 (O ) (35
(1.57x10—6> <1 GeV) (35)

for h = 2,3, which is rewritten as

Ou\2/ m
Y, ~1072 1O Sk} forh=2,3. (36
var (10-6) <1 Gev) (36)

This can be comparable to Eq. (34) of the thermal
abundance. For |®,,| > 107°(1 GeV/m,;,)'/?, heavier ster-
ile neutrinos could be thermalized by oscillation. In the
following, we assume that the heavier sterile neutrinos are
in the thermal equilibrium, because thermalization by either
scattering or oscillation is possible for wide parameters of
our interest.

2. Decay of heavier sterile neutrinos

The heavier sterile neutrinos can decay in the early
Universe due to the Yukawa interaction as well as the
dipole term. The decay modes due to Yukawa interaction
include vy, — 3v, with other leptonic decay modes such as
£~¢v [49], vy, — vy [50,51], and the modes with mesons.
The partial decay rate can be found in Refs. [52,53] for the
sterile neutrino lighter than the W-boson. Among them, the
decay rate of the dominant decay mode is
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107

10!

100
my,[GeV]

FIG. 3.
curves) on the plane of m, , vs 3, |©,;|* for fixed m, , =
matrix with R = I, w = 2i, and w = 3i.

F(Ush - 31/

ZF(Ush = Vglj U 967 ZSh Z'Gah‘

(37)

which estimates the lifetime of the heavier sterile neutrinos.
In the left window of Fig. 3, we show the contour of the
lifetime of the heavier sterile neutrinos in the plane of
(my,,. >4 |®4]?). The solid line corresponds to the lifetime
(10,1,0.1,0.01) second, respectively from left to right. In
the right window, we show the lifetime of the heavier sterile
neutrino for different R of R = I and R with w = 2i, and 3i
as a function of m, , with the fixed m, , = 10 GeV. For
each R, the mixings are Y, [|0,,[>=8x 107128 x 10710,
6x107° for m,, = 1 GeV, respectively.

The late decay of heavier sterile neutrinos may disrupt
the standard process of BBN and recombination [54-56].
To avoid these problems, it is generally required that the
heavy particles decay before around 1 second of the age of
the Universe. As is seen in Fig. 3, this is satisfied if the mass
of the heavier neutrino is larger than around hundred MeV.

The dipole interaction allows new decay mode v, — yv,
and contributes to the nonthermal production of v, [57].
The decay width for this process is given by

p| pdQ
r = —
W= u0) = [ o PG

1

=5 ewl(Cvi)? + (Ci)ms,,. - (38)

sh?

where Cyy; and C4;; are defined in Eq. (15) and p is the

three momentum of the final state and dQ is integration

with respect to the solid angle. At high temperature

before the SU(2), x U(1), symmetry breaking, the decay
vy, — UgB has the decay rate

100
104
102

100

Tuols]

1072

1074

1076
1072 100 10!

my,,[GeV]

107!

Left: contours of the lifetime of the heavier sterile neutrino (solid curves) and the decay branching ratio Br(vy, — yv,) (dashed
10 GeV. Right: lifetime of heavier sterile neutrino for different orthogonal

Licpym,. (39)

Ploy = 1,B) = -

The abundance of the lightest sterile neutrino DM from
the decay of the heavier sterile neutrinos is the fraction of
the abundance of them as

YN = Br(vy, — vyy) ¥ YSf:. (40)
The branching ratio is given approximately as
T(vg, > vgy) 487?
B ~— L 41
I'(Vsh g l/s}/) F(VSh N 31/) AgGQ th Za|® ( )
which is about 5x 1070 for As =10'® GeV, m, , =1GeV,

and R = I. We display the branching ratio of the major
decay modes and the v, — vy mode in the heavier sterile
neutrino decay in the left panel and the right panel of Fig. 4,
respectively. The former is proportional to the square of the
mixing ®, while the latter is inversely proportional to the
square of the cutoff scale As. For R = I, the branching ratio
Br(vy, — vyy) and, as the result, the abundance Y} is
maximized.

The final relic density from the NTP can be written as

QNTPh2 M50 ZBI Vg, = }’Vs) Ygi,c

pcrlt =23

my,

~ 1 x 10-5 . 1 GeV
1 MeV my,
" (1016 GeV)2 <9 X 10_12>
AS Za|®ah|2 .
Note that the heavier sterile neutrinos are decoupled after

T < m, and their abundance is frozen so that there is no
Boltzmann suppression at low temperatures. As shown in

(42)
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10°

107!

—— Meson

—— Lepton

100 10!

m,,,[GeV]

my,,[GeV]

FIG. 4. Branching ratios of the various decay modes of heavier sterile neutrino. Left: branching ratios for the dominant modes,
vy — 3v (blue), vy, — vy (orange), the sum of hadronic modes (green) and the sum of (charged) leptonic modes (red) for fixed
m, . = 10 GeV. This is for R = /, while difference of the cases with a nonvanishing imaginary e is about a factor and is not significant.
Right: the branching ratio for the decay mode to v,y. Here, we used R = I (dashed blue), R = 2i (dot-dashed orange), R = 3i (solid

green), and fixed As = 10'® GeV.

Fig. 2, in the most of the parameter regions, the NTP of the
lightest sterile neutrino DM is negligible compared to the
thermal production. This can be understood from the left
panel of Fig. 4 that shows the strong correlation between
the lifetime of a heavier sterile neutrino and its branching
ratio into the lightest sterile neutrino. For the parameters
where the lifetime of a heavier sterile neutrino is short
enough for BBN, the branching ratio into the lightest sterile
neutrino cannot be large. Although it appears that NTP
contributes with the significant fraction of the abundance
for As = O(10'?) GeV and m, < 10 keV, this case is
excluded by the constraints from the free-streaming
[46,58,59]. For m, , = 1 GeV and the decay temperature
of v, , of 10 MeV, we obtain m, > O(100) keV by the free
streaming constraint that DM must be nonrelativistic until
the temperature becomes about O(1) keV. Those are
conflicting. Hence, the NTP contribution cannot be sig-
nificant to abundance.

IV. OBSERVATIONAL SIGNATURES

As in the usual keV-scale sterile neutrino DM in the
UMSM, our sterile neutrino DM with dipole interaction also
can be searched by its indirect detection of the decay of
DM. While the dominant decay mode would be v; — 3v,
the most visible decay mode is v, — yv with the decay rate
Eq. (19). Since the DM mass of our interest spans from keV
to MeV in our model, the monochromatic x-ray or gamma-
ray with the energy E, = m, /2 is generated.

One of the possible signature of our DM would be a
linelike spectrum in x- or gamma-rays, as in “3.5 keV
anomaly” [60,61]. Our model hardly explains the 3.5 keV
anomaly nevertheless, because the parameter sets of the
corresponding mass and lifetime are excluded by the free
streaming length of the nonthermally produced DM as

discussed just above. Although this signature looks the
same as that in the YMSM [17,18], an advantage of our
model is the fact that cosmological abundance can be
explained consistently as discussed above.

If kinematically possible, the sterile neutrino DM decays
into a pair of electron and positron, and neutrino,
v, — e"eTv;. The detection of those electrons and posi-
trons could be a signal. In our model with dipole inter-
action, the relation between decay rates is predicted as [62]

Iy, > e ety m® m; m,
e el 1—42)y TR
Cl,—yv) em K s )"\ am2 ™ o,

1 4m? 4m?>  _4m?
—— 1 -—4(3-5—=5+2—2) ],
2 m< w2, ﬂ

m, 3
~ Qe lnm—i s

where the mass of the active neutrinos are neglected and
m, >>m, is imposed in the second line. Considering the
constraints I'"!'(v, — yv;) > 10?® sec from monochro-
matic photon lines, our model predicts that I'~!(v, —
e"ety;) > 2 x 10% sec~2 x 10°° sec for the DM mass
between a few MeV and 10 GeV. These values are much
larger than the current lower limit of O(10?°) sec from the
cosmic ray observations [63,64]. In the future, if both
electron-positron and gamma ray excesses would be dis-
covered with the strength ratio as Eq. (43), it would support
our scenario.

If the mass of v is larger than twice of the electron mass
2m,, the sterile neutrino DM can produce electron and
positron through its decay v, — e~ e"v,. The positrons can
lose energy after production and form positronium with the

U\'

(43)
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background electrons, which decay and contribute to the
mohochromatic photons of 511 keV. In fact, such x-ray line
excess from the Galactic bulge has been reported by the
INTEGRAL/SPI [65,66].3 The contribution to the 511 keV
line in our model is expected as [70,71]

10% sec 1 MeV
-5 -2 -1
P~ 10 <r<a>>( m )‘““ e

(44)

which is 0.01 times smaller compared to the INTEGRAL/
SPI 511 keV line excess and consistent with line gamma
searches in dwarf galaxies [73].

V. CONCLUSION

We studied the possibility of the lightest sterile neutrino
as dark matter in the presence of the dipole interaction term
between the sterile neutrinos. Sterile neutrino DM with
the mass from sub-MeV to MeV scale can be produced
thermally and the abundance is proportional to the reheat-
ing temperature after inflation and inversely proportional to
the square of the cutoff scale of the dipole operator. In other
words, if an ultraviolet theory predicts this dipole operator,
there is the upper bound on the reheating temperature for
DM sterile neutrinos or sterile neutrinos should decay and
cannot be a DM candidate. On the other hand, NTP is
severely constrained from the structure formation, because
the nonthermally produced component is too warm if it
constitutes the dominant part.

Here are a few remarks. We note that the interesting As
scale is too large to be constrained by any terrestrial
experiment. A stringent astrophysical constraint would
come from stellar cooling. Magill et al. reported that the
SN bound disappears for |d| < 107!" GeV~! and showed it
in Fig. 11 of their paper [74]. In our model, the energy loss
rate depends on ®/As, which is much smaller than
10~'"" GeV~!, since the v, coupling to the SM particles
are suppressed by both the dipole term and the mixing.
Thus, the As scale of our interest is free from stellar
constraints as well. Throughout our analysis, we have taken
heavier sterile neutrino mass to be O(1) GeV and shown its
viability. Thus, in our scenario, the baryon asymmetry in
our Universe also could be explained by the mechanism
so-called “baryogenesis via neutrino oscillation” [75,76].

3For its annihilating DM interpretation, see, e.g., Refs. [67—69].
The decaying DM interpretation proposed, e.g., in Refs. [22,70,71]
is excluded [72].
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APPENDIX: AMPLITUDE

In this Appendix, we present the expression of the formulas
used in the calculation of the decay of sterile neutrinos and
scattering processes involved in the DM production.

The differential cross section for 2 — 2 scattering with
the initial and final momentums (p;p, — p3p4) in the
center of mass (COM) frame is obtained from the scattering
matrix element by

do 1 1

do 1 1
dt  64zns|p, | MF,

(A1)

where p; is the 3-momentum of one initial particle p; in the
COM frame. In the massless limit, the total scattering
cross section is obtained by integrating differential cross
section as

0d 1
°d

o= — —
_s dt

1
— IVIE
= 1o 2|,/\/l| dcos, (A2)

where dt =5 dcos@. Here and in the following, 6 is a
scattering angle and s is the energy-squared in the
COM frame.

We give explicit formulas of the spin averaged invariant
amplitude squared for the decay and pair annihilation
processes of the RH neutrinos. The relevant couplings
can be found in Egs. (15) and (16).

1.y, - vy

[MJ? = 8m [(Cyit)* + (Cit )] (A3)
2. v - vB

MP = 4(m; —m;)? (A4)

015016-9



WONSUB CHO, KI-YOUNG CHOI, and OSAMU SETO

PHYS. REV. D 105, 015016 (2022)

3. ff = vavy(vavy) VIA s-CHANNEL B EXCHANGE

m? (4m2 m3 + s(s +2t)) — (m} (2m3 + 5))
s v f Vs f
WP = 4wy ( ;
—mj (2m7 4 s) +mg s(s + 2t) N 2s(m} —t)(=mF 45 +1)
52 52 ’

In the massless limit of the external particles, this is simplified as

1 4
/E |M|2dCOS9 = gs X NC(Yfg)/)zC%j,

where gy is the U(1)y gauge coupling, Y is the charge for fermion f and N, is the color factor.

4. fvy — fry via t-channel B exchange

2 2 2 \2 2 2 2 2
|IM|> = 4N g%Y}CZ_ (—me(m,,_ﬁ —my,)T  C(my, A my A 2my = 2)
c ij

(AS)

—t(=2mg s+ my, = 2m; s +mj + 2(m; —5)?)

+

(r—mpg)?

) (A6)

To regularize the divergence in the massless limit of mp, we consider the thermal mass of B-boson as mp ~ gyT. In the

massless limit of the external particles, this is simplified as

dcosf——— -
/ ZIMP = 8N, yngC2< 25 = (s +2m3) log — 2) (A7)

5. fv; — fv, VIA t-CHANNEL HIGGS EXCHANGE

(t - (mb + mvs)2)(t - m?”)
(t = mj)? ’

IMJ* = yiy2 (A8)

In the massless limit of the external particles, this is
simplified as

/dCOSQIMI2 | L
mj, s my +§
~ N.yky?  (for s> m?). (A9)

mp

|
6. ff — pv, VIA s-CHANNEL HIGGS EXCHANGE

(s = (m, 4+ m,, )2)(5 = m?)
(s —mi) + il

IMJ> = N yiy? . (A10)

In the massless limit of the external particles, this is
simplified as

dcosf—— 5
MJ> = Noyiy? :

/ | | yty (S ) + mhF2
~ N yty? (for s> m3). (Al1)
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