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Motivated by the recently reported excess in electron recoil events by the XENONIT collaboration, we
propose an inelastic fermion dark matter (DM) scenario within the framework of a gauged L, — L;
extension of the standard model which can also accommodate tiny neutrino masses as well as anomalous
muon magnetic moment (g — 2),. A Dirac fermion DM, naturally stabilised due to its chosen gauge
charge, is split into two pseudo-Dirac mass eigenstates due to Majorana mass term induced by singlet
scalar which also takes part in generating right handed neutrino masses responsible for type I seesaw
origin of light neutrino masses. The inelastic down scattering of heavier DM component can give rise
to the XENON1T excess for keV scale mass splitting with lighter DM component. We fit our model
with XENON1T data and also find the final parameter space by using bounds from (g — 2),, DM relic,
lifetime of heavier DM, inelastic DM-electron scattering rate, neutrino trident production rate as well
as other flavour physics, astrophysical and cosmological observations. A tiny parameter space consistent
with all these bounds and requirements will face further scrutiny in near future experiments operating

at different frontiers.
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1. Introduction

XENONIT collaboration has recently reported an excess of elec-
tron recoil events near 1-3 keV energy [1]. While this excess is
consistent with the solar axion model at 3.50 significance and
with neutrino magnetic moment signal at 3.2¢0 significance, both
these interpretations are in strong tension with stellar cooling con-
straints. While XENONI1T collaboration can neither confirm or rule
out the possible origin of this excess arising due to beta decay oc-
curring in trace amount of tritium present in the xenon container,
it has generated a great deal of interest among the particle physics
community to look for possible new physics interpretations. Dif-
ferent dark matter (DM) interpretations of this excess have been
proposed in several works [2-45]. For other interpretations and
discussions related to this excess, please refer to [46-71]. In the
present work, we adopt the idea of inelastic DM in the context of
XENONIT excess within the framework of a well motivated gauge
extension of the standard model (SM).

One popular extension of the SM is the implementation of an
Abelian gauge symmetry Ly — Lg where Ly is the lepton num-
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ber of generation o =e, i, t. Interestingly, such a gauge extension
is anomaly free and can have very interesting phenomenology re-
lated to neutrino mass, DM as well as flavour anomalies like the
muon anomalous magnetic moment (g —2),, [72]. While there can
be three different combinations for this gauge symmetry, we par-
ticularly focus on L, — L; gauge symmetry. For earlier works in
different contexts, please see [73-76] and references therein. Apart
from the SM fermions and three right handed neutrinos required
for generating light neutrino masses through type I seesaw mech-
anism [77-79], we have a Dirac fermion which is naturally stable
due to the chosen quantum number under the new gauge sym-
metry. The scalar singlets which break the new gauge symmetry
spontaneously also gives masses to the right handed neutrinos.
While DM fermion has a bare mass term, one of the scalar sin-
glets give a Majorana mass term splitting the Dirac fermion into
two pseudo-Dirac mass eigenstates. These states can be inelastic
DM [80-84] of the universe. If the mass splitting between these
two mass eigenstates is appropriately tuned, the heavier compo-
nent can be long-lived and can comprise a significant fraction of
total DM density in the present universe. Here we show that in-
elastic fermion DM can give rise to the required electron recoil
events observed by XENON1T while at the same time being con-
sistent with relic abundance, muon (g —2) and light neutrino mass
criteria. Similar idea of addressing muon (g —2) and XENONIT ex-
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cess within a scalar extension of the SM was recently proposed
in [40]. Another recent work, particularly in the context of L, — L¢
gauge symmetry, showed that solar neutrinos with such new gauge
interactions can not be responsible for XENON1T excess [85]. Our
proposal in this work provides an alternative way to address the
excess in gauged L, — L; model augmented by inelastic fermion
DM.

While inelastic DM as an origin of XENON1T excess has already
been pointed out in hidden sector DM models (where DM is a SM
singlet but charged under hidden sector symmetry and hence in-
teract with the SM particles via kinetic mixing), our framework
provides a scenario where both DM and SM are charged under the
additional gauge symmetry and hence DM-SM interaction happens
without kinetic mixing. This is a crucial difference which not only
leads to a better prospects of detection, specially in the context of
several muonic probes to be discussed later, but also gives a differ-
ent DM phenomenology in the context of early universe compared
to hidden sector models. Although neutrino mass remains dis-
connected from the numerical analysis of DM related observables,
the model incorporates light neutrino masses naturally. Addition-
ally, the model also provides a solution to the longstanding muon
(g — 2) anomaly as mentioned earlier. Combining with all these
bounds and requirements, it leaves only a tiny parameter space in
our model, making it falsifiable with near future data while the
hidden sector DM model, see for example [9], leaves a much wider
parameter space.

2. Gauged Ly — L; symmetry

As mentioned before, we consider an L, — L; gauge extension
of the SM. The SM fermions and their charges under SU(3). x
SU@)L x UMy x U(1)r,—L, gauge symmetry are denoted as fol-
lows.

ur 1 2 1
= ~(3,2,-,0 drp)~ 3,1, =(—-),0
qL (dL) 3, rt ), ur(dg) ~ @3, 73( 3),)

1
Le= (‘E’L) ~(1.2,-5.0), eg~ (1.1.-1,0)

v 1
L,= (Hi) ~ (1.2, =2. D, ur~ (1,1, -1.1)

(U Y~z -t et
Lf—<n) (1.2.~2. =1, e~ (1. 1. =1, -1)

Note that the chiral fermion content of the model mentioned
above keeps the model free from triangle anomalies. The DM field
is represented by a Dirac fermion x; g ~ (1,1,0, %) where the
choice of L, — L; charge is made in such a way that stabilise it
without requiring any additional symmetries. In order to break the
gauge symmetry spontaneously as well as to generate the desired
fermion mass spectrum, the scalar fields are chosen as follows.

Ht 1
H= <H0> ~ (1,2, 5.0). ¢1(¢2) ~ (1.1,0,12))

While the neutral component of the Higgs doublet H breaks the
electroweak gauge symmetry, the singlets break L, — L; gauge
symmetry after acquiring non-zero vacuum expectation values
(VEV). Denoting the VEVs of singlets ¢, as vi 2, the new gauge

boson mass can be found to be My = gx,/(v%—|—4v§) with gy
being the L, — L; gauge coupling. Please note that, in princi-
ple, the symmetry of the model allows a kinetic mixing term
between U(1)y of SM and U(1),1, of the form $B*fY,p
where B = 3% X# — 3B X% Y4 are the field strength tensors of
U(l)L,ﬁL,, U(1)y respectively and € is the mixing parameter. This
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kinetic mixing plays a crucial role in giving rise to the XENON1T
excess as we discuss later.
The relevant part of the DM Lagrangian is

_ _ 1 —
=Ly =My (Txr + Xrxw) + 5 (Frxf i+

+ faxExre; +h.c) (1)

The DM field is identified as y which has a bare mass as well
as coupling to ¢¢. While the bare mass term is of Dirac type, the
coupling to ¢ introduces a Majorana mass term after ¢; acquires
a non-zero VEV. Thus, the Dirac fermion yx is split into two Ma-
jorana fermions xi, x2. The DM Lagrangian in this physical basis
is

1. 1o 1,
Lpm = JXaiy X1 — 5M1X1X1 + Xy X2

1. = 1
— aM2xs X2 + (i3 800y " X1 2y, + hee)

1 m_ _ _
+ 48 Y Y e = vty ez,
X

1 . _
+5(h cos? 0 — fosin®0) X1 X191

1 . _
+5(f2 cos? 6 — f1sin®0) Y2 x2¢1 ()

where M1 =My —my, My =My +my ,me=(myEmg)/2,m g =
f1.2v1. As will be discussed below, the mass splitting between
X1, X2 is chosen to be very small § = My — M1 = 2m4 ~ O(keV)
in order to give the required fit to XENON1T excess. This ensures
M1 ~ M, ~ M, while leaving m_ as a free parameter. In the above
Lagrangian for DM, 6 is a mixing angle given by tan6 ~m_/M,.

3. Light neutrino masses

In order to account for tiny non-zero neutrino masses for light
neutrinos, we extend the minimal gauged U(1)L,—r, model with
additional neutral fermions as

Ne~(1,1,0,0), Ny(N7) ~ (1,1,0,1(=1))

where the quantum numbers in the parentheses are the gauge
charges under SU3)c x SU@2)L x U(1)y x U(1)y,—r, symmetry.
Also, the chosen gauge charges of right handed neutrinos do not
introduce any new contribution to triangle anomalies. The relevant
Yukawa interaction terms are given by

LD— %MeeN_SNe - %MmN_,ﬂNr — (ep®iNEN, +hoc)
— (ker®1NEN7 +h.c) — (3 NG N, + hic)
— (Arz$2NSN7 +huc)
— (YeeLe HNe + Y, LuFINy + Yer L N +hic)
— (YeLeHer + Yy LyHpug + Ye Ly Htg + h.c.)
=— %Ngc—lmRaﬂNﬂ — MpagVaNg — M¢€LLg + h.c. (3)

Which clearly predict diagonal charged lepton and Dirac neutrino
mass matrices Mg, Mp. Thus, the non-trivial neutrino mixing will
arise from the structure of right handed neutrino mass matrix Mg
only which is generated by the chosen scalar singlet fields. The
light handed neutrino, Dirac neutrino and charged lepton mass
matrices are given by
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Mee AepV1  Aer Vi

Mg = }\euvl )‘MMVZ Mﬂu—
AetV1l  Mpyz  Arrva
Yeev 0 0 Yev 0 0
Mp = 0 Yyupv 0 , My = 0 Yu,v O (4)
0 0 Yrev 0 0 Yrv

Using type | seesaw approximation (Mp <« Mg), the light neutrino
mass matrix can be found from the following seesaw formula

m, ~ —MpMz'MFE. (5)

Since the charged lepton mass matrix is diagonal in our model,
the light neutrino mass matrix can be diagonalised by using the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix as

dia .
m$e& UlMNvaUfSMNS = diag{mq, my, my}
where m; are the light neutrino mass eigenvalues. Since My has
a very general structure, one can fit the model parameters with
light neutrino data in several ways, independently of rest of our
analysis.

4. Anomalous muon magnetic moment

The magnetic moment of muon is given by

where g, is the gyromagnetic ratio and its value is 2 for a struc-
tureless, spin % particle of mass m and charge q. Any radiative
correction, which couples the muon spin to the virtual fields, con-
tributes to its magnetic moment and is given by

1
a4 =5 (8u—2) (7)

The anomalous muon magnetic moment has been measured very
precisely while it has also been predicted in the SM to a great
accuracy. At present the difference between the predicted and the
measured value is given by

Aay =a,” — M = (26.1£7.9) x 1071, (8)

which shows there is still room for NP beyond the SM (for details
see [72]). In a recent article, the status of the SM calculation of
muon magnetic moment has been updated [86]. According to this
study Aa, = (27.9 £7.6) x 1071% which is a 3.70 discrepancy.
Quoting the errors in 30 range, we have

Aay = (27.9+£22.8) x 10710

In our model, the additional contribution to muon magnetic mo-
ment comes from one loop diagram mediated by Z’ boson. The
contribution is given by [87,88]

1
N o /‘ 2m? x*(1 — x) o 2ml
a, = — N —

Sy x2m2 + (1 — M2, 2w 3M2,
0

(9)

where o’ = gx/(4n).
5. Relic abundance of DM

Relic abundance of two component DM in our model xi>
can be found by numerically solving the corresponding Boltzmann
equations. Let np =ny, and ny =ny, are the total number densi-
ties of two dark matter candidates respectively. The two coupled
Boltzmann equations in terms of n, and n; are given below,

Physics Letters B 811 (2020) 135933

dnz
T 3mH=—(ov,, - .xx) (”% - (”Sq)z)
eq,2
2 ()
_<OVX2X_2HX1X_1><HZ (n q)znl)
1
— {0V, - xx) (ninz — “?qngq)
dn1
- +3mH = ~(0Vyy i) (1] = 5?)
eq,2
, ()
+ (GVX2X'2—>X1X_1><n2 (n°9)2 1)
1
— {0V, 7 xx) (mn2 — n{Iny?) (10)
where, nfq is the equilibrium number density of dark matter

species i and H denotes the Hubble parameter. The thermally av-
eraged annihilation and coannihilation processes (x;x; — XX) are
denoted by (ov) where X denotes all particles to which DM can
annihilate into. Since we consider GeV scale DM, the only anni-
hilations into light SM fermions can occur. We consider all the
singlet scalars to be heavier than DM masses. Also, the singlet
mixing with SM Higgs is assumed to be tiny so that singlet me-
diated annihilation channels are negligible and only the annihila-
tions mediated by Z’ gauge boson dominate. Additionally, the keV
scale mass splitting between the two DM candidates leads to ef-
ficient coannihilations while keeping their conversions into each
other sub-dominant. We have solved these two coupled Boltzmann
equations using micrOMEGAs [89]. Due to tiny mass splitting, al-
most identical annihilation channels and sub-dominant conversion
processes, 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. We constrain the model
parameters by comparing with Planck 2018 limit on total DM
abundance Qpmh? = 0.120 £ 0.001 [90]. Here Qpu is the density
parameter of DM and h = Hubble Parameter/(100 km s~ 'Mpc~1)
is a dimensionless parameter of order one.

Although relative abundance of the two DM candidates i
and x are expected to be approximately the half of total DM
relic abundance from the above analysis based on chemical de-
coupling of DM from the SM bath, there can be internal conver-
sion happening between the two DM candidates via processes like
X2X2 —> X1X1, X2 — x1e until later epochs. While such processes
keep the total DM density conserved, they can certainly change
the relative proportion of two DM densities. It was pointed out by
[9,18] as well as several earlier works including [91,92]. 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(1)y, denoted by €. Thus, although the DM-SM interaction is
suppressed by €2 leading to departure from chemical equilibrium
at early epochs, the internal DM conversions like x2x2 — X1X1
can happen purely via U(1)x interactions and can be operative
even at temperatures lower than chemical freeze-out temperature.
However, one crucial difference between such hidden sector DM
models and our model is that both DM and SM are charged un-
der the new gauge symmetry U(1)r,—L,. And hence both DM-SM
interactions as well x2x2 — x1x1 freeze out at same epochs. On
the other hand, the interaction x,e — xie is suppressed due to ki-
netic mixing involved and hence it is unlikely to be effective after
the above two processes freeze out.

For a quantitative comparison, we estimate the cross sections
of different processes relevant for DM mass below 100 MeV as

2
/1 _am3,
)2 s

gem?s
967 M2 (s — M2

o(X12X1,2 —~> VY) =
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Fig. 1. Rates of different DM scattering processes in comparison to the Hubble ex-
pansion rate.

g3 (25 + (M1 + M3)?)
487 (s — (My 4+ M2)?) (s — M2,)?

o(X1X2 ~> VV) =

x /M3 4 (s — M2)? — 2M3 (s + M)
2
4 2

15367 M7,s(s — 4M3)

x fi(M1, Mz, s, Mz, m_)

o(X2X2 —~> X1X1)

o(x2e — x18) = gee’
87 ((s — M3 —m)2 — 4mZM3)
x f2(M1,Ma,s, Mz) (11)

where f1, fo are functions of model parameters, the details of
which are skipped here for simplicity, but taken into account in
the numerical calculations. It is important to note that the first
three processes depend upon gauge coupling gy in the same fash-
ion while the last one depends on € as well. Clearly, for our chosen
values of gy, € we have similar g} and g2g?e? where g is the elec-
troweak gauge coupling. For a comparison, we show the rates of
these processes in comparison to Hubble expansion rate in Fig. 1.
We have used gy = 0.0007,€ = 0.001, M; = 0.1 GeV, § =2 keV,
Mz = 0.2 GeV. Clearly, the internal DM conversion processes de-
couple almost simultaneously with the DM annihilation and coan-
nihilation processes, as expected. Therefore, the estimate of DM
abundance based on the chemical decoupling is justified in our
setup.

Since the mass splitting between x» and 7 is kept at keV scale
8 ~ O(keV), there can be decay modes like 2 — x1vv primarily
mediated by Z’. 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 T,, > Tage 4 x 10!7 s. The decay width
of this process is T'y,— y,vp ~ g¢8°/(160773M?%,). Thus, imposing
the lifetime constraint on heavier DM component puts additional
constraints on the model parameters.

6. XENONT1T excess

Similar to the proposal in [9], here also we consider the down-
scattering of heavier DM component ;e — xje as the process
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Fig. 2. Fit to XENON1T data with inelastic fermion DM in our model.

responsible for XENON1T excess of electron recoil events near 1-3
keV energy [1].

For a fixed DM velocity v, the differential cross section is given
by

q+
dov O 2 2
=—— [ afqdq|F K(E;, 12
dE. Zmev/ 094q|F(q)|”K (Er, q) (12)
q-
where m, is the electron mass, ap = —- is the Bohr radius,

ame
o= % = % is the fine structure constant, E;, is the recoil energy,
q is the transferred momentum, K(E,, q) is the atomic excitation
factor, and o, is the free electron cross section. The atomic excita-
tion factor is taken from [93]. We assume the DM form factor to
be unity. The free electron cross-section is given by

16 o ae?m?
e = — 2 X" Te (13)
M7,
2 2 . . . . .
where o, = f—n, Oy = f—;[ and € is the kinetic mixing parameter be-

tween Z and Z’ mentioned earlier which we take to be € <1073,
Here in the inelastic scattering case, the limits of integration in
Eq. (12) are determined depending on the relative values of re-
coil energy (E;) and the mass splitting between the DM particles
(8 = My — My). It should be noted that o, is independent of DM
mass as the reduced mass of DM-electron is almost equal to elec-
tron mass for GeV scale DM mass we are considering.
For E, >§

qizszj:\/Mgvz—ZMz(Er—(S) (14)

And for E; <§

qi=\/M§v2—2M2(Er—8):i:M2v (15)

The differential event rate for the inelastic DM scattering with
electrons in xenon is given by

dR dov

nrny, ——
dE, T X2 gE,

where ny =4 x 1027 Ton~! is the number density of xenon atoms
and ny, is the density of the dark matter x,. As mentioned before
Ny, XNy, ~npm/2.

(16)

7. Results and conclusion

We first fit our model with XENON1T data using the method-
ology described above. The result is shown in Fig. 2. The mass
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Fig. 3. Left panel: Variation of relic abundance with DM mass for fixed benchmark values of relevant model parameters. Right panel: Summary plot showing the final
parameter space from all relevant constraints. Here Mpy ~ M1 ~ M, is the mass of two almost degenerate DM candidates.

splitting is taken to be § =2 keV while heavier DM mass is taken
to be 0.1 GeV consistent with all relevant constraints. DM veloc-
ity is taken to be v ~5 x 103, consistent with its non-relativistic
nature. The other relevant parameters used in this fit are gy =
7 x 1074, Mz = 0.2 GeV, € = 10~3 which corresponds cross sec-
tion o, = 4.8 x 10717 GeV~2. As we discuss below, this choice of
parameters is also consistent with all other relevant bounds.

We then calculate the relic abundance of two DM candidates
X2, X1 using the procedures mentioned above. The left panel of
Fig. 3 shows the variation of DM relic abundance with DM mass
for a set of fixed benchmark parameters. Clearly, due to tiny mass
splitting between two DM candidates and identical gauge interac-
tions, their relic abundances are almost identical. The DM anni-
hilation 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 ~ My /2.

Final result is summarised in the right panel plot of Fig. 3 in
terms of parameter space gx — M. The parameter space satisfying
anomalous muon magnetic moment in 30 is shown within the
orange coloured solid lines. The grey shaded region corresponds to
the parameter space excluded by upper bound on cross sections for
VN — vNu i measured by CCFR [94]. This constraint on gy — Mz
plane arises purely due to the fact that L, — L; gauge boson can
contribute to this neutrino trident process. It completely rules out
the parameter space satisfying (g — 2),, at 30 beyond Mz 21
GeV. The shaded region of light green colour shows the parameter
space where the bound on lifetime of heavier DM x, mentioned
earlier is not satisfied and hence ruled out. Clearly, this lifetime
bound is stronger than the CCFR bound for Mz <1 GeV. The pink
solid band corresponds to o, = 10717 —10~16 GeV~2 required to fit
the XENON1T excess for the chosen DM velocity ©(10~3) and DM
mass around 0.1 GeV. The strongest bound in the high mass regime
of Z' comes from BABAR observations for 4, final states [95], as
shown by the light pink shaded region in right panel plot of Fig. 3.
Interestingly, all these bounds allow a tiny part of the parameter
space near Mz ~ 0.1 GeV (see inset of right panel plot in Fig. 3).
While future experiments like NA62 at CERN just fall short of being
sensitive to this tiny region [96] (red dashed line in right panel
plot of Fig. 3), the NA64 experiment at CERN is sensitive to the
entire parameter space favoured from DM requirements (dashed

line of magenta colour in right panel plot of Fig. 3) [97,98]. Similar
to NA64, the future M3 experiment at Fermilab is also sensitive to
most part of our parameter space [99] though we do not show the
corresponding sensitivity curve in our plot here.

We also use the strong astrophysical bounds from white dwarf
(WD) cooling on such light gauge bosons [100]. This arises as the
plasmon inside the WD star can decay into neutrinos through off-
shell Z’' leading to increased cooling efficiency. This leads to a
bound in the gy — Mz parameter space as [101]

Zx 2 110 MeVv\? <1
(7.7 X 10—4> < My ) ~
However, in the region of our interest (triangular region allowed
from CCFR and lifetime bounds), the WD cooling constraint re-
mains weaker compared to other relevant bounds, as can be seen
from the green dotted line in Fig. 3 (right panel).

We then consider the cosmological bounds on such light DM
and corresponding light mediator gauge boson Z’. A light gauge
boson can decay into SM leptons at late epochs (compared to neu-
trino decoupling temperature Ty, ~ O(MeV) increasing the effec-
tive relativistic degrees of freedom which is tightly constrained by
Planck 2018 data as Neff=2.99fg:§§ [90]. As pointed out by the
authors of [101-103], such constraints can be satisfied if Mz >
O(10 MeV). As can be seen from the right panel plot in Fig. 3, the
lifetime requirement of y; already puts a much stronger bound
in the region of our interest. Similar bound also exists for ther-
mal DM masses in this regime which can annihilate into leptons.
As shown by the authors of [104], such constraints from the big
bang nucleosynthesis (BBN) as well as the cosmic microwave back-
ground (CMB) measurements can be satisfied if Mpy = O(1 MeV).
On the other hand, constraints from CMB measurements disfavour
such light sub-GeV thermal DM production in the early universe
through s-channel annihilations into SM fermions [90]. As shown
by the author of [105] in the context of U(1)r,-1, gauge model
with sub-GeV DM, such CMB bounds can be satisfied for the near
resonance region Mz ~ 2Mpy along with correct relic. Specially,
in the scenario with keV mass splitting between two DM can-
didates, the CMB bound on DM annihilation rate into electrons
remains weaker compared to lifetime bound as can be checked by
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comparing the exclusion plots in [105] with the ones shown in our
work.

Finally, we perform a random scan for relic abundance of two
component DM so that their combined relic density satisfies the
criteria for observed DM abundance. This is shown in terms of
scattered points in right panel plot of Fig. 3 where the colour cod-
ing is used to denote DM mass. In this random scan, apart from
varying gx, Mz we also vary DM mass Mpy ~ M1 ~ My in the
range (0.05, 3) GeV and the other free parameter m_ in the range
(0.1,1) GeV while keeping the tiny mass splitting fixed at § =2
keV. Clearly, only a very few points fall in the small triangular re-
gion allowed from all constraints and requirements. The density of
these points inside the triangular region will increase for a bigger
scan size. Since only a tiny region of parameter space is allowed in
this model, more precise measurements of (g —2), will be able to
confirm or rule out this model as its possible explanation. Also, the
lifetime bound can be relaxed by choosing exotic L, — L; charge of
DM, allowing more parameter space towards upper part of the cur-
rently allowed region, seen from inset of right panel plot in Fig. 3.
This will also bring the parameter space of our model within the
sensitivity of future experiment NA62 at CERN [96]. However, such
exotic charge will also require additional scalar singlets (in order to
split the Dirac fermion DM into two pseudo-Dirac fermions) which
do not play any role in neutrino mass generation and hence we do
not discuss in the context of this minimal model presented here.
Future measurements by XENONI1T collaboration as well as other
future experiments mentioned above will give a clearer picture on
the feasibility of this model. We leave a detailed model building
and phenomenological study of such low mass DM scenario in the
context of electron recoil signatures as well as different possible
origin of light neutrino masses and flavour anomalies to future
works.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

DB acknowledges the support from Early Career Research Award
from the Department of Science and Technology - Science and
Engineering Research Board (DST-SERB), Government of India (ref-
erence number: ECR/2017/001873). SM thanks Anirban Karan for
useful discussions. DN thanks Anirban Biswas for useful discus-
sions.

References

[1] E. Aprile, et al., XENON, arXiv:2006.09721, 2020.
[2] J. Smirnov, ].F. Beacom, arXiv:2002.04038, 2020.
[3] F. Takahashi, M. Yamada, W. Yin, arXiv:2006.10035, 2020.
[4] G. Alonso-Alvarez, F. Ertas, J. Jaeckel, F. Kahlhoefer, L]. Thormaehlen, arXiv:
2006.11243, 2020.
[5] K. Kannike, M. Raidal, H. Veermde, A. Strumia, D. Teresi, arXiv:2006.10735,
2020.
[6] B. Fornal, P. Sandick, J. Shu, M. Su, Y. Zhao, arXiv:2006.11264, 2020.
[7] M. Du, J. Liang, Z. Liu, V.Q. Tran, Y. Xue, arXiv:2006.11949, 2020.
[8] L. Su, W. Wang, L. Wu, ].M. Yang, B. Zhu, arXiv:2006.11837, 2020.
[9] K. Harigaya, Y. Nakai, M. Suzuki, arXiv:2006.11938, 2020.
[10] Y. Chen, J. Shu, X. Xue, G. Yuan, Q. Yuan, arXiv:2006.12447, 2020.
[11] N.E. Bell, J.B. Dent, B. Dutta, S. Ghosh, J. Kumar, J.L. Newstead, arXiv:2006.
12461, 2020.
[12] UK. Dey, TN. Maity, T.S. Ray, arXiv:2006.12529, 2020.
[13] Q.-H. Cao, R. Ding, Q.-F. Xiang, arXiv:2006.12767, 2020.
[14] H.M. Lee, arXiv:2006.13183, 2020.
[15] G. Paz, A.A. Petrov, M. Tammaro, J. Zupan, arXiv:2006.12462, 2020.
[16] G. Choi, M. Suzuki, T.T. Yanagida, arXiv:2006.12348, 2020.
[17] H. An, M. Pospeloy, J. Pradler, A. Ritz, arXiv:2006.13929, 2020.

Physics Letters B 811 (2020) 135933

[18] M. Baryakhtar, A. Berlin, H. Liu, N. Weiner, arXiv:2006.13918, 2020.

[19] J. Bramante, N. Song, arXiv:2006.14089, 2020.

[20] Y. Jho, J.-C. Park, S.C. Park, P.-Y. Tseng, arXiv:2006.13910, 2020.

[21] K. Nakayama, Y. Tang, arXiv:2006.13159, 2020.

[22] R. Primulando, J. Julio, P. Uttayarat, arXiv:2006.13161, 2020.

[23] L. Zu, G.-W. Yuan, L. Feng, Y.-Z. Fan, arXiv:2006.14577, 2020.

[24] K. Zioutas, G. Cantatore, M. Karuza, A. Kryemadhi, M. Maroudas, Y. Se-
mertzidis, arXiv:2006.16907, 2020.

[25] L. Delle Rose, G. Hiitsi, C. Marzo, L. Marzola, arXiv:2006.16078, 2020.

[26] W. Chao, Y. Gao, M.j. Jin, arXiv:2006.16145, 2020.

[27] H. An, D. Yang, arXiv:2006.15672, 2020.

[28] A. Hryczuk, K. Jodtowski, arXiv:2006.16139, 2020.

[29] H. Alhazmi, D. Kim, K. Kong, G. Mohlabeng, J.-C. Park, S. Shin, arXiv:2006.
16252, 2020.

[30] C. Cai, H.H. Zhang, G. Cacciapaglia, M. Rosenlyst, M.T. Frandsen, arXiv:2006.
16267, 2020.

[31] P. Ko, Y. Tang, arXiv:2006.15822, 2020.

[32] S. Baek, ]J. Kim, P. Ko, arXiv:2006.16876, 2020.

[33] N. Okada, S. Okada, D. Raut, Q. Shafi, arXiv:2007.02898, 2020.

[34] G. Choi, T.T. Yanagida, N. Yokozaki, arXiv:2007.04278, 2020.

[35] J. Davighi, M. McCullough, ]. Tooby-Smith, arXiv:2007.03662, 2020.

[36] H.-J. He, Y.-C. Wang, J. Zheng, arXiv:2007.04963, 2020.

[37] H. Davoudiasl, P.B. Denton, J. Gehrlein, arXiv:2007.04989, 2020.

[38] C.-W. Chiang, B.-Q. Lu, arXiv:2007.06401, 2020.

[39] G. Arcadi, A. Bally, F. Goertz, K. Tame-Narvaez, V. Tenorth, S. Vogl, arXiv:2007.
08500, 2020.

[40] D. Choudhury, S. Maharana, D. Sachdeva, V. Sahdev, arXiv:2007.08205, 2020.

[41] Y. Ema, E. Sala, R. Sato, arXiv:2007.09105, 2020.

[42] P. Van Dong, C.H. Nam, D. Van Loi, arXiv:2007.08957, 2020.

[43] F. Takahashi, M. Yamada, W. Yin, arXiv:2007.10311, 2020.

[44] ]. Cao, X. Du, Z. Li, F. Wang, Y. Zhang, arXiv:2007.09981, 2020.

[45] J. Kim, T. Nomura, H. Okada, arXiv:2007.09894, 2020.

[46] F. Arias-Aragon, F. D’Eramo, R.Z. Ferreira, L. Merlo, A. Notari, arXiv:2007.06579,
2020.

[47] P. Athron, et al., arXiv:2007.05517, 2020.

[48] .M. Shoemaker, Y.-D. Tsai, J. Wyenberg, arXiv:2007.05513, 2020.

[49] K. Babuy, S. Jana, M. Lindner, arXiv:2007.04291, 2020.

[50] O. Miranda, D. Papoulias, M. Tértola, J. Valle, arXiv:2007.01765, 2020.

[51] S. Chigusa, M. Endo, K. Kohri, arXiv:2007.01663, 2020.

[52] T. Li, arXiv:2007.00874, 2020.

[53] D. Croon, S.D. McDermott, ]. Sakstein, arXiv:2007.00650, 2020.

[54] M. Szydagis, C. Levy, G. Blockinger, A. Kamaha, N. Parveen, G. Rischbieter,
arXiv:2007.00528, 2020.

[55] Y. Gao, T. Li, arXiv:2006.16192, 2020.

[56] C. Dessert, J.W. Foster, Y. Kahn, B.R. Safdi, arXiv:2006.16220, 2020.

[57] S.-F. Ge, P. Pasquini, J. Sheng, arXiv:2006.16069, 2020.

[58] B. Bhattacherjee, R. Sengupta, arXiv:2006.16172, 2020.

[59] P. Coloma, P. Huber, ].M. Link, arXiv:2006.15767, 2020.

[60] D. McKeen, M. Pospelov, N. Raj, arXiv:2006.15140, 2020.

[61] J.B. Dent, B. Dutta, J.L. Newstead, A. Thompson, arXiv:2006.15118, 2020.

[62] .M. Bloch, A. Caputo, R. Essig, D. Redigolo, M. Sholapurkar, T. Volansky, arXiv:
2006.14521, 2020.

[63] A.E. Robinson, arXiv:2006.13278, 2020.

[64] M. Lindner, Y. Mambrini, T.B.d. Melo, ES. Queiroz, arXiv:2006.14590, 2020.

[65] C. Gao, J. Liu, L.-T. Wang, X.-P. Wang, W. Xue, Y.-M. Zhong, arXiv:2006.14598,
2020.

[66] A.N. Khan, arXiv:2006.12887, 2020.

[67] D. Aristizabal Sierra, V. De Romeri, L. Flores, D. Papoulias, arXiv:2006.12457,
2020.

[68] J. Buch, M.A. Buen-Abad, ]. Fan, ].S.C. Leung, arXiv:2006.12488, 2020.

[69] L. Di Luzio, M. Fedele, M. Giannotti, F. Mescia, E. Nardi, arXiv:2006.12487,
2020.

[70] A. Bally, S. Jana, A. Trautner, arXiv:2006.11919, 2020.

[71] C. Boehm, D.G. Cerdeno, M. Fairbairn, P.A. Machado, A.C. Vincent, arXiv:2006.
11250, 2020.

[72] M. Tanabashi, et al., Particle Data Group, Phys. Rev. D 98 (2018) 030001.

[73] X. He, G.C. Joshi, H. Lew, R. Volkas, Phys. Rev. D 43 (1991) 22.

[74] S. Baek, N. Deshpande, X. He, P. Ko, Phys. Rev. D 64 (2001) 055006, arXiv:
hep-ph/0104141.

[75] E. Ma, D. Roy, S. Roy, Phys. Lett. B 525 (2002) 101, arXiv:hep-ph/0110146.

[76] S. Patra, S. Rao, N. Sahoo, N. Sahu, Nucl. Phys. B 917 (2017) 317, arXiv:1607.
04046.

[77] P. Minkowski, Phys. Lett. B 67 (1977) 421.

[78] M. Gell-Mann, P. Ramond, R. Slansky, Conf. Proc. C 790927 (1979) 315, arXiv:
1306.4669.

[79] R.N. Mohapatra, G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912.

[80] D. Tucker-Smith, N. Weiner, Phys. Rev. D 64 (2001) 043502, arXiv:hep-ph/
0101138.

[81] Y. Cui, D.E. Morrissey, D. Poland, L. Randall, J. High Energy Phys. 05 (2009)
076, arXiv:0901.0557.



D. Borah, S. Mahapatra, D. Nanda et al.

[82] C. Arina, R.N. Mohapatra, N. Sahu, Phys. Lett. B 720 (2013) 130, arXiv:1211.
0435.

[83] C. Arina, ].-O. Gong, N. Sahu, Nucl. Phys. B 865 (2012) 430, arXiv:1206.0009.

[84] C. Arina, N. Sahu, Nucl. Phys. B 854 (2012) 666, arXiv:1108.3967.

[85] d. Amaral, Dorian Warren Praia, D.G. Cerdeno, P. Foldenauer, E. Reid, arXiv:
2006.11225, 2020.

[86] T. Aoyama, et al., arXiv:2006.04822, 2020.

[87] S.J. Brodsky, E. De Rafael, Phys. Rev. 168 (1968) 1620.

[88] S. Baek, P. Ko, ]J. Cosmol. Astropart. Phys. 10 (2009) 011, arXiv:0811.1646.

[89] G. Bélanger, F. Boudjema, A. Pukhov, A. Semenov, Comput. Phys. Commun. 192
(2015) 322, arXiv:1407.6129.

[90] N. Aghanim, et al., Planck, arXiv:1807.06209, 2018.

[91] D.P. Finkbeiner, N. Weiner, Phys. Rev. D 76 (2007) 083519, arXiv:astro-ph/
0702587.

[92] B. Batell, M. Pospelov, A. Ritz, Phys. Rev. D 79 (2009) 115019, arXiv:0903.3396.

[93] B. Roberts, V. Flambaum, Phys. Rev. D 100 (2019) 063017, arXiv:1904.07127.

[94] W. Altmannshofer, S. Gori, M. Pospelov, 1. Yavin, Phys. Rev. Lett. 113 (2014)
091801, arXiv:1406.2332.

[95] J. Lees, et al.,, BaBar, Phys. Rev. D 94 (2016) 011102, arXiv:1606.03501.

Physics Letters B 811 (2020) 135933

[96] G. Krnjaic, G. Marques-Tavares, D. Redigolo, K. Tobioka, Phys. Rev. Lett. 124
(2020) 041802, arXiv:1902.07715.
[97] S. Gninenko, N. Krasnikov, V. Matveev, Phys. Rev. D 91 (2015) 095015, arXiv:
1412.1400.
[98] S. Gninenko, N. Krasnikov, Phys. Lett. B 783 (2018) 24, arXiv:1801.10448.
[99] Y. Kahn, G. Krnjaic, N. Tran, A. Whitbeck, J. High Energy Phys. 09 (2018) 153,
arXiv:1804.03144.
[100] M. Bauer, P. Foldenauer, ]. Jaeckel, J. High Energy Phys. 18 (2020) 094, arXiv:
1803.05466.
[101] A. Kamada, K. Kaneta, K. Yanagi, H.-B. Yu, J. High Energy Phys. 06 (2018) 117,
arXiv:1805.00651.
[102] M. Ibe, S. Kobayashi, Y. Nakayama, S. Shirai, J. High Energy Phys. 04 (2020)
009, arXiv:1912.12152.
[103] M. Escudero, D. Hooper, G. Krnjaic, M. Pierre, ]. High Energy Phys. 03 (2019)
071, arXiv:1901.02010.
[104] N. Sabti, J. Alvey, M. Escudero, M. Fairbairn, D. Blas, ]. Cosmol. Astropart. Phys.
01 (2020) 004, arXiv:1910.01649.
[105] P. Foldenauer, Phys. Rev. D 99 (2019) 035007, arXiv:1808.03647.



	Inelastic fermion dark matter origin of XENON1T excess with muon (g−2) and light neutrino mass
	1 Introduction
	2 Gauged Lμ−Lτ symmetry
	3 Light neutrino masses
	4 Anomalous muon magnetic moment
	5 Relic abundance of DM
	6 XENON1T excess
	7 Results and conclusion
	Declaration of competing interest
	Acknowledgements
	References


