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We study an Abelian gauge extension of the standard model with fermion families having nonuniversal
gauge charges. The gauge charges and scalar content are chosen in such an anomaly-free way that only the
third generation fermions receive Dirac masses via renormalizable couplings with the Higgs boson.
Incorporating additional vectorlike fermions and scalars with appropriateUð1Þ charges can lead to radiative
Dirac masses of first two generations with neutral fermions going in the loop being dark matter candidates.
Focusing on radiative muon mass, we constrain the model from the requirement of satisfying muon mass,
recently measured muon anomalous magnetic moment by the E989 experiment at Fermilab, along with
other experimental bounds including the large hadron collider (LHC) limits. The anomalous Higgs
coupling to muon is constrained from the LHC measurements of Higgs to dimuon decay. The singlet
fermion dark matter phenomenology is discussed showing the importance of both annihilation and
coannihilation effects. Incorporating all bounds lead to a constrained parameter space which can be probed
at different experiments.

DOI: 10.1103/PhysRevD.105.035006

I. INTRODUCTION

Recently, the E989 experiment at Fermilab has measured
the anomalous magnetic moment (AMM) of a muon,
aμ ¼ ðg − 2Þμ=2, 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

When combined with the previous Brookhaven
determination

aBNLμ ¼ 116592089ð63Þ × 10−11; ð3Þ

it leads to a 4.2σ observed excess of Δaμ ¼ 251ð59Þ×
10−11.1 The theoretical status of SM calculation of muon
AMM can be found in [6]. While this anomaly is known for
a long time since the Brookhaven measurements [7], the
recent Fermilab measurements have also led to several
recent works on updating possible theoretical models with
new data, a comprehensive review of which may be found
in [8]. Earlier reviews on this topic can be found in [9,10].
In this work, we consider an anomaly free Uð1ÞX gauge

extension of the SM where the first two generations of
charged fermions acquire masses only at radiative level.
While triangle anomalies cancel due to the addition of
chiral fermion triplets, giving rise to type III seesaw origin
of light neutrino masses, the new fields introduced for
radiative charged fermion masses can also serve as a stable
dark matter (DM) candidate, if it is stable and neutral.
Focusing primarily on radiative muon mass and muon
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1It should however, be noted that the latest lattice results [2]
predict a larger value of muon (g − 2) bringing it closer to
experimental value. Tension of the measured muon (g − 2) with
global electroweak fits from eþe− to hadron data was also
reported in [3–5].
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AMM, we constrain the model from the requirement of
satisfying muon mass, the latest muon (g − 2) data along
with other relevant bounds like the Higgs coupling to
muons as measured by the large hadron collider (LHC),
Higgs to diphoton bound as well as direct search bounds on
beyond standard model (BSM) particles. We also constrain
the model from the requirement of generating the desired
DM phenomenology. Radiative charged lepton mass in the
context of AMM have been a topic of interest for many
years and several interesting works have already appeared
in the literature within supersymmetric [11–14] as well as
nonsupersymmetric frameworks [15–20]. On the other
hand, connection between dark matter and muon (g − 2)
have also been studied in several earlier works, but with
tree level muon mass [21–28].
We provide a natural origin of muon AMM together

with radiative muon mass and dark matter in a sequential
Uð1ÞX gauged model that can also explain light neutrino
mass from type III seesaw. The particle content and the
corresponding Uð1ÞX charge assignments are chosen in
such an anomaly free way that additional global sym-
metries are not required. The radiative muon mass leads
to anomalous Higgs coupling to muon which can be
probed at the LHC. In spite of having several BSM
particles and free parameters, we find the model to be
highly constrained from the requirements of satisfying
relevant constraints.
This paper is organized as follows. In Sec. II, we briefly

discuss the model. In Sec. III, we discuss the possible origin
of muon (g − 2) in this model followed by discussion of
electroweak precision constraints in Sec. IV. We briefly
comment upon electric dipole moment and lepton flavor
violation constraints in Sec. V followed by discussion of
collider constraints in Sec. VI. In Sec. VII we discuss DM
details and summarize our results in Sec. VIII.

II. THE MODEL

The fermion content of the minimal model is shown in
Table I. The Uð1ÞX charges correspond to anomaly-free
combination with n1, n4 being arbitrary with n4 ≠ −3n1.
While such Abelian extension of the standard model was
studied before [29–33] in different contexts, recently the
possibility of having a sequential Uð1ÞX with different

quantum numbers for each family was proposed [34]. As an
working example, n1 ¼ 0 for all three families while
n4 ¼ 2, 1, 0 for first, second and third families respectively
were chosen. Now, if just one scalar doublet is chosen
having zero Uð1ÞX charge and responsible for electroweak
symmetry breaking, only the third generation quarks and
charged leptons can acquire masses at renormalizable
level.2 The field content of the minimal model with such
choices of n1, n4 is shown in Table II. As discussed in [34],
such a minimal setup leads to tree level third generation
charged fermion masses while the first and second gen-
eration masses arise only at dimension six and dimension
five levels, leading to natural suppression.
Clearly, one can consider additional field content in

order to provide a UV complete realization for such higher
dimensional operators for first and second generation
masses. For example, muon mass can arise at one-loop
level, in scotogenic fashion [41], after introducing the
particles shown in Table III. The corresponding one-loop
diagram is shown in Fig. 1.
Similarly, additional fields can be introduced to generate

other charged fermion as well as Dirac neutrino masses of
first and second generations at radiative level. Here we
focus only the new physics responsible for muon mass
origin at one-loop in the context of dark matter, muon
(g − 2) and LHC constraints. The relevant part of the
Lagrangian for muon mass is given by

TABLE I. Fermion content of the minimal model.

Particle SUð3Þc × SUð2ÞL ×Uð1ÞY Uð1ÞX
ðu; dÞL ð3; 2; 1

6
Þ n1

uR ð3̄; 1; 2
3
Þ 1

4
ð7n1 − 3n4Þ

dR ð3̄; 1;− 1
3
Þ 1

4
ðn1 þ 3n4Þ

ðν; eÞL ð1; 2;− 1
2
Þ n4

eR ð1; 1;−1Þ 1
4
ð−9n1 þ 5n4Þ

ΣR (1,3,0) 1
4
ð3n1 þ n4Þ

TABLE II. Particle content of the minimal model with chosen
n1, n4.

Particle SUð3Þc × SUð2ÞL ×Uð1ÞY Uð1ÞX
ðu; dÞL; ðc; sÞL; ðt; bÞL ð3; 2; 1

6
Þ 0

uR, cR, tR ð3̄; 1; 2
3
Þ − 3

2
;− 3

4
; 0

dR, sR, bR ð3̄; 1;− 1
3
Þ 3

2
; 3
4
; 0

ðνe; eÞL; ðνμ; μÞL; ðντ; τÞL ð1; 2;− 1
2
Þ 2,1,0

eR, μR, τR ð1; 1;−1Þ 5
2
; 5
4
; 0

Σe
R;Σ

μ
R;Στ

R (1,3,0) 1
2
; 1
4
; 0

Φ ¼ ðϕþ;ϕ0Þ ð1; 2; 1
2
Þ 0

η1, η2 (1,1,0) 1
4
; 3
4

TABLE III. Particles responsible for scotogenic muon mass.

Particle SUð3Þc × SUð2ÞL × Uð1ÞY Uð1ÞX
NL;R (1,1,0) − 1

4

ζ ¼ ðζþ; ζ0Þ ð1; 2; 1
2
Þ − 5

4

ρ (1,1,1) − 3
2

2See [35–40] for earlier discussions on fermion mass hierarchy
through sequential loop suppression.
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L⊃−yζL̄μ ζ̃NR−MNN̄LNR−yρN̄LρμR−λΦζη†1ρ
†þH:c:

ð4Þ

As noticed from the above Lagrangian, the newly intro-
duced fields for scotogenic muon mass always appear in
pairs of the form ψ†

1ψ . This is due to the chosen Uð1ÞX
charge assignments of these fields. Therefore, the
Lagrangian possesses a global Uð1ÞD symmetry under
which the fields shown in Table III can have nontrivial
transformations while the SM fields transform trivially
[34]. As none of the scalar fields in Table III acquire any
vacuum expectation value (VEV), this symmetry remains
unbroken, keeping the lightest particle with nontrivial
Uð1ÞD charge stable and hence the DM candidate.
The one-loop muon mass can be estimated as

mμ ¼
YζYρ

16π2
λvu1
2

MN

Mχþ
1
Mχþ

2

Iðx1; x2Þ ð5Þ

where Mχþ
1
, Mχþ

2
are physical masses of scalars in loop,

which can be derived by diagonalizing the charged scalar
mass matrix given in Appendix. Here v, u1 denote the VEV
of the neutral component of the SM Higgs doublet Φ and
singlet scalar η1 respectively. The physical mass eigenstates
arise due to mixing of ζþ, ρþ by the angle given by

sin 2θch ¼
λvu1

M2
χþ
1

−M2
χþ
2

: ð6Þ

The loop function Iðx1; x2Þ is given by

Iðx1; x2Þ ¼
ffiffiffiffiffiffiffiffiffi
x1x2

p
x1 − x2

�
x1

x1 − 1
ln x1 −

x2
x2 − 1

ln x2

�
ð7Þ

where x1 ¼ M2
χþ
1

=M2
N , x2 ¼ M2

χþ
2

=M2
N . The effective cou-

pling of the SM Higgs to muon can be calculated from the
same muon mass diagram as

Yeff
μ ¼

ffiffiffi
2

p
mμ

v

�
cos2ð2θchÞ þ

1

2
sin2ð2θchÞ

×
ffiffiffiffiffiffiffiffiffi
x1x2

p
Iðx1; x2Þ

�
Iðx1Þ
x1

þ Iðx2Þ
x2

��
ð8Þ

where

IðxÞ ¼ x
x − 1

−
x ln x

ðx − 1Þ2 :

For details of other fermion masses including neutrinos,
one may refer to [34]. The physical scalar spectrum and the
couplings are given in Appendix. Clearly, the muon
coupling to the SM Higgs gets changed from the usual
SM value

ffiffiffi
2

p
mμ=v to the one shown in Eq. (8) above. As

can be seen from the full scalar potential of the model
given in Appendix, in addition to λΦζη†1ρ

† term discussed
above, there exist other quartic couplings of SM Higgs
with scalars like ζ, ρ. Since ζ, ρ also couple to muons,
such additional quartic couplings can also lead to anoma-
lous Higgs coupling to muons without contributing to
muon mass at one-loop. However, we have considered
such additional quartic couplings to be small so that
dominant contribution to muon anomalous coupling to
Higgs arises from the same quartic coupling which also
gives rise to radiative muon mass as discussed above.
This anomalous muon coupling to the SM Higgs can be
constrained from the LHC observations as we discuss in
one of the upcoming sections. While there is no role of
singlet scalar η2 in muon mass generation at one-loop, it is
required to generate other fermion masses within a
minimal setup as discussed in [34]. Considering the
VEV of η2 to be u2, the mass of Uð1ÞX gauge boson
after symmetry breaking is MZX

¼ gX
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u21 þ 9u22

p
=4.

III. MUON ANOMALOUS
MAGNETIC MOMENT

As mentioned before, there is a 4.2σ discrepancy
between muon AMM predictions of theory and experi-
mental measurements and can potentially be explained with
BSM physics. In the Uð1ÞX gauge model we discuss here,
there are two different contributions to muon (g − 2): one
from charged scalars in the loop and another where Uð1ÞX
gauge boson goes in the loop. While the contribution from
Uð1ÞX gauge boson loop is subdominant for typical TeV
scale masses, the contribution from charged scalar loop can
be enhanced. This is because, the same loop particles also
give rise to muon mass thereby removing the additional
loop factor from muon (g − 2) contributions [16]. Similar
discussions on muon (g − 2) in radiative muon mass
models have also appeared recently in [20]. The charged
scalar loop contribution to muon (g − 2) in our model is
shown in Fig. 2 where χþ1;2 are the mass eigenstates of ζþ,

FIG. 1. One-loop contribution to muon mass.
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ρþ after symmetry breaking. The corresponding contribu-
tion to muon (g − 2) is given by [20]

Δaμ ¼
m2

μ

M2
N

�
x1 lnx1
1−x1

−
x2 lnx2
1−x2

�
−1
�
3x1−1

ð1−x1Þ2
−

3x2−1

ð1−x2Þ2

þ 2x21 lnx1
ð1−x1Þ3

−
2x22 lnx2
ð1−x2Þ3

þ2

�
1

1−x1
−

1

1−x2
þ x1 lnx1
ð1−x1Þ2

−
x2 lnx2
ð1−x2Þ2

��
: ð9Þ

The neutral Uð1ÞX gauge boson contribution to muon
AMM (shown in Fig. 3) can be written as [42–44]

Δaμ ¼
αX
2π

Z
1

0

dx
2m2

μx2ð1 − xÞ
x2m2

μ þ ð1 − xÞM2
Z0
≈
αx
2π

2m2
μ

3M2
Z0

ð10Þ

where αX ¼ g2X=ð4πÞ. As shown in earlier works [45–49],
the only allowed region where such neutral gauge boson
contribution can explain muon AMM is in the sub-GeV
regime with corresponding gauge coupling smaller than
10−3. Since we consider the heavy gauge boson limit, the
contributions from such neutral gauge bosons remain
suppressed. In fact, since Uð1ÞX gauge boson couples to
electrons as well, the bounds from low energy experiments

related to dark photon searches are likely to rule out the low
mass regime completely [45] leaving us with the explan-
ation of muon AMM from charged scalar loop only.
An important observation about muon g-2 is that if the

muon mass originates at tree level, as in the SM, then a loop
contribution from a scalar and a fermion is positive if the
scalar (fermion) is neutral (charged), but negative if the
scalar (fermion) is charged (neutral). However, if the muon
mass is radiative in one-loop coming from a scalar and a
fermion as in our model, then the sign reverses. Therefore,
even with charged scalar loop shown in Fig. 2, we can still
explain positive Δaμ.

IV. ELECTROWEAK PRECISION CONSTRAINTS

Another constraint on the model parameters can arise
due to the electroweak precision data (EWPD) encoded in
Peskin-Takeuchi oblique parameters S and T. Due to the
presence of new scalar doublet (ζ) and charge singlet scalar
(ρ), these oblique parameters can receive additional con-
tributions. As shown in [50,51], the charged singlet scalar
(ρ) contributes to the S parameter only and does not affect
the T parameter at one loop level. Also, the corresponding
contribution of singlet scalar remains small, well within
error bars. The contributions due to the scalar doublet (ζ)
can be written as [52]

S ¼ 1

12π
ln
M2

ζR

M2
χþ
1

;

T ¼ 1

16π2αv2
FðM2

χþ
1

;M2
ζR
Þ; ð11Þ

where Fðx; yÞ is the loop function and can be expressed as

Fðx; yÞ ¼
� xþy

2
− xy

x−y ln
x
y ; if x ≠ y;

0; if x ¼ y:
ð12Þ

The present best fit values of S ¼ 0.02� 0.07 and T ¼
0.07� 0.06 [53] can be used for deriving the constraint on
the model parameters as we discuss in upcoming sections.

V. ELECTRIC DIPOLE MOMENT AND LEPTON
FLAVOR VIOLATION

Similar to the anomalous magnetic moment discussed
above, electric dipole moment (EDM) of leptons is a
flavor conserving observable which is a measure of the
coupling of the lepton’s spin to an external electric field.
In the SM, lepton EDMs are vanishingly small and hence
any experimental observation can be a clear sign of BSM
physics. While in the SM, EDM of lepton like muon arises
only at four loop level, in the present model, we can have
muon EDM at one-loop level itself via a diagram similar
to the one-loop diagrams for muon (g − 2). Since one-loop
contribution to muon EDM can be sizeable, one can

FIG. 2. One-loop contribution to muon (g − 2) from charged
scalars.

FIG. 3. One-loop contribution to muon (g − 2) due to extra
Uð1Þ gauge boson.
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constrain the model parameters from experimental
bound [54]

jdμj=e < 1.9 × 10−19 cm: ð13Þ

However, EDM is a CP violating observable and hence
depends upon CP violating couplings involved in the one-
loop process [55]. Since rest of our analysis does not rely
upon new sources of CP violation, we can tune them
appropriately to keep the resulting EDM within exper-
imental limit.
Another flavor observable is related to charged lepton

flavor violation (CLFV) like μ → eγ which can naturally
arise in BSM scenarios like radiative mass models.
Experimental constraints on this rare decay process Brðμ →
eγÞ < 4.2 × 10−13 at 90% confidence level [56] can be used
to constrain the parameter space of such models. In order to
realize such flavor violating decays, the particles in the loop
need to couple to different generations of fermions.
However, due to nonuniversal Uð1ÞX charges in our model,
the fields responsible for radiative muon mass as well as
muon (g − 2), do not couple to other lepton generations.
Therefore, we do not have such one-loop CLFV processes
and hence they do not impose any additional constraints on
the parameter space.

VI. COLLIDER CONSTRAINTS

Collider constraints can primarily apply on SM Higgs
decay into muons as the effective coupling is changed in
such radiative muon mass models. Additional constraints
can apply to physical masses of charged scalars as well as
other particles having electroweak interactions from direct
search bounds. The modifications in Higgs decay into
muons, relative to the SM can be written the corresponding
ratio of branching fractions as

0.8 × 10−4 < BRðh → μþμ−Þ < 4.5 × 10−4 ð14Þ

as given by the CMS collaboration [57]. A similar
bound has been reported by the ATLAS collaboration
[58] as well.
Higgs to diphoton rate in the model including SM

contribution and new charged scalars χþ1;2 is given by [59]

Γðh → γγÞ ¼ GFα
2m3

h

128
ffiffiffi
2

p
π3

����
X
f

NcQ2
fA

h
1=2ðτfÞ þ Ah

1ðτwÞ

þ
X
i

ghiiQ2
i A

h
0ðτiÞ

����
2

ð15Þ

where GF is Fermi coupling constant, α is fine structure
constant, Nc is the color factor of charged fermion in loop,
Qf;i are electromagnetic charges of fermions and scalars in
loop and τi ¼ m2

h=4m
2
i with i running over all charged

particles in loop. The form factors for fermion, vector
boson, and scalars are given by

Ah
1=2ðτÞ ¼ 2½τ þ ðτ − 1ÞfðτÞ�τ−2;
Ah
1ðτÞ ¼ −½2τ2 þ 3τ þ 3ð2τ − 1ÞfðτÞ�τ−2;

Ah
0ðτÞ ¼ −½τ − fðτÞ�τ−2:

The function fðτÞ is given by

fðτÞ ¼
8<
:

arcsin2
ffiffiffi
τ

p
; τ ≤ 1

− 1
4

�
log 1þ

ffiffiffiffiffiffiffiffiffi
1−τ−1

p

1−
ffiffiffiffiffiffiffiffiffi
1−τ−1

p − iπ

�
2

; τ > 1:

The parameter ghij denotes SM Higgs coupling with the
charged scalar χþi χ

−
j . They are given by:

gh11 ¼ −λu1 cos θch sin θch; gh22 ¼ λu1 cos θch sin θch;

gh12 ¼ λu1ðcos2θch − sin2θchÞ

where θch is the mixing angle for ζþ and ρþ as given by
Eq. (6). The first two couplings are relevant for h → γγ. The
first two terms in Eq. (15) are due to SM contributions and
the last term is due to charged scalars in extra Uð1ÞX gauge
model. So new contributions to Γðh → γγÞ come from the
last term and its interference with SM terms.
According to the latest CMS results [60], the constraints

on Higgs to diphoton ratio is
BRðh→γγÞexpt
BRðh→γγÞSM ¼ 1.12� 0.09

which implies the new contribution should satisfy the
constraint

BRðh → γγÞNew
BRðh → γγÞexpt

¼ 0.0291 to 0.1735 ð16Þ

Similarly, collider bounds exist on neutral gauge boson
mass and corresponding gauge couplings. The limits from
LEP II data constrains such additional gauge sector by
imposing a lower bound on the ratio of new gauge boson
mass to the new gauge couplingMZX

=gX ≥ 7 TeV [61,62].
The bounds from ongoing LHC experiment have already
surpassed the LEP II bounds. In particular, search for high
mass dilepton resonances have put strict bounds on such
additional gauge sector coupling to all generations of
leptons and quarks with coupling similar to electroweak
ones. The latest bounds from the ATLAS experiment
[63,64] and the CMS experiment [65] at the LHC rule
out such gauge boson masses below 4–5 TeV from analysis
of 13 TeV data. Such bounds get weaker, if the corre-
sponding gauge couplings are weaker [63] than the
electroweak gauge couplings. Also, if the Z0 gauge boson
couples only to the third generation of leptons, all such
collider bounds become much weaker, as explored in the
context of DM and collider searches in a recent work [66].
Similarly, the additional scalar sector can also be
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constrained from collider data. While there are no dedicated
LHC searches for singlet charged scalar (like ρ in our
model) yet, theoretical studies like [67] show high lumi-
nosity LHC sensitivity up to 500 GeV. For electroweak
doublet like ζ, LEP II bounds rule out some part of the
parameter space below 100 GeV [68]. At colliders, if they
are produced, they can decay into DM (missing energy) as
well as charged leptons (say, muon). Such leptonic final
states with missing energy have been studied in several
earlier works [69–71]. As a conservative lower limit, we
consider all such BSM scalars to be heavier than 100 GeV
in our numerical analysis.

VII. DARK MATTER

The neutral singlet vectorlike fermion NL;R is the dark
matter candidate in this model. Although neutral compo-
nent of the scalar doublet ζ could also be a DM candidate, it
turns out that the neutral components of ζ are degenerate
leading to a large Z boson mediated DM-nucleon scatter-
ing, ruled out by experiments like XENON1T [72]. The
situation is similar to sneutrino DM in the minimal super-
symmetric standard model (MSSM) [73]. This leaves us
with the only choice of fermion singlet being the DM
candidate. Since it does not interact with any singlet scalar,
so DM phenomenology is dictated by its annihilation via
Uð1ÞX gauge boson only. While for such pure gauge
mediated annihilations, the relic is likely to be satisfied
near the resonance region MDM ≈MZX

=2, for small mass
splitting between DM and charged scalars χþ1;2 one can have
interesting coannihilation effects which depends upon
Yukawa couplings dictating both muon mass and (g − 2).
The relic abundance of a dark matter particle DM, which

was in thermal equilibrium at some earlier epoch can be
calculated by solving the Boltzmann equation

dnDM
dt

þ 3HnDM ¼ −hσviðn2DM − ðneqDMÞ2Þ ð17Þ

where nDM is the number density of the dark matter particle
DM and neqDM is the number density when DM was in
thermal equilibrium. H is the Hubble expansion rate of the
Universe and hσvi is the thermally averaged annihilation
cross section of the dark matter particle DM. In terms of
partial wave expansion hσvi ¼ aþ bv2. Numerical solu-
tion of the Boltzmann equation above gives [74,75]

ΩDMh2 ≈
1.04 × 109xF

MPl
ffiffiffiffiffi
g�

p ðaþ 3b=xFÞ
ð18Þ

where xF ¼ MDM=TF, TF is the freeze-out temperature,
MDM is the mass of dark matter, g� is the number of
relativistic degrees of freedom at the time of freeze-out and
MPl ≈ 2.4 × 1018 GeV is the Planck mass. Dark matter
particles with electroweak scale mass and couplings freeze

out at temperatures approximately in the range xF ≈ 20–30.
More generally, xF can be calculated from the relation

xF ¼ ln
0.038gMPlMDMhσvi

g1=2� x1=2F

ð19Þ

which can be derived from the equality condition of DM
interaction rate Γ ¼ nDMhσvi with the rate of expansion of
the Universe H ≈ g1=2� T2

MPl
. The thermal averaged annihila-

tion cross section hσvi used in the Boltzmann equation of
(17) is given by [76]

hσvi ¼ 1

8M4
DMTK

2
2ðMDM=TÞ

×
Z

∞

4M2
DM

σðs − 4M2
DMÞ

p
sK1ð

p
s=TÞds ð20Þ

where Ki’s are modified Bessel functions of order i, m is
the mass of the dark matter particle and T is the
temperature.
If there exists some additional particles having mass

difference close to that of DM, then they can be thermally
accessible during the epoch of DM freeze out. This can give
rise to additional channels through which DM can coanni-
hilate with such additional particles and produce SM
particles in the final states. This type of coannihilation
effects on dark matter relic abundance were studied by
several authors in [77–79]. As we will see while incorpo-
rating all relevant constraints, there exist regions of

FIG. 4. Common parameter space satisfying muon mass (blue
line), muon (g − 2) (the brown band), h → γγ (vertical green
band), and h → μþμ− (the grey mesh) for a chosen benchmark
BP-1.
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parameter space where the DM fermion can have small
mass splitting with charged scalars leading to a region of
strong coannihilations. Since the corresponding Yukawa
couplings are also required to be large to satisfy other
bounds, such coannihilations can in fact lead to suppressed
relic abundance. We use the package micrOMEGAs [80]
to calculate DM relic abundance in the most general way
and use FEYNRULES [81] package to prepare the required
model files.

VIII. RESULTS AND CONCLUSION

Let us now discuss all possible phenomenological
consequences of our model. We will consider the con-
straints coming form the AMM of muon, muon mass, the
decay of SM Higgs to γγ and μþμ−, and finally the relic
abundance of DM respectively. The important parameters
for these different observable are the following:

Mχþ
1
;MζR ;MDM; θch; yζ ¼ yρ; λ; gX;MZx

:

However, all the other observables are independent of gX
andMZX

except the relic density of DM and we will discuss
the role of these parameters first. In Fig. 4, we have shown

TABLE IV. Benchmark points used in numerical analysis.

Benchmark points

Mχþ
1
(GeV) MζR (GeV) MDM (GeV) sin θch yζ ¼ yρ λ gX MZX

(GeV)

BP-1 200–3000 Mχþ
1
− 71.43 200–5000 0.8741 0.6756 −0.8327 � � � � � �

BP-1=2 MDM þ 15 MDM þ 10 500–3000 0.887 0.792 −0.862 0.009 2813
BP-2=2 MDM þ 105 MDM þ 100 500–3000 0.887 0.792 −0.862 0.009 2813
BP-3=2 MDM þ 255 MDM þ 250 500–3000 0.887 0.792 −0.862 0.009 2813
BP-1=3 MDM þ 15 MDM þ 10 500–3000 0.9156 0.644 −0.282 0.038 2447
BP-2=3 MDM þ 105 MDM þ 100 500–3000 0.9156 0.644 −0.282 0.038 2447
BP-3=3 MDM þ 605 MDM þ 600 500–3000 0.9156 0.644 −0.282 0.038 2447

FIG. 5. Allowed parameter space from all relevant constraints satisfying muon mass, muon (g − 2), h → γγ and h → μþμ−. The color
code represents the mass splitting between the Mχþ

1
and MζR in left panel whereas the color code shows the variation of the Yukawa

coupling yζ in the right panel.

TABLE V. The parameters of our model and ranges used in the
scan leading to Fig. 5.

Parameters Range

Mχþ
1

(100 GeV, 5 TeV)
Mχþ

1
−MζR (1 GeV, 500 GeV)

MDM (1 GeV, 10 TeV)
sin θch (0.01, 1)
yζ ¼ yρ (0.01,

ffiffiffiffiffi
4π

p
)

λ ð−0.001;−1Þ
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the allowed parameter space in MDM vs Mχþ
1
plane, from

muon mass (blue line), muon (g − 2) (the brown band),
h → γγ (vertical green band), and h → μþμ− (the grey
mesh). We have fixed all the other parameters according to
the BP-1 shown in Table IV and one can clearly see that all
these different regions coincide with each other in a very
tiny region in MDM vs Mχþ

1
plane.

In Fig. 5, we have shown the allowed parameter space in
the same MDM vs Mχþ

1
plane by varying all the other

parameters as mentioned in Table V. In the left panel, the
color code represents the mass splitting between the Mχþ

1

and MζR where as in the right panel, the color code shows
the variation of the Yukawa coupling yζ. For simplicity, we
have assumed equality of Yukawa couplings yζ ¼ yρ. Any
deviation from this equality is unlikely to bring substantial
change in our results. In spite of the presence of many
different parameters, a very small region of parameter space
is allowed from all the above-mentioned constraints. One
can also note that we require quite large yζ (< 0.5) to
satisfy all possible constraints. Finally, we have shown the
constraints coming from the electroweak precision observ-
able as discussed in Sec. IV. A very small region of the
parameter space is excluded from the EWPD constraints3

as shown in the black and red colored points in the high
mass regime of charged scalar in Fig. 5. While the band
consisting of colored points satisfy all relevant bounds, the
upper half of the plane (shaded) is disfavored as it
corresponds to an unstable DM candidate.

So far, we have not taken into account the constraints
coming from the observed relic density of DM. As
discussed earlier, the DM particles freeze-out from the
thermal bath due to the annihilation and coannihilation
processes through the new Yukawa as well as gauge
interactions. Figure 6 represents the relic abundance of
DM as a function of its mass (MDM) and all the other
parameters have been kept fixed according to the bench-
mark points shown in Table IV. We have chosen these
benchmark points from allowed region shown in Fig. 5 so
that all other constraints are satisfied. The left panel is for
very small gX ∼ 0.009whereas the right panel is for slightly
larger gX ∼ 0.03. One can clearly notice the absence
(presence) of ZX resonance in the left (right) panel due
to the smallness (largeness) of the gauge coupling gX.
Finally, we have shown the role of both gX and MZX

in
Fig. 7. Here, we have shown the allowed parameter space in
gX versusMZX

plane, while other parameters are kept fixed
at benchmark points allowed from all possible experimental
constraints. We consider the allowed points for DM masses
as shown in Fig. 5 and then vary ðgX;MZX

Þ randomly in the
range shown in Fig. 7. The scattered points in Fig. 7
correspond to DM masses (shown in color bar) which
satisfy correct relic abundance. The effect of DM annihi-
lation mediated by ZX is clearly visible for ZX masses close
to resonance regime while the points away from resonance
will satisfy relic due either due to large gauge coupling gX
or coannihilation with scalars. The grey shaded region in
Fig. 7 corresponds to the exclusion limits from the LHC
searches for heavy resonances decaying into lepton pairs
[63–65]. The brown shaded region corresponds to the LEP
boundMZX

=gX ≥ 7 TeV. The most important point to note
here is that the LHC-13 TeV data excludes a broad region
of parameter space of our model. In order to implement
the LHC bound we compute the dilepton production cross

FIG. 6. The variation of relic abundance of DM as a function of its mass for different benchmark values of other relevant parameters.

3Note that we have made a conservative estimate by consid-
ering a pure scalar doublet contribution. The actual estimate will
involve both doublet and singlet scalar contributions with
possible interference, a full calculation of which is beyond the
scope of present work.
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section at 13 TeV center of mass energy at the LHC using
the package MADGRAPH [82]. As the first generation quarks
have Uð1ÞX charges more than unity, we get a stricter
bound on gX −MZX

parameter space compared to other
universal Abelian extensions like gauged B − L. Clearly,
the benchmark points shown in the last three rows of
Table IVare already disallowed by the LHC bounds. In fact,
only a handful of DM masses from Fig. 5 survive LHC
bounds, as shown in Fig. 7. Due to constant DM mass but
varying gX;MZX

, many of these points seem to fall on a line
in the allowed region of Fig. 7. With a much bigger scan
size, the allowed region can be filled with more points
allowed from all relevant constraints. Clearly, all these
allowed points correspond to small values of gauge
coupling gX and hence coannihilation effects play dominant

role in generating correct DM relic. The mass splitting of
DM and scalars are in the range of 150–500 GeV while the
corresponding Yukawa couplings are of order unity leading
to efficient coannihilations for DM masses in 1200–
1500 GeV range falling in the allowed region. We also
check that the points allowed by LHC bounds are also
allowed from DM direct detection bounds from XENON1T
experiment [72].
To summarize, we have studied an Abelian gauge

extension of the standard model with radiative muon mass
leading to anomalous magnetic moment as well as anoma-
lous Higgs coupling of muon having very interesting
consequences at experiments. While a positive muon
(g − 2) has been reported recently by the Fermilab experi-
ment confirming the Brookhaven measurements made
much earlier, the anomalous Higgs coupling to muon
can be probed at the LHC. The model also predicts a
stable fermion singlet dark matter candidate which goes
inside radiative muon mass loop in scotogenic fashion.
Taking into account of all relevant constraints related to
muon mass along with its (g − 2), Higgs coupling to
muons, Higgs to diphoton decay, direct search bounds
from colliders as well as dark matter phenomenology lead
to a tiny region of parameter space that can be probed at
future experiments.
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APPENDIX: SCALAR MASS SPECTRUM AND
COUPLINGS

The complete scalar potential of the model can be
written as

Vðϕ; η1; η2; ζ; ρÞ ¼ −μ2ϕðΦ†ΦÞ þ λϕðΦ†ΦÞ2 þ μ2ζðζ†ζÞ þ λζðζ†ζÞ2 − μ2η1ðη†1η1Þ þ λη1ðη†1η1Þ2

− μ2η2ðη†2η2Þ þ λη2ðη†2η2Þ2 þ μ2ρðρ†ρÞ þ λrhoðρ†ρÞ2 þ λϕζðΦ†ΦÞðζ†ζÞ
þ λϕη1ðΦ†ΦÞðη†1η1Þ þ λϕη2ðΦ†ΦÞðη†2η2Þ þ λϕρðΦ†ΦÞðρ†ρÞ þ λζη1ðζ†ζÞðη†1η1Þ
þ λζη2ðζ†ζÞðη†2η2Þ þ λζρðζ†ζÞðρ†ρÞ þ λη1η2ðη†1η1Þðη†2η2Þ þ λη1ρðη†1η1Þðρ†ρÞ
þ λη2ρðη†2η2Þðρ†ρÞ þ λ0η1η2 ½ðη†2η31Þ þ H:c:� þ λ½ðϵabϕaζbρ

†η†1Þ þ H:c:� ðA1Þ

In the last line of the above potential ϵab is an antisym-
metric tensor and ϕa; ζb are components of the doublet
scalars Φ, ζ, respectively. As mentioned earlier, only the

neutral components of Φ and η1;2 acquire VEVs, denoted
by v, u1;2 respectively, leading to spontaneous breaking of
SM and Uð1ÞX gauge symmetries, respectively.

FIG. 7. Parameter space in gX versus MZX
plane favored from

dark matter phenomenology related to relic abundance and direct
detection cross section. Dark matter mass range as well as other
parameters correspond to allowed points in Fig. 5 after incor-
porating other relevant constraints.
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The minimization conditions are

μ2ϕ ¼ 1

2
ðλϕη1u21 þ λϕη2u

2
2 þ 2λϕv2Þ; ðA2Þ

μ2η1 ¼
1

2
ð2λη1u21 þ 3λ0η1η2u1u2 þ λη1η2u

2
2 þ λϕη1v

2Þ; ðA3Þ

μ2η2 ¼
λ0η1η2u

3
1 þ λη1η2u

2
1u2 þ 2λη2u2

3 þ λϕη2u2v
2

2u2
: ðA4Þ

The CP even neutral scalar mass matrix, for neutral
components of Φ; η1;2 is

M2
even ¼

0
BBB@

2λϕv2 λϕη1u1v λϕη2u2v

λϕη1u1v 2λη1u
2
1 þ

3λ0η1η2u1u2
2

3λ0η1η2u
2
1

2
þ λη1η2u1u2

λϕη2u2v
3λη1η2u

2
1

2
þ λη1η2u1u2 2λη2u

2
2 −

λ0η1η2u
3
1

2u2

1
CCCA: ðA5Þ

The CP odd neutral scalar mass matrix (for singlet scalar components) is

M2
odd ¼

0
B@

−9
2
λ0η1η2u1u2

3
2
λ0η1η2u

2
1

3
2
λ0η1η2u

2
1 − λ0η1η2u

3
1

2u2

1
CA ðA6Þ

with vanishing determinant leading to a Goldstone mode. The charged scalar mass matrix, comprising of charged
components of doublet ζ and singlet ρ, is

M2
charged ¼

0
B@ μ2ζ þ 1

2
ðλζη1u21 þ λζη2u

2
2 þ λϕζv2Þ λu1v

2

λu1v
2

μ2ρ þ 1
2
ðλη1ρu21 þ λη2ρu

2
2 þ λϕρv2Þ

1
CA: ðA7Þ

The neutral components of scalar doublet ζ acquire masses as

M2
ζR

¼ M2
ζI
¼ 1

2
ð2μ2ζ þ λζη1u

2
1 þ λζη2u

2
2 þ λϕζv2Þ: ðA8Þ

Other relevant couplings and mass relations are summarized below.

λ0η1η2 ¼ −
2M2

Au2
u1ðu21 þ 9u22Þ

; ðA9Þ

u1 ¼
2 cos θchðM2

ζR
−M2

χþ
1

Þ
λ sin θchv

; ðA10Þ

Mχþ
2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

ζR
− cos θ2chM

2
χþ
1

sin θ2ch

vuut ; ðA11Þ

μ2ρ¼
1

2λ2 sinθ2chv
2
ð−2cosθ4chM2

χþ
1

ð−4λη1ρM2
ζR
þ4λη1ρM

2
χþ
1

sinθ2chþλ2v2Þþ2cosθ2chðλ2M2
ζR
v2−2λη1ρðM2

ζR
−M2

χþ
1

sinθ2chÞ2Þ

−4cosθ6chλη1ρM
4
χþ
1

þλ2 sinθ2chv
2ð2M2

χþ
1

sinθ2ch−λη2ρu
2
2−λϕρv2ÞÞ; ðA12Þ

λϕ ¼ cos θ213ðcos θ212M2
H1

þM2
H2

sin θ212Þ þM2
H3

sin θ213
2v2

; ðA13Þ
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λη1 ¼
1

4u21
ð2 sin θ223ðsin θ213ðcos θ212M2

H1
þM2

H2
sin θ212Þ þ cos θ213M

2
H3
Þ þ 2 cos θ223ðcos θ212M2

H2
þM2

H1
sin θ212Þ

þ 4 cos θ12 cos θ23 sin θ12 sin θ13 sin θ23ðM2
H1

−M2
H2
Þ − 3λ0η1η2u1u2Þ; ðA14Þ

λη2 ¼
1

4u32
ðλ0η1η2u31 þ 2u2ðcos θ223ðsin θ213ðcos θ212M2

H1
þM2

H2
sin θ212Þ þ cos θ213M

2
H3
Þ

þ sin θ223ðcos θ212M2
H2

þM2
H1

sin θ212Þ þ 2 cos θ12 cos θ23 sin θ12 sin θ13 sin θ23ðM2
H2

−M2
H1
ÞÞÞ; ðA15Þ

λϕη1 ¼
1

u1v
ðcos θ13 sin θ13 sin θ23ð− cos θ212M

2
H1

−M2
H2

sin θ212 þM2
H3
Þ þ cos θ12 cos θ13 cos θ23 sin θ12ðM2

H2
−M2

H1
ÞÞ;

ðA16Þ

λϕη2 ¼
1

u2v
ðcos θ13ðcos θ23 sin θ13ð− cos θ212M

2
H1

−M2
H2

sin θ212 þM2
H3
Þ þ cos θ12 sin θ12 sin θ23ðM2

H1
−M2

H2
ÞÞÞ; ðA17Þ

λη1η2 ¼ −
1

2u1u2
ð2 cos θ212 cos θ23 sin θ23ðM2

H2
−M2

H1
sin θ213Þ þ 2 cos θ12 sin θ12 sin θ13ðcos θ23 − sin θ23Þ

× ðcos θ23 þ sin θ23ÞðM2
H2

−M2
H1
Þ − 2 cos θ213 cos θ23M

2
H3

sin θ23 þ 2 cos θ23 sin θ212 sin θ23

× ðM2
H1

−M2
H2

sin θ213Þ þ 3λ0η1η2u
2
1Þ: ðA18Þ

In the above expressions θ12, θ12, θ23 are mixing angles of neutral CP even scalar mass matrix with mass eigenvalues
denoted by MH1

, MH2
, MH3

respectively.
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