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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 appropriate U(1) 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.
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I. INTRODUCTION

Recently, the E989 experiment at Fermilab has measured
the anomalous magnetic moment (AMM) of a muon,
a, = (9-2),/2, showing a discrepancy with respect to
the theoretical prediction of the Standard Model (SM) [1]

aENAL = 116592040(54) x 107! (1)

aM = 116591810(43) x 1071 (2)
When combined with the previous Brookhaven
determination
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aBNL — 116592089(63) x 10711, (3)

it leads to a 4.2¢ observed excess of Aa, = 251(59)x

10~'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 U(1)y 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

It 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 e*e™ to hadron data was also
reported in [3-5].

Published by the American Physical Society
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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
U(1)y gauged model that can also explain light neutrino
mass from type III seesaw. The particle content and the
corresponding U(1)y 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. VIIL.

II. THE MODEL

The fermion content of the minimal model is shown in
Table I. The U(1), charges correspond to anomaly-free
combination with n;, ny being arbitrary with n, # —3n;.
While such Abelian extension of the standard model was
studied before [29-33] in different contexts, recently the
possibility of having a sequential U(1)y with different

TABLE 1. Fermion content of the minimal model.

Particle SU@3).xSU(2), x U(1)y U(l)y
(u.d), (3.2.3) ny

ug (3.1.3) 1 (Tny = 3ny)
dg (3,1, —%) 1(n +3ny)
(v,e) (1,2,-1) Ty

er (1,1,-1) %(—9n1 +5ny)
Sk (1,3,0) 13ny +ny)

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

Particle SU3), xSU(2), xU(1), U()y
(u.d),. (c.5),.(.b), (3.2.3) 0

URs CRs IR (3.1.3) -3.-3.0
dRa SR> bR (3717_%) %7%90
(ver €)1 W )1 (00 7)s (1.2,-1) 210
€Rs HRs TR (1,1,-1) 3.3.0
Te, T, Th (1,3,0) 5:4.0
= (¢".¢°) (1.2.3) 0

s M2 (1,1,0) 4]17%
TABLE III.  Particles responsible for scotogenic muon mass.
Particle SU@3),. xSU((2), x U(1)y U(l)y
Npg (1,1,0) -1
{=(".0) (1.2.3) -3
p (11.1) -3

quantum numbers for each family was proposed [34]. As an
working example, n; =0 for all three families while
ny = 2, 1, 0 for first, second and third families respectively
were chosen. Now, if just one scalar doublet is chosen
having zero U(1)y charge and responsible for electroweak
symmetry breaking, only the third generation quarks and
charged leptons can acquire masses at renormalizable
level.” The field content of the minimal model with such
choices of n;, n, 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 IIl. 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

See [35—40] for earlier discussions on fermion mass hierarchy
through sequential loop suppression.
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One-loop contribution to muon mass.
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FIG. 1.

L2 -yL, ENg—MyN Ng— YoNrpug - /m’é”ﬁp+ +H.c.
(4)

As noticed from the above Lagrangian, the newly intro-
duced fields for scotogenic muon mass always appear in
pairs of the form y . This is due to the chosen U(1)y
charge assignments of these fields. Therefore, the
Lagrangian possesses a global U(1);,, 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
U(1), charge stable and hence the DM candidate.
The one-loop muon mass can be estimated as

Y(Yp M)ul MN
m, =
# 167[2 2 M)(TM)(;

1(xy.x2) (5)

where M vt M 4 are physical masses of scalars in loop,
which can be derived by diagonalizing the charged scalar
mass matrix given in Appendix. Here v, u; denote the VEV
of the neutral component of the SM Higgs doublet @ and
singlet scalar 7; respectively. The physical mass eigenstates
arise due to mixing of {*, p* by the angle given by

. Avu
Sin 29Ch = m . (6)
x
The loop function I(xy, x,) is given by
I(.X'l,.X'z) = ﬂ ( 1 lnxl 2 lnx2> (7)
X1 — X \X1 — 1 - 1

M 2+ /M%, x, = M 2+ /M3, The effective cou-

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

where x; =

G |
Yot — v2m, {0052(290},) + 557 (20)
v

« VX2 (1(xy)  1(x))
I(xl»xz)( X1 * X2 ﬂ ®)
where
X xInx
= o

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 \/Em” /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 /Id)g“;ﬁp* term discussed
above, there exist other quartic couplings of SM Higgs
with scalars like £, p. Since {, p 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 7, 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 n, to be u,, the mass of U(1)y gauge boson

after symmetry breaking is Mz, = gx+/ ui + 9us /4.

III. MUON ANOMALOUS
MAGNETIC MOMENT

As mentioned before, there is a 4.2¢ discrepancy
between muon AMM predictions of theory and experi-
mental measurements and can potentially be explained with
BSM physics. In the U(1), gauge model we discuss here,
there are two different contributions to muon (g — 2): one
from charged scalars in the loop and another where U(1)y
gauge boson goes in the loop. While the contribution from
U(1)y 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 )(fz are the mass eigenstates of T,
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FIG. 2. One-loop contribution to muon (g — 2) from charged
scalars.

>

pt after symmetry breaking. The corresponding contribu-
tion to muon (g — 2) is given by [20]

A m;, (x, Inx, lenx2>—1 { 3x;—1  3x,-1
a f— — —
(

MR\ 1-x;  1-x, 1-x)% (1—x,)?
2xilnx;  2x31lnx,
(1-x)* (1-x)°

1 1 X1 1nx, X5 1Inx,
2 - - . 9
+ (1—X1 1—962—1—(1—361)2 (1-x,) ©)

The neutral U(1), gauge boson contribution to muon
AMM (shown in Fig. 3) can be written as [42-44]

ay [1 2mlx*(1 - x) a, 2m;,
Aa, = = X5 — AL Y Y?
2z Jo  x*my+ (1 =x)M7,  273M7,

(10)

where ay = g%/(4n). 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
1073, Since we consider the heavy gauge boson limit, the
contributions from such neutral gauge bosons remain
suppressed. In fact, since U(1)y gauge boson couples to
electrons as well, the bounds from low energy experiments

T T

FIG. 3. One-loop contribution to muon (g —2) due to extra
U(1) gauge boson.

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 Aa,,.

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 ({) and charge singlet scalar
(p), these oblique parameters can receive additional con-
tributions. As shown in [50,51], the charged singlet scalar
(p) 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 ({)
can be written as [52]

1. M
S=—In—3&,
127 M2

e

B 1
 1672av?

F(Mﬁr’Mée)’ (11)
where F(x, y) is the loop function and can be expressed as

Xty —iln;—‘,, if x#y;

F(x,y) = { P

12
0, if x=y. (12)

The present best fit values of § =0.02+0.07 and T =
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
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constrain the model parameters
bound [54]

from experimental

\d,|/e <1.9x107" cm. (13)

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 y — ey which can naturally
arise in BSM scenarios like radiative mass models.
Experimental constraints on this rare decay process Br(u —
ey) <4.2x 10713 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 U(1)y 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

0.8x10™* < BR(h — ptpu~) <45x 107  (14)

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 ;{ffz is given by [59]

C(h—yy) =

3
> N.Q3AL, () + Al(z,,)
f

2
+ ZghiiQ%Ag(Ti) (15)

where G is Fermi coupling constant, a is fine structure
constant, N,. is the color factor of charged fermion in loop,
Oy ; are electromagnetic charges of fermions and scalars in

loop and 7; = m3/4m? with i running over all charged

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

Alp(7) = 2[c+ (e = Df(2)] 72,
Al(z) = =22 + 37+ 3(2t = 1) f(2)]7 72,
Ag(r) = =[t = f(o)]e™.

The function f(7) is given by

arcsin®,/7, <1
f(z) = s\
-1 log% —ir), ©>1.

The parameter g;;; denotes SM Higgs coupling with the
charged scalar y;"y;. They are given by:

gni1 = —Au cos By, sinfy,, Gnoo = Auy cos O, sin Oy,

Gniz = Auy(cos?Og, — sin®6y,)

where 6, is the mixing angle for {* and p* as given by
Eq. (6). The first two couplings are relevant for 4 — yy. The
first two terms in Eq. (15) are due to SM contributions and
the last term is due to charged scalars in extra U(1), gauge
model. So new contributions to I'(h — yy) come from the
last term and its interference with SM terms.

According to the latest CMS results [60], the constraints

BR(A=77)expt
BROSI )y — 1.12 +0.09

which implies the new contribution should satisfy the
constraint

on Higgs to diphoton ratio is

BR(h — yy)x
" T TPNew _ ) 0291 to 0.1735 16
BR(h — yy) ° 1)

expt

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 coupling M /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 Z' 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

035006-5



ADHIKARI, BHAT, BORAH, MA, and NANDA

PHYS. REV. D 105, 035006 (2022)

constrained from collider data. While there are no dedicated
LHC searches for singlet charged scalar (like p in our
model) yet, theoretical studies like [67] show high lumi-
nosity LHC sensitivity up to 500 GeV. For electroweak
doublet like ¢, 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 N; x is the dark
matter candidate in this model. Although neutral compo-
nent of the scalar doublet { could also be a DM candidate, it
turns out that the neutral components of { are degenerate
leading to a large Z boson mediated DM-nucleon scatter-
ing, ruled out by experiments like XENONIT [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
U(1)y gauge boson only. While for such pure gauge
mediated annihilations, the relic is likely to be satisfied
near the resonance region Mpy ~ M /2, for small mass
splitting between DM and charged scalars |, 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

dl’lDM
dt

+ 3Hnpy = —(ov) (npy — (npy)*)  (17)

where np)y is the number density of the dark matter particle
DM and np\; is the number density when DM was in
thermal equilibrium. H is the Hubble expansion rate of the
Universe and (ov) is the thermally averaged annihilation
cross section of the dark matter particle DM. In terms of
partial wave expansion (6v) = a + bv>. Numerical solu-
tion of the Boltzmann equation above gives [74,75]

1.04 x 10°x,
Mpy\/g:(a+3b/xF)

QDM ,’l2 ~

(18)

where xp = Mpy/Tr, Tr is the freeze-out temperature,
Mpy is the mass of dark matter, g, is the number of
relativistic degrees of freedom at the time of freeze-out and
Mp ~2.4x 10" GeV is the Planck mass. Dark matter
particles with electroweak scale mass and couplings freeze

out at temperatures approximately in the range x ~ 20-30.
More generally, xr can be calculated from the relation

0.0389MP1MDM<U’U>
1/2_1/2
9« Xp

xp =1In

(19)

which can be derived from the equality condition of DM

interaction rate I' = npy(ov) with the rate of expansion of
1/2 72
tion cross section (ov) used in the Boltzmann equation of
(17) is given by [76]

the Universe H =~ g The thermal averaged annihila-

1
{ov) =
8Mp\T K3 (Mpw/T)

« A}: o(s — 4M2, ) /5K, (v/s/T)ds  (20)

where K;’s are modified Bessel functions of order i, m is
the mass of the dark matter particle and 7 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

5000 T I E u & |
- BP-1 |

HHH

2000

1000

Mpy (GeV)

T

500 °

200
200 500

1000
M,; (GeV)

2000

FIG. 4. Common parameter space satisfying muon mass (blue
line), muon (g —2) (the brown band), 7 — yy (vertical green
band), and & — utu~ (the grey mesh) for a chosen benchmark
BP-1.
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TABLE IV. Benchmark points used in numerical analysis.

Benchmark points

M, (GeV) M, (GeV) Mpy (GeV) sin O, Ye=Y, A Jx My, (GeV)
BP-1 200-3000 M, —71.43 200-5000 0.8741 0.6756 —0.8327 e
BP-1/2 Mpy + 15 Mpy + 10 500-3000 0.887 0.792 —0.862 0.009 2813
BP-2/2 Mpy + 105 Mpy + 100 500-3000 0.887 0.792 —0.862 0.009 2813
BP-3/2 Mpy + 255 Mpy + 250 500-3000 0.887 0.792 —0.862 0.009 2813
BP-1/3 Mpy + 15 Mpy + 10 500-3000 0.9156 0.644 —0.282 0.038 2447
BP-2/3 Mpy + 105 Mpy + 100 500-3000 0.9156 0.644 —0.282 0.038 2447
BP-3/3 Mpy + 605 Mpy + 600 500-3000 0.9156 0.644 —0.282 0.038 2447
10* J R 10* ik
SR T T
— E 5 H in > T - b H Y ] }1“ 7
:IE_ H EBNE i Jeiie H D
E aE ﬂnn::t)?(—. J > E i nnngzlﬁ'.r
= 10° Eg 4 < 10° HE '“ﬁ% ;
- L b5 o e o
=] a
= =
HE W
i 10 100 7 B 04 05 06 0.7 08 09 17
AM (GeV) Ve
102 I 1 T B | 1 1 I | 2 L 1 TR T R | 1 1 1 |
500 1000 2000 5000 500 1000 2000 5000
M,; (GeV) M,: (GeV)
FIG. 5. Allowed parameter space from all relevant constraints satisfying muon mass, muon (g — 2), h — yy and h — u"u~. The color

code represents the mass splitting between the M vt and M,, in left panel whereas the color code shows the variation of the Yukawa

coupling y, in the right panel.

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 yy and p*u~, and finally the relic
abundance of DM respectively. The important parameters
for these different observable are the following:

M)(;rv Mé_,’Rv MDM? gchv Ye=Yp Av x> MZX'

However, all the other observables are independent of gy
and My, except the relic density of DM and we will discuss
the role of these parameters first. In Fig. 4, we have shown

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

Parameters Range

M, - (100 GeV, 5 TeV)
M+ — Mg, (1 GeV, 500 GeV)
Mbm (1 GeV, 10 TeV)
sin @, 0.01, 1)
Yo=Y, (0.01, V/4r)

A (=0.001, —1)
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FIG. 6.

the allowed parameter space in Mpy vs M vt plane, from

muon mass (blue line), muon (g — 2) (the brown band),
h — yy (vertical green band), and h — u*u~ (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 Mpy vs M+ plane.

In Fig. 5, we have shown the allowed parameter space in
the same Mpy vs M- 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 M o+
and M, where as in the right panel, the color code shows
the variation of the Yukawa coupling y,. For simplicity, we
have assumed equality of Yukawa couplings y, = y,. 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 y, (< 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 constraints®
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.

*Note 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.

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

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 (Mpy) 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 gy ~ 0.009 whereas the right panel is for slightly
larger gy ~0.03. One can clearly notice the absence
(presence) of Zy resonance in the left (right) panel due
to the smallness (largeness) of the gauge coupling gy.
Finally, we have shown the role of both gy and M, in
Fig. 7. Here, we have shown the allowed parameter space in
gx versus My 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 (gx, M) 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 Zy is clearly visible for Zy masses close
to resonance regime while the points away from resonance
will satisfy relic due either due to large gauge coupling gy
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
bound M /gy > 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
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FIG. 7. Parameter space in gy versus M 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.

section at 13 TeV center of mass energy at the LHC using
the package MADGRAPH [82]. As the first generation quarks
have U(1)y charges more than unity, we get a stricter
bound on gy — M, parameter space compared to other
universal Abelian extensions like gauged B — L. Clearly,
the benchmark points shown in the last three rows of
Table IV are 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 gy, Mz, , 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 gy 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 XENONIT
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

V(.. 12.8.p) = =g (DID) + 4y (@) + p2(L7C) + A (L) = iz, (nim) + 2y, (nimy)?
— 12, (0312) + 2, (03112)” + 12(P7P) + Ao (p7P)? + A (@T®) (£70)
+ Ay (@TD) (5]11) + A, (@1 @) (i) + A, (@ @) (07 p) + Ay, (£70) (1)
+ Ay, (C O (1m2) + 200 (ET ) (0 P) + Ay, (0m) (1312) =+ Aoy (1) (07 )

+ Ay (1512) (0 p) + 20y [(1sm}) + Hee] + Al(€apduliop™n}) + Hee

In the last line of the above potential €,, is an antisym-
metric tensor and ¢,,;, are components of the doublet
scalars @, £, respectively. As mentioned earlier, only the

(A1)

f

neutral components of ® and %, acquire VEVs, denoted
by v, u; , respectively, leading to spontaneous breaking of
SM and U(1)y gauge symmetries, respectively.
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The minimization conditions are
/ 2 3 2
Amnzul A Ay Uity + 24 us” + Ay up 0

21/!2

2
m

| (A4)
Hip = 5 (gt + Ay, 3+ 22407), (A2)

The CP even neutral scalar mass matrix, for neutral

1
2 2 2 2
Hyy = 5 (21171 ui + 32;71’/21’!1“2 + /17111721’!2 + )“115’71 v )’ (A3) components of @, 7, , is

2
2440 Apn, U1V Ay, U ¥
32 Ui 3w
2 _ nynp 142 ninp 1
Myen = /145’71 v 2/1'71 1+ 2 2 + /1’71’72”!1 up |. (A5)
3y 1 2 Amtd
Ay UV 3 T Ay, Uit 2,y = 5

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

9& uyuy ﬂ/

,/\/l 2 Mz 2 ’11'72 (A6)
odd — 3 /1/ /1:11 n 1
’71’12 2uy

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

5 Wz + 5 (Agy ui + Agy, 45 + A4 0°) e
Mcharged = Juyw (A7)
2 Wy 5 (1t} + Dy, o3 + Agp0?)
The neutral components of scalar doublet { acquire masses as
1
1‘42 = ]‘42 = E (2#% + 24,771 M% + ﬂ%u% + 2454‘1)2). (AS)
Other relevant couplings and mass relations are summarized below.
Y . ZM% u (A9)
Ty (uf + 9u)
2¢os O (M7, — Mfﬁ)
u = - . (A10)
Asin @0
M2 —cos 0% M?.
M, = | — A (A1)
2 sin @,
1 .
I :W(—2COSG§hMj (=42, MZ +44, Mz_ sin0%, + A°v?) +2cos 03 (M v* =24, , (M} _MJ2(T sin6%)?)
—4cos HchﬂmpM + A%sin62, v* (2M§T SinG%, — 4,,,u5 — Ay, 0%)), (A12)

2= cos 035 (cos 0,M7; + My sin67,) + My, sin 67,
- 20? '

(A13)
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1
by =32 (2 sin 635 (sin 675 (cos 03, M7, + M3, sin03,) + cos 03;M7; ) + 2 cos 035(cos 03, M3, + M7, sin6,)

1

+ 4 cos 912 COS 923 sin 912 sin 913 sin 023(M%_11 - M%‘Ig) - 31,/,“”21/!11/[2), (A14)
1 . .
w =7 (A 3 + 2uy(cos 634 (sin 635 (cos H%ZM%{] + M%{z sin#2,) + cos 9%3M%,3)
2
+ sin 03, (cos 03, M3, + M7, sin6},) + 2cos 0y, cos 03 sin 0y, sin 0,5 sin Op3(M7;, — M7, ))), (A15)
Ay, = e (cos 63 sin 03 sin O3 (= cos O, Mz, — M3, sin 67, + M3, ) + cos 015 cos 03 cos O3 sin 0, (M, — M3, ),
(A16)
1 . . . :
Apmy = e (cos 013(cos O3 sin 03 (— cos 01, M7, — M7, sin 0, + M3, ) + cos 015 sin 0y, sinOp3(M7; — M7, ), (A17)
Ayiny = = Y (2 cos 6}, cos O3 sin O3 (M3, — M7 sin6i;) + 2cos 6y, sin 0,5 sin 6;3(cos 63 — sin 6,3)
X (€08 03 + sinb3) (M7, — M7, ) — 208 07, cos 023 M7; sin 03 + 2 ¢0s O sin 67, sin 023
x My, — M, sin03) + 37, ,u?). (A18)

In the above expressions 6;,, 0;,, 0,3 are mixing angles of neutral CP even scalar mass matrix with mass eigenvalues

denoted by My , My,, My, respectively.
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