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Abstract

Motivated by the recently reported excess of electron recoil events by the XENONI1T experiment, we
propose low scale seesaw scenarios for light neutrino masses within U (1) x gauge extension of the standard
model that also predicts stable as well as long lived dark sector particles. The new fields necessary for
seesaw realisation as well as dark matter are charged under the U (1) y gauge symmetry in an anomaly free
way. A singlet scalar field which effectively gives rise to lepton number violation and hence Majorana light
neutrino masses either at tree or radiative level, also splits the dark matter field into two quasi-degenerate
states. While sub-eV neutrino mass and non-zero dark matter mass splitting are related in this way, the
phenomenology of sub-GeV scale inelastic dark matter can be very rich if the mass splitting is of keV
scale. We show that for suitable parameter space, both the components with keV splitting can contribute
to total dark matter density of the present universe, while opening up the possibility of the heavier dark
matter candidate to undergo down-scattering with electrons. We check the parameter space of the model
for both fermion and scalar inelastic dark matter candidates which can give rise to the XENONIT excess
while being consistent with other phenomenological bounds. We also discuss the general scenario where
mass splitting Am between the two dark matter components can be larger, effectively giving rise to a single
component dark matter scenario.
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1. Introduction

Recently, the XENONIT collaboration has reported an excess of electron recoil events over
the background in the recoil energy E, in a range 1-7 keV, peaked around 2.4 keV [1]. Though
this excess is consistent with the solar axion model at 3.50 significance and with neutrino mag-
netic moment signal at 3.2¢ significance, both these interpretations face stringent stellar cooling
bounds. Since XENONI1T collaboration has neither confirmed nor ruled out the possible origin
of this excess arising due to beta decay from a small amount of tritium present in the detector, it
has created a great interest in the particle physics community to search for possible new physics
interpretations for this excess of electron recoil events. New interpretations for this XENONIT
anomaly have been proposed by several authors; for example see [2—13]. Among the WIMP type
candidates as origin of this excess, the light boosted DM or light inelastic DM are the promising
ones.

In this work, we try to connect low scale seesaw origin of non-zero masses of light neutrinos
with sub-GeV inelastic DM within an Abelian gauge extension of the SM. Recently, several low
scale seesaw models with additional U (1)x gauge symmetries have been proposed in different
contexts; for example, see [14—18] and references therein. Here we extend the SM with a gauged
U (1)x symmetry which primarily describes the dark sector of our model comprising of inelastic
DM candidates and fields responsible for seesaw realisation. The breaking of U(1)x to a rem-
nant Z, symmetry gives rise sub-eV masses of light neutrinos by generating a dimension five
effective operator O1LLH H /A [19] at low energy, where L and H are lepton and Higgs dou-
blets respectively, O; is the Wilson coefficient that depends upon different couplings of the UV
complete theory and A is the scale of U (1)x symmetry breaking. Note that this operator breaks
lepton number by two units and hence the corresponding neutrino mass is of Majorana type.
After the electroweak phase transition the neutrino mass is given by: m, o (H)?/A. The break-
ing of U(1)x gauge symmetry to a discrete Z, also leads to a small mass splitting between the
components of either a Dirac fermion DM or a complex scalar DM, leading to an inelastic DM
scenario. We ensure the stability of DM via the remnant Z, symmetry. If we assume that the DM
mass is of sub-GeV scale with mass splitting of keV or smaller, then both the components can
be present today and can give rise interesting phenomenology. In particular, if the mass splitting
is a few keV, then we can have a tantalising scenario where the heavier component scatters off
the electron and gets converted to the lighter component effectively explaining the XENONI1T
anomaly [1]. We first discuss viable low scale seesaw models within an U (1) x gauge symmetric
framework which also predicts inelastic DM. Since all such seesaw models have similar DM
phenomenology, we study the latter for a sub-GeV inelastic DM whose interactions with the SM
rely primarily on kinetic mixing of U(1)x gauge symmetry with U(1)y of the SM. We calcu-
late the relic abundance of DM and constrain the parameter space from all available bounds and
the requirement of fitting XENONIT excess. While inelastic DM and its connection to origin
of light neutrino masses have been studied in earlier works too (see [20] for example and ref-
erences therein), most of these works focused on heavy DM regime with masses in the range
of electroweak scale to a few TeV. Such DM scenarios are probed typically at nuclear recoil
experiments. In this work, we focus on sub-GeV mass regime of inelastic DM in the context of
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electron recoil experiments while showing possible connections to the origin of light neutrino
mass in different neutrino mass models.

The paper is organised as follows. In section 2, we discuss different low scale seesaw models
for light neutrino mass within a framework U (1)x gauge symmetry which also gives rise to
inelastic DM. In section 3 we discuss the constraints on such low scale U(1)x gauge models
followed by detailed discussion of inelastic DM with sub-GeV mass and its implications for
XENONIT excess in section 4. We finally conclude in section 5.

2. Low scale dark seesaw with U (1) x gauge symmetry

In this section, we describe different seesaw realisations for sub-eV masses of light neutrinos
by considering the presence of an Abelian gauge symmetry U (1)x which plays a crucial role
in both neutrino and dark matter sectors. In particular, the dark matter phenomenology and light
neutrino masses are correlated in the following ways.

e Degenerate two component dark matter implies vanishing light neutrino masses and hence
disallowed from experimental data.

e Tiny mass splitting of keV order or below leads to a two component dark matter scenario
with the heavier dark matter candidate being long lived on cosmological scales. The mass
splitting of keV scale is of particular interest from XENONIT excess point of view.

e Larger mass splitting between the DM candidates makes heavier DM unstable leading to a
single component DM. This, although can not explain XENON1T excess, remains consistent
with other DM and neutrino requirements.

We will discuss the second and third scenarios mentioned above one by one. We adopt a minimal-
istic approach and consider only the newly introduced fermions and scalars to be charged under
the U(1)x gauge symmetry leaving the SM particles to be charge-less under this new symme-
try. Additional discrete symmetries are also incorporated to obtain the desired couplings in the
Lagrangian for seesaw realisations. With non-minimal particle content one can also consider
scenarios with similar seesaw realisation and DM phenomenology without any additional dis-
crete symmetries as have been studied in several works, for example, see [21-30] and references
therein.

2.1. Inverse seesaw model with inelastic DM

Here we consider an inverse seesaw [31], which is a typical low scale model in contrast to
the high scale canonical seesaw scenarios like type I, type II and type III [32—40]. The inverse
seesaw is realised in a gauged U (1) x extension of a two Higgs doublet model. The gauge group
of the theory is thus given by: SU(3), ® SU(2);, ® U(1)y ® U(1)x. An additional discrete Z4
symmetry is also imposed to have the correct mass matrix structure of neutral fermions. As shown
in Table | (particle content of inelastic fermion DM with inverse seesaw) and Table 2 (particle
content of inelastic scalar DM with inverse seesaw), the new degrees of freedoms apart from
a second Higgs doublet H; are all singlets under the SM gauge group (SU(3). ® SU2);, ®
U(1)y). The U(1)x gauge charges of these newly introduced particles are chosen in such a
way that give rise to the desired neutrino and DM phenomenology. While Ng, Sg are singlet
fermions taking part in inverse seesaw, the fields Wy g and 5 are introduced as viable fermion and
scalar DM candidates respectively. When the singlet scalar ®, acquires a vacuum expectation
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Table 1
New particles and their quantum numbers under the imposed
symmetries for fermion DM realisation.

Ng SR D p) Y .R Hy
SUQ2) ., 1 1 1 1 1 2
Uy 1 -1 0 2 -1 1
Z4 1 i i -1 §t 1
Table 2

New particles and their quantum numbers under the imposed
symmetries for scalar DM realisation.

NR SR Dy @) n Hy
SUQ)L 1 1 1 1 1 2
Uy 1 -1 0 2 -1 1
Zy 1 i i -1 -i 1
Z 1 1 1 1 -1 1

value (vev), the gauged U (1)x symmetry breaks down to a remnant Z symmetry under which
the vector-like fermion singlet V(= ¥y 4+ Wg) is odd. As a result, ¥ behaves as a candidate
of fermion DM.! We show that the spontaneous breaking of U(1)x gauge symmetry not only
generates the lepton number violating mass term for inverse seesaw, but also splits the DM (both
fermion and scalar) into two quasi-degenerate components. Note that, we consider only single
component DM, either fermion or scalar, not both in the same model. We discuss fermion and
scalar DM separately to show their inelastic nature arising from a scalar field taking part in
generating light neutrino masses. It should be noted that the models we considered here are
anomaly free by the virtue of the assigned gauge charges of the newly introduced fermions.

The Lagrangian involving the new degrees of freedom consistent with the extended symmetry
is given by

—/33yUZﬁzNR+yNSNRSR<I>i+ysSRSR®2 +h.c.+ LpMm, ()

where Lpy describes the Lagrangian for inelastic DM and is discussed below separately for
fermion (W) and scalar () cases.

The electroweak symmetry is broken when the Higgs doublets H; and H; acquire non-zero
vevs, while the vevs of @1 and &, break Z4 x U(1)x symmetry of the hidden sector. The scalar
fields which acquire non-zero vevs can be represented as

+ Y
hi, P12+urp+id),
Hip =\ tatvio+inl ) |, Pro= .

7 V2
As can be seen from the Lagrangian in equation (1), the vev of singlet scalar @, generates the
Majorana mass term u for Sy field which consequently appears as 33-term (entry for third row
and third column) of neutral lepton mass matrix given in equation (3) and hence is responsible
for the light neutrino mass generation through inverse seesaw mechanism. Later we shall show
that the vev of ®; also creates a mass splitting between the DM components (both for fermion
and scalar DM models).

1 For scalar DM we need another stabilising symmetry as we discuss below.
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Light Neutrino Masses:
In the effective theory, the neutral lepton mass matrix can be written in the basis n =
(L), Ng, Sp)" as

1—
—Lpy, = E(n)“/\/lvn +h.c., 2)

where M, has the structure

0 YJvV2 0

0 mp 0 VA
My=|mp 0 M|=["7F 0 =51, 3)

0 M u 0 sttt X2

V2 V2

Assuming that © << mp < M, the light neutrino mass matrix at leading order can be given as:
my, >~ mZMﬁlqulmD

ylva 1 ysus 1y
— — 4
«/—)M(«/—)M(«/—) “4)

For a typical choice: mp ~ 10 GeV, M ~ 1 TeV and p ~ 1 keV, we get sub eV neutrino mass.

=(

Inelastic fermion dark matter:

We now show how inelastic fermion DM arises in this inverse seesaw model. The particle con-
tent for inelastic fermion DM realisation is already given in Table 1. The relevant Lagrangian
satisfying U (1) x x Z4 symmetry can be written as:

Lom =iVy D,V — MW Wg + WrWy) — (v @2(WL) VL 4+ yrP2(VR) WR + hoc.)
€
+ EB“ﬁYaﬁ (5)

where D;, =9, + ig’Z;L and B*P, Yyp are the field strength tensors of U (1) x, U (1)y respectively
and € is the kinetic mixing parameter. We note that the kinetic mixing plays a crucial role in
giving rise the DM phenomenology.

The scalar singlet @, acquires a non-zero vev uy and breaks U (1) x spontaneously down to a
remnant Z, symmetry under which Wy, r are odd while all other fields are even. As a result, ¥,
and Wx combine to give a stable DM candidate in the low energy effective theory. The vev of ®»
also generates Majorana masses for fermion DM: m; = yp uz/ﬁ and mp = yRuz/\/E for W
and Wpg respectively. We assume m,mgr << M. As a result, the Dirac fermion ¥ = V¥ + Wp
splits into two pseudo-Dirac states y| and ¥, with masses M| =M —my and My = M + m,
where my = (mp = mp)/2. Using the expansion of &, as defined earlier, the Lagrangian in
terms of these physical mass eigenstates can be written as

1—. u 1——. " 1 — 1 —
Lpm =§W11V Y1+ Elﬂzl)f Yo — EMnﬁllﬁl - Eleﬁzlﬂz
. — 1 m_  — —
+ig' Z gy + 58 2L (S oy y e = Yyt un)
1 2 D T 1 2 D T
+§()’L cos” 8 — yg sin 9)¢1W1¢2+5(yRCOS 0 — yr sin” 0) Yo

€
+ EBaﬁYaﬂ , (6)
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where sinf ~ m_ /M. The mass splitting between the two mass eigenstates is given by Am =
My — M) =2my =y + yR)%. In order to address the XENONIT anomaly in section 4, we

take Am ~ 2.5 keV.

Inelastic scalar dark matter:

We now turn to show the inelastic nature of scalar DM that arises naturally in this inverse seesaw
model. The particle content for inelastic scalar DM realisation is already given in Table 2. Unlike
the case of fermion DM, here U (1)x x Z4 symmetry alone is not enough to stabilise the scalar
DM 7. This is due to the presence of a term H lT H,® 17 in the Lagrangian, allowed by U (1) x X Z4
symmetry. Therefore, we impose an additional Z, symmetry under which 7 is odd while rest of
the particles are even as mentioned in Table 2. The relevant Lagrangian involving n and U (1)x
gauge boson can be written as:

€
Lom = (D) (D) = myn'n = (s @amn +he) + 2B Yog, (7

where D, =9, + ig/Z;L and B*P, Yyp are the field strength tensors of U(1)x, U(1)y respec-
tively. Here Z’ is the U(1)x gauge boson and g’ is the corresponding gauge coupling and € is
the kinetic mixing parameter defined earlier.

The scalar &, acquires a vev and breaks U(l)y gauge symmetry spontaneously. We
parametrise the scalar singlet DM field 7 as:

_mAtin
NI

Note that the vev of ®, not only gives mass to Z’ gauge boson: M%, =g 2(41)%), but also creates
a mass splitting between 1 and 7, which is evident from the following effective Lagrangian
obtained by putting the above field parametrisation in equation (7).

I 5 uguz /L¢ 2
~Low 2 (i — =t + (— 1+ 5k @®)
i . . 2 _ 2 2
Thus the mass splitting between the two states 7 and 1 is given by Am= =m;, —m; =

\/_;qu,uz We assume Am << my, ,. As a result, the two components of 7, i.e. n; and 1y give
rise viable inelastic DM candidates. Because of the kinetic mixing between the U (1)x gauge
boson Z’ and the SM Z boson, these DM particles can interact with the SM particles which is
evident from the following effective Lagrangian:

€
L2 g2 (mdun = mdum) + 5 B Yop ©)
2.2. Type Il seesaw with inelastic DM

Here we consider a variant of type II seesaw along with inelastic DM in a gauged U (1)x x Z4
extension of the SM. The relevant fields along with their quantum numbers are given in Tables 3
(for inelastic fermion DM realisation) and 4 (for inelastic scalar DM realisation). Except Ap
all other newly introduced fields are singlet under the SM gauge group. The scalar field Ay
transforms as a triplet under the SU (2);, and possesses a hypercharge 2. The singlet scalars &,
and @ are used to break the U (1)x x Z4 symmetry to a remnant Z, symmetry under which the
vector-like fermion W(= W + Wg) and the scalar singlet 1 are odd. As a result, W () behaves
as a candidate of fermion (scalar) DM. Note that, we consider only single component DM, either

6
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Table 3

New particles and their quantum numbers under the im-
posed symmetry for type II seesaw origin of neutrino mass
and inelastic fermion DM.

L eR Ap [of] (o5 lI}L,R

U()x 0 0 0 0 2 -1
Zy i i -1 -1 1 -i
Table 4

New particles and their quantum numbers under the im-
posed symmetry for type II seesaw origin of neutrino mass
and inelastic scalar DM.

L R Ar @ @2 U

Uy 0 0 0 0 2 -1
Z4 i i -1 -1 1 ]

fermion (W) or scalar (1), not both in the same model. Here we separately show the inelastic
nature of fermion and scalar DM arising from the breaking of U (1)x x Z4 symmetry which also
lead to a low scale type II seesaw.

Light Neutrino Masses:

The Yukawa Lagrangian relevant for the discussion is

—L>DY,LHeg+ Y, L°A;L +h.c.+ LpMm, (10)

where Lpy is the Lagrangian for inelastic scalar or fermion DM as discussed below.
The relevant part of the scalar potential is given by:

V=—uH H+ay(H H? + A TAT ALl + 2aTr AT AL
+ @ HTALH +h.c) (11)

We assume that /LZA > 0 and A > 0. As aresult Ay does not acquire any direct vev. However,
the vev of ® and H can induce a small vev for A} as:

(P1)v?
Ha
As a result the light neutrino mass matrix is given by m, = Y, vr. The origin of light neutrino
masses is shown in Fig. 1. Note that in conventional type II seesaw, the induced vev is decided by
trilinear term wH” Ay H and hence for i ~ 14 it corresponds to a high scale seesaw like type
1. However, here, the trilinear term is dynamically generated as ;© = A1(®1) via vev of the scalar
®. Note that & vev can be even lower than the electroweak scale. Thus for A;(®1) < ua
(which can be achieved by suitable tuning of A; and ®; vev), one can bring down the scale of
type Il seesaw pa to a much lower scale.
Now we turn to comment on the viability of inelastic fermion and scalar DMs in this model.
Inelastic fermion dark matter:
The Lagrangian relevant for fermion DM is given by:

(W) W, D) Dy (WR) Wpd, D, )
-—  ~ +th.ec

Lov = MUW Yy, ——=— 1Y,
DM +<L A + YR A

(A))=vL=— (12)

13)
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N } &
Y
o
|

Fig. 1. Type II seesaw origin of neutrino mass.

From Eq. (13), we see that the dimension five terms generate small Majorana masses for ¥y and
W asmp =Y (P1)(P2)/A and mp = Yr(D1)(P2)/A respectively. These Majorana masses
split the Dirac fermion W into two pseudo-Dirac states i1 and ;. The details of the correspond-
ing DM Lagrangian remain the same as discussed in the previous subsection.

Inelastic scalar dark matter:

Similar to fermion DM realisation with type II seesaw, it is possible to have a scalar DM scenario
as well. The corresponding particle content is shown in Table 4. While the origin of neutrino
mass remains the same as before, the relevant terms in the scalar DM Lagrangian can be written
as follows.

Lom 2 (D) (D) —min'n — (@1 @onn +hc.). (14)

From Eq. (14), we see that the vevs of & generate a mass splitting between the real and
imaginary parts of singlet scalar DM 7 = (11 + in2)/+/2. The corresponding mass splitting is
given by: Am? = m%z - m%“ = A2(P1)(P>). The mass splitting can be brought down to keV
scale, necessary for explaining the anomalous XENONIT excess in section 4, by tuning A, and
®; vev which does not play a role in U(l)y symmetry breaking. Further details of inelastic

scalar dark matter remain same as discussed in the previous subsection.
2.3. Radiative seesaw with inelastic DM

Radiative seesaw has been one of the earliest proposals for low scale seesaw, see [41] for
a recent review. Due to additional loop suppressions and free parameters, natural realisation of
low scale seesaw becomes possible in such frameworks. While there are many possible radiative
seesaw, here we outline just one possibility that suits our desired phenomenology. In [42], a
radiative seesaw model was introduced with the addition of a fermion doublet, a fermion singlet
and a scalar singlet. Here we consider an alternate possibility with additional fermion singlet,
scalar doublet and scalar singlet. Note that there are simpler realisation of one loop seesaw with
dark matter, see for example [43]. However, the requirement of a sub-GeV inelastic scalar DM
forces us to consider a complex scalar singlet into account because a scalar doublet with GeV
scale components will be ruled out by precision data from Large Electron Positron (LEP) collider
experiment [44].

The new particle content of the model is shown in Table 5. The relevant part of the Lagrangian
consistent with U (1)x gauge symmetry is given by

Lo MYV (YUZ)Z Wp+ Y, O (W)W, + Yrd (Wg)TWg + h.c.) (15)

The relevant part of the scalar potential is
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Table 5

New particles and their quantum numbers
under the imposed symmetry for radiative
seesaw model.

n P Vi R X

sSUQ@)L 1 1 1 2
Uy 1 2 1 1
(H) (@) (H)
+ X +
AN A A
o L e

x 7 N U \ X

1 i

\ /
vy, \17]? vy,

Fig. 2. Radiative seesaw origin of light neutrino masses with dark sector particles in the loop.

Vomn n+mix x + ux"Hy+ pamm@ +he) (16)

The U (1) x symmetry is broken by a nonzero vev (vg4) of ® to a remnant Z, symmetry under
which Wy, g, 7, x are odd while all other fields are even. As a result the lightest among Wy, g,
n=mn1+iny and x = x1 + i x2 can give rise to a viable DM candidate. Since y is a doublet it’s
mass can not be less than 45 GeV in order to avoid invisible Z-decay width. On the other hand,
the mass of singlet fermion W and singlet scalar  can be much smaller than the mass of x. In the
effective theory, the vev of ® generate small Majorana masses mj = Yy vy and mpg = Ygvy for
Wy and Wy respectively. As a result the Dirac fermion W splits up into two pseudo-Dirac states
Y1 and v, with masses M1 and M» respectively. Similarly the vev of @ creates a mass splitting
between the real and imaginary parts of 7 through the term 1121>® + h.c. as given in the scalar
potential (16). The corresponding mass splitting is given by Am?* = m%z - m%l =2u2vp. We
will see that this mass splitting is related to the non-zero masses of light neutrinos in this model.

The light neutrino mass arises at one loop level via the diagram shown in Fig. 2. The con-
tribution to light neutrino mass can be estimated, in the mass insertion approximation [45], to
be

Hivuave (N)ik (M (Y

6 I\) (rna
(44/2)1672 M¢
where My is the mass of pseudo-Dirac states v with k = 1,2 and v, vy are vevs of neutral

component of the SM Higgs doublet H and the scalar singlet ®. The loop function I, is given
by:

re) a7

(my)ij =~

14+r —2r
2(1 —r)*(L = r2)(r1 —r2)

1 3
— 0= r1)3(r1 — r2)2 I:rz +ri(rp—2r)Inri+ {0 —rp) r21ﬂr2i| s (18)

where the parameters r; are defined as r, = M%/M2, and r = M,f/M)% with M% = (m%1 +
m%z)/Z and M)z( = (mi1 + miz)/Z. Similar to the seesaw models discussed earlier, here also

Ly(ri, )=

9
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light neutrino mass is proportional to the term in scalar potential which splits the scalar singlet
(n) mass namely pnn®’. Non-zero uy implies non-zero mass splitting between scalar and
pseudoscalar components of 7. That is, Am? = 2u2v4. Thus, we can rewrite the light neutrino
mass formula as

v (my, —my) (V)i (M) (Y] i
(8+/2) 1672 Mg

If DM is dominantly from scalar singlet n, then the same mass splitting gives rise to inelastic
nature of scalar DM. The details of which is same as discussed in the context of inverse seesaw
and type II seesaw models. Similarly, one can have fermion singlet DM as well. The details of
fermion DM Lagrangian remain the same as discussed in previous models. Unlike inverse and
type II seesaw, here DM mass or mass splitting gets directly related to the light neutrino mass due
to the involvement of DM fields in the neutrino mass loop. Like in conventional radiative seesaw
model, this model can also be realised as a low scale seesaw by suitable choices of parameters
involved in the mass formula.

(my)ij ~ — 1, (ry. 1) 19)

3. Constraints on low scale U(1) x

Since the neutrino and DM scenarios we discuss here are based on low scale U(1)x gauge
symmetry, it is important to note the phenomenological constraints on such new physics sce-
nario from available data. The U (1) x sector couples to the SM sector only via kinetic mixing of
U(1)x and U(1)y denoted by %B“ﬁ Y,p in the Lagrangian where BB, Yup are the field strength
tensors of U(1)x, U(1)y respectively and € is the kinetic mixing parameter. Even if we turn
off such mixing at tree level, one can generate such mixing at one loop level since there are
particles in the model which are charged under both U(1)y and U (1)x. Such one loop mixing
can be approximated as € ~ gg’/(167%) [46] where g1, g’ are gauge couplings of U(1)y and
U (1) x respectively. Thus, the relevant constraints will be applicable on effective DM-SM portal
coupling eg’ and Z’ mass.

Such GeV scale gauge boson and couplings can be constrained from different low energy
observations like neutrino trident production, rare kaon decay, 4 muon observations at BABAR
experiment etc. As shown by the authors of [47], the current data allow the portal coupling
g £0.001 for Mz 2 0.1 GeV for muon-philic gauge boson. The portal coupling could be
as large as even 0.005 for Mz Z 1.0 GeV. As shown in [48], the portal coupling can also be
constrained from neutrino-electron scattering experiments like CHARM-II, GEMMA and TEX-
ONO. Gauge boson mixing strength Z 1073 has been ruled out for gauge bosons of mass around
the electroweak (EW) scale. For very light gauge bosons, this bound is even tighter O(107°).
LEP II data have put a lower bound on the ratio of new gauge boson mass to the new gauge cou-
pling to be M7/ /g’ >7 TeV [49]. However, since we are interested in the low mass of the gauge
boson, bounds from hadron colliders like ATLAS and CMS will not be very relevant. Similarly,
LEP bound is also not applicable in such low mass regime. One can constrain Z — Z’ mixing
and Z’ mass from electroweak precision measurements as well. However, for GeV scale Z’ mass
with tiny kinetic mixing with SM Z boson, such bounds do not apply [50]. For a detail of the
direct search bounds on such a light gauge boson, one may refer to [51]. Recently, a low scale
U (1) x model was also studied in the context of flavour anomalies, dark matter and neutrino mass
[52].

Apart from the U (1)x gauge sector, the additional scalar fields introduced for the purpose
of spontaneous symmetry breaking, generation of light neutrino masses and inelastic DM are

10
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Fig. 3. Constraints on the model parameters from Higgs invisible decay measurements. The pink shaded region is disal-
lowed from the LHC limits on Higgs invisible decay width. (For interpretation of the colours in the figures, the reader is
referred to the web version of this article.)

also constrained by experimental data. Though the singlet scalars do not directly couple to the
SM particles, they can do so by virtue of their mixing with the SM Higgs. Precision electroweak
measurements, perturbativity and unitarity of the theory as well as the LHC and LEP direct search
[53,54] and measured Higgs signal strength constrains such mixing angle. In the scalar DM
scenario, SM Higgs can directly couple to DM without relying on singlet-Higgs mixing. Since
DM is in the GeV regime, such couplings will lead to SM Higgs decay into DM, contributing
to its invisible decay width. The constraint on the Higgs invisible decay branching fraction from
the ATLAS experiment at LHC is [55]

I'(h — Invisible) -
I'(h - SM) + I'(h — Invisible) —
Since all the scenarios discussed here contain light DM and Z’ gauge boson at or below GeV
scale, SM Higgs can decay into them due to mixing of SM Higgs with singlet scalars and Z — Z’

mixing respectively. Since our analysis relies upon Z — Z’ mixing only, we consider Higgs decay
to Z'Z" and ZZ’ only. The corresponding decay widths are given by

B(h — Tnvisible) = 13%. (20)

2 4 2
g€ 3 3, 4MZ,
rh—->272)=——m [1l—x—=x")J1—x, x=—%: 21
( ) 1287 M2, h( 4 ) m} @D
2.2 2
g€ 3 3, Mz +My)
rh—->2zzZ2)=———m|1l—y—-= 1—y, = 22
( ) 128703, h( y 4y>\/ .y 2 (22)

Here mj, denotes SM Higgs mass. Using these, we constrain the parameter space in € — M plane
using the bound mentioned above. The resulting parameter space ruled out from this bound is
shown in Fig. 3. One can also constrain the model from the LHC measurements of SM Higgs
decaying into light gauge bosons with four lepton final states [56]. As will be clear from our

11



D. Borah, S. Mahapatra and N. Sahu Nuclear Physics B 968 (2021) 115407

final parameter space to be discussed later, such bounds are trivially satisfied for the region of
parameter space we focus on.

In some specific seesaw scenarios discussed above, electroweak multiplets are also intro-
duced which couple directly to SM leptons. For example, the type II seesaw scenario considers
a SU(2) triplet which gives rise to a doubly charged physical scalar. Search for the same sign
dileptons at the LHC puts strict bound on such scalars, depending upon its branching ratio into
specific leptonic final states [57]. Roughly, doubly charged scalar with masses below 800 GeV
is currently disfavoured from such searches. Precision electroweak data can also rule out certain
mass ranges of physical scalars belonging to this triplet [58]. The radiative seesaw model dis-
cussed above also contains an additional scalar doublet x which remains inert (it does not acquire
vev). The components of the doublet are also constrained from precision measurements as well
as direct searches. For example, it strongly constrains the decay channel Z — xi x» requiring
my, +my, >mz. Here xi are real and imaginary parts of the neutral component of x, as de-
fined before. Similar lower bound applies to the charged component of x as well. Additionally,
LEP precision data also rule out the region m,, < 80 GeV,my, < 100GeV,my, —my, > 8 GeV
[44]. Invisible Higgs decay constraints are applicable on neutral components in a way similar to
the singlet scalar DM mentioned before.

As we show below, DM phenomenology in the GeV scale depends crucially on the gauge
portal only and hence the bounds on scalar sector can be satisfied independently. In the gauge
sector also, we find that for keV or smaller mass splitting between the two DM candidates,
the constraints on lifetime of heavier DM dominate over all other constraints. For larger mass
splitting where only one DM is present, the flavour bounds on gauge portal can become more
relevant. Similarly, the bounds from observed neutrino mass squared differences and mixing
can also be independently satisfied without affecting the phenomenology related to XENONIT
excess and dark matter.

4. Inelastic sub-GeV dark matter

As discussed above, we extend the SM with a U(1)x symmetry which can simultaneously
accommodate non-zero neutrino mass and inelastic dark matter, comprising of two quasi-
degenerate components x; and x> with masses M; and M, respectively. We assume a small
mass splitting Am = M, — M, where Am << M », between the two DM components and this
mass splitting is non-trivially related to non-zero light neutrino masses such that degenerate DM
components will lead to vanishing light neutrino masses.

The inelastic nature of sub-GeV DM is particularly appealing in the light of recent experi-
mental results from XENONIT [1]. The inelastic down scattering of a sub-GeV scale DM with
the electrons in Xenon atoms provides a viable explanation for XENONIT excess of electron
recoil events near 1-3 keV energy [9,10]. In this case, a heavier DM inelastically scatters off an
electron and gets converted to the lighter DM component. The small mass splitting of keV scale
between the two DM components Am is transferred to the electron recoil energy. Due to such
tiny splitting, the heavier DM is long lived and as a result the total relic density of DM is the
sum of individual contributions. At this juncture we note that in the original inelastic DM [59]
proposal the lighter DM component scatters off a nucleon and gets converted to a heavier DM
component. If the mass splitting between the two components is much larger than the nuclear
recoil energy then such processes are forbidden. In particular, the SM Z-boson mediated inter-
actions in direct search experiments can be forbidden if the DM is inelastic [60—64]. The main
difference between the two scenarios is that in the former case the life time of heavier component

12



D. Borah, S. Mahapatra and N. Sahu Nuclear Physics B 968 (2021) 115407

is required to be longer than the age of the universe, while in the latter it is not required. We will
discuss the corresponding results for the latter case as well where DM in the present universe is
effectively in terms of the lighter component only as the heavier component can decay in early
epochs due to large mass splitting.

The relic abundance of two component DM can be found by numerically solving the corre-
sponding Boltzmann equations. Let n, and n| be the total number densities of two dark matter
candidates x, and y; respectively. The two coupled Boltzmann equations in terms of ny and n
are given below,

di’lz 2 2 2 (I’l )2
T 3naH = =0V, x%) (”2 — (n3) ) =0V | M2 — ( 1q)2
- <UVX2X1—>X)_() (nll’lz - niqn;q) ’
dn (I’l )2
I +3n1H = —(UVXIXHX;‘() (n% - (n?q)z) + (Uszxz—>X|X|)( % (n q)z
ny

— {0V, xx) (m1n2 = n{in3Y)
(23)

where, n?q is the equilibrium number density of dark matter species i and H denotes the
Hubble expansion parameter. The thermally averaged annihilation and coannihilation processes
(xixj — X X) are denoted by (ov), where X denotes all particles to which DM can annihilate
into. Since we consider GeV scale DM, the only annihilations into light SM fermions can occur,
such as e™, ™, ve, vy, Ve, u,d, s. The only available channel for annihilation of x; > to light
SM fermions is through Z — Z’ mixing. Additionally small mass splitting between the two DM
components leads to efficient coannihilations while keeping their conversions into each other
sub-dominant. We have solved these two coupled Boltzmann equations using micrOMEGAs
[65]. Due to tiny mass splitting, we find almost identical relic abundance of two DM candidates.
Thus each of them constitutes approximately half of total DM relic abundance in the universe,
i.e. np ~ny ~ npm/2. We then constrain the model parameters by comparing with Planck 2018
limit on total DM abundance QDMh2 0.120 + 0.001 [66]. Here Q2pM is the density parameter
of DM and & = Hubble Parameter/(100 kms~! Mpc™!) is a dimensionless parameter of order
one.

As discussed above, we assume x is heavier than x; with a small mass splitting Am =
M, — M between the two components. Moreover, we assume Am of keV scale in order to
explain the XENON1T anomaly. For a fixed incoming velocity v of x», the differential scattering
cross section for xpe — xje can be given as

Er 2mefd fw ) dq agq|F(@)PK(Er.q), (24)

where m, is the electron mass, o, is the free electron cross section at fixed momentum transfer
q = 1/ap, where ag = —— is the Bohr radius with @ = 4721 = 137 being the fine structure constant,
E, is the recoil energy of electron and K (E,, g) is the atomic excitation factor. We assume the
DM form factor to be unity. In this paper the atomic excitation factor is adopted from [67].
For E, = (1 —5) keV, the scattering happens dominantly with electrons in the 3s shell. The
Atomic excitation factor K(E,, q) is independent of E before it reaches the threshold of the
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next quantum energy level. Since most of the signal events have a recoil energy in a range 2 — 3
keV [1], so one can use K(E,,q) ~ K(Am, q) ~ K(2keV, g) [67] for the calculation. In the
above equation (24), f(v) is the local DM velocity distribution function which can always be
normalised to unity i.e. f f()dv=1. f(v) can be taken as a pseudo-Maxwellian distribution
given by

f () = Av?Exp[—(v — vy)?/202] (25)

where A is the normalisation constant, v,, is the average velocity which we consider to be v,, =
5 x 1073 and o, is the DM velocity dispersion. The free electron scattering cross-section in this
case is given by:
l6maze’em?
o = LomazeETm, (26)
M7,

2 2
where oz = f—ﬂ, o = ﬁ—n and ¢ is the kinetic mixing parameter between Z and Z’ mentioned

earlier which we take to be € < 1073, It should be noted that o, is independent of DM mass as
the reduced mass of DM-electron is almost equal to electron mass for GeV scale DM mass we
are considering.
Unlike the elastic case, the limits of integration in Eq. (24) are determined depending on the
relative values of recoil energy (E,) and the mass splitting between the two DM components.
For E, > Am

gr = Myv % \/MZ%Z —2Mo(E, — Am). 27)

And for E, < Am

g+ = \/M§u2 —2M>(E, — Am) £ Mv. (28)

The dependency of atomic excitation factor on the momentum transferred g is shown in Fig. 4.
Here the dominant contribution comes from the bound states with principal quantum number n =
3 as their binding energy is around a few keVs. In the right panel of Fig. 4, we have shown the plot
for the integration of momentum transferred times the atomic excitation factor (i.e. Ki,:(E;, q) =
qu_+ qdqK(E,, q)) as a function of the recoil energy E, for M1 = 0.3 GeV and Am =2 keV.
The figure shows a peak around E, >~ Am since the g_ approaches to zero and the momentum
transfer maximising this factor is available. It is worth mentioning that such kind of enhancement
is a characteristic feature of inelastic scattering.

The differential event rate for the inelastic DM scattering with electrons in Xenon atom, i.e.
X2€ — X1e, can be given as:

dR dov
=nrn
dE,  T"PMyE,

(29)

where ny = 4 x 10?7 Ton™! is the number density of Xenon atoms and npys is the number
density of the dark matter particle.

The detected recoil energy spectrum can be obtained by convolving the above equation (29)
with the energy resolution of the detector. Incorporating the detector efficiency, the energy reso-
lution of the detector is given by a Gaussian distribution with an energy dependent width,
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Fig. 4. Left panel: Dependence of Atomic excitation factor on momentum transferred. Right panel: The atomic excitation
factor, after the q integration, is plotted as a function of the transferred recoil energy E;.

1 (E-E)’
¢(E. E) = ——=—=Exp| - — | x ¥ (E) (30)
ZJTO’O%H 2O-det

where y (E) is the detector efficiency which is reported in figure 2 of [1] and the width oge; is
given by

0det(E) = avE + bE (€29)
where a = 0.3171 and b = 0.0037. Thus the final detected recoil energy spectrum is given by
dR o
de _ MTDMOc] de ((E. Ey) /d oy dq qK(Er.q) (32)
dE, 2m,
g—

4.1. Fermion DM

For details of the inelastic fermion DM Lagrangian relevant for DM phenomenology, please
refer to the subsection 2.1. The fit to XENONIT data of electron recoil excess in an inelastic
down scattering of DM scenario of our model is shown in Fig. 5. To obtain such a fit, the mass
splitting is taken to be Am = 2.5 keV while heavier DM mass is taken to be 0.3 GeV. DM
velocity is taken to be v ~ 5 x 10™3 which is consistent with non-relativistic nature of CDM. In
the bottom panel of Fig. 5, we have shown the fit considering different velocity dispersion for the
DM particle. Clearly as we increase the velocity dispersion the peak in the spectrum giving an
appreciable fit flattens out and in the limit o, /v,, — 1, the fit no longer touches the XENONIT
signal within E, = 2 — 3 keV. The other relevant parameters used in this fit are g’ = 3.5 x 1073,
Mz =0.6 GeV, e =3 x 103 which corresponds to cross section o, = 2.25 x 10717 GevV~—2,

Relic abundance of fermion DM is mainly governed by the annihilation and coannihilation
diagrams shown in Fig. 6. Since among the newly introduced particles, only DM and Z’ gauge
bosons are kept near the GeV regime, the final state particles can have either Z’ or light SM
fermions. For tiny mass splitting of keV or below, both the DM components can be stable. There
can be a conversion process also where heavier DM converts into the lighter one. However, for
tiny mass splitting conversion is not very efficient, as we will see shortly. The same Z — Z’ portal
can also give rise to inelastic DM-electron and inelastic DM-nucleus scattering cross section as
shown in Fig. 7. While we show only the down-scattering of DM with electron (as favoured from
XENONIT point of view), the DM-nucleon scattering can be both up or down type depending
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Fig. 6. Dominant channels for relic abundance of fermionic DM.

upon the mass splitting. While DM-electron scattering cross section is given by equation (26),
the spin-independent DM-nucleus scattering cross section is given by

2
si My 8282 (Zfp + (A= 2) fu]?
o =
Nx i Mé, A2

(33)

where x denotes the DM particle, A and Z are the mass number and atomic number of the target
. mym . . .
nucleus respectively and py, = T ”)’(x is the reduced mass. f, and fy are the interaction
strengths for proton and neutron respectively. The occurrence of this process solely depends on
the mass splitting between the two states. In fact, the minimum velocity of the DM needed to

register a recoil inside the detector is given
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Fig. 7. Left panel: Inelastic down-scattering of the heavier DM particle ¥ off the electron e into the lighter particle 1,

mediated by the U(1)x gauge boson Z’ that mixes kinetically with SM Z boson. Right panel: Inelastic scattering of
fermion DM off a nucleon, mediated by the U (1) x gauge boson Z’ that mixes kinetically with SM Z boson.
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Fig. 8. Relic density vs mass of inelastic fermion DM Mpy = M| &~ M, where the resonance corresponds to Z’ boson
with mass 0.6 GeV.
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If the mass splitting is above a few hundred keV, then the inelastic scattering will be forbidden.
On the other hand, the elastic DM-nucleon scattering is much smaller due to velocity suppression.

Variation of relic abundance of fermion DM as a function of its mass is shown in Fig. 8 for
a set of fixed benchmark parameters. Clearly, due to tiny mass splitting (2.5 keV) between two
DM candidates and identical gauge interactions, their relic abundances are almost identical. The
DM annihilation due to s-channel mediation of Z’ gauge boson is clearly visible from this figure
where correct relic of DM is satisfied near the resonance region Mpy ~ Mz /2. Final summary
plot for fermion DM with 2.5 keV mass splitting is shown in Fig. 9 in the plane of €g’ vs Mz
since eg’ is the relevant parameter for the portal linking dark sector and SM. For performing a
random scan for the relic abundance of such two component DM, we fixed the mass splitting
at Am = 2 keV. The gauge coupling was varied in O(1) i.e. in the interval (1, 3.54) while the
kinetic mixing parameter was varied in the range (10~7, 10~2). We also varied continuously DM
mass from (0.1 — 1) GeV and Z’ boson mass from (0.1 — 2) GeV. Clearly the points residing in
the cyan coloured solid band are satisfied by all relevant constraints.

Since the mass splitting between 1| and v, is kept at keV scale Am = O(keV), there can be
decay modes like ¥ — v1vV mediated by Z — Z’ mixing. If both the DM components are to
be there in the present universe, this lifetime has to be more than the age of the universe that is
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Fig. 9. Summary plot for fermionic inelastic DM showing the final parameter space from various relevant constraints.

g8 (Am)’

160n3M§,
the lifetime constraint on heavier DM, we show the excluded parameter space by the magenta
coloured region.

We also show the parameter space excluded by the recent results from CRESST-III on low
mass DMs. The solid band of cyan colour corresponds to free electron cross section o, = 10717 —
10~1¢ GeV~2 which is required to obtain the fit for the XENONIT excess for a DM of mass
around 1 GeV with a typical DM velocity of order O(1073). The points satisfied by the observed
relic density constraint of DM are shown by the coloured scattered points where the colour coding
gives the information of the DM mass. As mentioned earlier, the other bounds like the ones from
flavour physics experiments are weaker compared to the ones shown in the summary plot 9. The
bounds from dark photon searches at BABAR [68] will lead to an exclusion line in the range
eg’ ~ 10~ — 1073 which remains weaker than the lifetime bound and hence not shown.

We also incorporate the Planck bound on DM annihilation into charged leptons [66], specially
e~ et, u~ T pairs which are dominant in the region of our interest. The Cosmic microwave
background (CMB) anisotropies, very precisely measured by the Planck experiment, are sensitive
to energy injection in the intergalactic medium (IGM) from DM annihilations. The effective
parameter constrained by CMB anisotropies is

Ty, > Tuniv.. The decay width of this process is I'(2 — ¥1vv) = . Thus, imposing

(ov)
Mpm

where fefr(z) is the efficiency factor characterising the fraction of energy transferred by the DM
annihilation processes into the IGM. While the efficiency factor is redshift dependent, CMB
anisotropies are most sensitive to redshift z ~ 600. For earlier works on imprint of DM annihila-
tions on CMB please see [69—72]. Considering the efficiency factor to be close to unity for DM

Pann = fetr(z) (35)
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Fig. 10. Dominant channels for relic abundance of scalar DM.
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Fig. 11. Left panel: Inelastic down-scattering of the heavier scalar DM particle 7, off the electron e into the lighter
particle 71, mediated by the U(1)y gauge boson Z' that mixes kinetically with SM Z boson. Right panel: Inelastic
scattering of scalar DM off a nucleon, mediated by the U (1)x gauge boson Z’ that mixes kinetically with SM Z boson.

mass ranges of our interest, the Planck 2018 bound Py, < 3 X 10~ GeV—3 at 95% C.L. can
be used to constrain the model parameters. We consider the dominant s-wave coannihilations of
DM into charged leptons and assume 3Mpy = My to derive the CMB exclusion line in Fig. 9.
Since DM relic is satisfied mostly around the Z’ resonance, this relation will not change much
for other allowed points as well. As can be seen from Fig. 9, the CMB bound on DM annihila-
tion can be even stronger than the lifetime bound for DM mass beyond 1 GeV. It however leaves
plenty of parameter space consistent with DM relic as well as XENONIT favoured scattering
cross section of DM with electrons.

The dominance of Z’ resonance in DM annihilation is visible from the scattered points in
Fig. 9. It can be seen that DM with a particular mass around M7/ /2 can satisfy relic independent
of portal coupling €g’. This is due to the resonance feature around Mpy ~ Mz /2 which was
also noticed in Fig. 6.

4.2. Scalar DM

We now turn to find a viable inelastic scalar DM in a scenario where the SM is augmented
with a U(1)xy symmetry. For details of the inelastic scalar DM Lagrangian relevant for DM
phenomenology, please refer to the subsection 2.1.

Considering only scalar DM and Z’ to be light and in the GeV regime among the newly
introduced particles, the dominant annihilation and coannihilation channels which control scalar
DM relic abundance are shown in Fig. 10. The diagrams with light SM fermions or Z’ in final
states dominate. Due to tiny mass splitting, the conversion from heavier to lighter DM is not very
efficient, as noted in the discussion of fermion DM before. These same interactions which govern
the annihilation processes can also lead to DM-electron and DM-nucleus scattering. The heavier
DM particle n; (say) inelastically scatters off an electron in the Xenon atom in the detector and
gets converted to the lighter state 7 (say), as demonstrated in the left panel plot of Fig. 11. The
small mass difference Am is converted into the electron recoil energy, which may explain the
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Fig. 12. Relic density vs mass of inelastic scalar DM Mppn = M| & M, where the resonance corresponds to Z’ boson
with mass 0.6 GeV.
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Fig. 13. Summary plot for inelastic scalar DM showing the final parameter space from various relevant constraints.

excess of events observed by the XENONIT experiment. Similarly, the right panel plot of Fig. 11
shows the inelastic DM-nucleus scattering which can be both up or down type depending upon
the mass splitting. The corresponding scattering cross sections can be found in a way similar
to the fermion DM scenario. Note that, unlike the fermion case, there is no elastic scattering
diagram of scalar DM mediated by Z'.

Similar to fermion DM, scalar DM relic in the sub-GeV regime also depends crucially on
Z' mediated coannihilation channel. The variation of its relic abundance as a function of DM
mass is shown in Fig. 12 for a fixed set of benchmark. Clearly, the Z’ resonance is visible there.
Similar to the fermion case, we show in Fig. 13 the final parameter space in the plane of eg’
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vs Mz allowed by all the relevant constraints. The summary plot looks very similar to the one
for fermion and can be explained in a similar way. Similar to the fermion DM case here also
the heavier DM can decay into lighter DM and two neutrinos at tree level. The corresponding
lifetime bound is shown in Fig. 13.

4.3. DM conversion at late epochs

Although relative abundance of the two DM candidates x; and yx, are expected to be ap-
proximately the half of total DM relic abundance from the above analysis based on chemical
decoupling of DM from the SM bath, there can be internal conversion happening between the two
DM candidates via processes like x2x2 — x1x1, x2e — x1e until later epochs. While such pro-
cesses keep the total DM density conserved, they can certainly change the relative proportion of
two DM densities. It was pointed out by [9,73] as well as several earlier works including [74,75].
In these works, DM is part of a hidden sector comprising a gauged U (1) x which couples to the
SM particles only via kinetic mixing of U(1)x and U(1l)y, denoted by €, same as our scenario.
Thus, although the DM-SM interaction is suppressed by €2 leading to departure from chemical
equilibrium at early epochs, the internal DM conversions like x2 x> — x1x1 can happen purely
via U (1) x interactions and can be operative even at temperatures lower than chemical freeze-out
temperature, specially when U (1) x gauge coupling is much larger compared to the kinetic mix-
ing parameter. However, in our work we choose U(1)x gauge coupling to be small enough so
that such late conversion between two DM components does not happen. For our choices of cou-
plings and region of interest from XENONIT excess point of view, both DM-SM interactions as
well x2x2 — x1x1 freeze out at same epochs. Similarly, the interaction y,e — xje also freezes
out around the same epoch as other processes.

For a quantitative comparison, we estimate the cross sections of different processes relevant
for both fermion and scalar DM masses below 100 MeV. For fermion DM, they are given by

4
g/
o — = M, My, s, My, m_
(X2x2 = x1x1) 15367rM§,s(s—4M22)f1( 1, M z )
g'2g2¢>

o(x2e — x1€) = fo(My, My, s, Mz)
871(

(s — M22 — mg)2 — 4m3M22)
§28"%€% (25 + (M + M»)?)
487 (s — (M) + M»)?) (s — M2,)?

o(xax1—>vv) = f3(My, M2, s)

g°g'*e’m” s _ami,
967 M7 5 (s — M2,)> s

o(x12x12—> vv) =

(36)
For scalar DM they are given by

g“‘s /(s—4Mfs)§s—4M§)
fa(My, My, Mz, s)

167s(s — M22)M4,

E2g/2g2

327 cos? 0y, (s — M3)2

o(mm —>nmn) =

o(me—mne) = fs(My, My, Mz, s)
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Fig. 14. Rates of different DM scattering processes in comparison to the Hubble expansion rate. Left (right) panel shows
rates of different processes for fermion (scalar) DM.
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In the above expressions for cross sections fi, f>, f3, f4, f5, fe are functions of model param-
eters, the details of which are skipped here for simplicity, but taken into account in the numerical
calculations. It is important to note that the cross section of the first process (for both fermion
and scalar DM) depends upon U (1)x gauge coupling g’ while the latter ones depend on € as
well. Clearly, for our chosen values of g/, ¢ we have similar g’* and g'?>g%€? where g is the
electroweak gauge coupling. For a comparison, we show the rates of these processes in com-
parison to Hubble expansion rate in Fig. 14. We have used g’ = 0.0007, ¢ = 0.005, Mpy = 0.3
GeV, Am = 2.5 keV, Mz = 0.8 GeV. Clearly, the internal DM conversion processes decou-
ple almost simultaneously with the DM annihilation and coannihilation processes, as expected.
Therefore, the estimate of DM abundance based on the chemical decoupling is justified in our
setup.

o(mn —ete) fo(My, My, Mz, 5)

M +(s—M3)—2M3 (s+M3)
2

s

o (n2m1 — vv) (37

4.4. Constraints from indirect detection

In addition to the relevant constraints on such sub-GeV inelastic DM, one can also have
bounds on DM parameter space from indirect DM detection experiments which are searching
for SM particles produced either through DM annihilations or via DM decay. We have already
discussed DM decay in the context of heavier DM component’s lifetime and showed that the
requirement for heavier DM’s lifetime to be larger than the age of the universe can be satis-
fied. However, constraints from indirect detection can be more restrictive as we discuss below.
Here we consider both DM annihilation and decay into SM particles. Among such SM particles,
photons being neutral and stable, can reach the indirect detection experiments without getting
obstructed much in the intermediate regions. For DM in GeV regime or above, such photons
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Fig. 15. Constraints on the model parameters from indirect detection limits on DM annihilation rates into uu. The grey
shaded region is disfavoured from Fermi-LAT limits on DM annihilation rate to utu.

produced from DM annihilations lie in the gamma ray regime and hence can be detected at
space based telescopes like Fermi-LAT or ground based telescopes like MAGIC. Due to non-
observations of any such gamma ray excess from dSphs at these experiments [76,77], one can
constrain the DM parameter space from GeV to tens of TeV mass regime. As these studies give
constraints on DM masses from 1 GeV to tens of TeV only, we check for a benchmark DM mass
of 1 GeV, the constraints imposed by these limits on our model parameter space. Note that the
indirect detection limits on DM annihilation rates to specific final states are imposed assuming
the final state to be 100%. In Fig. 15, we show the constraints on parameter space of the model
due to indirect detection limits on DM annihilation into up type quarks for DM mass of 1 GeV.
Since in our model, DM annihilates to other lighter fermions as well, the bound shown in Fig. 15
should be considered as conservative upper bound only. As can be noticed by comparing this
figure with our summary plot in Fig. 9, indirect detection bound, even the most conservative one,
does not rule out new region of parameter space of our interest. It should be noted that gamma ray
constraints from above mentioned experiments are applicable for DM mass above 1 GeV only.
A recent analysis [78] has constrained such sub-GeV DM from INTEGRAL X-ray constraints.
However, the bounds derived in this analysis are automatically satisfied by DM parameter space
which survives other relevant bounds discussed in our work.

Similar to DM annihilation into SM particles, DM decay can also be constrained from indirect
detection experiments. In the models discussed here, the heavier DM decay into lighter DM
and SM particles can offer such a possibility. For example, we can have a one-loop decay of
heavier fermion DM as Y, — 11y y which can lead to diffuse X-ray at energies below 2.5
keV. The corresponding decay width is however several orders of magnitude smaller compared
to the tree level decay width discussed earlier, due to additional electromagnetic vertices and
loop suppression. On the other hand, constraints on lifetime of DM decaying into photons are
much stronger compared to the age of the universe. Typically, such lifetimes are constrained to
be 7 > 10?6 s [79]. However, it is also worth noting that the existing bounds for diffuse X-ray
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Fig. 16. Constraints on the model parameters from lifetime limit on fermion DM decay mode x> — x1y in radiative
seesaw model.

photons at energies below 4 keV are rather weak, keeping our scenario safe [79]. While in most
of the models discussed here, the dominant electromagnetic decay of heavier fermion DM leads
to lighter DM and two photons in final states, in the radiative seesaw model, we can have the
possibility of single photon final state also. To be more specific, it is possible to construct a one
loop decay diagram of heavier fermion DM into lighter fermion DM and a photon using the same
Y, LxWg vertex shown in the neutrino mass diagram in Fig. 2. Using the analysis of [80], one
can make a simple estimate of the corresponding decay width as

62

1673

M2
T(x2 = x1y) = (Am)’yy —2 (38)
M.
where M+ is the mass of charged component of the additional scalar doublet introduced in
the radiative neutrino mass model. While this two body decay width goes as third power of
mass splitting, compared to the three body decay width which depends upon fifth power of mass
splitting as discussed before and hence can be dominant, we can choose the Yukawa coupling
Yy, M,+ appropriately to satisfy the lifetime bounds. Even though the experimental bounds on
such DM decay into photons with energy 2.5 keV are rather weak, we can show that it is possible
to have lifetime several orders of magnitude larger compared to the age of the universe [79],
for this two body decay involving a photon in final state. The corresponding parameter space
consistent with age of universe bound as well as a conservative lower bound on lifetime © > 10%°
s is shown in Fig. 16. While the Yukawa coupling Y, also appears in neutrino mass generation,
we can satisfy the limits from neutrino mass by suitable tuning of other free parameters present
in the one-loop neutrino mass formula discussed earlier. Similarly, the heavier scalar DM can
also decay into the lighter DM and three photons at radiative level. However, due to additional
loop and phase space suppressions in the corresponding decay width, lifetime of this decay 7, —
n1yyy remains safe from diffuse X-ray bounds.
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Fig. 17. DM mass splitting versus U (1) x portal coupling showing the bounds on lifetime on heavier DM component.

4.5. Inelastic DM with large mass splitting

It should be noted that we considered keV scale mass splitting between DM candidates in
the above discussion. While such a scenario is preferred from XENONIT anomaly point of
view, one can have correct DM phenomenology for other splitting also. For keV scale mass
splittings, the decay width of heavier DM remains small enough to make it long lived compared
to the age of the universe. However, if we increase the mass splitting, heavier DM can become
unstable. Since heavier DM decays into lighter DM and other SM particles within kinematical
limits, the lifetime will be constrained from non-observation of such decay products. We apply a
conservative upper bound on lifetime of such unstable particle to be approximately equal to the
epoch of big bang nucleosynthesis (BBN) such that late decay of such particles do not affect the
successful predictions of BBN and other late events like recombination. The resulting parameter
space is shown in Fig. 17. Clearly, mass splitting from a few tens of keV to a few tens of MeV
is disallowed from such lifetime bounds. Since the mass splitting also affects neutrino mass, the
parameters involved in neutrino mass formula need to be adjusted accordingly so that they are
consistent with lifetime bounds as well as neutrino mass constraints. For large mass splitting say,
1 MeV, the DM sector comprises of the lighter component only as the heavier DM decays in the
early epochs. While such a scenario can not explain the XENONIT excess, it is still a viable
scenario from DM point of view. We show the allowed parameter space for sub-GeV scalar DM
with such large mass splitting of 1 MeV in Fig. 18. While the overall pattern of scattered points
remains similar, the constraints become much more relaxed. For example, there is no lifetime
constraint in this case as heavier DM has already decayed prior to BBN epoch. Also, since
mass splitting is large, DM can not up-scatter off a nucleon. Thus, direct detection bounds from
experiments like CRESST do not apply here. We however, show the bounds from flavour physics
experiments which rule out the upper portion of the parameter space.
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Fig. 18. Summary plot for fermion DM with mass splitting of 1 MeV with next to lightest dark sector particle.

Other cosmology bounds on such scenario may arise due to late decay of Z’ into SM leptons.
For example, if Z’ decays after neutrino decoupling temperature 7. ~ O(MeV), it will increase
the effective relativistic degrees of freedom which is tightly constrained by Planck 2018 data as
Nefr = 2.991’8%;‘ [66]. As pointed out by the authors of [81], such constraints can be satisfied if
Mz 2 O(10 MeV), already satisfied by our scenario. Similar bound also exists for thermal DM
masses in this regime which can annihilate into leptons till late epochs. Such constraints from
the BBN as well as the CMB measurements can be satisfied if Mpy = O(1 MeV) [82] which is
also satisfied in our models.

5. Conclusion

Motivated by the recently reported excess of electron recoil events by the XENONIT exper-
iment, we have studied the possibility of connecting low scale seesaw models for light neutrino
masses with sub-GeV inelastic dark matter within the framework of Abelian gauge extension of
the standard model. The vacuum expectation value of a scalar singlet field not only plays a crucial
role in generating light neutrino masses but also splits the DM field into two quasi-degenerate
components. In the limit of vanishing mass splitting between the two DM components, light neu-
trino mass also tends to zero thereby making the inelastic nature of DM a primary requirement
from neutrino mass constraints. If the mass splitting is sufficiently small, say of the order of keV
or below, both the DM components can be present in the universe as the lifetime of heavier DM
can exceed the age of the universe for suitable choice of parameters. Interestingly, such keV scale
mass splitting of sub-GeV DM can give rise to the electron recoil excess recently reported by the
XENONIT collaboration.
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From minimality point of view, we choose the Abelian gauge symmetry to be dark so that none
of the SM particles are charged under it. DM particles can annihilate into SM particles through
kinetic mixing of U(1)x and U(1)y. We constrain the parameter space of the model from the
requirement of correct relic abundance as well as reproducing the XENONIT excess. We also
impose bounds on direct detection cross section for such sub-GeV DM. We find that for sub-
GeV DM with keV mass splitting the constraints coming from lifetime criteria on heavier DM
component are the strongest while bounds from direct detection, flavour and LEP constraints are
much weaker. The CMB bounds on DM annihilation to charged leptons, however, put a stricter
bound on the parameter space, for DM masses beyond 1 GeV. We show that for both scalar and
fermion inelastic DM, the desired phenomenology can be achieved. We also show that for our
choices of model parameters, the late conversion within two DM candidates remains suppressed
and hence our estimate of equal relic abundance of two DM candidates having keV mass splitting
based on their chemical decoupling remains valid. We also check the constraints from indirect
detection experiments on DM annihilation as well as DM decay into SM particles like charged
fermions, photons and find that the parameter region of our interest remains safe from these
bounds.

While keV mass splitting is crucial to fit XENONIT excess via down-scattering of heavier
DM off electrons, heavier splittings of 1 MeV or so are also allowed. However, in such a case,
only the lighter DM component is present in the universe while the heavier one decays before
the epoch of BBN, keeping the relevant cosmological predictions undisturbed. The allowed DM
specific parameter space in such a case becomes much more relaxed as lifetime bound of heavier
DM as well as direct detection bounds is no longer applicable. Only the bounds from flavour
physics experiments rule out some portion of the parameter space in such a scenario. Due to
the presence of particle spectra around the TeV corner, the models proposed in this work can
be tested in several experiments. On the cosmic frontier also, the model can have interesting
implications like late decay of heavier DM component, enhanced annihilation rates into SM
fermions which can be tested with CMB data. We leave a detailed study of such phenomenology
for future studies.
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