PHYSICAL REVIEW D 107, 123030 (2023)

Synergy between Hubble tension motivated self-interacting neutrinos
and KeV-sterile neutrino dark matter

Mansi Dhuria""" and Abinas Pradhan®>"
1Department of Physics, School of Energy Technology, Pandit Deendayal Energy University (PDEU),
Gandhinagar-382426, Gujarat, India

*Basic Sciences Department, Institute of Infrastructure, Technology, Research and Management (IITRAM),
Ahmedabad-380026, Gujarat, India

® (Received 29 January 2023; accepted 23 May 2023; published 28 June 2023)

The discrepancy between the value of Hubble constant measured by cosmic microwave background
observations and local low-redshift based observations has proposed many solutions that require the
existence of physics beyond the Standard Model (SM). One of the interesting solutions is based on
considering the strong self-interaction between SM neutrinos through an additional scalar/vector
mediator. Interestingly, the strong self-interaction between SM neutrinos also play an important role in
obtaining KeV-sterile neutrino as a viable dark matter candidate through the famous Dodelson-
Widrow mechanism. In this work, we have tried to find the synergy between the parameter space of
active-sterile neutrino mixing vs mass of sterile neutrino allowed by Hubble tension solution and the
requirement of getting KeV-sterile neutrino as DM candidate. Interestingly, we get a large amount of
parameter space that is consistent with both the requirements and also free from x-ray constraints.
Finally, we have embedded this scenario in a consistent supersymmetric model of particle physics. In
this framework, we have shown that the value of sterile neutrino mass, SM neutrino mass, and the
required mixing angle can be naturally obtained by considering the supersymmetry breaking scale to
be around O(10) TeV. Thus, it would give an interesting testing ground for supersymmetry as well as

signatures of warm dark matter.
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I. INTRODUCTION

The accumulation of tension between the value of
Hubble constant obtained from recent cosmic microwave
background (CMB) measurements and the local distance
ladder measurements has indicated a need to look for new
physics beyond Standard ACDM model [1-3]. In particu-
lar, recent CMB measurements give the value of present
day Hubble constant H, = 67.27 & 0.60 km/s/Mpc~" [4]
while the analysis based on Cepheid-calibrated type Ia
supernovae by the SHOES collaboration gives H, =
74.03 4+ 1.42 km/s/Mpc~! [5,6]. Though the tension
might exist due to systematic issues, several solutions have
been proposed to address this by proposing modification
either in the early Universe or the late Universe physics
[1-3,7-11]. All these solutions are based on obtaining
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the high value of H, from CMB based measurements.
One interesting solution in the context of non-ACDM
model was proposed in [12] by invoking new strong
nonstandard Fermi-like four-fermion interaction of mass-
less neutrinos with each other, parametrized by an effective
coupling constant G. It has been argued in the literature
that these interactions might delay the onset of neutrino
free streaming until close to the onset of matter-radiation
equality, thus leading to a higher value of H,. The
constraints on the strength of G4 have been studied in
[13—17] by assuming nonrenormalizable interactions medi-
ated through heavy mediators (with mass greater than
neutrino decoupling temperature) as well as light mediators.
The analysis prefers G to be (4.770¢ MeV)~2, named as
“strongly” interacting region, and (891’61;1 MeV)~2 named
as “moderately” interacting neutrinos regime [13]. The
subsequent studies in this direction have also taken into
account the effect on these parameters by considering a
strong self-interaction between specific flavors of neutrino
[18]. Overall, it has been found that the fit to CMB data
prefers a specific range of the self-interaction strength
between neutrinos for all three flavors of neutrino.
However, a large range of the required G has been ruled
out by various laboratory and cosmological bounds [19-21].

Published by the American Physical Society
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As the self-interaction between neutrinos are theoreti-
cally possible, they have also been explored to analyze the
possibility of KeV-sterile neutrino as a viable warm dark
matter (WDM) candidate by proposing modified Dodelson-
Widrow (DW) mechanism induced through non-standard
neutrino self interactions [22-24]. As we know, the
motivation to consider cold DM (CDM) as a viable DM
candidate is being faded due to nonobservation of signa-
tures of well motivated CDM candidate, neutralino, at the
Large Hardon Collider. Additionally, though the existence
of CDM is completely compatible with the observations
of large scale structure of the Universe, it is inconsistent
with the observed structure at small scale structure of the
Universe [25]. On the other hand, WDM candidates have
been able to successfully address almost all the effects
found at small scale structure of the Universe. In view of
this, there is a growing interest in exploring the viability of
popular WDM candidates such as sterile neutrino, axions
etc. [25,26]. The standard DW mechanism [27] allows the
production of metastable sterile neutrino DM, which can
slowly decay into photon and active neutrino at a one-loop
level with decay width [28,29]

in220 m 5
T, (m, .0) =138 x 10-2 s~1 |21 s |
v (m,. 0) % i [10—7 1 KeV

where 6 is the mixing angle and m,,_is sterile neutrino mass.
This will produce monochromatic x-ray photons with
energy E, = m, /2, which has been observed by various
x-ray telescopes. As relic abundance produced through
standard DW mechanism can be recasted into the parameter
space of m, — sin? 26, it has been shown that the entire
parameter space of m, — sin® 20 consistent with sterile
neutrino DM has been ruled out by x-ray observations and
the observation of 3.5 KeV x-ray line [30-40]. However, it
has been discussed in [22,23] that the DW mechanism
can be modified by taking into account the production of
active neutrinos through new nonstandard self-interaction
between the same. Interestingly, the modified version of
the same will allow the right value of relic abundance of
KeV-sterile neutrino for the range of active-sterile neutrino
mixing angle yet unconstrained by Xx-ray observations
[22-24]. Thus, the strong self-interaction between neutri-
nos can also play an important role in getting the right value
of KeV sterile neutrino abundance without getting ruled out
by x-ray constraints.

Both the results obtained in the context of self-
interacting neutrinos are very important in cosmology
and astrophysics, but have been discussed separately in
the literature. As the self-interacting neutrino solution of
Hubble tension indicates a new physics beyond ACDM
model, it would be worthwhile to explore if there is a
synergy between the self-interacting neutrino model
required by Hubble tension and modified DW-based
production mechanism of KeV-neutrino DM. As the

cosmological data is becoming more and more precise,
the intimate connection between the two issues shall also
open up a new window to the observational signatures of
DM from recent cosmological data. Thus, we have filled
the gap in our work by consistently performing the unified
analysis of both while taking into account all the obser-
vational constraints as well as other theoretical constraints.
Additionally, we have discussed the embedding of this
scenario in a theoretical model in which one can explain the
right value of both Standard Model (SM) and sterile
neutrino masses along with the required neutrino mixing
angle. The model constrains the scale of supersymmetry
breaking to be around O(10) TeV.

The plan of the rest of the paper is as follows: In Sec. II,
we briefly review the physics of self-interacting neutrino
and its role in alleviating the Hubble tension. In Secs. III A
and III B, we review the calculation of relic abundance of
sterile neutrino produced through standard DW mechanism
and the modified DW mechanism respectively. In Sec. IV,
we have scanned over the parameter space of neutrino mass
and mixing between sterile and SM neutrino suited to
obtain the right value of relic abundance of KeV-sterile
neutrino for the range of G. obtained from the consid-
eration of Hubble tension. We have divided the section into
five subsections. In Sec. IVA, we have summarized all
the laboratory and cosmological constraints obtained on the
effective self-interactions mediated by heavy scalar as
given by Geg ~ gj/my, for a wide range of mass of the

mediator [19,20]. These constraints rule out the parameter
space of g, —my for both e and y neutrinos. The small
region of the parameter space remains unconstrained
only for the 7 generation of neutrinos. Thus we have
focused only on the self-interaction between 7 neutrinos. In
Sec. IV B, we have calculated the parameter space of 9y —
m,, allowed by the requirement of KeV sterile neutrino DM
as a viable warm DM candidate. In Sec. IV C, we have
performed a detailed numerical scan of the available
parameter space of sin®26 — m,, for restricted values of
9y and m, allowed by an effective Mlv region (obtained
after removing values of 9y and my disfavored by
cosmological and laboratory constraints on the 7 generation
of neutrino). In Sec. IV D, we have calculated lower
bound on the neutrino mixing angle from thermalization
of sterile neutrino and showed that the parameter space of
sin® 26 — m,_obtained in the last subsection is largely in
agreement with the same. In Sec. IV E, we have discussed
the comparison of our results with results of [22]. In Sec. V,
we have discussed a toy version of a phenomenological
model which would naturally explain the required mass of
SM neutrino and sterile neutrino DM, while keeping
suppressed value of active-sterile neutrino mixing angle
allowed by results obtained in Sec. IV. Finally, in Sec. VI,
we discuss our results with interesting conclusions and
future directions.
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II. SELF-INTERACTING NEUTRINO
AND THE HUBBLE TENSION

In this section, we briefly review the effect of self-
interacting nature of neutrinos on the CMB power spectrum
which can lead to change in the present day Hubble constant.
In the standard ACDM model, the perturbations of active
neutrinos free-streaming through the photon-baryon plasma
generate an anisotropic stress that further modifies the
gravitational potential and photon perturbations [41,42].
Given that neutrinos travel nearly at the speed of light while
the photon-baryon plasma moves roughly at speed of sound,
the net effect of modified perturbations of photons on the
CMB power spectrum will be imprinted as a change in the
phase shift as well as amplitude of baryon acoustic oscil-
lations. The process can be understood as follows.

In ACDM model, the phase shift and amplitude of
baryon acoustic oscillations in the CMB power spectrum
can be expressed as [41]

¢,~019z2R,, 1+ A, ~1—-0.27R,, (1)
where
Pu
R, = 2
Pyt py @)

is the ratio of free streaming neutrino energy density to the
total radiation energy density. If we include self-interaction
between neutrinos, then it would allow the same to remain
in thermal equilibrium with each other until relatively late
times. As a result of this, the value of free streaming
neutrino fraction R, gets decreased relative to its ACDM
value, depending on the total number of neutrinos which
are coupled at a particular time. This leads to a net decrease
in the phase shift and net increase in the amplitude of
baryon acoustic oscillations. The CMB multiple for a
particular mode k is given by [41]
*

) i g = (3)
0. D,

where mz denotes the position of peaks, ¢, is the phase
shift, D} is the distance to the surface of the last scattering
from today, and r} is the radius of the sound horizon at the
time of recombination. The D} and rj are expressed as a
function of the Hubble parameter H(z) as follows [41]:

7]
DA:A %dz, (4)

* DOCS—(Z)
=i ®)

where ¢,(z) ~ 1/+/3 is the speed of sound in the baryon-
photon plasma. We can see from Eq. (3) that the decrease in

the phase shift ¢, due to self-interactions of neutrinos
will shift the position of CMB multiple towards high /
values. In order to compensate for the shift to match
with the observed power spectrum, we have to increase
0.. This can be achieved by decreasing the value of D},
while keeping r; unchanged. In flat ACDM model,
the Hubble constant evolves with redshift z as
H(z) = Ho/Q,(1 +2)* + Q,,(1 +2)° + Q,, where Q,,
Q,, and Q, corresponds to the fraction of the energy
density acquired by radiation, matter, and vacuum, respec-
tively. If we slightly increase the value of H such that there
is increase in the value of H(z) at low redshift while there is
negligible change for H(z) at high redshifts, we will be able
to decrease D} or enhance 6, such that the position of
observed CMB multipoles / remain unchanged. In this way,
the presence of self-interacting neutrinos necessitates a
higher value of H), thus alleviating the Hubble tension. The
self-interactions of neutrinos are governed by the following
nonrenormalizable interaction term:

L > Gl(ow))([mw)), (6)

where G corresponds to effective coupling. In the early
Universe, this interaction can be mediated by heavy/light
scalars as shown in Feynman diagram given in Fig. 1. It
has been found in [12,13] that strength of self-interacting
neutrino required to get the required value of Hubble
constant can be categorized in two regimes, namely
strong-interacting neutrino (SIv) and moderately interact-
ing neutrino (MIv). The values of G in both regimes are
given by

(47104 MeV)2, Slv
G = { 106 ™

(89771 MeV)2, My

These values are subjected to severe constraints from
different laboratory experiments as well as cosmological
observations [19,20]. However, we note that, after taking
into account all the constraints, there is a small amount of
parameter space left for z generation of neutrinos. Thus, it
is interesting to explore whether the viable regime of G
is also consistent with the self-interaction strength
required to explain the right value of KeV-sterile neutrino
relic abundance via DW mechanism.

V; Vi
Vi T Vi
|
|
X
|
I
I
Vi Vi
V; V;
FIG. 1. Feynman diagrams representing the nonstandard inter-
action between neutrinos v; for i = 1, 2, 3.
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III. KeV-STERILE NEUTRINO DARK MATTER

In this section, we review the role of self-interacting
neutrinos in generating the relic abundance of KeV-sterile
neutrino DM. The KeV-scale sterile neutrino has been
considered to be a popular warm DM candidate, alleviating
all issues related to small scale structure of the Universe.
There exists numerous methods of producing sterile neu-
trinos in the early Universe such as nonresonant Dodelson-
Widrow mechanism [27], resonant neutrino oscillations in
the presence of lepton asymmetry [43], inflaton decay [44],
decay of heavier particles [45,46] etc. Given that the
standard DW mechanism produces sterile neutrino DM
without including a lot of ingredients from the early
Universe and physics beyond SM, it has been considered
as one of the attractive mechanisms to generate the relic
abundance of KeV-sterile neutrinos. In the following
subsections, we briefly discuss the calculation of relic
abundance of sterile neutrino DM obtained through the
standard DW mechanism and modified DW mechanism in
the presence of self-interacting neutrinos, respectively.

A. Standard Dodelson-Widrow mechanism

The standard DW mechanism postulates the existence of
fourth neutrino v, as realistic WDM candidate [27]. In the
flavor basis, it can be written as a linear combination of active
(SM) v; and sterile neutrino v,, with physical eigenstate
vy = v;8inf + vy cos 0, with v; =v,,v,,v,. The angle 0
measures the mixing between the SM and sterile neutrinos.
For all practical purposes, we consider 6 < 1.

In the early universe, the SM neutrinos remain in thermal
equilibrium with all other particles while the sterile neutrinos
do not any have any interaction with SM particles (except
feeble interaction with active neutrinos). Therefore, it is
assumed that the sterile neutrino has negligible initial abun-
dance. As sterile neutrinos gets mixed with active neutrino at
tree level, the most efficient production method of sterile
neutrino remains due to active to sterile (v; — v,) oscillations
through a mechanism similar to the SM neutrino oscillations.
Basically, while neutrinos eigenstates propagate freely in the
plasma for some time, they acquire a small component of
sterile neutrino eigenstate. Eventually, the quantum mechani-
cal “measurement” collapses the neutrino eigenstate into a
sterile state with a small probability. This process continues
until the active neutrinos decouple from the thermal plasma.
After decoupling, the sterile neutrinos present at that time
“freezes in” and left with a non-negligible relic abundance.

The production of KeV-sterile neutrino DM through
DW mechanism can be described with the help of the
Boltzmann equation in an expanding Universe [47]

<a - HE0> fu(E.1) = B sin?(20y(E, 1))T(E, 1)

ot OE
X fa(E, 1), (8)

where f,(E,t) and f, (E,t) correspond to the time-
dependent momentum distribution function of the active
and sterile neutrino, respectively, 8,,(E, t) corresponds to
the mixing angle in the matter, I'(E, ) = 22 GLET* is the
interaction rate of active neutrinos in the presence of SM
weak interactions, and H is the Hubble parameter. The relic
abundance is given by

12 0 12982 0

0, (0) = 0 _ 1l 0). o)
: Ppm ppm(0)

with n, (0) = 0“57@ ,,(E). With an appropriate choice

of m, and the mixing angle 6, the DW mechanism can
produce enough sterile neutrinos to make up for the DM
relic abundance observed today. However, this possibility
has been ruled out by x-ray observations and phase-space
considerations. The analysis of DM phase space distribu-
tion in dwarf galaxies gives a lower bound on mpy >
2 KeV [30-33]. The x-ray observations have excluded
almost the whole parameter space of m, — sin® 26 required
to explain the relic abundance of sterile neutrino DM using
DW mechanism [34-38,40]. The resulting parameter space
of m, — sin® 26 is shown as the solid black line in Fig. 4.
We can clearly see that the entire parameter space is ruled
out by x-ray observations.

B. Dodelson-Widrow mechanism
with self-interacting neutrinos

Recently, the modified Dodelson-Widrow mechanism
has been proposed by considering self-interactions of active
neutrinos mediated by scalar/vector particles [22]. The
interaction term of neutrinos with a new scalar mediator is
given by

LD %Dv,-v,-d) +Hec, (10)
where i = v,,v,, v, corresponds to the generation of active
neutrinos.

For active neutrino temperature 7 and fixed neutrino
energy E = xT, the distribution function of sterile neutrino
as a function of temperature is given by

dfl/s . I sin2 ZHeff
dz  4Hz

fup (11)
where

A2sin? @

sin? 20,4 ~ )
T A2in20 + T 4 (Acos20 — Vq)?

(12)

Here z = % is a dimensionless variable with 4 = 1 MeV,

2
my . . . . .
A = 53 is the oscillation frequency of neutrinos in vacuum,
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I' corresponds to the total interaction rate for self-
interacting active neutrinos, O is the effective mixing
angle of a sterile neutrino in the presence of self-
interactions of an active neutrino, f, and f, correspond
to the phase-space distribution function for sterile and
active neutrinos, respectively, and V; is the thermal
potential. The active-neutrino self-interaction rate I is
given by [22]

& piar 1
Iy = / (271’)3 mg(yaya < Valg) UNiglier- (13)

Here vyigier = / (Tin — Biar)> — (Bin X Do) is the Mgller
velocity between the incoming and the target particle and ¢
is the cross section given by

ﬂjbs
32z((s —m3)* +mgyg)

(Vg <> Vgly)

(14)

The value of s can be calculated by using s =
2EE. (1 —cos @), where E is the energy of scattering
neutrinos and @ is the scattering angle.

In the limiting case, this would follow:

T .
78’245;5 , it my>T

f={ - e
Tg%(ln(l‘l‘e‘)—y), if m¢§T

_ M
T T
by ' =gy + Ty + T, where sy ~ GLET*, G being
the Fermi constant.

Similarly, the total thermal potential V will have a
contribution from the Standard Model weak interactions as
well as new self-interaction among neutrinos. The Standard
Model thermal potential is given by

where y The total interaction rate would be given

GrET*
M3,

VM (16)

For a mediator mass m, the thermal potential arising from
the self-interaction of neutrinos is given by

A2 o mzp AE p?
U ¢ p
V?(E’T)_167[2EZA dp|:( 20 L;_(E,p)— )

w

1 my 1
Xt <7L1 (E,p)—4Ep> TTH],

(17)

where

4pE + m3
L{(E,p)= lnpig’,
4pE —my

2pE 4 2Ew +m2)(2pE —2Ew + m?

L;(E,p):ln (2p ¢)( p ¢)

(=2pE +2Ew® + m3)(=2pE = 2Ew + mj)’

with w =/ p* 4+ mj. (18)

In the low/high temperature limit, it takes the following
form:

-7 212 4
D ifmy>T
VIET) = ¢ (19)
! 272 .
16E ° if mg < T

As most of the production of KeV-sterile neutrino occurs
in the temperature range from 7=10GeV to 7' = 0.1 MeV
(BBN (big-bang nucleosynthesis) limit), the distribution
function will given by integrating Eq. (11) in the desired
temperature range. This follows [48]:

m@—/“°@wz (20)

b
=0.0001 dz

with z = MeV/T. The final present day number density of
sterile neutrino dark matter will be given by integrating
f.,(E) over the entire energy range as follows:

o 3
M@zléﬁnm. (21)

Rewriting in terms of x = E/T, we get

3 oo
W@zglcwun (22)

T

By expressing number density of sterile neutrino in terms
of active neutrino, with v;(0) = 112 cm? per active neu-
trino, we get [48]

0 =, 0)(1855) " 5y [0 @3

The fraction of sterile neutrino DM relic abundance will be
given by [48]

o, (0) = "0 _ 1m0

DM B DM (0)

, (24)

where m,_is the mass of sterile neutrino, ppy = 0.26p,.,

with p, = 1.05 x 1073h? being the critical density of the
Universe with & = 0.7.
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In the next section, we use this calculation to obtain the
relic abundance of KeV-sterile neutrino for the preferred
range of Gg.

IV. SYNERGY BETWEEN SELF-INTERACTING
NEUTRINO AND KeV-STERILE NEUTRINO DM

In this section, we have numerically calculated the range
of the SM neutrino-mediator coupling (g,) as well as the
mixing angle between SM and sterile neutrino (sin®26)
allowed by the simultaneous requirement of the production
of keV sterile neutrino DM and the possible solution to H,,
tension. Further, the new interaction between the sterile
neutrino and the scalar mediator can lead the latter decaying
into sterile neutrinos before the onset of BBN, hence
changing the extra relativistic degrees of freedom N at
BBN. Thus, we also calculated possible bounds on the
value of neutrino mixing angle required to obtain AN <1
and showed that it is consistent with the range of mixing
angle allowed by relic abundance of sterile neutrino DM
and Hubble tension requirement.

As mentioned in Sec. II, the strength of neutrino
self-interaction required to get the desired value of H
from CMB observations prefer the value of Gy to be
(4.7104 MeV)~2, named the “strongly” interacting region,
and (897}/' MeV)~2 named the “moderately” interacting
neutrinos regime [13]. The Slv and MIv region of the
parameter space has been shown as the green and blue
shaded region in Fig. 2.

It has been discussed in Ref. [19] that if we assume all
three generations of neutrinos exhibiting self-interactions
mediated through scalar of mass between 1-1000 MeV,
then the entire parameter space of g, (neutrino interaction
coupling to scalar mediators) vs mg, (mass of scalar
mediator) is ruled out by severe laboratory as well as
cosmological constraints for the aforementioned fixed
values of Gy [19,20]. However, the substantial amount
of g;’ —m, parameter space is left even after taking into
account all the constraints from astrophysical/cosmological
considerations and colliders [19] if we assume only 7
neutrinos interacting with each other though scalar media-
tor. Thus, we will explore the allowed parameter space of
gy vs my for 7 neutrinos. In the following subsections, we
will discuss all possible laboratory and cosmological/
astrophysical constraints on gy —my parameter space
and then numerically calculate the common parameter
space allowed from the consideration of the relic abun-
dance of KeV sterile neutrino and Hubble tension solution.

A. Various constraints on g;f —mg parameter space

The 7 neutrinos and light scalar mediators my are
subjected to various cosmological and laboratory con-
straints. Due to strong interaction between the both, it is
possible that m, gets in thermal equilibrium with neutrinos

sin®2¢g = 19-15

w

w

%

(o]
o.oo1—/§
0

e

1 5 10 50 100

10

500 1000

my (MeV)

FIG. 2. The four differently colored curves correspond to the
relic abundance of sterile neutrino €, ~ 0.12 for (i) sin?26 =
1078, m, =10KeV, (i) sin*20=10""7, m, =10 KeV,
(iii) sin?260 = 1071, m, =10 KeV, and (iv) sin*26 = 107",
m, = 10 KeV. The orange shaded represents the region ruled
out by constraints from BBN [19]. The purple shaded region
shows the parameter space excluded from bounds on the decay
rate of 7 — lwwg [49]. The green shaded region shows the
excluded parameter space from astrophysical flux of high energy
neutrino obtained by using 7.5 years of IceCube data [50]. The
dark green and blue shaded bands correspond to preferred range
of G4 in the “strongly” interacting region, and “moderately”
interacting neutrinos regime, respectively.

through the process ¢ — vv before neutrino decoupling
temperature 7T 4. If this remains relativistic throughout the
period between T g,y and BBN, this can lead to AN > 1
at BBN. Thus, the massive scalar mediator needs to get the
Boltzmann suppression before the onset of BBN. These
constraints have been already calculated in [19] and give a
bound on mg > 5.2 MeV for complex scalar mediator. The
ruled-out region is shown in the orange shaded band in
Fig. 2. The constraints from laboratory originates from the
possible decay channel of 7 lepton to light scalars given by
7 — lvwg. The experimental bounds on 7 decay rate puts a
bound on the couplings |g7|* < 5.5 x 107* [49], which
gives g7 < 0.3 for light scalar mediators. The ruled out

parameter space from this bound is shown as purple shaded
band in Fig. 2. Further, the self-interaction of = neutrinos
can also be probed from the detection of high-energy
neutrinos by the IceCube collaboration [50]. The scattering
of high energy astrophysical neutrinos with CMB neutrinos
passing through the Earth redistribute their energies,
resulting in dips/bumps in the observed spectrum of the
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FIG. 3. The three differently colored curves correspond to

the resulting parameter space of gg vs my for the smallest
allowed value of sin? 20 = 10! and m, = 10 KeV by assum-
ing the fraction of sterile neutrino DM to be (i) f, = Qpums,
(1) f,, = 0.1Qpy;, and (iii) f,, = 0.01Qpy. All the other shaded
regions are same as in Fig. 2.

diffuse astrophysical neutrino flux background. The astro-
physical flux of high energy neutrino obtained by using
7.5 years of IceCube data [50] excludes the green shaded
region of gi’ — m,, parameter space shown in Fig. 2. We can
also see in Fig. 2 that the SIv region of the parameter space
is completed ruled out by aforementioned constraints.
All these constraints have been clearly depicted in
Figs. 2 and 3.

B. The available parameter space of 8y VS my

In this subsection, we have calculated the relic abun-
dance of KeV-sterile neutrino by using modified DW
mechanism explained in Sec. III B. By considering the
requirement that sterile neutrinos account for the entire dark
matter of the Universe, we have sketched out the resulting
parameter space of gi* vs my for a fixed mass of sterile
neutrino m, ~ 10 KeV and different values of sin® 26.
The four differently colored curves in Fig. 2 correspond
to the relic abundance of sterile neutrino Q, ~0.12 for
(i) sin?20 = 10""8, (ii) sin® 20 = 107, (iii) sin>20 = 10716,
and (iv) sin? 20 = 1013, The results clearly show that there
exist points in the parameter space of MIv region that also
give the right value of relic abundance of sterile neutrino
DM for m, ~ 10 KeV and sin®26 € [107"° — 107'8]. In
other words, we have shown that getting the right value of

relic abundance will constrain the mixing angle sin? 20 <
107'3 for m, ~ 10 KeV.

Further, we explored the availability of the parameter
space by assuming that the KeV-sterile neutrino might
contribute to a fraction of the entire DM present in the
Universe. Thus, we have plotted the resulting parameter
space of gy vs m, for the smallest allowed value of

sin*20 = 107'® and m, = 10 KeV by assuming a fraction
of sterile neutrino DM: (i) f, = Qpy;, (i) f,, = 0.1Qp,
and (iii) f,, = 0.01€py in Fig. 3. Our results indicate that
allowed parameter space of gg” — m, starts diminishing by
choosing a small fraction of the DM. Thus, if we need
sterile neutrino to contribute to a smaller fraction of the
DM, we need to have even more suppressed mixing angle.

Overall, the analysis shows that we can have required
value of KeV sterile neutrino DM via Dodelson-Widrow
mechanism in the MIv region allowed by the Hubble
tension solution.

C. The available parameter space of sin®26 and m,

In previous analysis, we had shown the parameter space
for a few specific values of sin?26 and m, . Here, we
numerically calculate the entire allowed range of sin® 20
and m, parameter space by assuming that the KeV sterile
neutrino can account for the entire DM of the Universe. For
this, we have discretized and scanned over the neutrino
mass and mixing in the range KeV <m, < MeV and

1072 < sin? 20 < 107° suited to obtain Q, = Qpy; for all
the values of gi’ and m, which satisfy the Mlv region

allowed by the Hubble tension, i.e., 28 MeV ™2 < Gy <
260 MeV~2 (except mg <52 MeV and g7 > 0.3 as

excluded by BBN, IceCube, and 7-decay constraints,
respectively).

Our results are shown in Fig. 4. We have hatched in the
region for which the relic abundance becomes under-
abundant (Q, > Qpy) and overabundant (€2, < Qpy)
by pink colored vertically spaced lines in Fig. 4. This
means that the region in between two pink lines would
constitute the correct relic abundance. We can see from
Fig. 4 that the intermediate region corresponds to mixing
angle sin? 20 € {107"% — 1072'} for m, ~ {1-1000 KeV}.
In other words, there exists for particular values of m, and

sin” 20 in the intermediate region for which the entire DM
of the Universe can be obtained by choosing G¥/* allowed
by the Hubble tension.

The mixing angle and mass of sterile neutrino is also
subjected to astrophysical constraints from the x-ray
observations. For the two-body final state decay mode in
which sterile neutrino DM decays v, — v;y, where v; is a
lighter and an active neutrino with m, > m, , the emitted
phone carries energy equals to half of the sterile neutrino
rest energy. As the emitted energy of photon lies in
KeV-MeV range, it can be observed by various x-ray
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FIG. 4. The vertically spaced pink colored lines correspond to the regions for which the relic abundance of sterile neutrino becomes

s

< Qpy) and overabundant (Q, > Qpy), respectively. The region in between pink lines would constitute the entire

DM of the Universe. The blue shaded vertically spaced lines correspond to region excluded by x-ray constraints from Nuclear

underabundant (€2,

obtained from the analysis of 16 years INTEGRAL data [40]. We can also see that the entire available region is safe from x-ray

Spectroscopic Telescope Array observations [51,52]. The green shaded region corresponds to the region excluded by x-ray constraints
constraints.

observations. The constraints on sin” 26 for the mass range

The Feynman diagram of the decay channel is shown in

Fig. 5. If the decay occurs before the onset of BBN, it can
increase the value of AN at BBN. In order to avoid this,
the mixing angle has to be sufficiently small. In this
subsection, we have analyzed whether the tiny mixing
angle allowed by the simultaneous requirement of relic

4 KeV <m, <40 KeV are obtained by analyzing data
from Nuclear Spectroscopic Telescope Array [51] and

the mass range 40 KeV <m, < 14 MeV by analyzing

INTEGRAL/Soft Photon Imager data [52], respectively.

These constraints are shown as blue shaded region in Fig. 4.
In a recent study [40], the authors analyzed 16 years of

x-ray data from the Soft Photon Imager, the high-resolution

abundance and Hubble tension is sufficient to forbid

thermalization of right-handed neutrino. The decay width

of ¢ — vv, will be given by

spectrometer on board the International

Gamma-Ray Astrophysics Laboratory (INTEGRAL) to
constrain the m, —sin?20 parameter space. Their con-

gamma-ray

vsinf, with v =246 GeV, and sinf ~ O(1). If we

where yy corresponds to the Yukawa coupling between

left-handed neutrino and the right-handed antineutrino,

Uy

is entirely safe from all

Vs

m

260
x-ray constraints. Thus, we can safely argue that the require-

2
ment of KeV-sterile neutrino DM for a specific range of G

s

straints are much stronger then the constraints obtained
in [52] for heavy value of m, . The updated INTEGRAL

constraints are shown as green shaded region in Fig. 4.
Interestingly, we can check in Fig. 4 that the resulting

parameter space of sin

21,
ing ang

-10~

13

constrains the mixing angle sin?26 € {10~

le

1IN0 Mix

D. Theoretical bound on the neutr

from thermalization of sterile neutrino

In this section, we calculated theoretical bound on the
mixing angle from the possible thermalization of sterile
neutrino before BBN. The new interaction of SM neutrinos

with scalar mediator as well as the nonzero mixing between

Feynman diagram representing the decay mode

FIG. 5.

sterile and SM neutrino can lead to the production of sterile

neutrino through decay of the scalar mediator ¢ — v ;.

¢ = vivs.
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FIG. 6. For direct comparison, we have shown the overabundant and underabundant regions of m,, — sin® 20 parameter space obtained
by [22] as brown shaded region. Our results are shown as pink shaded regions as in Fig. 4. The green shaded region corresponds to x-ray
constraints from 16 years of INTEGRAL data [40]. We can clearly see that both overabundant and underabundant regions of sterile
neutrino DM in our case get shifted towards more suppressed value of mixing angle. As a result of this, our entire available parameter
space becomes almost safe from x-ray constraints obtained using INTEGRAL data [40].

compare the decay width to the expansion rate of the
Universe H = T%/M ,, where T = m,, for my > Tyec_ppN
(between 0.1-1 MeV), then we get

T gpyaviM,
M
— }’NU

By considering sin @ = ¥« the expression of I'/H can be

written in the following parametrlzed form:

02
TR
10 KeV my 0.1
We can clearly see that the thermalization of the right-
handed neutrino can be avoided if we choose the mixing
angle sin®26 < 107! for required masses of sterile neu-
trino and mediator. Interestingly, we have got the relevant
parameter space ranging between sin’26 € {10713-1072!}

as hatched in our results in Fig. 4. Thus, our results are
largely in agreement with this bound.

r
—=0.1x
H

E. Comparison of the parameter space
with previous results in literature

The m, — sin>20 parameter space has also been
obtained from the relic abundance constraint in [22]
by considering mixing between u neutrino and sterile
neutrino and choosing the range of 107° < ¢/ <0.01

and 1 < my < 1000 MeV. However, the chosen range of

g/;” is not compatible with the range of G allowed
by Hubble tension. For comparison, we have super-
imposed the underabundant and overabundant regions of
m, — sin” 20 obtained in [22] in Fig. 6. It can be clearly
seen that both overabundant and underabundant regions of
sterile neutrino DM in our work gets shifted towards more
suppressed value of mixing angle and a relatively narrow
region of the mixing angle is allowed. To summarize, our
results are different from these results for the following
reasons:
(1) In our work, we have chosen specific subsets of 9y
and my allowed by G/* and other cosmologlcal/

eff
laboratory constraints. As the value of g required

by GM!¥ is quite high, getting the right value of relic
abundance will require more suppressed value of the
mixing angle in comparison to results of [22].

The laboratory constraints are different for 7 neu-
trinos and g neutrinos (considered in [22]). While
choosing subsets of g;’ and my, we have excluded

(i)

the region disfavored by laboratory constraints on =
neutrinos. In addition to this, having fixed range of
G’e"f’fl” leads to very small region of allowed datasets
of 9y ; and m, therefore we are getting a narrower
range of the parameter space in our results. However,
the entire available range is safe from all the x-ray
constraints (including severe constraints from up-

dated 16 years of INTEGRAL data [40]) while a
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large region of the parameter space of [22] is ruled
out by INTEGRAL constraints.

(i) As we got the nonzero parameter space in
sin? 20 € {10713 — 102!}, our results are safe from
the bound sin®260 < 107! obtained from thermal-
ization of sterile neutrino while the region allowed in
[22] is disfavored by this bound.'

Thus, we conclude that we are able to obtain the
parameter space of m, — sin® 26, which is consistent with
the preferred range of G.4 and recent results from x-ray
observations.

V. THEORETICAL REALIZATION OF NEUTRINO
MASS AND THE MIXING ANGLE

In this section, we have discussed whether we can
naturally realize the appropriate mixing angle along with
KeV sterile neutrino and SM neutrino mass in a theoretical
model. We present a phenomenological model that can give
the required mass of SM neutrino and KeV-scale mass of
the right-handed (sterile) neutrino DM along with tiny
mixing angle as considered in this work. In standard
scenario such as type-I seesaw mechanism, the required
mass of SM neutrino is obtained by considering additional
heavy Majorana right-handed neutrino with mass around
10° GeV [53]. However, in our work, we need to consider
KeV-scale mass of right-handed neutrino and a very tiny
Yukawa coupling so that the mixing angle between SM
neutrino and right-handed neutrino turns out to be very
small. Thus, the standard scenarios would not be able
to produce the required mass of the SM neutrino.
Additionally, the Dirac nature of SM (left-handed) neutrino
has been disfavored from the requirement of getting
AN <1 [19]. Hence, one needs to consider the
Majorana nature of the SM neutrino. Overall, it seems
challenging to obtain this kind of spectrum of masses and
coupling in typical models involving right-handed neutri-
nos. In this section, we have tried to explain this spectrum
in the context of a very general N =1 supergravity
framework with supersymmetry breaking scale around O
(10) TeV. Below, we have sketched out a toy supergravity
model that would naturally explain the existence of light
SM neutrino along with KeV scale right-handed neutrino
and tiny mixing angle.”

In supergravity models, all the interaction terms are
obtained from the renormalizable as well as nonrenorma-
lizable operators present in the Kihler potential and super-
potential. The model generally also includes a set of
hidden-sector superfields that are singlets under the gauge

'"Though the bound is subjected to change by changing values
of neutrino and mediator mass, it still remains in ballpark of
sugpressed values of the mixing angle.

‘We have not worked out the full details of the model. We have
only mentioned various terms relevant to neutrinos. A specific
class of detailed supergravity model is presented in [54-56].

group of the SM and play an important role in breaking
supersymmetry. The terms involving the fermion mass and
Yukawa interactions of right-handed neutrinos are given in
the superpotential:

WoywNLH, +myNN. (28)

The mass of supersymmetric counterparts such as right-
handed sneutrino is determined by nonrenormalizable
operators involving the interaction between visible and
hidden-sector superfields in the Kéhler potential

<>

fo
X
m (NTN). (29)

K>

p

Here, (N,L,H,) and X; correspond to the visible sector
matter superfields and hidden-sector superfields, respec-
tively. We can obtain the mass of supersymmetric scalar
particles by integrating out the F' term of the hidden-sector
superfield.

From Eqgs. (28) and (29), we can see that the natural
value of yy would be O(1) and the natural value of my
would be either zero or of the order of Planck scale. This is
similar to the ¢ problem in supersymmetric theories and it
has been addressed by considering the famous Giudice-
Masiero mechanism [57]. This mechanism is based on the
idea that both hidden and visible sector superfields trans-
form nontrivially under a new global symmetry G. This
symmetry would forbid the y term in the superpotential,
while allowing the same from higher dimensional operators
in the Kéhler potential. The similar mechanism has also
been adopted to generate the small value of neutrino mass
from the nonrenormalizable operator in the Kéhler potential
(K> X NN /Mp) [58].

In this work, we consider a Giudice-Masiero-like mecha-
nism to obtain the KeV scale right-handed neutrino and
suppressed Yukawa coupling strength. We assume that
charges of hidden and visible sector superfields under
global symmetry G are chosen in a way such that both the
right-handed neutrino mass and Yukawa interaction term
can be obtained from the following nonrenormalizable
operators in the Kéhler potential:

The hidden-sector superfield can be expanded as X; =
X; +0p; + 0*°F x;» With X; being the scalar component
of the superfield, y; being the fermion component of the
right-handed neutrino, and Fy, being the F term of X;.
Similarly, we can expand the neutrino superfields as
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N=N+06N+6Fy, L =1+6l+6*F,, with N being
the singlet right-handed neutrino, /7 = (v,,e)” being the
lepton doublet, N, 7 being the scalar component and Fy, F,
being the F term of right-handed and left-handed neutrino
superfield, respectively. The Higgs superfield will be
expanded as H, = H, + 0H, + 0°F, with H, and H,
being the Higgs scalar field and Higgsino fermion field,
respectively. The terms in the Lagrangian are obtained from
the Kihler potential by using [ d?0d?00°0> = 1.

As we can see in Eq. (30), the nonrenormalizable term
XN'N
M,
neutrino as it would give [d?0d*00* =0. Thus, the
Majorana mass of right-handed neutrinos can be calculated
from the next-order nonrenormalizable term by giving
vacuum expectation value (VEV) to (X;) and F-term

component of X;:

_(Fy (X)) Fi (X;)?
/d299202(—’(}“<43 i )NN—»m%:7Xi< r (31)
P

would not generate the mass term for Majorana

Similarly, the Majorana mass of left-handed neutrino will
be given as

_(Fi (X)) Fi (X,)3
/ d200%0° (%) Il —mM = L (32)

1 4
p MP

The Yukawa interaction term can be calculated from

A
the first order nonrenormalizable term IZ/ILZ A 1t will be
P
given as
_. [ F; F3
/ d*00°0* (S \NIH, — yy = —5. (33)
M M2

With this, the Dirac Neutrino mass will be given by
mz?, = YNUy> (34)

and the value of the mixing angle will be given by

tan 26 = , (35)

where v, = vsinf with v = 246 GeV and sinf ~ O(1).
Given that yy <1, we can get tan26 = sin26. This
gives sin’ 20 ~ y,’zz—fz

In above results, we can see that the scale of masses
of neutrinos and Yukawa coupling depends on the scalar
VEV ((X;) and F-term VEV (Fy ) of the hidden superfield.
In gravity mediated supersymmetric models, the super-
symmetry breaking scale is generally given by Fy /M,
[59]. Given that we have not seen any signatures of
supersymmetry at TeV scale, we push and keep the

TABLE I. Mass/coupling parameters and their values.

Particle Mass Scale

Majorana sterile neutrino Fy (Xa)? 0(10) KeV
i

Majorana left-handed neutrino Fy () 0.1 eV
o

Yukawa coupling Fx, 1071
M

Dirac neutrino L7 1074 eV
M3 U

Sin?26 Yuvi 10-16

ESN

supersymmetry breaking scale to be O(10) TeV. This
gives Fy = 10?2 GeV. The scalar VEV of the hidden
supersymmetric field is generally chosen to be near
Planck scale, we consider (X;) = 107*M ,. By considering
these values, we calculate the values of neutrino mass and
couplings. The spectrum is given in Table 1. If we do the
diagonalization of neutrino mass matrix involving v, and
v;, then the eigenvalues will be dominated by m.! and m}!.
Thus, we consider the Majorana nature of both the right-
handed (sterile) and left-handed (SM) neutrino.

Finally, we have shown that by choosing O(10) TeV
supersymmetry breaking scale (and corresponding F'y,), we
can simultaneously explain the right mass of left-handed
Majorana neutrino and KeV-scale mass of the right-handed
neutrino along with tiny mixing angle between the both.

VI. CONCLUDING REMARKS

The self-interacting neutrinos play an important role
in alleviating the tension between the Hubble constant
obtained from recent CMB measurements and the local
distance ladder measurement. The strong self-interaction
between neutrinos can keep the same in thermal equilib-
rium with each other until late times, thus effecting the free
streaming epoch of neutrinos. The impact of change in free-
streaming behavior of neutrinos can be analyzed as a
change in the phase shift as well as amplitude of baryon
acoustic oscillations of CMB, which can lead to increase in
the value of present day Hubble constant H,. It has been
found that the fit to CMB data prefers a specific range of the
self-interaction between neutrinos for all three flavors of
neutrino, given by G to be (4.7104 MeV)~2, named as
“strongly” interacting region, and (89°}/' MeV)~2 named
as “moderately” interacting neutrinos regime, respectively.
Recently, the self-interacting neutrino have also been
proposed to obtain the right amount of relic abundance
of KeV-scale sterile neutrino while being safe from all x-ray
constraints. The standard Dodelson-Widrow mechanism
allows the production of sterile neutrino DM for an
appropriate values of active-sterile neutrino mixing angle
and around KeV-scale mass. However, the entire parameter
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space gets ruled out from x-ray constraints. Interestingly,
the self-interaction between neutrinos offers a modified
version of DW mechanism which can keep the most salient
feature of the Dodelson-Widrow mechanism while making
the parameter space free from x-ray constraints. In this
work, we have analyzed the correlation between the
parameter space of self-interacting neutrino model required
by Hubble tension and modified DW-based production
mechanism of KeV scale neutrino DM. We have calculated
the relic abundance of KeV sterile neutrino by taking a
specific range of the strength of self-interaction required to
solve Hubble tension (except the range of G ruled out by
various laboratory and cosmological bounds). We have also
obtained the m, — sin? 20 parameter space for the preferred
range of Gy. Our results clearly indicate that the entire
parameter space (consistent with both Hubble tension
solution and KeV-scale sterile neutrino DM) is free from
x-ray constraints. As the interaction between neutrinos is
mediated through the massive scalar particle, it is possible
that the decay of massive scalar into sterile neutrino would
keep the same in equilibrium with thermal plasma until the
epoch of BBN, thus producing AN > 1. We have showed
that it can be avoided for the choice of mass and mixing
angle obtained in our results.

From theoretical model building point of view, we
needed KeV scale mass of sterile neutrino, very tiny
mixing angle between sterile neutrino and SM neutrino,
and the observed mass of SM neutrino. We have explained
all the required values of mass and mixing parameters by
embedding this scenario in a consistent phenomenological
model obtained in the context of gravity mediated super-
symmetric theory. Interestingly, our model can explain
values of masses and mixing parameter required to explain
the consistency between the Hubble tension solution and
KeV-scale sterile neutrino DM by pushing the supersym-
metry breaking scale to be around O(10) TeV. Thus, the

model has a potential to obtain the scale of supersymmetry
from cosmological observations.

To summarize, our results show an interesting synergy
between the Hubble tension motivated self-interacting
neutrino and KeV-sterile neutrino dark matter in the context
of a consistent phenomenological model. If the discrepancy
between the value of Hubble constant remains persistent
even in future CMB observations, it can offer an interesting
testing ground to observe the existence of KeV-sterile
neutrino as a viable WDM candidate. The WDM candi-
dates are also considered as a popular choice impacting the
global signal of 21-cm observations from current and future
planned experiments to detect 21-cm hydrogen. Recently,
the mass of sterile neutrinos obtained through DW mecha-
nism has been constrained to be m, > 15 KeV from the
forecast study of 21 cm global signal from the square
kilometer array [60] and m, > 631“3159 KeV from the
observations of 21-cm global signal by EDGES collabo-
ration [61] respectively. As a future direction, it will be
interesting to reestimate bounds on sterile neutrino DM
from 21-cm global signal by considering self-interaction of
neutrinos allowed by Hubble tension solution.
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