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Abstract In the present work, we have extended the stan-
dard model by an abelian U (1)X gauge group and additional
particles. In particular, we have extended the particle con-
tent by three right handed neutrinos, two singlet scalars and
two vectors like leptons. Charged assignments under differ-
ent gauge groups are such that the model is gauge anomaly
free and the anomaly contributions cancel among genera-
tions. Once the symmetry gets broken then three physical
Higgses are produced, one axion like particle (ALP), which
also acts as the keV scale FIMP dark matter is produced
and the remaining component is absorbed by the extra gauge
boson. Firstly, we have successfully generated neutrino mass
by the type-I seesaw mechanism for normal hierarchy with
the 3σ bound on the oscillation parameters. The ALP in the
present model can explain the Xenon-1T electron recoil sig-
nal at keV scale through its coupling with the electron. We
have shown that ALP can be produced from the right handed
neutrino decay through the freeze in mechanism. Electron
and tauon get masses from dimensional-5 operators at the
Planck scale and if we consider the vevs v1,2 � 1012 GeV
then we can obtain the correct value of the electron mass but
not the tauon mass. The vector like leptons help in getting
the correct value of the tauon mass through another higher
dimensional operator which also has a role in DM produc-
tion by the 2 → 2 process, giving the correct ballpark value
of relic density for suitable reheat temperature of the Uni-
verse. We have shown that the ALP production by the higher
dimensional operator can explain the electron, tauon mass
and Xenon-1T signal simultaneously whereas the decay pro-
duction can not explain all of them together.

1 Introduction

The standard model (SM) is a very successful theory in
describing nature without any doubt. Although its tremen-
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dous success, the SM has few flaws which can not be
addressed within its particle content and gauge structure. The
most noticeable limitations of the SM are the absence of a
suitable dark matter (DM) candidate and neutrino masses.
The presence of DM is a very well established phenomenon
and has been confirmed by many experiments namely Galaxy
rotation curve [1], Bullet cluster [2,3], gravitational lensing
[4] and the measurements of the Cosmic Microwave Back-
ground (CMB) [5,6]. The satellite borne CMB experiments,
WMAP [5] and Planck [6] have measured the DM relic den-
sity (�h2) with an unprecedented accuracy which is,

0.1172 ≤ �h2 ≤ 0.1226. (1)

Moreover, in the SM neutrinos are massless, but from oscil-
lation experiments, it is well established that neutrinos are
massive in order to explain the flavour oscillation among
the different flavours [7–17]. After a rigorous search of
beyond SM signal at the collider, direct detection and indirect
detection experiments, finally, Xenon-1T collaboration has
announced the detection of beyond SM signal in the searches
of new physics with low-energy electronic recoil data. They
observed excess events over the known backgrounds in 1–
7 keV range [18]. The Xenon-1T experiment consisting of
1042 kg of cylindrical fiducial volume with 226.9 active days
i.e. in total 0.65 tonne-year exposure, has observed 285 elec-
tron recoil events in the range 1–7 keV in compared to the
expected 232±15 background events, which gives 3.3σ Pois-
sonian fluctuation. Xenon-1T considered many background
models as listed in [18], among them, the prominent ones are
the Pb, Kr, Xe, I and solar neutrinos in the region of interest
(ROI) 1–210 keV. With the 0.65 tonne-year exposure of SR1
they can not explain the excess events. There are a couple of
possible scenarios discussed in [18] which can explain the
above excess namely solar axion, neutrino with the magnetic
moment and bosonic dark matter. The background model
is rejected at the 3.5 σ , 3.2 σ and 3 σ for the solar axion,
neutrino magnetic moment and bosonic dark matter model,
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respectively. The parameter space needed to explain Xenon-
1T signal for solar axion and neutrino magnetic moment
model is in strong tension with the stellar cooling [19–23]
and white dwarf [24–26], globular cluster [27], respectively.
Moreover, if one considers the tritium background which is
neither confirmed nor excluded, then the significance of solar
axion model is reduced to 2.1 σ and the neutrino magnetic
moment model to 0.9 σ .

In the present work, we are going to explain the signal by
an axion like particle (ALP), a, which will be pseudo Nambu
Goldstone boson (PNGB) produced due to a Peccei–Quinn
type global symmetry breaking. In the present case, ALP is a
suitable dark matter candidate. In the previous studies, it has
been shown that ALP can be production by the thermal and
misalignment mechanism. In this work, we have produced
the ALP by the freeze-in mechanism and assume that ALP is
produced sub-dominantly by the thermal and misalignment
mechanism. The general structure of the Lagrangian of this
kind of ALP is,

LALP = (∂μa)2 − m2
aa

2

+gaee
2me

(∂μa)ēγ μγ5e + gaγ γ

4
aFμν F̃

μν. (2)

By using the relation ∂μ(ēγ μγ5e) = 2imeēγ5e, we can write
the above equation in the following way,

LALP = (∂μa)2 − m2
aa

2

+gaγ γ

4
aFμν F̃

μν + igaeeaēγ5e. (3)

As shown in [28], the best fit values for explaining the Xenon-
1T signal by the ALP are the following,

ma = 2.5 keV, gaee = 2.5 × 10−14. (4)

To put the constraints on the dimensionless parameters, we
can redefine the couplings in the following way,

gaγ γ = αem

2πV
gaγ γ

e f f , gaee = me

V
gaeee f f (5)

where V is the ALP decay constant, gaγ γ

e f f and gaeee f f are the
effective coupling of axion to γ γ and ee, respectively. We
can put constraint on the gaγ γ

e f f parameter from the cosmic X-
ray background (CXB) for keV scale DM candidate (which
corresponds to the frequency 2.98×1017 Hz) as follows [29],

gaγ γ

e f f

gaeee f f
≤ 3.1 × 10−3

(
2.5 keV

ma

)3/2

×
(

2.7 × 10−14

gaee

)
. (6)

In the literature, there are extensive studies to explain the
Xenon-1T signal by considering DM and neutrino magnetic
moments as its origin can be found in the Refs. [30–80]. The
explanations of the Xenon-1T signal mentioned earlier have
considered ALP dark matter, boosted dark matter and inelas-
tic dark matter. In Ref. [81], authors have shown that Xenon-
1T signal can also be explained by chameleon-screened dark

energy. In the case of Xenon-1T explanation by the ALP dark
matter, it is produced by thermal and misalignment mecha-
nism. In the present case, ALP DM has been produced by
the freeze-in mechanism. Moreover, Xenon-1T signal expla-
nation by the ALP dark matter (produced by thermal and
misalignment mechanism) and vector like leptons has been
shown in [56] but our study is different and considering the
ALP production by the freeze-in mechanism. To accomplish
the dark matter, neutrino mass and the general ALP model
described above (as shown in Eq. (3)), we have extended SM
by additional particles and gauge group. In particular, we
have extended the SM gauge structure by an additional local
gauge groupU (1)X , three right handed neutrinos, two singlet
scalars and two vector like leptons doublet. We have assigned
the gauge charges to all the particles (SM as well as beyond
SM particles) in such a way so that the gauge anomaly can-
cels automatically. For the Higgs doublet among four degrees
of freedom (d.o.f), three of them are absorbed by the W±, Z
bosons and the remaining one is the SM Higgs. The additional
four d.o.f for the two singlet scalars, one of them absorbed
by the extra gauge boson present due to the additional gauge
group, one of them acts as the axion like particle (ALP) and
the remaining two become physical Higgses. Since the main
motive apart from explaining the neutrino mass is to explain
the Xenon-1T signal from DM point of view, in the present
work, ALP (denoted as a) which is also feebly interacting
massive particle (FIMP) dark matter takes a significant role
in the phenomenology. Physical Higgses (defined as h, h1

and h2) do not actively take part in the phenomenology we
are interested in this work. The charges of the two singlet
Higgses are assigned in such a way that the ALP is mass-
less and it can achieve mass from the higher dimensional
operator at the Planck scale. We consider a global symmetry,
U (1)g , like Peccei–Quinn symmetry and ALP is produced
when the global symmetry gets broken at the intermediate
scale and the extra singlet scalars take vevs. The ALP cou-
pling to two electrons also appears when the global symmetry
breaks and it is necessary to explain the Xenon-1T signal of
electron recoil at keV range. We assign the global charges to
the particles in such a way so thatU (1)g ×U (1)em ×U (1)em
is anomaly free. Because of this anomaly cancellation, the
ALP coupling to two photons is suppressed and can evade the
present day strong bound from cosmic X-ray bound (CXB)
[29]. Although in the present work, we are not discussing
collider phenomenology of the vector like lepton [84], still it
takes an important role in the production of the ALP by the
freeze-in mechanism. We can produce the ALP by making the
associated Yukawa coupling strength of ALP with the vector
like lepton very small which is O(10−8). Moreover, the vec-
tor like lepton is heavy compared to the associated particles
and we can have dimension-5 operator after eliminating the
vector like lepton, which can also produce DM by the 2 → 2
process for suitable values of the reheat temperature [82,83].
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One major drawback for producing DM by the freeze-in
mechanism is that the produced ALP DM is hard to detect
at different experiments due to its feeble coupling with oth-
ers. In this work, we have shown that ALP DM produced
by the freeze-in mechanism can also explain the Xenon-1T
signal observed recently. The coupling which helps in pro-
ducing ALP DM is proportional to λi (where i = 1, 3 and
defined in Eq. (48)) and the ALP coupling to electrons is also
proportional to λi , so they are interrelated. In this work, we
have shown that we need heavy vector like lepton to explain
everything together. The phenomenology of heavy vector
like lepton to explain the lepton flavour violation processes
(li → l jγ and li → 3l) has been studied in Ref. [84]. In Refs.
[84–87], authors have studied (g − 2)μ, electroweak preci-
sion data and lepton flavour violation processes by extending
SM with the vector like leptons. Based on their study, vec-
tor like leptons having mass greater than a few TeV are safe
from the aforementioned bounds. Moreover, in the present
work vector like leptons are not coupled to muon generation
which makes this model even less constrained than them.
Therefore, we plan to study the exact bound on the model
parameters from (g − 2)e,μ, electroweak precision data and
lepton flavour violation in future. Moreover, we need a high
value of the singlet scalars vev to get keV ALP dark matter
which makes the TeV scale extra gauge boson very feeble
and consequently difficult to observe at the collider.

Rest of the paper is organised in the following way. In
Sect. 2, we have discussed the present model in detail. Neu-
trino mass and allowed parameter space after satisfying oscil-
lation have been covered in Sect. 3. Section 4 focuses on the
Xenon-1T signal and production of dark matter by the freeze
in mechanism. Finally we conclude in Sect. 5.

2 Model

In the present work, we have considered a U (1)X exten-
sion of the SM gauge group. Besides, the gauge group,
SM particle has also been extended by three right handed
neutrino, one pair of vector like leptons and two singlet
scalars. All the particles are charged under the extra gauge
group and in particular, they are charged in such a way
so that gauge anomaly is absent. In Tables 1 and 2, we
have shown the SM particles and beyond SM particles with
the corresponding charges under the complete gauge group
SU (3)c × SU (2)L ×U (1)Y ×U (1)X .

The complete Lagrangian for the above particle spectrum
which consist of kinetic term, Yukawa term and potential is
as follows,

L = Lkin + Llepton + Lφi
kin + LN + |Dμφh |2

+yui j QiU
c
j φ̄h + ydi j Qi D

c
jφh + yV L

1 V Ll1E
c
1φh

+yV L
3 V Ll3E

c
3φh + yφ1

1 φ1LeV Lc
l1 + yφ1

3 φ̄1LτV Lc
l3

−MVLl1V Ll1V Lc
l1 − MVLl3V Ll3V Lc

l3

−V(φh, φ1, φ2) (7)

where Lkin is the kinetic term for all the fermions and has
the general form Lkin = f̄ γμDμ f , f is the corresponding
fermion and Dμ is the covariant derivative with different
form depending on the gauge charges of fermion f . Llep

contains the Yukawa terms associated with the leptons and
further discussion on it is given in Eq. (37) in Sect. 4. Lφi

kin
is the kinetic term for the extra singlet scalars φi (i = 1, 2)
and U (1)X gauge boson Z ′ as shown in Eq. (27). LN is the
Lagrangian associated with the Dirac neutrino mass of the
neutrinos and the Majorana mass term for the right handed
neutrinos,

LN = yeeLeφh N
c
e + yμμLμφh N

c
μ + yττ Lτ φh N

c
τ

+yφ2
eμLeφh N

c
μ

φ2

MPl
+ yφ2

μeLμφhN
c
e

φ
†
2

MPl

+yφ2
μτ Lμφh Nτ

φ2

MPl
+ yφ2

τμLτ φh N
c
μ

φ
†
2

MPl

+YeμN
c
e N

c
μφ

†
2 + Meτ N

c
e N

c
τ + MμμN

c
μN

c
μ

+Yμτ N
c
μN

c
τ φ2 + h.c. (8)

The potential for the present model takes the following
form,

V(φh, φ1, φ2) = −μ2
h(φ

†
hφh) + λh(φ

†
hφh)

2 − μ2
i (φ

†
i φi )

+
∑
i=1,2

λφi (φ
†
i φi )

2 + λ12(φ
†
1φ1)(φ

†
2φ2)

+
∑
i=1,2

λφhφi (φ
†
hφh)(φ

†
i φi ) +

[
λφ1φ2φ

n
1 φ

†
2

Mn−3
Pl

+ h.c.

]
(9)

Scalars take the following form at the time of the symmetry
breaking

φh =
(

0
H+v√

2

)
, φ1 =

(
H1 + v1√

2

)
e
i
a1
v1

and φ2 =
(
H2 + v2√

2

)
e
i
a2
v2 . (10)

In the above equation we have shown the Higgses after tak-
ing vevs; in particular we have written the SM Higgs doublet
in the Unitary gauge and for the other two singlets with their
CP odd components. Due to the higher dimensional opera-
tor of the singlet Higgses at the Planck scale, the CP odd
components will mix among each other and one of them is
absorbed by the extra gauge boson and the remaining one
will act as keV scale ALP, which is also FIMP dark matter in
the present model as will be discussed in the later part of the
manuscript. From the scalar potential, we can determine the
tadpole free conditions and the Higgs’s masses, which are as
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Table 1 SM particles and their corresponding charges under complete gauge group

Gauge group Fermions Scalars

Qi Uc
i Dc

i Le Lμ Lτ Ec
e Ec

μ Ec
τ φh

SU(3)c 3 3̄ 3̄ 1 1 1 1 1 1 1

SU(2)L 2 1 1 2 2 2 1 1 1 2

U (1)Y 1/6 −2/3 1/3 −1/2 −1/2 −1/2 1 1 1 −1/2

U (1)X 0 0 0 −n 0 n (n − 1) 0 −(n − 1) 0

Table 2 BSM particles and their corresponding charges under complete gauge group

Gauge group Fermions Scalars

Nc
e Nc

μ Nc
τ V Ll1 V Lc

l1 V Ll3 V Lc
l3 φ1 φ2

SU(3)c 1 1 1 1 1 1 1 1 1

SU(2)L 1 1 1 2 2 2 2 1 1

U (1)Y 0 0 0 −1/2 1/2 −1/2 1/2 0 0

U (1)X n 0 −n −(n − 1) (n − 1) (n − 1) −(n − 1) 1 n

follows,(
∂V(φh, φ1, φ2)

∂φ j

)
v,v1,v2

= 0

and
(
M2

H

)
i j

=
(

∂2V(φh, φ1, φ2)

∂φi∂φ j

)
v,v1,v2

, (11)

where φi, j = H, H1, H2. Since, the neutral part of the Higgs
fields are not directly related with the phenomenology in the
present work, we neglect further discussion about its diago-
nalisation and defining the mass eigenstates for the Higgses
which are thoroughly studied in the literature,

⎛
⎝ h
h1

h2

⎞
⎠ =

⎛
⎝ c′

12c
′
13 s′

12c
′
13 s′

13
−s′

12c
′
23 − c′

12s
′
23s

′
13 c′

12c
′
23 − s′

12s
′
23s

′
13 s′

23s
′
13

s′
12s

′
23 − c′

12c
′
23s

′
13 −c′

12s
′
23 − s′

12c
′
23s

′
13 c′

23c
′
13

⎞
⎠

⎛
⎝ H
H1

H2

⎞
⎠ (12)

where c′
i j = cos θ ′

i j and s′
i j = sin θ ′

i j .
As described, in the present model we have extra two com-

plex singlet scalars φ1, φ2. Among the four components of the
extra scalars, two of them are CP even and the other two are
CP odd. One of the CP odd components becomes the trans-
verse component of the extra gauge boson and the other CP
odd component becomes a stable ALP at the Universe time
scale and explains the recent Xenon-1T signal. In most of the
previous studies of ALP which explain the Xenon-1T signal
is produced thermally and misalignment mechanism. In the
present work, we have produced the ALP by the freeze-in
mechanism which will be discussed in Sect. 4.1. We also have
vector like leptons which are charged in such a way so that the
present model is gauge anomaly free. SM and BSM particles
are charged under the additional gauge group in such a way
so that vector like leptons take an important role in electron,

tauon mass, ALP production by the freeze-in mechanism and
the axion coupling with the electrons. We have shown that to
explain all the phenomenology together we need VLL mass
very high and above the reheat temperature. In this work,
we use very popular Type-I seesaw mechanism to generate
the light neutrino mass in the eV scale. But this is not the
full story because with three right handed neutrinos (which
have suitable gauge charge under U (1)X in order to write
down the Dirac mass term with the left handed neutrinos)
and keeping the interaction terms up to dimension-4, we can
not explain the neutrino mass if the oscillation parameters are
considered in the 3σ range. Therefore, we have introduced

dimension-5 operator in the Dirac mass term of neutrinos
and we can successfully explain the neutrino mass with the
oscillation parameters in 3σ range which will be discussed
in Sect. 3. Therefore, to obtain the neutrino mass and mix-
ing angles within the present day accepted bound, we need
the dimension-5 operators. Moreover, the only way we can
write down the dimension-5 operator with the help of singlet
scalar φ2. These dimension-5 operators associated with the
right handed neutrino can also produce ALP by the freeze-
in mechanism (Ni → L ja1 where i, j = 1, 2, 3) but the
contribution to the total relic density will be sub dominant
because of the Planck scale suppression. Therefore, we have
neglected this contribution to our study. But, there are also
dimension-4 operators associated with right handed neutri-
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nos and ALP which can produce the ALP through freeze
in mechanism by N j → Ni a (MNj > MNi + ma) pro-
cesses. We have shown in detail the production of ALP by
the right handed neutrinos decay and considered the relevant
constraints. We exhibit the effect of these constraints on the
model parameters in Sect. 3. Finally, we can see all the addi-
tional particles in the present model are inter-related and we
can not explain all the phenomenology together by omitting
either of them. We have not discussed much about the addi-
tional gauge boson because it does not have a significant role
in our phenomenology on which we are interested. Although,
this additional gauge boson can be accessed at the colliders
when we take tree level kinetic mixing with U (1)Y gauge
boson.

3 Neutrino mass and ALP production

As given in Eq. (8), we can write down the neutrino mass
matrix after the SU (3)c × SU (2)L ×U (1)Y ×U (1)X gauge
groups break down to SU (3)c ×U (1)em as,

− LN = (
ν Nc

) (
0 MT

D
MD MR

) (
ν

Nc

)
(13)

where ν = (νe, νμ, ντ ), Nc = (Nc
e , N

c
μ, Nc

τ ). The Dirac mass
matrix (MD) and the Majorana mass matrix (MR) take the
following form,

MD = md i j =

⎛
⎜⎜⎝

yeev√
2

yeμvv2√
2MPl

0
yμevv2√

2MPl

yμμv√
2

yμτ vv2√
2MPl

0 yτμvv2√
2MPl

yττ v√
2

⎞
⎟⎟⎠ , i, j = e, μ, τ

(14)

MR = mR i j =

⎛
⎜⎜⎝

0 Yeμv2√
2

Meτ eiθ

Yeμv2√
2

Mμμ
Yμτ v2√

2

Meτ eiθ
Yμτ v2√

2
0

⎞
⎟⎟⎠ , i, j = e, μ, τ .

(15)

In the case of the Majorana mass matrix, we have considered
Yukawa terms up to dimension four whereas for Dirac mass
matrix we have considered terms upto dimension five other-
wise we do not obtain the neutrino oscillation parameters in
the 3σ range. In the seesaw approximation after diagonalis-
ing the matrix (as shown in Eq. (13)), one can have the light
neutrino masses and heavy neutrino masses in the following
form,

mν = −MT
DM

−1
R MD

MN = MR . (16)

Matrix diagonalisation (as given in Eq. (13)) in theO(mD
mR

)

happens by the following kind of matrix,

V1 =
( −1 MDM

−1
R

MT
DM

−1
R 1

)
. (17)

In this work, right handed neutrinos not only generate the
neutrino masses but also assist in producing the axion like
particle (details about the ALP is given in Sect. 4) from its
decay. The relevant terms which can produce ALP from the
right handed heavy neutrino decay are the terms which con-
sist of right handed neutrinos and one of the extra singlet
scalars and are given in Eq. (8). We write down the relevant
terms from Eq. (8) which can produce ALP are as follows,

LALP
N = yφ2

eμLeφhN
c
μ

φ2

MPl
+ yφ2

μeLμφh N
c
e

φ
†
2

MPl

+yφ2
μτ LμφhNτ

φ2

MPl
+ yφ2

τμLτ φh N
c
μ

φ
†
2

MPl

+YeμN
c
e N

c
μφ

†
2 + Yμτ N

c
μN

c
τ φ2 + h.c. (18)

The interaction terms which have Planck scale suppression
produce ALP sub-dominantly. Therefore, we focus on the
other terms which don’t have Planck scale suppression for
producing ALP from right handed neutrino decay through
freeze in mechanism. In Eq. (18), right handed neutrinos are
in interaction basis and we need to write them in mass basis
by the following transformation,

N f = V f i Ni , f = e, μ, τ and i = 1, 2, 3 (19)

where V f i is an Unitary matrix which diagonalise the matrix
MR (given in Eq. (15)). Substituting the flavor basis in terms
of the mass basis in Eq. (18) and also considering only the CP
odd component of φ2, we get the following kind of interaction
terms,

LALP
N ⊃ κi j N̄i PRN ja2 + h.c. (i, j = 1, 2, 3). (20)

where

κi j = i
(
−YeμV

†
ei Vμj + YμτV

†
μi Vτ j

)
. (21)

We can make the transformation of a2 and write down it in
terms of ALP, a, as defined in Eq. (31). We consider N1 as the
lightest among the three heavy right-handed neutrinos, so we
can produce the ALP by the freeze in mechanism from the
decay of the other two heavier right handed neutrinos, N2,3.
In order to produce the ALP by the freeze-in mechanism we

have to check the non thermality condition
〈�N j→N1a〉

H < 1
and we have to solve the following Boltzmann equation in
order to calculate the comoving number density of ALP,
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dYa
dz

= MPl

1.66MNi

z
√
g∗(z)

gs(z)⎡
⎣ ∑
i=2,3

< �Ni→N1a >
(
Y eq
Ni

− Ya
)⎤
⎦ (22)

where Ya is the comoving number density of a, g∗(z) and
(gρ(z)) are the matter and entropy d.o.f of the Universe and
〈�〉 is the thermal average. The detail description of all the
quantities are given in Sect. 4.1. The expression of decay
width of Ni , �Ni→N1a , is given in appendix. Once Ya is cal-
culated, we can then determine ALP relic density by the fol-
lowing expression,

�ah
2 = 2.755 × 108

( ma

GeV

)
Ya(T0). (23)

We have considered ALP relic density bound in the following
range [6],

0.1172 < �ah
2 < 0.1226. (24)

Moreover, at the time of diagonalising the matrix MR (as
given in Eq. (15)) we have used V1 matrix (see Eq. (17))
matrix. Therefore, we can relate the heavy right handed neu-
trino with the light active neutrinos ı.e. we can replace Ni by
(MDM

−1
R )i jν j . So, our ALP dark matter can decay to two

light neutrinos i.e. a → νiν j (i, j =1, 2, 3). To be a viable
DM candidate, ALP life time, τALP = 1

�a→νi ν j
, has to be

greater than the age of the Universe, τU ∼ 5 × 1017 Sec. In
addition if ALP can decay to photons or to other SM par-
ticles which can subsequently produce photons via inverse
Compton scattering [88–92] then ALP lifetime is severely
constrained by γ -rays observations. The current experimen-
tal bound on ALP decay lifetime can vary from 1027 − 1029

sec depending on its mass. In this work, we consider conser-
vative limit on ALP lifetime which is τALP > 1027 sec. The
expression of �a→νiν j is given in the appendix.

To obtain the allowed parameter space, we have consid-
ered neutrino oscillation parameters namely sum of the light
neutrino masses (

∑
i=1,2,3 mνi ), two mass square differences

(�m2
12, �m2

13) and three mixing angles (θ12, θ13 and θ23) in
the following range as obtained from Planck collaboration
[6] and neutrino oscillation experiments [93],

• cosmological upper bound on the sum of all three light
neutrinos,

∑
i mi < 0.23 eV at 2σ CL [6,94,95],

• mass squared differences 6.93 <
�m2

21

10−5
eV2 < 7.97 and

2.37 <
�m2

31

10−3 eV2 < 2.63 in 3σ range [93],

• all three mixing angles 30◦ < θ12 < 36.51◦, 37.99◦ <

θ23 < 51.71◦ and 7.82◦ < θ13 < 9.02◦ also in 3σ range
[93].

In generating the scatter plots among the model param-
eters, we have diagonalised the neutrino mass matrices and
collected those points which satisfy the neutrino oscillation
data as given earlier. We have varied neutrino mass matrix
elements in the following range,

10−8 GeV ≤ md i j ≤ 10−4 GeV

10−6 GeV ≤ mR i j ≤ 102 GeV

0 ≤ θ ≤ π (25)

where i, j = e, μ, τ . Now, we are going to show few scatter
plots which are obtained for the normal hierarchy of the neu-
trino mass matrix and one can obtain similar kind of plots
for the inverted hierarchy (IH) of the neutrino masses.

In the LP of Fig. 1, we have shown the variation in the
md ee −md eμ plane after satisfying the non thermality (NT)
condition of ALP dark matter, constraint on ALP lifetime
from the X-ray observation (τALP ), Planck relic density (RD)
bound on ALP DM and the 3σ bounds on two mass square
differences and three mixing angles which come from neu-
trino oscillation data (NOD). After imposing the constraints
of non thermality, X-ray and relic density bounds, one can
see that the whole region is allowed. The points which satisfy
all the three bounds together represented by the magenta cir-
cles. The reason behind the allowance of the whole region is
that none of the constraints are solely dependent on the ele-
ments of MD matrix. Moreover, we can easily see from the
figure that there exist a sharp correlation between the md ee

andmd eμ parameters once we impose the neutrino oscillation
data (NOD) bound and expressed by the green triangle points.
They also lie around the same ballpark value. One can see
that most of the points satisfy the ratio md eμ

md ee
∼ 0.6 and from

oscillation experiments we also know that tan(θ12) ∼ 0.6. So
we can conclude that this type of sharp correlation is com-
ing from the θ12 bound of the oscillation experiment. There
are other points also on the upper side due to the variation
of the other parameters. On the other hand in the RP of the
figure, we have shown the variation in the md ee − mR eτ

plane after satisfying the non thermality, X-ray bound, relic
density and neutrino oscillation data. Cyanide circle points
are obtained after demanding the non thermality condition,
brick circle hole points are obtained after demanding ALP
decay lifetime greater than ∼ 1027 sec which comes from
X-ray observation, magenta circle points are obtained when
we impose the DM relic density constraint and the green tri-
angle points are obtained after imposing the neutrino oscil-
lation data bound. In the case of non thermality constraint
whole region is allowed because neither of the parameters is
directly related to this condition. In the case of decay life-
time of ALP DM, we can see that higher values of MR eτ are
allowed because the coupling of ALP decay to two neutrinos
is inversely proportional to the square of the elements of MR .
So, higher values of MR eτ help in getting the larger value of
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Fig. 1 LP (RP): Scatter plot in the md ee −md eμ (md ee −mR eτ ) plane
after satisfying the non thermality (NT) condition of ALP, ALP lifetime
which is greater than the age of the Universe(τU ), Planck relic den-

sity (RD) bound of ALP and the bound from neutrino oscillation data
(NOD). Other parameters have been kept fixed at v1,2 = 1010 GeV and
n = 10

the ALP decay lifetime to become a viable DM candidate by
satisfying the constraint from X-ray observation. Moreover,
in the case of relic density constraint higher values of MR eτ

gives the correct value of relic density obtained from Planck
data. Finally, when we apply the NOD bound, we notice that
there exist a correlation between these two parameters. This

correlation is trying to obey the bound
m2
d ee

mR eτ
≤ 10−10 GeV

which is coming from the two mass square differences �m2
12,

�m2
13 and sum of neutrino masses

∑
i = 1,2,3 mνi . There is

also upper bound in the same plane for lower values of md ee

which is just coming from the bound
m2
d ee

mR eτ
≥ 10−15 because

below this value mass the square differences are very difficult
to obtain in the 3σ range. We can also notice that the region
at top right corner satisfies all the constraints together i.e. the
overlapping region between magenta and green points.

Figure 2 shows the variation in the md eμ − mR eτ and
mR μμ −mR μτ planes after satisfying all the constraints we
have imposed in Fig. 1. The colour coding has the same mean-
ing as we have for Fig. 1. In particular, the LP draws the
same kind of physics conclusion as explained for the RP of
Fig. 1. Here also when we apply NOD the lower bound is

coming from constraint
m2
d eμ

mR eτ
≤ 10−10 and a sharp upper

bound is coming from
m2
d eμ

mR eτ
≥ 10−14. In the RP we have

shown the variation in mR μμ − mR μτ plane after satisfy-
ing all the bounds. In particular, we can see that when we
impose the relic density and X-ray bounds both the param-
eters can not take lower value together either of them have
to have a larger value. Otherwise, it increases MD/MR ratio

which in turn increase the coupling strength and decrease
the lifetime of ALP dark matter. We can also see a correla-
tion among the magenta points for the higher value ofmR μμ.
This is because DM relic density is proportional to the square
of mR μτ (= Yμτ v2√

2
) whereas it is inversely proportional to

the right handed neutrino masses (which are linearly propor-
tional to the elements of MR). Therefore, to get the correct
value of the relic density, these two parameters try to have
correlated values. Moreover, when we impose NOD con-
straint we can see from the figure that both the parameter can
not take low values simultaneously but they can take higher
values together. Furthermore, either of them can take a low
value but at the same time, the other parameter has to take a
high value to satisfy the neutrino oscillation data.

4 Xenon-1T signal

As said in the model part (Sect. 2), the CP even parts of the
scalar fields are not directly related with the phenomenology
we are interested in this work. On the other hand, the CP
odd part of the singlet Higgses take a pivotal role in the
present work, hence we are going to discuss now the CP
odd components. CP odd part can be written in the following
manner,

φ1 = v1√
2
e
i
a1
v1 and φ2 = v2√

2
e
i
a2
v2 (26)

where it follows the vev condition |φi |2 = v2
i
2 . Kinetic term

for the extra singlet scalars and (U (1)X ) gauge boson take
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Fig. 2 LP (RP): Scatter plot in the md eμ − mR eτ (mR μμ − mR μτ )
plane after satisfying the non thermality (NT) condition of ALP, ALP
lifetime greater than the age of the Universe(τU ), Planck relic den-

sity (RD) bound of ALP and the bound from neutrino oscillation data
(NOD). Other parameters have been kept fixed at v1,2 = 1010 GeV and
n = 10

the following form,

Lφi
kin = −1

4
F ′

μνF
′μν +

∑
i=1,2

|Dμφi |2 (27)

where F ′
μν is the field strength tensor associated with U (1)X

gauge group. The covariant derivative takes the following
form,

Di
μ = ∂μ − ig′Z ′ni (28)

where ni and g′ are the U (1)X gauge charge and gauge cou-
pling. By expanding the covariant derivative in Eq. (27), we
have the kinetic term as follows,

Lφi
kin = −1

4

(
F ′

μν

)2 + 1

2

(
∂μa1

)2 + 1

2

(
∂μa2

)2

+M2
Z ′

2

(
Z ′

μ

)2 − g′Z ′
μ∂μ [n1v1a1 + n2v2a2] (29)

where the gauge boson mass has the following form,

MZ ′ = g′ 2
(
n2

1v
2
1 + n2

2v
2
2

)
. (30)

We can redefine a1 and a2 in terms of mass basis a and GZ ′
as follows,

a = 1√
n2

1v
2
1 + n2

2v
2
2

[n2v2a1 − n1v1a2]

GZ ′ = 1√
n2

1v
2
1 + n2

2v
2
2

[n1v1a1 + n2v2a2] . (31)

Therefore, in terms of a and GZ ′ Eq. (29) takes the following
form,

Lφi
kin = −1

4

(
F ′

μν

)2 + 1

2

(
∂μa

)2

+1

2
M2

Z ′

(
Z ′ − ∂μGZ ′

MZ ′

)2

. (32)

The above Lagrangian is in Stückelberg form and it is clearly
visible that the GZ ′ degree of freedom is becoming the trans-
verse component of Z ′ and makes it massive. The other CP
odd component “a” is massless. If we consider the higher
dimensional operator which is consist of φ1 and φ2 as given
in Eq. (9),

VHDO = λφ1φ2φ
n
1 φ

†
2

Mn−3
Pl

+ h.c. (33)

By using the form as given in Eq. (26), we can write the above
HDO in the following way,

VHDO = λφ1φ2v
n
1v2

2
n+1

2 Mn−3
Pl

e
i
(
nv2a1−v1a2

v1v2

)
+ h.c.

= λφ1φ2v
n
1v2

2
n+1

2 Mn−3
Pl

ei
a
V + h.c. (34)

where V = v1v2√
n2

1v
2
1+n2

2v
2
2

and we have used the definition of

a. Expanding the above expression we get,

VHDO = 2λφ1φ2v
n
1v2

2
n+1

2 Mn−3
Pl

(
1 − a2

2V 2 + · · ·
)

. (35)
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Fig. 3 Scatter plot in the v1 − v2 plane where green points are after
demanding ALP mass in between 1–100 keV. Magenta region satisfies
the electron and tauon mass by suitably choosing ye, yV L

1 , yV L
3 and yτ

values. Cyanide region is disallowed by the electron and tauon mass.
We have kept fixed λφ1φ2 = 1, yφ1

1,3 = 10−8 and considered reduced

value of the Planck mass, MPl = 2.43 × 1018 GeV

Finally we get mass of ALP a which is m2
a = 2λφ1φ2 vn1 v2

2
n+1

2 Mn−3
Pl V 2

.

In Fig. 3, we have shown the variation in the v1 −v2 plane
for n = 8 which is the U (1)X charge of φ2. Magenta region
is allowed from the electron and tauon mass whereas cyanide
region is disallowed from the electron and muon mass. Green
points are obtained after demanding the ALP mass in the 1–
100 keV range. To satisfy, the electron mass, muon mass
and axion mass in the keV range, we need n ≥ 8 which
is the U (1)X charge of φ2 singlet scalar. We can say from
the electron, muon and keV order ALP mass bound that the
U (1)X charge of n < 8 is already ruled out. Although, in
generating the scatter plot we have considered λφ1φ2 = 1 and
if we take the other value of λφ1φ2 then it will accordingly
change the bound on n.

Since our main target is to explain the Xenon-1T signal,
we have to discuss about the ALP coupling with electrons.
As given in Eq. (7) if we integrated out the vector like leptons
(more discussion is in Sect. 4.1.2) then we get the following
terms,

Llepton ⊃ − yV L
1 yφ1

1

MVL
1

φ1LeE
c
eφh − yeLeφh E

c
e

φ1

MPl

−yμLμφh E
c
μ − yV L

3 yφ1
3

MVL
3

φ̄1Lτ E
c
τ φh

−yτ Lτ φh E
c
τ

φ̄1

MPl
+ h.c., (36)

once φ1 and φh take vevs then we get,

Llepton ⊃ −meleE
c
ee

i
a1
v1 − mμlμE

c
μ − mτ lτ E

c
τ e

−i
a1
v1 + h.c. (37)

where me =
(

yV L
1 y

φ1
1 vv1

2MVL
1

+ yevv1
2MPl

)
, mμ = yμv√

2
and mτ =(

yV L
3 y

φ1
3 vv1

2MVL
3

+ yτ vv1
2MPl

)
are the electron, muon and tauon mass.

One important think to note here is that the ALP coupling to
electron (gaee) is given by

gaee � meV

v2
1

= 2.5 × 10−14

(
V × 2 × 1010 GeV

v2
1

)
. (38)

We consider a global symmetry U (1)g and leptons are
charged under this global symmetry. Once the global sym-
metry gets broken then pseudo Nambu Goldstone boson
(PNGB) is produced which acquire keV order mass from the
higher dimensional operator as discussed before. We assign
the global charge in such a way so that it is anomaly free
and naturally the decay of PNGB to γ γ is suppressed. We
are working in keV range PNGB, hence it will not decay
directly to electrons but can decay to γ γ . By integrating out
electron and tauon, we generate the following kind of inter-
action [96],

Le f f � −(1 − 1)
αem

4πv1
a1Fμν F̃

μν

+ αem

48πv1

(
1

m2
e

− 1

m2
τ

) [
(∂2a1)Fμν F̃

μν + 2a1Fμν∂
2 F̃μν

]
,

(39)

first term comes from the anomalyU (1)g−U (1)em−U (1)em
and we chose the global charge such that the anomaly is zero
in the present case. The second term is the threshold correc-
tion. This threshold correction is suppressed by the axion and
electron mass ratio (ma

me
)2 which is around 10−5 for keV scale

axion. Because of this suppression, the ALP dark matter in
the present model is safe from the astrophysical and cosmo-
logical constraints mainly the X-ray bound. Moreover, if the
ALP is produced in the star then it is stringently restricted
from the stellar cooling bound mainly from red giants and
white dwarfs. In principle, if ALP is γ -philic then we can
overcome the bound because gaγ γ is very much suppressed
in the present model due to the non-anomalous global sym-
metry. On the other hand, if ALP is γ -phobic then we need
to suppressed the gaee coupling and one such example is
chameleon type ALP dark matter which has been studied in
[28,97–103]. Chameleon type ALP dark matter production
is suppressed at the high density region and it is unaltered
at the low density region. Therefore, ALP dark matter pro-
duction at very dense stellar objects like red giants and white
dwarfs is very much suppressed whereas its production in
less dense objects like the sun remains unchanged. Since we
will be dealing with the on shell PNGB, hence we can use
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the on shell condition which turn the above equation into the
following form,

Le f f � αemVm2
a

48πv2
1

(
1

m2
e

− 1

m2
τ

)
aFμν F̃

μν (40)

where we have used a1 = n1v1GZ ′+n2v2a√
n2

1v
2
1+n2

2v
2
2

. Decay rate of

PNGB, a, to γ γ is given by,

�a→γ γ � αemm7
a

9216π3(
v2

1
V )2

× 1

m4
e
. (41)

We can now estimate the lifetime of the keV scale axion like
particle a which only decay to γ γ (since ma < 2ml , ml is
the lepton mass) is given by,

τa→γ γ = 1

�a→γ γ

� 3.9 × 1031
( ma

2.5 keV

)−7

×
(

v2
1

V × 1010 GeV

)2

. (42)

The decay lifetime of the ALP is larger than the age of the
Universe and also safe from the X-ray bound, hence it can be
a viable DM candidate. In the literature this kind of DM has
been produced thermally and misalignment mechanism as
described in [56,96]. By suitably choosing the ALP decay
constant, one can reduce the thermal production of ALP.
Moreover, We assume that inflation happens after the global
symmetry gets broken. Therefore, we can reduce the DM pro-
duction by misalignment mechanism by choosing the lower
value of the initial oscillation amplitude. In the present work,
we are going to produce the keV scale DM by the freeze-in
mechanism namely from the decay of the vector like fermion
and from the HDO as given in Eqs. (7), (36). Now we are
going to discuss the freeze-in production of keV scale ALP
by two different kind of interactions.

4.1 keV scale FIMP DM

4.1.1 Decay contribution

As given in Eq. (7), we can produce the keV scale DM from
the decay of the vector like doublet fermion through freeze-
in mechanism by making the corresponding coupling in the
feeble range. In Fig. 4, we have shown the out of equilibrium
condition of keV range DM for 5 TeV vector like lepton for
three different values of coupling strength.

In Fig. 4, we have shown the variation of 〈�〉
H with z where

〈�〉 = �V Ll1→La
K1(z)
K2(z)

and H = 1.66
√

gρ∗ T 2

MPl
are the thermal

average of the decay width and Hubble parameter, respec-
tively. K1(z), K2(z) are the modified Bessel function for the
first kind and second kind, gρ∗ is the matter d.o.f of the Uni-

verse and z = MVLl1
T . In the figure one can easily see that

Fig. 4 〈�〉
H variation with z for three different values of yφ1

1

at T ∼ MVLl1 , the out of equilibrium condition 〈�〉
H < 1 is

always satisfied. If we increase the yφ1
1 value greater than

10−6, then we say that it will reach equilibrium. So to be on
the safe side we consider in the present work yφ1

1,3 ∼ 10−8

and the vector like lepton mass in the TeV range. The Boltz-
mann equation for determining the decay contribution takes
the following form,

dYa
dz

= MPl

1.66MVLl1

z
√
g∗(z)

gs(z)

⎡
⎣ ∑
i=1,3

〈�V Lli→La〉
(
Y eq
V Lli

− Ya
)⎤
⎦
(43)

where Ya = na
s is the comoving number density of a and

s is the entropy, s = 2π2gs∗T 3

45 , of the Universe. g∗(z) is a
parameter which depends on the matter (gρ(z)) and entropy
(gs(z)) d.o.f of the Universe in the following way,

√
g∗(z) = gs(z)√

gρ(z)

(
1 − 1

3

d ln gs(z)

d ln z

)
. (44)

〈�V Lli→La〉 is the thermal average of the decay width of
vector like lepton V Lli (i = 1, 3) as defined earlier. As shown
in [82,83], one can approximately solve the above Boltzmann
equation and gets the following analytical expression of the
DM relic density,

�ah
2 =

∑
i=1,3

1.09 × 1027gV Lli ma�V Lli

gs∗
√
gρ∗ M2

V Lli

. (45)

In generating the Fig. 5, we have varied the three parame-
ters namely ALP mass ma , Yukawa coupling yφ1

3 and vector
like lepton mass MVLl3 in the following range,1

1 We have also assumed that same kind of contribution comes for V Ll1
decays and has been taken into account in the decay contribution.
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Fig. 5 LP (RP): Scatter plot in ma − yφ1
3 (ma − MVLl3 ) plane after satisfying the DM relic density bound obtained from Planck satellite

1 keV ≤ ma ≤ 100 keV

10−7 ≤ yφ1
3 ≤ 10−10

1 TeV ≤ MVLl3 ≤ 100 TeV (46)

and we have used Eq. (45) for calculating the DM relic den-
sity. In the LP of Fig. 5, we have shown the variation of dark
matter mass with the coupling yφ1

3 . Here, we have considered
vector like lepton V Ll3 decay to dark matter. All the points
satisfy the DM relic density bound as obtained by the Planck
collaboration [6]. As given in Eq. 45, the decay width takes
the form, when the daughter particles have negligible mass
in compared to mother particle,

�V Ll3 = (yφ1
3 )2

16π
MVLl3 . (47)

We can now easily see from Eq. (45) that relic density is pro-
portional to the DM mass ma and the square of the Yukawa
coupling yφ1

3 i.e. �ah2 ∝ ma(y
φ1
3 )2. To satisfy the DM

relic density it is clear that both of them can not increase
or decrease simultaneously, in other words, there must exist
anti-correlation between ma and yφ1

3 which is visible in the
LP of the figure. One can also notice that there is also a dis-
allowed region in the upper corner of the figure which cor-
responds to the higher value of DM mass and large Yukawa
coupling. This region overproduces the DM hence is ruled
out by the relic density bound. On the other hand in the RP of
the figure, we have shown variation in the ma −MVLl3 plane
after satisfying the DM relic density. As can be seen from
the Eq. (45) the DM relic density varies as �ah2 ∝ ma

MV Ll3
.

Therefore, to satisfy the DM relic density bound from Planck
we expect that both of them will either increase or decrease
at the same time which means we expect a sharp correlation

among the parameters which is clearly shown in the RP of
the figure.

4.1.2 Contribution from higher dimensional operator

Once we get rid of the vector type lepton V LL1, V LL3, then
we get the following dimension-5 operator,

Ldim−5 = yV L
1 yφ1

1

MVLl1
φ1LeE

c
eφh + yV L

3 yφ1
3

MVLl3
φ̄1Lτ E

c
τ φh + h.c.

= λ1φ1LeE
c
eφh + λ3φ̄1Lτ E

c
τ φh + h.c. (48)

The coupling strength of the above interactions are λi =
yV L
i y

φ1
i

MV Lli
∼ 10−11 (i = 1, 3) which is in the ballpark value of

the freeze-in coupling strength.2 As discussed in [83], we can
apply the freeze-in mechanism to produce the DM from the
above non-renormalisable interaction terms. As discussed for
decay contribution, vector like lepton is in thermal equilib-
rium and ALP is produced from its decay. In this case to
achieve tauon mass (mτ ) we need v1 ∼ 1016 GeV (where
tauon mass, mτ = yτ vv1

MPl
) but this higher value of the vev

can not explain the Xenon-1T signal because it significantly
reduces the ALP coupling strength to electrons as given in
Eq. (38). Therefore, to get the electron and tauon mass and the
Xenon-1T benchmark point, we have to consider the higher
dimensional operator (HDO) as given in Eq. (48). Since the
vector like lepton is integrated out, so in this case the vec-
tor like lepton mass (MVLli , i = 1, 3) has to be higher than
the reheat temperature of the Universe. So, for this scenario

2 λ1 is suppressed by the electron mass so in our case λ3 takes an
important role in DM production.
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when MVLli > TR (i =1, 3), the ALP is not produced from
the decay of V Lli (i = 1, 3) but it is produced from the HDO
as given in Eq. (48). For this case, the coupling λ3 is sup-
pressed by the higher mass value of the vector like lepton
and we can choose yV L

3 , yφ1
3 ∼ O(1).

In the present case, we will be considering higher val-
ues of vector like lepton mass and the reheat temperature
(although MVLl3 > TR) which implies that UV contribution
is more relevant to us than the IR contribution. Therefore,
we will be focusing on the contribution coming from the
non-renormalisable operator (as shown in Eq. (36)) which
depends on the unknown UV physics like reheat tempera-
ture TR . Considering the non-renormalisable operator only,
we can write down the Boltzmann equation for the produc-
tion of the ALP a as follows [83],

dna
dt

+ 3naH �
∫

dπadφhdπLτ dEc
τ
(2π)4δ4(pLτ

+pEc
τ
− pa − pφh )|M |2Lτ Ec

τ →aφh
fLτ fEc

τ
. (49)

After manipulating the above equation we get,

dna
dt

+ 3naH � T

2048π6∫
dsd�

√
s|M |2Lτ Ec

τ →aφh
K1

(√
s

T

)
, (50)

where s is the center of mass energy of the 2 → 2 process.
Considering the fact that masses of the interacting particles
are negligible compared to the temperature we are work-
ing on. In this limit, the matrix element is expressed as
|M |2Lτ Ec

τ →aφh
= λ2

3 s. After using this expression Eq. (50)
takes the following form,

dna
dt

+ 3naH � Tλ2
3

512π5

∫ ∞

0
ds s3/2 K1

(√
s

T

)
. (51)

Defining the comoving number density, YUV = na
s and after

integration, we get

dYUV

dT
� − 1

sHT

T 6λ2
3

16π5
. (52)

Now, using the expression of entropy (s) and Hubble param-
eter (H), we get from the above equation after integration,

YUV � 0.4TRλ2
3MPl

π7gs∗
√
gρ∗

. (53)

Therefore, the relic density would be,

�UV
a h2 � 2.755 × 102

( ma

keV

)
YUV . (54)

In Fig. 6, we have shown the allowed region in the λ3 −TR

plane where λ3 = yV L
3 y

φ1
3

MVLl3
and TR is thereheat temperature.

Fig. 6 Variation of reheat temperature (TR) with the coupling λ3
for DM mass between 1 to 100 keV. Magenta region corresponds to
MVLl3 > TR when yV L

3 , yφ1
3 ∼ 1. Cyan region is allowed by the elec-

tron and tauon mass

Magenta region is coming when we impose the condition
MVLl3 > TR for yV L

3 , yφ
3 ∼ 1, whereas the cyan region is

allowed by the electron and tauon mass. All the green points
satisfy the dark matter relic density put by Planck collabo-
ration. As seen in Eq. (53), the comoving number density of
the DM varies as YUV ∝ TRλ2

3 (as discussed the coupling
λ1 is suppressed due to electron mass so we are neglecting
that coupling here). Therefore, the relic density as well as the
comoving number density response to λ3 and TR parameters
anti-correlated way i.e.DM relic density can be satisfied only
when if λ3 is increased then TR has to be decreased and vice
versa. This type of behaviour is visible in the figure. The band
of the green patch just indicates that there is also variation
in the ALP mass in the range (1–100) keV. Finally, we say
that the UV contribution can explain the electron mass, tauon
mass, Xenon-1T from right handed signal and DM relic den-
sity altogether.

5 Conclusion

In this work, we have considered aU (1)X gauge extension of
the SM gauge group, leptons and extra particles are charged
and quarks are neutral under this gauge group. We have also
extended the particle content by three right handed neutri-
nos, two vector like leptons and two singlet scalars. We have
assigned the U (1)X as well SM gauge group charges to the
particles in such a way that the model is gauge anomaly
free. Due to the presence of the right handed neutrinos, we
can generate the neutrino mass by the type-I seesaw mecha-
nism. We have shown scatter plots among the neutrino mass

123



Eur. Phys. J. C (2021) 81 :598 Page 13 of 15 598

parameters after satisfying the neutrino oscillation data in
3σ range for normal hierarchy and one can extrapolate this
part for the inverted hierarchy as well. The successful pro-
duction of ALP dark matter from the right handed neutrino
decay through freeze in mechanism has been explored. We
also have two singlet scalars and among the four d.o.f, two
of them act as the physical Higgses, one is absorbed by the
extra gauge boson and the remaining one act like ALP. We can
generate the coupling of the ALP with electron and by suit-
ably adjusting the parameter we can explain the Xenon-1T
signal as well. The global symmetry introduced is anomaly
free, hence the axion coupling to photons is suppressed and
can evade the CXB easily. We have considered ALP as the
FIMP type DM candidate and has also been produced from
the decay of the vector like leptons besides its production
neutrino decay. Moreover, ALP can be produced from the
higher dimensional operator as well by suitably adjusting
the reheat temperature for heavy vector like lepton. We have
also pointed out that if we consider decay contribution to
ALP production then it is difficult to explain the lepton mass
and Xenon-1T signal together. This problem can be resolved
if we consider the ALP production from the higher dimen-

sional operator which appear when we integrated out the vec-
tor like lepton. Since we have integrated out the vector like
lepton, we have always followed that vector like lepton mass

is greater than the reheat temperature of the Universe. The
present model can explain the neutrino mass, Xenon-1T sig-
nal through ALP interaction with the electron. ALP can also
serve as the viable DM candidate of the Universe which can
be successfully produced by the freeze in mechanism either
from the decay process or the annihilation process coming
from higher dimensional operator.
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Appendix A: Analytical expression of relevant decay
width

• �N j→Nia :
Decay width of N j decaying to Ni a is given by,

�N j→Nia =
MNj g

2
N j Ni a

16π

√√√√
(

1 − (MNi + ma)2

M2
N j

) (
1 − (MNi − ma)2

M2
N j

) (
1 + M2

Ni
− m2

a

M2
N j

)
(A1)

where gN j Ni a is the coupling associated with N j , Ni and
a and is equal to κi j as given in Eq. (21). MNi and ma are
the masses of the Ni and ALP a.

• �a→νi ν j :
Decay width of a decaying to νi ν j is given by,

�a→νi ν j = mag2
aνiν j

16π

√√√√
(

1 − (Mνi + Mν j )
2

m2
a

) (
1 − (Mνi − Mν j )

2

m2
a

) (
1 − M2

νi
+ M2

ν j

m2
a

)
(A2)

where g2
aνiν j

is the coupling associated with a, Ni and
N j . It takes the following form,

gaνiν j = κmn

(
MDM

−1
R

)
mi

(
MDM

−1
R

)
nj

, (A3)

where κmn is given in Eq. (21). Mνi is the mass of the νi .
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