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We study an extension of the minimal gauged Lμ − Lτ model including three right-handed singlet
fermions and a scalar doublet to explain the anomalous magnetic moments of muon and electron
simultaneously. The presence of an in-built Z2 symmetry under which the right-handed singlet fermions
and η are odd, gives rise to a stable dark matter candidate along with light neutrino mass in a scotogenic
fashion. In spite of the possibility of having positive and negative contributions to muon and electron
(g − 2) respectively from vector boson and charged scalar loops, the minimal scotogenic Lμ − Lτ model
cannot explain both muon and electron (g − 2) simultaneously while being consistent with other
experimental bounds. We then extend the model with a vectorlike lepton doublet which not only leads
to a chirally enhanced negative contribution to electron (g − 2) but also leads to the popular singlet-doublet
fermion dark matter scenario. With this extension, the model can explain both electron and muon (g − 2)
while being consistent with neutrino mass, dark matter and other direct search bounds. The model remains
predictive at high energy experiments like collider as well as low energy experiments looking for charged
lepton flavor violation, dark photon searches, in addition to future (g − 2) measurements.
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I. INTRODUCTION

The muon anomalous magnetic moment, aμ ¼
ðg − 2Þμ=2 has been measured recently by the E989 experi-
ment at Fermi lab showing a discrepancy with respect to the
theoretical prediction of the Standard Model (SM) [1]

aFNALμ ¼ 116592040ð54Þ × 10−11 ð1Þ

aSMμ ¼ 116591810ð43Þ × 10−11 ð2Þ

which, when combined with the previous Brookhaven
determination of

aBNLμ ¼ 116592089ð63Þ × 10−11 ð3Þ

leads to a 4.2σ observed excess ofΔaμ ¼ 251ð59Þ × 10−11.1

The status of the SM calculation of muon magnetic moment
has been updated recently in [6].While the muon anomalous
magnetic moment has been known for a long time, the recent
Fermilab measurement has led to several recent works.
Review of such theoretical explanations for muon (g − 2)
can be found in [7–9]. Gauged lepton flavor models like
Uð1ÞLμ−Lτ

provide a natural origin of muon (g − 2) in a very
minimal setup while also addressing the question of the
origin of light neutrinomass andmixing [10] simultaneously.
Recent studies on this model related to muon (g − 2) may be
found in [11–20].
Interestingly, similar anomaly in electron magnetic

moment has also been reported from a recent precision
measurement of the fine structure constant using Cesium
atoms [21]. Using the precise measured value of fine
structure constants leads to a different SM predicted value
for electron anomalous magnetic moment ae ¼ ðg − 2Þe=2.
Comparing this with the existing experimental value of ae
leads to a discrepancy
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1The is however, in contrast with the latest lattice results [2]
predicting a larger value of muon (g − 2) keeping it closer to
experimental value. Measured value of muon (g − 2) is also
in tension with global electroweak fits from eþe− to hadron data
[3–5].
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Δae ¼ aexpe − aSMe ¼ ð−87� 36Þ × 10−14 ð4Þ

at 2.4σ statistical significance.2Several works have
attempted to find a common explanation of electron and
muon (g − 2) within well motivated particle physics frame-
works [23–54].
Here we consider the popular and minimal model based

on the gauged Lμ − Lτ symmetry which is anomaly free
[55,56]. Apart from the SM fermion content, the minimal
version of this model has three heavy right-handed neu-
trinos (RHN) leading to type I seesaw origin of light
neutrino masses [57–63]. We also consider an additional
scalar doublet η and an in-built Z2 symmetry under which
RHNs and η are odd while SM fields are even. The
unbroken Z2 symmetry guarantees a stable dark matter
(DM) candidate while light neutrino masses arise at one-
loop in scotogenic fashion [64]. A Lμ − Lτ extension of the
scotogenic model was discussed earlier in the context of
DM and muon (g − 2) in [65]. We consider all possible
contributions to ðg − 2Þe;μ in this model and show that it is
not possible to satisfy them simultaneously while being
consistent with phenomenological requirements like neu-
trino mass, lepton flavor violation (LFV) and direct search
bounds. We then consider an extension of the minimal
scotogenic Lμ − Lτ model with a Z2-odd vector like lepton
doublet with vanishing Uð1ÞLμ−Lτ

charge. While the min-
imal scotogenic extension was discussed in [65] mentioned
above, the vectorlike lepton extension was recently dis-
cussed in [20] from muon (g − 2) point of view. Here we
extend this idea to include electron (g − 2) along with
detailed study of DM and related phenomenology. Due to
the possibility of vectorlike lepton doublet coupling with
one of the RHNs, it gives rise to a singlet-doublet fermion
DM scenario studied extensively in the literature [66–84].
We show that the inclusion of this vector like lepton doublet
which couples only to electrons and one of the RHNs due to
vanishing Uð1ÞLμ−Lτ

charge, the observed ðg − 2Þe can be
generated due to chiral enhancement in the one-loop
diagram mediated by charged scalar and fermions. On
the other hand a positive muon (g − 2) can be generated due
to light Uð1ÞLμ−Lτ

gauge boson mediated one-loop dia-
gram. We then discuss the relevant DM phenomenology
and possibility of observable lepton flavor violation as well
as some collider signatures.
This paper is organized as follows. In Sec. II, we discuss

the minimal scotogenicUð1ÞLμ−Lτ
model and show that it is

not possible to explain both electron and muon (g − 2)
simultaneously. In Sec. III, we consider the extension of
minimal model by a vector like lepton doublet and show its

success in explaining the lepton (g − 2) data. We then
discuss singlet-doublet DM phenomenology in Sec. IV
followed by brief discussion on collider phenomenology in
Sec. V. We finally conclude in Sec. VI.

II. THE MINIMAL MODEL

The SM fermion content with their gauge charges under
SUð3Þc ⊗ SUð2ÞL ⊗ Uð1ÞY ⊗ Uð1ÞLμ−Lτ

gauge sym-
metry are denoted as follows.

qL ¼
�
uL
dL

�
∼
�
3;2;

1

6
;0

�
; uRðdRÞ∼

�
3;1;

2

3

�
−
1

3

�
;0

�

Le ¼
�
νe

eL

�
∼
�
1;2;−

1

2
;0

�
; eR∼ ð1;1;−1;0Þ

Lμ ¼
�
νμ

μL

�
∼
�
1;2;−

1

2
;1

�
; μR∼ ð1;1;−1;1Þ

Lτ ¼
�
ντ

τL

�
∼
�
1;2;−

1

2
;−1
�
; τR∼ ð1;1;−1;−1Þ:

The new field content apart from the SM ones are shown
in Table I. The SM fields are even under the Z2 symmetry
and only the second and third generations of leptons are
charged under the Lμ − Lτ gauge symmetry. The relevant
Lagrangian can be written as

L⊇NμiγμDμNμ−MμτNμNτ þNτiγμDμNτ −
Mee

2
NeNe

−YeμΦ
†
1NeNμ−YeτΦ1NeNτ −YμΦ

†
2NμNμ

−YDeLe η̃Ne−YDμLμ η̃Nμ−YDτLτ η̃Nτ −YτΦ2NτNτ

−YleLeHeR−YlμLμHμR −YlτLτHτRþH:c: ð5Þ

where H is the SM Higgs doublet and the covariant
derivative Dμ is given as

Dμ ¼ ∂μ − igμτYμτðZμτÞμ: ð6Þ

Also, in the above Lagrangian, η̃ ¼ iτ2η�. The new
gauge kinetic terms that appear in the Lagrangian are
constituted of,

TABLE I. New particles and their gauge charges in minimal
scotogenic Uð1ÞLμ−Lτ

model.

Fermion fields Scalar field

Gauge group Ne Nμ Nτ Φ1 Φ2 η

SUð2ÞL 1 1 1 1 1 2
Uð1ÞY 0 0 0 0 0 1

2

Uð1ÞLμ−Lτ
0 1 −1 1 2 0

Z2 −1 −1 −1 þ1 þ1 −1

2Interestingly, a more recent measurement of the fine structure
constant using Rubidium atoms have led to a milder ðg − 2Þe
anomaly at 1.6σ statistical significance, but in the opposite
direction [22]. Here we consider negative ðg − 2Þe only
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LGauge ¼ −
1

4
ðZμτÞμνZμν

μτ −
ϵ

2
ðZμτÞμνBμν; ð7Þ

where, ϵ parametrizes the kinetic mixing between the
Uð1ÞLμ−Lτ

and Uð1ÞY gauge sectors.
The Lagrangian of the scalar sector is given by:

Lscalar ¼ jDμHj2 þ jDμηj2 þ jDμΦij2 − VðH;Φi; ηÞ ð8Þ

where i ¼ 1, 2. The covariant derivative Dμ is given as
follows:

Dμ ¼ ∂μ − i
g
2
τ:Wμ − ig0

Y
2
Bμ ð9Þ

The scalar potential is given by

VðH;Φi; ηÞ ¼ −μ2HðH†HÞ þ λHðH†HÞ2 − μ2Φi
ðΦi

†ΦiÞ
þ λΦi

ðΦi
†ΦiÞ2 þ λHΦi

ðH†HÞðΦi
†ΦiÞ

þm2
ηðη†ηÞ þ λ2ðη†ηÞ2 þ λ3ðη†ηÞðH†HÞ

þ λ4ðη†HÞðH†ηÞ þ λ5
2
½ðH†ηÞ2 þ ðη†HÞ2�

þ ληΦi
ðη†ηÞðΦ†

iΦiÞ þ λΦ1Φ2
ðΦ†

1Φ1ÞðΦ†
2Φ2Þ

þ ½μ12Φ2
1Φ

†
2 þ H:c:�;

where i ¼ 1, 2 denotes two singlet scalars Φ1;2. While the
neutral component of the Higgs doublet H breaks the
electroweak gauge symmetry, the singlets Φ1;2 break
Lμ − Lτ gauge symmetry after acquiring nonzero vacuum
expectation values (VEV). Denoting the VEVs of singlets
Φ1;2 as v1;2, the new gauge boson mass can be found to be

MZμτ
¼ gμτ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðv21 þ 4v22Þ

p
with gμτ being the Lμ − Lτ gauge

coupling. Clearly themodel predicts diagonal charged lepton
mass matrix Ml and diagonal Dirac Yukawa of neutrinos.
Thus, the nontrivial 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
right-handed neutrino mass matrix, Dirac neutrino Yukawa
and charged lepton mass matrix are given by

MR¼

0
B@

Mee Yeμv1 Yeτv1
Yeμv1 Yμv2 Mμτ

Yeτv1 Mμτ Yτv2

1
CA

YD¼

0
B@
YDe 0 0

0 YDμ 0

0 0 YDτ

1
CA; Ml¼

1ffiffiffi
2

p

0
B@
Yev 0 0

0 Yμv 0

0 0 Yτv

1
CA:

ð10Þ

Here v=
ffiffiffi
2

p
is the VEVof neutral component of SM Higgs

doublet H.

The one-loop neutrino mass can be written as [64,85]

ðMνÞij ¼
X
k

hikhjkMk

32π2
½Lkðm2

ηRÞ − Lkðm2
ηIÞ�; ð11Þ

where Mk is the mass eigenvalue of the RHN mass
eigenstate Nk in the internal line and the indices i,
j ¼ 1, 2, 3 run over the three neutrino generations. The
Yukawa couplings appearing in the neutrino mass formula
above are derived from the corresponding Dirac Yukawa
couplings in Lagrangian (5) by going to the diagonal basis
of right-handed neutrinos after spontaneous symmetry
breaking. The loop function Lkðm2Þ in neutrino mass
formula (11) is defined as

Lkðm2Þ ¼ m2

m2 −M2
k

ln
m2

M2
k

: ð12Þ

The difference in masses for neutral scalar and pseudo-
scalar components of η, crucial to generate nonzero
neutrino mass is m2

ηR −m2
ηI ¼ λ5v2. We first diagonalize

MR and consider the physical basis of right-handed
neutrinos ðN1; N2; N3Þ with appropriate interactions. We
also use Casas-Ibarra (CI) parametrization [86] extended to
the radiative seesaw model [87] which allows us to write
the Yukawa coupling matrix satisfying the neutrino data as

hαi ¼ ðUD1=2
ν R†Λ1=2Þαi; ð13Þ

where R is an arbitrary complex orthogonal matrix satisfy-
ing RRT ¼ I. Here Dν ¼ diagðm1; m2; m3Þ is the diagonal
light neutrino mass matrix and the diagonal matrix Λ has
elements given by

Λk ¼
2π2

λ5
ζk

2Mk

v2
; ð14Þ

and ζk ¼
�

M2
k

8ðm2
ηR −m2

ηIÞ
½Lkðm2

ηRÞ − Lkðm2
ηIÞ�
�−1

: ð15Þ

A. Anomalous magnetic moment

The magnetic moment of muon is defined as

μμ
⟶ ¼ gμ

�
q
2m

�
S⃗; ð16Þ

where gμ is the gyromagnetic ratio and its value is 2 for
an elementary spin 1

2
particle of mass m and charge q.

However, higher order radiative corrections can generate
additional contributions to its magnetic moment and is
parametrized as
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aμ ¼
1

2
ðgμ − 2Þ: ð17Þ

As mentioned earlier, the anomalous muon magnetic
moment has been measured very precisely in the recent
Fermilab experiment while it has also been predicted in the
SM to a great accuracy. In the model under consideration in
this work, the additional contribution to the muon magnetic
moment arises dominantly from the one-loop diagram
mediated by Lμ − Lτ gauge boson Zμτ. The corresponding
one-loop contribution is given by [88,89]

Δaμ ¼
α0

2π

Z
1

0

dx
2m2

μx2ð1 − xÞ
x2m2

μ þ ð1 − xÞM2
Zμτ

≈
α0

2π

2m2
μ

3M2
Zμτ

ð18Þ

where α0 ¼ g2μτ=ð4πÞ.
The parameter space satisfying muon g − 2 in the plane

of gμτ versus MZμτ
is shown in Fig. 1. Several exclusion

limits from different experiments namely, CCFR [90],
COHERENT [91,92], BABAR [93] are also shown. The
astrophysical bounds from cooling of white dwarf (WD)
[94,95] excludes the upper left triangular region. Very light
Z0 is ruled out from cosmological constraints on effective
relativistic degrees of freedom [95–98]. This arises due to
the late decay of such light gauge bosons into SM leptons,
after standard neutrino decoupling temperatures thereby
enhancing Neff . Future sensitivities of NA62 [99] and
NA64 [100,101] experiments are also shown as dashed
lines. In summary, the model has a small parameter space,
currently allowed from all experimental bounds, which can
explain muon (g − 2). This has also been noticed in earlier
works on minimal Lμ − Lτ model [11–19].
However, note that in scotogenic version of Lμ − Lτ

model we can have another one-loop diagram mediated by
charged component of scalar doublet η and right-handed

neutrino Nk contributing to (g − 2). Since both electron and
muon couple to charged scalar via Yukawa couplings, we
can have contributions to the anomalous magnetic
moments of both electron and muon via this diagram,
shown in Fig. 2. It is given by [45,102,103]

Δal ¼
X
k

−
m2

l

8π2M2
ηþ
jhlkj2fðM2

k=M
2
ηþÞ ð19Þ

where

fðxÞ ¼ 1 − 6xþ 3x2 þ 2x3 − 6x2 log x
12ð1 − xÞ4 ð20Þ

which gives rise to an overall negative contribution to
ðg − 2Þl. While this works for electron (g − 2), for muon
one needs to make sure that the positive contribution
coming from vector boson loop dominates over the one
from the charged scalar loop so that the total muon (g − 2)
remains positive as suggested by experiments.
Also from Fig. 1, we can see that there is still a small

parameter space left with MZμτ
in a range of 10–30 MeV

and gμτ in ð5.5–7.5Þ × 10−4 which is not constrained by
CCFR and can accommodate a larger positive contribution
to muon (g − 2) from vector boson loop. This positive
contribution to Δaμ can be as large as 5.5 × 10−9 which is
2.4 × 10−9 larger than the current upper limit of 3.1 × 10−9.
Hence, even if we get a negative contribution from the ηþ

loop to muon (g − 2) which is of the order Oð10−9Þ but
smaller than 3.5 × 10−9, we can still get the correct value of
Δaμ as measured by the experiments. Thus, in general,
observed muon (g − 2) can be explained by a combination
of positive and negative contributions in scotogenic Lμ −
Lτ model.
It is worth mentioning here that λ5 plays a crucial role in

the contribution of charged scalar loop into (g − 2) as it
decides the strength of Yukawa couplings via CI para-
metrization. Smaller values of λ5 increases the size of the
Yukawa couplings [as evident from Eq. (13) and (15)],
which in turn would imply an enhancement in the negative
contribution to muon (g − 2) which is undesirable. This can
be seen from Fig. 3 where the contribution to muon (g − 2)
(i.e., Δaμ) from the ηþ and Nk loop as a function of N1

mass is shown keeping other parameters fixed as mentioned

FIG. 1. Parameter space satisfying ðg − 2Þμ in the plane of
gμτ −MZμτ

. See text for details related to other bounds imposed.

FIG. 2. Negative contribution to Δal coming from charged
scalar ηþ and neutral fermion Nk in the loop.
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in the inset of the figure. The horizontal solid red line
depicts a conservative upper limit (Δaμ ¼ −10−10) on this
negative contribution. Clearly λ5 smaller than 10−10 are not
allowed from this requirement. We will see similar con-
straints from LFV also in the next section.

B. Lepton flavor violation

Charged lepton flavor violating (CLFV) decay is a
promising process to study from beyond standard model
(BSM) physics point of view. In the SM, such a process
occurs at one-loop level and is suppressed by the smallness
of neutrino masses, much beyond the current experimental
sensitivity [104]. Therefore, any future observation of such
LFV decays like μ → eγ will definitely be a signature of
new physics beyond the SM. In the present model, such
new physics contribution can come from the charged
component of the additional scalar doublet η going inside
a loop along with singlet fermions, similar to the way it
gives negative contribution to lepton (g − 2) shown in
Fig. 2. Adopting the general prescriptions given in
[87,105], the decay width of μ → eγ can be calculated as

Brðμ → eγÞ ¼ 3ð4πÞ3α
4G2

F
jADj2Brðμ → eνμνeÞ ð21Þ

where AD is given by

AD ¼
X
k

h�kehkμ
16π2

1

M2
ηþ
fðtkÞ ð22Þ

where tk ¼ m2
Nk
=M2

ηþ and fðxÞ is the same loop function
given by Eq. (20). The latest bound from the MEG

collaboration is Brðμ → eγÞ < 4.2 × 10−13 at 90% confi-
dence level [104].
In Fig. 4, Brðμ → eγÞ is shown as a function of N1

keeping other parameters fixed as mentioned in the inset of
the figure. The solid magenta line depicts the latest upper
limit from the MEG experiment. It is clear that λ5 smaller
than ∼Oð10−8Þ is disfavored from the CLFV constraint.
To look for common parameter space satisfying the

CLFV constraint from MEG (Brðμ → eγÞ < 4.2 × 10−13)
and (Δaμ < −10−10) from the contribution of ηþ and Nk in
the loop, we carried out a numerical scan varying
M1;M2;M3 ∈ ½1; 1000� GeV (withM1 < M2;M3),Mηþ ∈
½100; 1000� GeV and λ5 ∈ ½10−10; 10−3�. Along with cal-
culating Brðμ → eγÞ and Δaμ we also calculate electron
(g − 2) namely Δae to check if all of them can be satisfied
simultaneously. Only those parameter set which satisfies
both the above mentioned constraints (CLFV and
Δaμ < −10−10) are screened out and the corresponding
value of Δae is noted down for these parameters. The result
of this scan is shown in Fig. 5. Clearly with λ5 smaller than
10−8 we cannot satisfy the MEG constraint and the
constraint on maximum negative contribution to Δaμ
simultaneously. However, for the parameter space satisfy-
ing these two constraints, the corresponding values of Δae
are several orders of magnitude below the correct ballpark
(i.e., Δae ¼ ð−87� 36Þ × 10−14).
Clearly, as we increase the value of λ5, the Yukawa

couplings decrease which diminishes Brðμ → eγÞ as well
as Δaμ coming from the loop diagram given in Fig. 2. It is
worth mentioning here that, though much smaller values of
λ5 can bring the Δae to the correct ballpark, but such values
of λ5 will violate the CLFV constraints. Thus it is not
possible to explain Δaμ and Δae simultaneously in this

FIG. 3. Negative contribution to Δaμ (coming from charged
scalar ηþ and neutral fermion Nk in the loop) is shown as a
function of N1 mass. The color bar shows the values of λ5.

FIG. 4. Brðμ → eγÞ is shown as a function of N1 mass. The
color bar shows the values of λ5.
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minimal model being within the constraints from LFV. This
result is not surprising because the charged scalar loop
contribution to electron (g − 2) is suppressed by electron
mass squared. Presence of additional heavy fermion dou-
blet in the loop can lead to chiral enhancement of ðg − 2Þe,
as discussed in earlier works in the context of muon (g − 2)
[103,106]. This is the topic of our next section.

III. EXTENSION OF MINIMAL SCOTOGENIC
Uð1ÞLμ −Lτ

MODEL

As the minimal model described above cannot explain
the electron and muon (g − 2) data simultaneously while
being in agreement with CLFV constraints, we extend the
model by introducing a vectorlike fermion doublet ΨT ¼
ðψ0;ψ−Þ ∼ ð1; 2;− 1

2
; 0Þ which is also odd under the Z2

symmetry, but has vanishing Uð1ÞLμ−Lτ
charge. Since there

exists a RHN which also has vanishing Uð1ÞLμ−Lτ
charge,

this leads to the possibility of singlet-doublet fermion dark
matter [66–82,84]. Here it is worth mentioning that
introduction of a singlet vectorlike fermion instead of
the doublet to the minimal scotogenic Lμ − Lτ model
cannot lead to the required chiral enhancement in the
one-loop anomalous magnetic moment of the electron
[103,106]. To make it clear, we show the chirally enhanced
one-loop Feynman diagram for electron (g − 2) in Fig. 6.
Since we have only one charged scalar ηþ, the requirement
of left and right chiral electrons in external legs for chiral
enhancement can be fulfilled only with a Higgs VEV
insertion in internal fermion line, as clearly seen from the

Feynman diagram in the top panel of Fig. 6. This is possible
only when a vectorlike lepton doublet is introduced to the
minimal model discussed before.
With the incorporation of the vector-like fermion doublet

Ψ, the new terms in the relevant Lagrangian can be written
as follows.

L ¼ Ψ̄ðiγμDμ −MÞΨ
− Yψ Ψ̄ H̃ðNe þ ðNeÞcÞ − YψeΨLηeR þ H:c: ð23Þ

where H̃ ¼ iτ2H�. Ne being neutral under Uð1ÞLμ−Lτ
has

Yukawa coupling with fermion doublet Ψ, determining the
physical dark matter state of the model after electroweak
symmetry breaking (EWSB). Note that we have assumed
same Yukawa coupling Yψ to couple Ψ with Ne, Nc

e for
simplicity.
Thanks to the Yukawa interaction in (23), the electro-

magnetic charge neutral component of Ψ viz. ψ0 and Ne
mixes after the SM Higgs acquires a nonzero VEV. The
mass terms for these fields can then be written together as
follows.

−Lmass ¼ Mψ0
Lψ

0
R þ 1

2
MeeN̄eðNeÞc

þm0
Dðψ0

LNe þ ψ0
RðNeÞcÞ þ H:c: ð24Þ

where m0
D ¼ Yψvffiffi

2
p , with v ¼ 246 GeV.

Since Ne mixes with Nμ and Nτ [as seen from Eq. (5)]
apart from its mixing with ψ0, it gives rise to a 5 × 5
mass matrix for the neutral fermions can be written in the
basis ððψ0

RÞc;ψ0
L; ðNeÞc; ðNμÞc; ðNτÞcÞT as given in the

Appendix A.
As ψL and ψR has no coupling with Nμ and Nτ, and Ne

can be assumed to be dominantly N1 (one of the physical
RHN states in the absence of singlet-doublet coupling), we
ignore the mixing of ψ0 with N2 and N3. This allows us to

FIG. 5. Contribution to (Brðμ → eγÞ < 4.2 × 10−13) and
(Δaμ < −10−10) with M1;M2;M3 ∈ ½1;1000�GeV, Mηþ ∈ ½100;
1000� GeV, and λ5 ∈ ½10−10; 10−3� in the minimal model. Cor-
responding values of Δae are shown by the red colored points.

FIG. 6. Dominant contribution to electron (g − 2) in the
extended model. Dark states are shown in flavor basis [top
panel] and mass basis [bottom panel], respectively.
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write down this neutral fermion mass matrix for the dark
sector in the basis ððψ0

RÞc;ψ0
L; ðN1ÞcÞT as:

M ¼

0
B@

0 M mD

M 0 mD

mD mD M1

1
CA: ð25Þ

Note that there is a difference in mD in (25) from m0
D in

(24), the details of which can be found in Appendix A. This
symmetric mass matrixM can be diagonalized by a unitary
matrix UðθÞ ¼ U13ðθ13 ¼ θÞ:U23ðθ23 ¼ 0Þ:U12ðθ12 ¼ π

4
Þ,

which is essentially characterized by a single angle θ13 ¼
θ [107]. We diagonalize the mass matrix as M by
U:M:UT ¼ MDiag, where the unitary matrix U is given by:

U ¼

0
B@

1 0 0

0 eiπ=2 0

0 0 1

1
CA
0
B@

1ffiffi
2

p cos θ 1ffiffi
2

p cos θ sin θ

− 1ffiffi
2

p 1ffiffi
2

p 0

− 1ffiffi
2

p sin θ − 1ffiffi
2

p sin θ cos θ

1
CA:

ð26Þ

The extra phase matrix is multiplied to make sure all the
eigenvalues after diagonalization are positive.
The diagonalization of the mass matrix given in Eq. (25)

requires

tan 2θ ¼ 2
ffiffiffi
2

p
mD

M −M1

: ð27Þ

The emerging physical states defined as χi ¼ χiLþðχiLÞcffiffi
2

p
(i ¼ 1, 2, 3) are related to the flavor or unphysical states
as follows.

χ1L ¼ cos θffiffiffi
2

p ðψ0
L þ ðψ0

RÞcÞ þ sin θðN1Þc;

χ2L ¼ iffiffiffi
2

p ðψ0
L − ðψ0

RÞcÞ;

χ3L ¼ −
sin θffiffiffi

2
p ðψ0

L þ ðψ0
RÞcÞ þ cos θðN1Þc: ð28Þ

All the three physical states χ1, χ2, and χ3 are therefore of
Majorana nature and their mass eigenvalues are,

mχ1 ¼ Mcos2θ þM1sin2θ þmD sin 2θ;

mχ2 ¼ M;

mχ3 ¼ M1cos2θ þMsin2θ −mD sin 2θ: ð29Þ

In the small mixing limit (θ → 0), the eigenvalues can be
further simplified as,

mχ1 ≈M þ 2
ffiffiffi
2

p
m2

D

M −M1

;

mχ2 ¼ M;

mχ3 ≈M1 −
2
ffiffiffi
2

p
m2

D

M −M1

: ð30Þ

where we have assumed mD ≪ M, M1. Hence it is clear
that mχ1 > mχ2 > mχ3 and χ3, being the lightest, becomes
the stable DM candidate. It should be noted that we have
considered other Z2 particles not part of the mass matrix
(25) above to be much heavier. For a detailed analysis of
singlet-doublet Majorana DM, one may refer to the recent
work [82]. Since DM is of Majorana nature, diagonal Z-
mediated interactions are absent marking a crucial differ-
ence with the singlet-doublet Dirac DM [74–76,78,79,84].
The relevant Lagrangian along with all possible modes of
annihilation and coannihilations of DM are given in
Appendix B.
By the inverse transformation U:M:UT ¼ MDiag, we

can express Yψ , M and M1 in terms of the physical masses
and the mixing angle as,

Yψ ≈
ΔM sin 2θ

2v
;

M ≈mχ1cos
2θ þmχ3sin

2θ;

M1 ≈mχ3cos
2θ þmχ1sin

2θ; ð31Þ

where ΔM ¼ ðmχ1 −mχ3Þ. We can also see that in the limit
of mD ≪ M, mχ1 ≈mχ2 ¼ M. The phenomenology of dark
sector is therefore governed mainly by the three indepen-
dent parameters, DM mass (mχ3), splitting with the Next to
the lightest particle (ΔM), and the singlet-doublet mixing
parameter sin θ.

A. Lepton (g − 2) in extended model

The coupling of Ψ with Ne as well as eR allows the
possibility of a chiral enhanced contribution to electron
(g − 2) unlike in the minimal model discussed earlier. The
contribution to muon (g − 2), however, remains the same as
the minimal model at leading order.
The singlet-doublet flavor states can be written in terms

of the mass eigenstates by inverting Eq. (28) as follows.

ðψ0
RÞc ¼

cos θffiffiffi
2

p χ1L −
1ffiffiffi
2

p χ2L −
sin θffiffiffi

2
p χ3L

ψ0
L ¼ cos θffiffiffi

2
p χ1L þ 1ffiffiffi

2
p χ2L −

sin θffiffiffi
2

p χ3L

ðN1Þc ¼ sin θχ1L þ cos θχ3L ð32Þ

Thus, after writing the flavor states in terms of physical
or mass states, one can calculate the (g − 2) contribution by
considering these physical states χ1;2;3 in the loop. Thus, it
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is possible to have a chiral enhancement to electron (g − 2)
as shown in Fig. 6. Since N1 has no admixture of χ2, so χ2
does not play any role in this loop calculation as it has no
coupling with electron. Thus the contribution to Δae in
singlet-doublet model is given by [45,103]

Δae ¼ −
me

8π2M2
ηþ

sin θ cos θffiffiffi
2

p Reðh1eY�
ψeÞ

×

�
mχ1fLR

�
m2

χ1

M2
ηþ

�
−mχ3fLR

�
m2

χ3

M2
ηþ

��
ð33Þ

where

fLRðxÞ ¼
1 − x2 þ 2x log x

2ð1 − xÞ3 ð34Þ

In Fig. 7, the result of a parameter scan similar to Fig. 5 is
shown after incorporating the additional and dominant
contribution to Δae from χ1 and χ3 present in the singlet-
doublet model. For this scan mχ3 and Δm are randomly
varied in the range mχ3 ∈ ½1; 1000� GeV and Δm ∈
½1; 100� GeV respectively. Similar to the minimal model,
the charged scalarmass is varied asMηþ ∈ ½100; 1000� GeV.
The other two parameters which are randomly varied are
sin θ ∈ ½0.01; 1� and Yψe ∈ ½10−2; 1�.
It is worth mentioning here that, in this extended

framework, along with (g − 2) of electron, the LFV process
μ → eγ can also get an chiral enhancement because of the
off-diagonal structure of the Yukawa matrix obtained
through Casas-Ibarra parametrization. This chirally
enhanced contribution to μ → eγ amplitude and decay rate
are given by

A ¼ 1

32π2M2
ηþ

sin θ cos θffiffiffi
2

p Reðh1μY�
ψeÞ

×

�
2
mχ1

mμ
fLR

�
m2

χ1

M2
ηþ

�
− 2

mχ3

mμ
fLR

�
m2

χ3

M2
ηþ

��
;

Brðμ → eγÞ ¼ τμ
αemm5

μ

4
jAj2; ð35Þ

with τμ being the lifetime of the muon. After incorporating
this contribution, Only those parameter sets which satisfy all
the three constraints, i.e., (Brðμ → eγÞ < 4.2 × 10−13),
(Δaμ < −10−10), and (Δae ¼ ð−87� 36Þ × 10−14) simul-
taneously are screened out to get the common parameter
space which are shown in Fig. 7. Clearly, the red points in
Fig. 7 depict that in the extended model we can obtain a
parameter space that gives Δae in the correct ballpark as
suggested by the experimentswhile beingwithin the limits of
CLFVand suppressednegative contribution toΔaμ. The final
parameter space giving correct Δae as well as satisfying
CLFV constraint and (Δaμ < −10−10) is shown in Fig. 8 in
the plane of λ5 andmχ3 . The blue points are obtained before
incorporating the chirally enhanced contribution to μ → eγ
and the cyan points depict the parameter setswhich satisfy all
of the three above-mentioned constraints even after including
the chiral enhancement to μ → eγ in the calculation. Clearly,
the enhancement to this CLFV process slightly reduces the
allowed parameter space.

IV. DARK MATTER PHENOMENOLOGY

As mentioned earlier, we consider the singlet-doublet
fermion DM scenario in our work. Before proceeding to

FIG. 7. Contribution to Δae a well as (Brðμ → eγÞ <
4.2 × 10−13) and (Δaμ < −10−10) in the extended model.

FIG. 8. Common parameter space giving correct Δae as well as
satisfying (Brðμ → eγÞ < 4.2 × 10−13) and (Δaμ < −10−10) in
the plane of λ5 and mχ3 .
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calculate the DM relic density numerically, let us first study
the possible dependence of the DM relic on important
relevant parameters, namely, the mass of DM (mχ3), the
mass splitting (ΔM) between the DM χ3 and the next-to-
lightest stable particles (NLSP) (mχ2 ≈mψ� ≈mχ1) and the
mixing angle sin θ. Depending on the relative magnitudes
of some of these parameters, the DM relic can be generated
dominantly by annihilation or coannihilation or a combi-
nation of both. Effects of coannihilation on DM relic
density, specially when mass splitting between DM and
NLSP is small, has been discussed in several earlier works
including [108,109].
We adopt a numerical way of computing annihilation

cross section and relic density by implementing the model
into the package MICROMEGAS [110], where the model files
are generated using FEYNRULE [111,112]. Variation of relic
density of DM χ3 is shown in Fig. 9 as a function of its mass
for different choices of ΔM ¼ 1–10 GeV, 10–30 GeV,
30–50 GeV, 50–100 GeV shown by different color shades
as indicated in the figure inset. The mixing angle is
assumed to take values sin θ ¼ 0.01 (top panel), 0.1
(middle panel), and 0.6 (bottom panel).
As it can be seen from Fig. 9, when ΔM is small, relic

density is smaller due to large coannihilation contribution
from W� mediated and flavor changing Z-mediated proc-
esses. As coannihilation effects increase, we notice
enhanced resonance effect as expected. As these inter-
actions are off-diagonal, the resonances are somewhat
flattened compared to a sharp spike expected for diagonal
interactions. As ΔM increases, these coannihilations
become less and less effective, and Higgs mediated
annihilations starts dominating. For ΔM ¼ 30 GeV, both
contributions are present in comparable amount while for
ΔM > 30 GeV, the contributions from gauge boson medi-
ated (coannihilation) interactions are practically negligible
and the Higgs mediated channels dominate. Consequently,
a resonance at SM-Higgs threshold mχ3 ∼mh=2 appears,
while the same at mχ3 ∼mZ=2 disappears. It is also
observed that as long as ΔM is small and the coannihilation
channels dominate, the effect of sin θ on relic density is
negligible. For smaller sin θ, the annihilation cross section
due to Higgs portal is small leading to larger relic
abundance, while for large sin θ, the effective annihilation
cross section is large leading to smaller relic abundance.
However, this can only be observed when ΔM is suffi-
ciently large enough and the effect of coannihilation is
negligible. In Fig. 9, the correct DM relic density
(ΩDMh2 ¼ 0.120� 0.001) from Planck 2018 data [96] is
shown by the grey colored horizontal solid line. Note that in
Fig. 9, we have chosen MZμτ

¼ 0.2 GeV, gμτ ¼ 5 × 10−4,
the kinetic mixing parameter between Uð1ÞY of SM and
Uð1ÞLμ−Lτ

, ϵ ¼ gμτ=70, mass of Lμ − Lτ-like Higgs,
mh2;3 ¼ 900 GeV and the mixing with SM Higgs to be

very small (sin β2;3 ¼ 0.003), consistent with the available
constraints. Due to small coupling the effects of annihila-
tion and coannihilation processes involving Zμτ and h2;3 are
negligible. Also note that the coannihilation effect of the
inert doublet η is effective only when its mass is very close
to the DM mass and the corresponding Yukawa couplings
YDe and Yψe are sizeable. We keep mη −mχ ≥ 100 GeV

FIG. 9. DM relic density as a function of DM mass (mχ3 ) for
different mass splitting ΔM between the DM and the NLSP (as
mentioned in figure inset in GeV) for sin θ ¼ 0.01 (top panel),
sin θ ¼ 0.1 (middle panel), sin θ ¼ 0.6 (bottom panel). Correct
relic density region from Planck 2018 data (ΩDMh2 ¼
0.120� 0.001) [96] is indicated by the grey colored horizontal
solid line.
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while the size of the relevant Yukawa couplings very small
(10−3) in our analysis and hence it does not affect DM relic
density significantly.
In the top panel of Fig. 10, the correct relic density

allowed parameter space has been shown in the plane of
ΔM versus mχ3 for a wide range of values for the mixing
angle fsinθ¼ 0.001–0.01;0.01−0.1;0.1−0.3;0.3−0.6g,
indicated by different colors as shown in the figure inset.
Note that the chosen ranges of ΔM as well as mixing
angle θ keep the relevant Yukawa coupling perturbative
Yψ <

ffiffiffiffiffiffi
4π

p
, as seen from Eq. (31). We can see from the top

panel of Fig. 10 that there is a bifurcation around
ΔM ∼ 50 GeV, so that the allowed plane of mχ3 − ΔM
are separated into two regions: (I) the bottom portion with
small ΔM (ΔM ≤ 50 GeV), where ΔM decreases with
larger DM mass (mχ3) and (II) the top portion with large
ΔM (ΔM ≥ 50 GeV), where ΔM increases slowly with
larger DM mass mχ3 . In order to understand this figure and
two regimes (I) and (II), we note the following.

(i) In region (I), for a given sin θ range, the annihilation
cross section decreases with increase in DM mass
mχ3 and hence more coannihilation contributions are
required to get the correct relic density, resulting in
ΔM to decrease. So the region below each of these
colored zones corresponds to underabundant DM
(small ΔM implying large coannihilation for a given
mχ3), while the region above corresponds to over-
abundant DM due to the same logic. In this region
the Yukawa coupling Yψ which governs the anni-
hilation cross section is comparatively small since
Yψ ∝ ΔM sin θ and ΔM is small. Also the annihi-
lation cross section decreases with increase in DM
mass. Therefore, when DM mass is sufficiently
heavy (mχ3 > 1.2 TeV), annihilation becomes too
weak to be compensated by the coannihilation even
when ΔM → 0, producing DM overabundance.3

(ii) In region (II), the coannihilation contribution to the
relic is negligible, thanks to large ΔM. Therefore,
Higgs-mediated annihilation processes dominantly
contribute to the relic density. As Higgs Yukawa
coupling Yψ ∝ ΔM sin 2θ, for a given sin θ, larger
ΔM leads to larger Yψ and hence larger annihilation
cross section to yield DM underabundance, which
can only be brought back to the correct ballpark by
having a larger DM mass. By the same logic, larger
sin θ requires smaller ΔM. Therefore, the region
above each colored zone (giving correct relic density
for a specific range of sin θ) is underabundant, while
the region below each colored zone is overabundant.

Now imposing the constraints from DM direct search
experiments on top of the relic density allowed parameter
space (top panel of Fig. 10) in theΔM versusmχ3 plane, we
get the bottom panel of Fig. 10, which is crucially tamed
down as compared to the only relic density allowed
parameter space. Here we consider elastic scattering of
the DM off nuclei via Higgs-mediated interaction and
confront our calculated value of direct search cross section
with that from XENON1T [113]. Again, the absence of tree
level Z-mediated direct search channel makes a crucial
difference in the direct search allowed parameter space as
compared to singlet-doublet Dirac fermion DM as elabo-
rated in [74–76,78,79,84]. While a large sin θ (up to 0.6)
is allowed in the present case simultaneously by the relic
as well as direct search, only upto sin θ ∼ 0.01 is allowed
in the case of singlet-doublet Dirac fermion DM. The
cross section per nucleon for the spin-independent (SI)
DM-nucleon interaction is then given by [82]

FIG. 10. [Top panel]: DM relic density (from Planck) allowed
parameter space, [Bottom panel]: relic density (from Planck)+
Direct Search (from XENON1T) allowed parameter space in the
ΔM versus mχ3 plane for different ranges of sin θ. Shaded region
in the bottom left corner is ruled out by LEP exclusion bound on
charged fermion mass,mψ� ¼ M > 102.7 GeV.

3However, ΔM cannot be arbitrarily small as with ΔM → 0,
the charged companions ψ� are degenerate with DM and are
stable. We can put a lower bound onΔM by requiring the charged
partners ψ� of the DM to decay before the onset of big bang
nucleosynthesis (τBBN ∼ 1 sec.). One may refer to [82] for
further details.
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σSI ¼
4

πA2
μ2r

Y2
ψ sin22θ

M4
h

�
mp

v
ðfpTu þ fpTd þ fpTs þ

2

9
fpTG

þmn

v

�
fnTu þ fnTd þ fnTs þ

2

9
fnTG

��
2

ð36Þ

where A is the mass number of Xenon nucleus, mpðmnÞ is
mass of proton (neutron) and Mh is mass of the SM Higgs
boson.4

The specific reasons for direct search constraints to rule
out heavy fermion mixing is due to the explicit presence of
the factor Y2

ψ sin2 2θ in the direct search cross section given
by Eq. (36), where Yψ ¼ ΔM sin 2θ=2v according to
Eq. (31). So the overall dependency of the direct search
cross section on the mass splitting and the singlet-doublet
mixing goes as, σSI ∼ ΔM2 sin4 2θ. Definitely, combination
of large ΔM and large sin θ will not survive the direct
search bound. Note that relic density favors larger sin θ
with large ΔM in order to be within the Planck limit by
virtue of large annihilation. So the region roughly above
ΔM ¼ 20 GeV cannot simultaneously satisfy both the
bounds. The region roughly below ΔM ¼ 20 GeV is
perfectly allowed by direct search even for large sin θ.
But from the relic point of view, direct search allowed
points with large sin θ would lead to underabundance for
DM mass up to mχ3 ∼ 700 GeV due to large coannihilation
rates. However, the region beyond mχ3 ∼ 700 GeV is
allowed since annihilation also decreases with an increase
in DM mass, which compensates for the increase in
coannihilation, giving the correct relic. When we consider
both relic density and direct search constraints simulta-
neously as shown in the bottom panel of Fig. 10, large sin θ
is allowed only toward higher DM mass with smaller ΔM
favoring a degenerate DM spectrum. The SM Higgs
resonance mχ3 ∼mh=2 is seen to satisfy both relic density
and direct search bound, where ΔM can be very large
having very small sin θ.
In addition to the tree level t-channel process for the

direct detection prospect of DM discussed here, another
contribution to spin-independent direct search cross section
can be induced via the electroweak couplings at loop level
[117]. The corresponding Feynman diagram is shown
in Fig. 11.
This cross section is given by:

σSI ¼
1

πA2
μ2r jMj2 ð37Þ

where the amplitude is given by

M ¼ 4g4mNmχ3

16π2M2
V

F

�
m2

χ3

M2
V

�
sin2 θ½Zfp þ ðA − ZÞfn� ð38Þ

and the loop function F is given by:

FðxÞ ¼
ð8x2 − 4xþ 2Þ log½

ffiffiffiffiffiffiffiffi
1−4x

p þ1
2
ffiffi
x

p �
4x2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x

p

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x

p ð2xþ logðxÞÞ
4x2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x

p : ð39Þ

In the above expression μr is the reduced mass and MV is
the mass of SM vector boson (W� or Z) and fp and fn are
the interaction strengths (including hadronic uncertainties)
of DM with proton and neutron respectively. For simplicity
we assume conservation of isospin, i.e., fp=fn ¼ 1. The
value of fn vary within a range of 0.14 < fn < 0.66 and we
take the central value fn ≃ 1=3 [84,118]. In Fig. 12, we
have shown this loop induced spin-independent DM-
nucleon scattering cross section as a function of DM mass
mχ3 where the color code represents the value of singlet-
doublet mixing sin θ. It is evident from this figure that, this

FIG. 11. Spin-independent elastic DM-nucleon scattering aris-
ing from the loop exchange of the vector mediators.

FIG. 12. Loop-induced SI direct detection cross section as a
function of DM mass.

4Different coupling strengths between DM and light quarks are
given by [114,115] as fpTu ¼ 0.020� 0.004; fpTd ¼ 0.026�
0.005; fpTs ¼ 0.014� 0.062, fnTu ¼ 0.020�0.004;fnTd ¼ 0.036�
0.005;fnTs ¼ 0.118�0.062. The coupling of DM with the gluons
in target nuclei is parametrized by fðp;nÞTG ¼ 1 −

P
q¼u;d;s f

p;n
Tq . See

[116] for more recent estimates.
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loop induced DM-nucleon scattering cross section is almost
independent of DM mass consistent with the result pre-
sented in [119]. Clearly, large values of singlet-doublet
mixing, sin θ > 0.8 are ruled out by the latest constraint
from the XENON1T experiment (shown by the blue solid
line) for DM mass below 600 GeV. However, further
smaller values of mixing angle can be probed by the future
experiments like XENONnT and DARWIN, the sensitivity
of which are shown by the magenta and red dotted lines
respectively.
Note that although there is a possibility of direct

detection by electron recoil though Z − Zμτ mixing by
assuming a sub GeV or GeV scale DM either through
elastic [120] or inelastic scattering [121,122], the corre-
sponding relic density for such a sub-GeV DM will be
overabundant by several orders of magnitude.
DM in WIMP paradigm can also be probed by different

indirect detection experiments which essentially search for
SM particles produced through DM annihilations. Among
these final states, photon and neutrinos, being neutral and
stable can reach the indirect detection experiments without
getting affected much by intermediate medium. These
photons, which are produced from electromagnetically
charged final states, lie in the gamma ray regime for typical
WIMP DM and hence can be measured at space-based
telescopes like the Fermi Large Area Telescope (Fermi-
LAT) or ground based telescopes like MAGIC or HESS.
Measuring the gamma ray flux and using the standard
astrophysical inputs, one can constrain the DM annihilation
into different final states like WþW−,μþμ−, τþτ−,bb̄. In
Fig. 13, we show the points satisfying both relic constraint
and direct search constraint confronted with the combined
constraints from MAGIC and Fermi-LAT [123] for

annihilation of DM into different species as mentioned
in the inset of figure. The dotted lines of different colors
show the corresponding upper limit on the DM annihilation
cross section fromMAGICþ Fermi-LAT. The more recent
analysis indicate similar upper bounds [124,125]. Clearly, a
small part of the parameter space, near SMHiggs resonance
region, can be disfavored while future measurements can be
sensitive to some parts of the heavier DM mass regime.

V. COLLIDER SIGNATURES

Thanks to the presence of the doublet Ψ, the singlet-
doublet model has attractive collider signatures such as—
opposite sign dileptonþmissing energy ðlþl− þ =ETÞ,
three leptonsþmissing energy ðlllþ =ETÞ etc., see
[82,126]. While such conventional collider signatures have
been discussed in details in earlier works, here we briefly
comment on an interesting feature of the model: the
possibility of displaced vertex signature of ψ�. Once these
particles are produced at colliders by virtue of their
electroweak gauge interactions, they can live for longer
periods before decaying into final state particles including
DM [75,84,127]. A particle like ψ� (which is the NLSP in
our model) with sufficiently long lifetime, so that its decay
length is of the order of 1 mm or longer, if produced at the
colliders, can leave a displaced vertex signature. Such a
vertex which is created by the decay of the long-lived
particle, is located away from the collision point where it
was created. The final state like charged leptons or jets from
such displaced vertex can then be reconstructed by dedi-
cated analysis, some of which in the context of the Large
hadron collider (LHC) may be found in [128–130]. Similar
analysis in the context of upcoming experiments like
MATHUSLA, electron-proton colliders may be found in
[131,132] and references therein.
Since a large region of available parameter space of the

model relies on small ΔM (see in the bottom panel of
Fig. 10), the decay of ψ� may be phase space suppressed
and can produce very interesting displaced vertex signature.
The decay rate for the allowed processes ψ� → χ3π

� and
ψ� → χ3l�νl in the limit of small ΔM is given by

Γψ�→χ3π
� ≈

G2
F

π
ðfπ cos θcÞ2sin2θΔM3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
π�

ΔM2

s
;

Γψ�→χ3l�νl ≈
G2

F

15π3
sin2θΔM5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
l

ΔM2

r
; ð40Þ

where GF ¼ 1.16 × 10−5 GeV−2 is the Fermi constant,
fπ ≈ 135 MeV is the pion form factor, θc is the Cabibbo
angle and sin θ is the singlet-doublet mixing angle. Using
the decay width given by Eq. (40), we can calculate the
decay length L0 of ψ� in the rest frame of ψ�. In Fig. 14,
we show the contours of decay length L0 in the ΔM − sin θ
plane, considering ΔM and sin θ in the range allowed by all

FIG. 13. hσviχ3χ3→XX are shown as a function of DM mass
where X is the species as mentioned in the inset of figure. Only
the points that satisfy DM relic and direct detection constraint
are shown.
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other constraints related to DM, (g − 2) as well as CLFV.
We see that, for sufficiently small ΔMðΔM < 10 GeVÞ,
the decay length (L0) can be significantly large to be
detected at the collider, while nonobservation of a displaced
vertex or a charge track will result in a bound on ΔM −
sin θ plane. If the mass splitting is even smaller, say of the
order of Oð100 MeVÞ, the decaying particle ψ� can be
long-lived enough to give rise to disappearing charged track
signatures [127,133,134] which are also constrained by the
LHC [135]. We do not discuss this possibility here and refer
to the above-mentioned works and references therein for
further details.

VI. SUMMARY AND CONCLUSION

Motivated by the growing evidences for anomalous
magnetic moment of muon together with recent hints of
electron anomalous magnetic moment, but in the opposite
direction compared to muon, we study a well motivated
particle physics scenario based on gauged Lμ − Lτ sym-
metry. While the minimal model does not have any dark
matter candidate but explains light neutrino masses via type
I seesaw mechanism at tree level, there exists a small
parameter space currently allowed from all limits which is
consistent with observed muon (g − 2) where the positive
contribution to (g − 2) comes from light vector boson loop.
In order to accommodate DM and a negative electron
(g − 2), we first consider a scotogenic extension of the
model by including an additional scalar doublet η and an in-
built Z2 symmetry under which RHNs and η are odd while
SM fields are even. Even though there exists a charged
scalar loop contribution to (g − 2) in this model, due to the
absence of chiral enhancement, it is not possible to explain

ðg − 2Þe while being consistentwithoverall positive ðg − 2Þμ
and other bounds fromneutrinomass,LFVetc.Therefore,we
further extended themodel by an additional vector like lepton
doublet to get an enhanced negative contribution to electron
(g − 2) with DM phenomenology driven by the well-studied
singlet-doublet fermion DM candidate. We constrain the
model from the requirements of (g − 2), neutrino mass, LFV
constraints and then discuss the singlet-doublet DM phe-
nomenology. In Fig. 15, we showcase the final parameter
space satisfying flavor observables as well as the constraints
from correct relic density and direct search of DM in the
plane of mχ3 − ΔM. It is a riveting feature of this scenario
that once the constraints from (g − 2) of electron and CLFV
are imposed, it limits the allowed DM mass in a range
1–300 GeV which gets further squeezed to around
60–300 GeV once the LEP bound on ψ� mass is imposed
ruling out the cyan colored triangular region. It is also
interesting to note that the mass splitting gets restricted only
up to 20 GeV except in the Higgs resonance region where
larger ΔM is allowed. This depicts the fact that in this
scenario both dark sector phenomenology and the flavor
observables are deeply coupled making it highly prognostic.
Thus, being in agreement with all relevant bounds, the

model remains predictive at CLFV, DM direct detection,
indirect detection as well as collider. In addition to the
singlet-doublet parameter space sensitive to both high and
low energy experiments like the LHC, MEG (or (g − 2))
respectively, the existence of light Lμ − Lτ at sub-GeV
scale also remains sensitive at low energy experiments like
NA62 at CERN, offering a variety of complementary
probes.
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FIG. 14. Contours of decay length (L0) of ψ� in theΔM − sin θ
plane.

FIG. 15. Final parameter space simultaneously allowed from
Δae ¼ −½87� 36� × 10−14, Δaμ < −10−10 & Br(μ → eγ)<
4.2 × 10−13 as well as constraints from correct relic density DM
and direct search ofDMatXENON1T.Cyan shaded region is ruled
out by LEP exclusion bound on charged fermion mass.
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APPENDIX A: NEUTRAL FERMION MASS
MATRIX

Neutral fermion mass matrix for the dark sector in the
basis ððψ0

RÞc;ψ0
L; ðNeÞc; ðNμÞc; ðNτÞcÞT as:

M ¼

0
BBBBBBBBBB@

0 M Yψvffiffi
2

p 0 0

M 0
Yψvffiffi

2
p 0 0

Yψvffiffi
2

p Yψvffiffi
2

p Mee
Yeμv1ffiffi

2
p Yeτv1ffiffi

2
p

0 0
Yeμv1ffiffi

2
p Yμv2ffiffi

2
p Mμτ

0 0 Yeτv1ffiffi
2

p Mμτ
Yτv2ffiffi

2
p

1
CCCCCCCCCCA

ðA1Þ

¼
�

M MD

MT
D MR

�
ðA2Þ

Where M ¼
�

0 M
M 0

�
, MD ¼

 Yψvffiffi
2

p 0 0
Yψvffiffi

2
p 0 0

!
,

and MR ¼

0
B@

Mee
Yeμv1ffiffi

2
p Yeτv1ffiffi

2
p

Yeμv1ffiffi
2

p Yμv2ffiffi
2

p Mμτ
Yeτv1ffiffi

2
p Mμτ

Yτv2ffiffi
2

p

1
CA.

Since ψL and ψR has no coupling with Nμ and Nτ and
MR being a symmetric matrix can always be diagonalized
using an orthogonal matrix Rðα12; α13; α23Þ such that

the flavor eigenstates(Ne, Nμ, Nτ) are related to the
mass eigenstates N1, N2, and N3 (with masses M0

1;M
0
2,

and M0
3) as:

Ne ¼ c12c13N1 þ ð−c23s12 − c12s13s23ÞN2

þ ð−c12c23s13 þ s12s23ÞN3

Nμ ¼ s12c13N1 þ ðc12c23 − s12s23s13ÞN2

þ ð−s12c23s13 þ c12s23ÞN3

Nτ ¼ s13N1 þ c13s23N2 þ c13c23N3 ðA3Þ

where we abbreviated cos αij ¼ cij and sin αij ¼ sij.
As αij angles are free parameters, assuming sinα12 and

sin α13 small, Ne dominantly becomes N1 with negligible
admixture of N2 and N3.
Thus the neutral fermion mass matrix relevant for

singlet-doublet DM phenomenology can be written in
the basis ððψ0

RÞc;ψ0
L; ðN1ÞcÞT as:

M ¼

0
BBB@

0 M c12c13
Yψvffiffi

2
p

M 0 c12c13
Yψvffiffi

2
p

c12c13
Yψvffiffi

2
p c12c13

Yψvffiffi
2

p c212c
2
13M

0
1

1
CCCA:

¼

0
B@

0 M mD

M 0 mD

mD mD M1

1
CA: ðA4Þ

Where M1 ¼ c212c
2
13M

0
1 and mD ¼ c12c13

Yψvffiffi
2

p ¼ c12c13m0
D

APPENDIX B: DM-SM INTERACTION

The interaction terms of the dark and visible sector
particles in the gauged Uð1ÞLμ−Lτ

scenario can be obtained
by expanding the kinetic terms of Ψ and NRi

given in
Eq. (23) as the following,

Lint ¼ Ψ̄iγμ
�
−i

g
2
τ:Wμ − ig0

Y
2
Bμ

�
Ψþ NRi

iγμð−igμτYμτðZμτÞμÞNRi

¼
�

e
2 sin θW cos θW

�
ψ0γμZμψ

0 þ effiffiffi
2

p
sin θW

ðψ0γμWþ
μ ψ

− þ ψþγμW−
μ ψ

0Þ − eψþγμAμψ
−

−
�

e cos 2θW
2 sin θW cos θW

�
ψþγμZμψ

− þ YψΨH̃ðNe þ Nc
eÞ; ðB1Þ

where g ¼ e
sin θW

and g0 ¼ e
cos θW

with e being the electromagnetic coupling constant, θW being the Weinberg angle and gμτ is
the Uð1ÞLμ−Lτ

coupling constant.
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These interactions, when written in terms of the physical states become

Lint ¼
�

e
2 sin θW cos θW

�
ð− cos θχ1LiγμZμχ2L − sin θχ2LiγμZμχ3L þ H:c:Þ

þ effiffiffi
2

p
sin θW

ðcos θχ1γμWþ
μ ψ

− þ χ2iγμWþ
μ ψ

− − sin θχ3γμWþ
μ ψ

−Þ þ effiffiffi
2

p
sin θW

ðcos θψþγμW−
μ χ1

− ψþiγμW−
μ χ2 − sin θψþγμW−

μ χ3Þ − eψþγμAμψ
− −

�
e cos 2θW

2 sin θW cos θW

�
ψþγμZμψ

−: ðB2Þ

[1] B. Abi et al. (Muon g-2 Collaboration), Phys. Rev. Lett.
126, 141801 (2021).

[2] S. Borsanyi et al., Nature (London) 593, 51 (2021).
[3] A. Crivellin, M. Hoferichter, C. A. Manzari, and M.

Montull, Phys. Rev. Lett. 125, 091801 (2020).
[4] G. Colangelo, M. Hoferichter, and P. Stoffer, Phys. Lett. B

814, 136073 (2021).
[5] A. Keshavarzi, W. J. Marciano, M. Passera, and A. Sirlin,

Phys. Rev. D 102, 033002 (2020).
[6] T. Aoyama et al. Phys. Rep. 887, 1 (2020).
[7] F. Jegerlehner and A. Nyffeler, Phys. Rep. 477, 1

(2009).
[8] M. Lindner, M. Platscher, and F. S. Queiroz, Phys. Rep.

731, 1 (2018).
[9] P. Athron, C. Balázs, D. H. Jacob, W. Kotlarski, D.

Stöckinger, and H. Stöckinger-Kim, J. High Energy Phys.
09 (2021) 080.

[10] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[11] D. Borah, S. Mahapatra, D. Nanda, and N. Sahu, Phys.
Lett. B 811, 135933 (2020).

[12] L. Zu, X. Pan, L. Feng, Q. Yuan, and Y.-Z. Fan, arXiv:
2104.03340.

[13] D.W. P. Amaral, D. G. Cerdeño, A. Cheek, and P.
Foldenauer, Eur. Phys. J. C 81, 861 (2021).

[14] S. Zhou, Chin. Phys. C 46, 011001 (2022).
[15] D. Borah, M. Dutta, S. Mahapatra, and N. Sahu, Phys. Lett.

B 820, 136577 (2021).
[16] D. Borah, A. Dasgupta, and D. Mahanta, Phys. Rev. D 104,

075006 (2021).
[17] I. Holst, D. Hooper, and G. Krnjaic, arXiv:2107.09067.
[18] S. Singirala, S. Sahoo, and R. Mohanta, arXiv:2106.03735

[Phys. Rev. D (to be published)].
[19] T. Hapitas, D. Tuckler, and Y. Zhang, Phys. Rev. D 105,

016014 (2022).
[20] D.W. Kang, J. Kim, and H. Okada, Phys. Lett. B 822,

136666 (2021).
[21] R. H. Parker, C. Yu, W. Zhong, B. Estey, and H. Müller,

Science 360, 191 (2018).
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