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Motivated by the recently reported excess in electron recoil events by the XENON1T collaboration, we 
propose an inelastic fermion dark matter (DM) scenario within the framework of a gauged Lμ − Lτ

extension of the standard model which can also accommodate tiny neutrino masses as well as anomalous 
muon magnetic moment (g − 2)μ. 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)μ, 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.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

XENON1T 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 3.5σ significance and 
with neutrino magnetic moment signal at 3.2σ significance, both 
these interpretations are in strong tension with stellar cooling con-
straints. While XENON1T 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 
XENON1T 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 Lα − Lβ where Lα is the lepton num-
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ber of generation α = e, μ, τ . 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)μ [72]. While there can 
be three different combinations for this gauge symmetry, we par-
ticularly focus on Lμ − Lτ 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 XENON1T ex-
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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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 Lμ − Lτ

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 Lμ − Lτ 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 Lμ − Lτ symmetry

As mentioned before, we consider an Lμ − Lτ gauge extension 
of the SM. The SM fermions and their charges under SU (3)c ×
SU (2)L × U (1)Y × U (1)Lμ−Lτ gauge symmetry are denoted as fol-
lows.

qL =
(

uL

dL

)
∼ (3,2,

1

6
,0), uR(dR) ∼ (3,1,

2

3
(−1

3
),0)
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2
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)
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2
,−1), τR ∼ (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 χL,R ∼ (1, 1, 0, 12 ) where the 
choice of Lμ − Lτ 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.

H =
(

H+
H0

)
∼ (1,2,

1

2
,0), φ1(φ2) ∼ (1,1,0,1(2))

While the neutral component of the Higgs doublet H breaks the 
electroweak gauge symmetry, the singlets break Lμ − Lτ gauge 
symmetry after acquiring non-zero vacuum expectation values 
(VEV). Denoting the VEVs of singlets φ1,2 as v1,2, the new gauge 

boson mass can be found to be M Z ′ = gx

√
(v2

1 + 4v2
2) with gx

being the Lμ − Lτ 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)Lμ−Lτ of the form ε

2 Bαβ Yαβ

where Bαβ = ∂α Xβ − ∂β Xα, Yαβ are the field strength tensors of 
U (1)Lμ−Lτ , U (1)Y respectively and ε is the mixing parameter. This 
2

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

−LY = Mχ (χ̄LχR + χ̄RχL) + 1

2
( f1χ

c
L χLφ

∗
1+

+ f2χ
c
RχRφ∗

1 + h.c.) (1)

The DM field is identified as χ which has a bare mass as well 
as coupling to φ1. While the bare mass term is of Dirac type, the 
coupling to φ1 introduces a Majorana mass term after φ1 acquires 
a non-zero VEV. Thus, the Dirac fermion χ is split into two Ma-
jorana fermions χ1, χ2. The DM Lagrangian in this physical basis 
is

LDM = 1

2
χ̄1iγ μ∂μχ1 − 1

2
M1χ̄

c
1χ1 + 1

2
χ̄2iγ μ∂μχ2

− 1

2
M2χ̄

c
2χ2 + (i

1

2
gxχ̄2γ

μχ1 Z ′
μ + h.c.)

+ 1

4
gx

m−
Mχ

(χ̄2γ
μγ 5χ2 − χ̄1γ

μγ 5χ1)Z ′
μ

+ 1

2
( f1 cos2 θ − f2 sin2 θ)χ̄1χ1φ1

+ 1

2
( f2 cos2 θ − f1 sin2 θ)χ̄2χ2φ1 (2)

where M1 = Mχ −m+, M2 = Mχ +m+, m± = (mL ±mR)/2, mL,R =
f1,2 v1. As will be discussed below, the mass splitting between 
χ1, χ2 is chosen to be very small δ = M2 − M1 = 2m+ ∼ O(keV)

in order to give the required fit to XENON1T excess. This ensures 
M1 ≈ M2 ≈ Mχ while leaving m− as a free parameter. In the above 
Lagrangian for DM, θ is a mixing angle given by tan θ ≈ m−/Mχ .

3. Light neutrino masses

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

Ne ∼ (1,1,0,0), Nμ(Nτ ) ∼ (1,1,0,1(−1))

where the quantum numbers in the parentheses are the gauge 
charges under SU (3)c × SU (2)L × U (1)Y × U (1)Lμ−Lτ 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

L ⊃ − 1

2
Mee Nc

e Ne − 1

2
Mμτ Nc

μNτ − (λeμφ�
1 Nc

e Nμ + h.c.)

− (λeτ φ1Nc
e Nτ + h.c.) − (λμμφ�

2 Nc
μNμ + h.c.)

− (λττ φ2Nc
τ Nτ + h.c.)

−
(

Yee Le H̃ Ne + YμμLμ H̃ Nμ + Yττ Lτ H̃ Nτ + h.c.
)

− (
Ye Le HeR + YμLμHμR + Yτ Lτ HτR + h.c.

)
= − 1

2
N T

αC−1MRαβ Nβ − MDαβνα Nβ − M��L�R + h.c. (3)

Which clearly predict diagonal charged lepton and Dirac neutrino 
mass matrices M�, MD . Thus, the non-trivial neutrino mixing will 
arise from the structure of right handed neutrino mass matrix MR

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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MR =
⎛
⎝ Mee λeμv1 λeτ v1

λeμv1 λμμv2 Mμτ

λeτ v1 Mμτ λττ v2

⎞
⎠

MD =
⎛
⎝Yee v 0 0

0 Yμμv 0
0 0 Yττ v

⎞
⎠ , M� =

⎛
⎝Ye v 0 0

0 Yμv 0
0 0 Yτ v

⎞
⎠ (4)

Using type I seesaw approximation (MD � MR), the light neutrino 
mass matrix can be found from the following seesaw formula

mν � −MD M−1
R MT

D . (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

mdiag.
ν = U †

PMNSmνU∗
PMNS = diag{m1,m2,m2}

where mi are the light neutrino mass eigenvalues. Since MR 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

−→μμ = gμ

( q

2m

)−→
S , (6)

where gμ is the gyromagnetic ratio and its value is 2 for a struc-
tureless, spin 1

2 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

aμ = 1

2
(gμ − 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

�aμ = aexp
μ − aSM

μ = (26.1 ± 7.9) × 10−10, (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 �aμ = (27.9 ± 7.6) × 10−10 which is a 3.7σ discrepancy. 
Quoting the errors in 3σ range, we have

�aμ = (27.9 ± 22.8) × 10−10

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]

�aμ = α′

2π

1∫
0

dx
2m2

μx2(1 − x)

x2m2
μ + (1 − x)M2

Z ′
≈ α′

2π

2m2
μ

3M2
Z ′

(9)

where α′ = g2
x /(4π).

5. Relic abundance of DM

Relic abundance of two component DM in our model χ1,2

can be found by numerically solving the corresponding Boltzmann 
equations. Let n2 = nχ2 and n1 = nχ1 are the total number densi-
ties of two dark matter candidates respectively. The two coupled 
Boltzmann equations in terms of n2 and n1 are given below,
3
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)
, (10)

where, neq
i is the equilibrium number density of dark matter 

species i and H denotes the Hubble parameter. The thermally av-
eraged annihilation and coannihilation processes (χi χ̄i → X X̄) are 
denoted by 〈σv〉 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 �DMh2 = 0.120 ± 0.001 [90]. Here �DM is the density 
parameter of DM and h = Hubble Parameter/(100 km s−1Mpc−1)

is a dimensionless parameter of order one.
Although relative abundance of the two DM candidates χ1

and χ2 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 
χ2χ2 → χ1χ1, χ2e → χ1e 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 ε . Thus, although the DM-SM interaction is 
suppressed by ε2 leading to departure from chemical equilibrium 
at early epochs, the internal DM conversions like χ2χ2 → χ1χ1
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)Lμ−Lτ . And hence both DM-SM 
interactions as well χ2χ2 → χ1χ1 freeze out at same epochs. On 
the other hand, the interaction χ2e → χ1e 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

σ(χ1,2χ1,2 → νν̄) = g4
x m2−s

96π M2 (s − M2 ′)2

√
1 − 4M2

1,2

s
1,2 Z
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Fig. 1. Rates of different DM scattering processes in comparison to the Hubble ex-
pansion rate.

σ(χ1χ2 → νν̄) = g4
x

(
2s + (M1 + M2)

2
)

48π
(
s − (M1 + M2)2

)
(s − M2

Z ′)2

×
√

M4
1 + (s − M2

2)2 − 2M2
1(s + M2

2)

σ (χ2χ2 → χ1χ1) = g4
x

1536π M4
Z ′ s(s − 4M2

2)

× f1(M1, M2, s, M Z ′ ,m−)

σ (χ2e → χ1e) = g2
x g2ε2

8π
(
(s − M2

2 − m2
e )

2 − 4m2
e M2

2

)
× f2(M1, M2, s, M Z ′) (11)

where f1, f2 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 gx in the same fash-
ion while the last one depends on ε as well. Clearly, for our chosen 
values of gx, ε we have similar g4

x and g2
x g2ε2 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 gx = 0.0007, ε = 0.001, M1 = 0.1 GeV, δ = 2 keV, 
M Z ′ = 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 χ2 and χ1 is kept at keV scale 
δ ∼ O(keV), there can be decay modes like χ2 → χ1νν̄ 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 τχ2 > τage ≈ 4 × 1017 s. The decay width 
of this process is �χ2→χ1νν̄ ≈ g4

x δ5/(160π3 M4
Z ′ ). Thus, imposing 

the lifetime constraint on heavier DM component puts additional 
constraints on the model parameters.

6. XENON1T excess

Similar to the proposal in [9], here also we consider the down-
scattering of heavier DM component χ2e → χ1e as the process 
4

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

dσ v

dEr
= σe

2me v

q+∫
q−

a2
0qdq|F (q)|2 K (Er,q) (12)

where me is the electron mass, a0 = 1
αme

is the Bohr radius, 

α = e2

4π = 1
137 is the fine structure constant, Er is the recoil energy, 

q is the transferred momentum, K (Er, q) is the atomic excitation 
factor, and σe 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

σe = 16παzαxε
2m2

e

M4
Z ′

(13)

where αz = g2

4π , αx = g2
x

4π and ε is the kinetic mixing parameter be-
tween Z and Z ′ mentioned earlier which we take to be ε ≤ 10−3. 
Here in the inelastic scattering case, the limits of integration in 
Eq. (12) are determined depending on the relative values of re-
coil energy (Er ) and the mass splitting between the DM particles 
(δ = M2 − M1). It should be noted that σe 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 Er ≥ δ

q± = M2 v ±
√

M2
2 v2 − 2M2(Er − δ) (14)

And for Er ≤ δ

q± =
√

M2
2 v2 − 2M2(Er − δ) ± M2 v (15)

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

dR

dEr
= nT nχ2

dσ v

dEr
(16)

where nT = 4 × 1027 Ton−1 is the number density of xenon atoms 
and nχ2 is the density of the dark matter χ2. As mentioned before 
nχ2 ≈ nχ1 ≈ nDM/2.

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 MDM ∼ M1 ∼ M2 is the mass of two almost degenerate DM candidates.
splitting is taken to be δ = 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 × 10−3, consistent with its non-relativistic 
nature. The other relevant parameters used in this fit are gx =
7 × 10−4, M Z ′ = 0.2 GeV, ε = 10−3 which corresponds cross sec-
tion σe = 4.8 × 10−17 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 
χ2, χ1 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 MDM ≈ M Z ′/2.

Final result is summarised in the right panel plot of Fig. 3 in 
terms of parameter space gx − M Z ′ . The parameter space satisfying 
anomalous muon magnetic moment in 3σ 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 
νN → νNμμ̄ measured by CCFR [94]. This constraint on gx − M Z ′
plane arises purely due to the fact that Lμ − Lτ gauge boson can 
contribute to this neutrino trident process. It completely rules out 
the parameter space satisfying (g − 2)μ at 3σ beyond M Z ′ � 1
GeV. The shaded region of light green colour shows the parameter 
space where the bound on lifetime of heavier DM χ2 mentioned 
earlier is not satisfied and hence ruled out. Clearly, this lifetime 
bound is stronger than the CCFR bound for M Z ′ � 1 GeV. The pink 
solid band corresponds to σe = 10−17 −10−16 GeV−2 required to fit 
the XENON1T excess for the chosen DM velocity O(10−3) and DM 
mass around 0.1 GeV. The strongest bound in the high mass regime 
of Z ′ comes from BABAR observations for 4μ 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 M Z ′ ≈ 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 
5

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 gx − M Z ′ parameter space as [101](

gx

7.7 × 10−4

)2 (
10 MeV

M Z ′

)2

� 1

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 T ν

dec ∼ O(MeV) increasing the effec-
tive relativistic degrees of freedom which is tightly constrained by 
Planck 2018 data as Neff = 2.99+0.34

−0.33 [90]. As pointed out by the 
authors of [101–103], such constraints can be satisfied if M Z ′ �
O(10 MeV). As can be seen from the right panel plot in Fig. 3, the 
lifetime requirement of χ2 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 MDM � 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)Lμ−Lτ gauge model 
with sub-GeV DM, such CMB bounds can be satisfied for the near 
resonance region M Z ′ ≈ 2MDM 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, M Z ′ we also vary DM mass MDM ∼ M1 ∼ M2 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 δ = 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)μ will be able to 
confirm or rule out this model as its possible explanation. Also, the 
lifetime bound can be relaxed by choosing exotic Lμ − Lτ 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 XENON1T 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.
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