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We propose a framework that addresses the origin of neutrino mass, explains the observed discrepancies
in the electron and the muon anomalous magnetic moments (AMMs) data, and incorporates the dark matter
(DM) relic abundance. Both the neutrino mass and the lepton AMMs are generated at one-loop level
mediated by a common set of beyond the Standard Model (SM) states. In this class of models, the SM is
extended with vectorlike charged fermion and scalar multiplets, all odd under an imposed Z, symmetry,
which stabilizes the fermionic or scalar DM candidate residing in one of them. Two scalar multiplets appear
in the AMM loops, thus allowing for different signs of their contributions, in agreement with the observed
discrepancies which are of opposite sign for electron and muon. The vectorlike fermions give rise to large
new physics contributions to the lepton AMMs via chirally enhanced terms that are proportional to their
mass. To demonstrate the viability of this framework, we perform a detailed study of a particular model
for which a fit to the neutrino masses and mixing together with lepton AMMs are provided. Furthermore,
DM phenomenology and collider signatures are explored.
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I. INTRODUCTION

The origin of the neutrino mass is among the most
crucial problems of the Standard Model (SM) of particle
physics. On the other hand, the almost century old dark
matter (DM) problem is another tremendous puzzle yet to
be solved. The most straightforward approach to this issue
is the particle nature of the DM (for a review, see Ref. [1]).
One of the many popular mechanisms for neutrino mass is
the radiative one (for a recent review, see Ref. [2,3]) due to
the natural accessibility of the involved particles at colliders
and low energy experiments.

There have been lots of attempts in the literature to
combine these two seemingly uncorrelated issues, one of
the most prominent example being the scotogenic model
[4]. In such models, the particles mediating the loop(s) that
generate neutrino mass are dark matter. Typically, new
symmetries beyond the SM are required to stabilize the DM
and in some cases to forbid the tree-level neutrino mass
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contributions; for systematic studies along this line, see
for example Refs. [5-10]. The details of these models
largely depend on the nature of the imposed symmetries
and the needed particle content. However, common features
of these models are that (i) neutrino mass is generated
via quantum corrections at a given loop order; (ii) DM
candidates naturally arise due to symmetry reasons; and
(iii) owing to the loop suppression, the new physics (NP)
scale can be around the TeV scale without making the
Yukawa couplings unnecessarily small, which provides a
way to test these models at low energies.

Aside from neutrino mass and DM, there has been a long-
standing tension between the SM prediction [11-14] and the
experimental measured value [15] of the muon anomalous
magnetic moment (AMM). Additionally, the recently mea-
sured fine-structure constant a using Caesium atoms with
unprecedented precision [16] implies a deviation of the
electron AMM from the SM value [17] of opposite sign
compared to the muon AMM. The experimental measure-
ments point toward about 2.5¢ and 3.7¢ tensions for the
electron and the muon AMMs, respectively. More precisely,
the corresponding discrepancies are given as

Aa, = a;® — aM = —(8.7 £ 3.6) x 10713, (1.1)

Aa, = ag® —a™M = (2794 0.76) x 1070, (1.2)

Since the AMMs of light charged leptons (a, = (g — 2),/2,
¢ = e, p) are measured with excellent accuracy in the
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experiments, and their corresponding theory values are
computed with outstanding precision, these observed ten-
sions strongly point toward physics beyond the SM.
Therefore, these results recently have entertained a lot
of interest in the particle physics community; for attempts
to simultaneously explain these discrepancies, see
Refs. [18—45]. For previous analyses of nonsupersymmetric
models that accommodate only DM and (g-2),, see
Refs. [46-54], and for studies that make a connection
between radiative neutrino mass generation and (g — 2)/4’
see Refs. [55-62].

To address both (g — 2), and (g — 2),,, NP may appear at
low scale; see for example Ref. [36]. Models of these types
are highly constrained from beam dump experiments, Belle
and BABAR, which may eventually rule out such scenarios
in the near future. We, on the other hand, are interested in
scenarios where NP emerges at heavy scale.' To incorpo-
rate large deviations for Aa, given in Egs. (1.1) and (1.2)
from heavy NP, a chirality flip of a heavy state must take
place inside the loop. This can be achieved with TeV scale
scalar leptoquarks [35,44] or vectorlike fermions [20].
These studies, however, made no connection with either
neutrino mass or DM issues.

In this work, we bring the issues of the origin of neutrino
mass, the DM problem, and the electron and muon AMM
puzzles under the same umbrella and propose a framework
for their explanations in a minimalistic approach. In our
proposed setup, the particle content of the SM is extended
by three generations of vectorlike fermions and three scalar
multiplets. Furthermore, the model is supplemented with a
Z, symmetry, under which only the beyond the Standard
Model (BSM) particles are assumed to be odd. Via the
propagation of these BSM multiplets, neutrino mass gen-
eration as well as new physics contributions to the lepton
anomalous magnetic moments of the correct order appear
at one-loop level. Two scalar multiplets, and thus two sets
of Yukawa couplings, appear in the AMM loops, thus
allowing for different signs of their contributions, in
agreement with the observed discrepancies which are of
opposite sign for electron and muon. The lightest of the
neutral BSM particles is stabilized by the imposed Z,
symmetry, which serves as the DM candidate.

The paper is built as follows. In Sec. II, we address which
model classes may solve the AMM discrepancies and at
the same time generate neutrino mass radiatively with the
same set of new multiplets. From the list of models, in
Sec. III, we perform a detailed analysis of one of them,
analyzing the scalar sector, performing a fit to the AMM
and neutrino mass observables, discussing the dark matter

'Both heavy and light new physics are not expected to
influence the MUonE experiment [63], which will directly
measure the crucial hadronic vacuum polarization contribution
to the muon AMM; see Refs. [64,65].
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FIG. 1. Representative Feynman diagram for generating neu-
trino mass.

phenomenology, and outlining collider phenomenology.
We conclude in Sec. IV.

II. FRAMEWORK

Due to its simplicity, we start our discussion with the
scotogenic model [4], which employs three generations of
singlet Majorana fermions” N(1,1,0) and an inert Higgs
doublet ¢(1,2,1/2), both odd under an imposed Z,
symmetry. The neutrino mass is generated at the one-
loop level via the generic diagram shown in Fig. 1, with
Si=8=¢ and F;, =Fr=N (Majorana fermion).
However, a combined explanation of lepton AMMs along
with reproducing realistic neutrino masses and mixings
cannot be accommodated, since the proportionality relation
|a,| o« m?% requires large Yukawa couplings, which would
generate too large rates for charged lepton flavor violating
(cLVF) processes like y — ey. Quantifying this tension
very roughly is possible as follows. In the scotogenic
model, neutrino mass is given by (assuming that all new
particle masses are of order TeV)

i(H)zi 0.05 TeV y
v 327[2 MN ' MN 2.3% 10_5

)2eV; (2.1)

here, (H) is the vacuum expectation value (VEV) of the SM
Higgs doublet, and A represents the quartic coupling in the
scalar potential that is responsible for breaking the degen-
eracy between the real and the imaginary parts of the
neutral component residing in the inert doublet, which we
have taken to be unity in the second line. In the above
formula, flavor indices are ignored, and y is the Yukawa
coupling of the singlet fermion N with lepton doublets
and the inert scalar doublet. This shows that to get the
correct order of neutrino mass (m, ~ 0.05 eV) one requires
y ~O(1073). On the other hand, the contribution to the
magnetic moment is

Our convention is Q =I5 + Y.
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Apart from the fact that the sign of Aa,, is actually not correct
in the scotogenic model, these estimates show that a simulta-
neous explanation of neutrino mass and the anomalous
magnetic moment is not possible. Moreover, the branching
ratio for 4 — ey provides additional constraints, namely,

M\ y \*
10726 =S
0 (TeV) (10‘5> ’

(2.3)

3ay*

BR ~ B
= er)~55Gmnt

with S a scalar particle of the model. Too large rates would
appear for order 1 Yukawas. A detailed parameter scan
confirms such statements [66,67].

The sign of the muon AMM could be changed by a
minimal addition of one more scalar, which provides a
freedom to choose the sign of the product of the Yukawa
coupling in the AMM contributions. This would utilize
either of the two one-loop diagrams presented in Fig. 2. For
the scotogenic model, both these diagrams are identical,
and the loop can be completed by introducing a singly
charged scalar, that is, S3 = S; = (1, 1, 1). However, the
smallness of the implied AMM contribution remains and
can be quantified as follows. The presence of x*, with
different hypercharge than the inert doublet and Yukawa
coupling y’, allows both left-handed and right-handed
charged leptons in the external legs (unlike the scotogenic
model that involves only left-handed charged fermions) and
provides enhanced contribution to lepton AMM that is
proportional to the mass of Ng. Then, the formula given in
Eq. (2.2) has the following modified form,

where 0 < 1 represents the mixing angle between the two
singly charged states, Myp is common new physics scale of
the new particles, and in the second line we have assume
the dominance of one of the terms toward lepton AMM to
maximize the effect. In this scenario, the neutrino mass is
determined by the same Yukawa coupling y as before;
however, both y and y’ play a role in lepton AMM. This
implies that to maximize lepton AMM y' needs to be
chosen as large as possible, which does not affect the
neutrino mass. However, even with y' ~ O(1), much higher
values than y ~ O(1075) are required to explain the AMM,
which would be in conflict with neutrino mass and cLFV
for TeV scale new particles. For further clarity, we remind
the readers that nontrivial flavor structure of y is required to
accommodate neutrino mixings; on the other hand, y’ can
be simply taken to be diagonal and hence would not lead to
cLFV, as will be discussed shortly. Such correlations can
be avoided if the Yukawa coupling y does not participate
in explaining (g —2),. This is precisely what we try to
achieve in an economical fashion within our framework.

The same conclusion can be reached for any similar
model with Majorana fermions running in the loop in
Fig. 1 that transform nontrivially under the SU(2), group,
for example F ~ (1,3,0) (for this choice, one again
gets S = S, = ¢).

The above arguments are also changed if hypercharged
vectorlike Dirac fermions instead of Majorana fermions are
introduced. This requirement still allows the Dirac fermions
to have a bare mass term (vectorlike under the SM) and
simultaneously demands that S; # S, in Fig. 1, owing to
the new fermions carrying Y # 0. Consequently, two
different Yukawa coupling matrices play a role in generat-
ing neutrino mass, which resolves the above-mentioned
issues. With only these two scalars present in a theory, a
mass flip of the vectorlike fermion cannot be realized for

m Myp\ ! o . .
~Aa, ~ 2” Sy OMy ~ 10-12 (ﬂ) (%) 6, lepton AMM contributions; hence, a third scalar of either
8z°M Tev 10 S5 or S, must be introduced for such a purpose as shown
(2.4) in Fig. 2. The presence of at least three different Yukawa
| |
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FIG. 2. New physics contributions to (g — 2),. The outgoing photon can be emitted from the internal fermion or boson line (or both)

depending on the model.
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TABLE L.

Here, we have listed only the viable models up to SU(2), triplets that satisfy our required criteria; see text for details. By

following our method, models involving higher-dimensional representations can be constructed trivially. Multiplets containing a

potential dark matter candidate are shown in red.

Multiplets Model I Model II Model III Model IV Model V Model VI Model VII
Frr (1,1,-1) (1,1,-1) (1,2,-1/2) (1,2,-1/2) (1,2,-3/2) 1,3, 1) (1,3, 1

Si (1,2,1/2) (1,2,1/2) 1,1, 0) 1, 1,0 1,1, 1 (1,2,3/2) (1,2,3/2)
S, (1,2,3/2) (1,2,3/2) 1,3, 1) 1,3, 1) (1,3, —=2) (1,2,1/2) (1,2,1/2)
S3 1, 1, 0) (1,2,1/2) (1,2,1/2) {1, 3,2)

Sy (1, 1, 2) . (1,2,3/2) (1, 3,0)

couplings allows one to disentangle contributions to AMM,
neutrino mass, and cLFV and, as mentioned above, to
control the sign of the AMM contributions. As aforemen-
tioned, in our setup, all the BSM multiplets are assumed to
be odd under Z,; consequently, the lightest among the
neutral component fields can play the role of DM and
successfully explain the DM relic abundance. It is to be
pointed out that the requirement of the new fermions
carrying nonzero hypercharge is an outcome of the DM-
stabilizing Z, symmetry, if the diagrams in Figs. 1 and 2
are supposed to exist. This could be relaxed if a different
discrete or continuous symmetry is chosen to build a
model, which we do not pursue. In this work, we strictly
stick to Z, symmetry for the fixed topology as in Fig. 1
to generate neutrino mass. For general analyses of various
topologies of neutrino mass arising by utilizing exotic
vectorlike fermions, see for example Refs. [68—70].

From these Feynman diagrams and the above dis-
cussion, one sees that a common set of multiplets, either
{FLr.S1} or {F ¢.S,} depending on the model, plays
role in both the neutrino mass generation and in accom-
modating lepton AMMs data. With TeV scale vectorlike
fermions, the appropriate scale of neutrino masses can
be naturally reproduced with Yukawa couplings that are
comparable in order with the SM charged fermion Yukawa
couplings. Furthermore, even with TeV scale vectorlike
fermions, the required large contributions toward both
(9—2), and (g—2), can be promptly obtained via
chirality enhancement.

Having stated our criteria, the exercise is now to find a
set of vectorlike fermions and scalars that allow for the
topologies in Figs. 1 and 2. This leads to the models
summarized in Table 1. Here, we have listed only the
viable models up to SU(2), triplets that satisfy our above-
mentioned criteria. Multiplets that contain a neutral
component and thus a potential DM candidate are shown
in red. By following our methodology, models involving
higher-dimensional representations can be constructed
trivially. It is beyond the scope of this work to study
each of these models in detail. Instead, in the next section
we perform a detailed analysis of the first model (model I)
in the list.

III. DETAILS OF MODEL I

In this section, we perform a detailed analysis of model I.
In this model, the SM particle content is extended by three
singly charged vectorlike fermions F'; x and three scalars: a
singlet and two doublets under the SU(2), group. One of
the doublets has hypercharge 1/2, and the other has 3/2.
As already mentioned, under the imposed Z, symmetry,
the SM particles are even, whereas all the BSM states are
odd. The full quantum numbers of the BSM multiplets are
summarized in Table II.

With this particle content, the most general Yukawa
Lagrangian consistent with all symmetries is given as

—Ly = yuLrH + y\ Ly Frepy + y,L F ity
V3

V2

Here, L; is a left-handed lepton doublet, £ is a right-
handed lepton, and H is the SM Higgs doublet. In Eq. (3.1),
for simplicity, we have suppressed generation indices.
Yukawa couplings of the quarks remain unchanged com-
pared to the SM; hence, we only focus on the leptonic
sector. We work in the basis where the Yukawa coupling yj
and the vectorlike fermion mass matrix My are diagonal.
The three new Yukawa couplings matrices y;,; are in
general arbitrary.

=+ ZRFLﬂ‘i‘MFFLFR‘FH.C. (31)

A. Scalar sector

The scalar sector of the full model consists of three
neutral CP-even states h, S{,; one neutral CP-odd A°;

TABLE II. Quantum numbers of the BSM multiplets for

Model 1. Both ¢; and # contain a DM candidate.

Multiplets SUB3)exSU2), x U(1)y Z,

Scalars $1(1,2.9) -
(1,23 -

n(1,1,0) -

Vectorlike fermion Frr(1,1,-1) -
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two singly charged S7,; and a doubly charged S**. Here,
h is identified with the SM Higgs, which does not mix
with the rest of the two states SO due to the imposed 2,
symmetry. The lightest between these two states S1 , 18
identified as the DM. Moreover, we assume the BSM
multiplets # and ¢; do not accrue any VEV; hence, the
Goldstone bosons G°, G* originate entirely from the
SM Higgs doublet H. The complete scalar potential for
model I is given as

{p1.42}

V= HH+ > p2o'e+ iy
@
{H.p1.0}
+ (usH ¢+ Hee) + Z Ao(@'0)* + At
4
{H.$1.02} {H.$1.02}
+ Y d@ o))+ D Aot
p<¢ 4
{H.$1.02}
+ Z Lo ") + {4y, (H'¢p)? + Hee.}
»<¢'

+ {2 4, (Heg)(¢3H) + Hoe ). (3.2)

We now derive the masses of the physical Higgs particles
from the above potential. The mass-squared matrix /\/lgo

for the two CP-even states, written in the {7° Re(¢?)}

basis, is
2 2
, 2y + Amy vy HsVy
M = 5, Cugy 420,05 |
HsVy Mg, T — 2 Un

(3.3)

The scalars that do not mix with any other fields are the
SM Higgs, the CP-odd scalar, and the doubly charged
scalar. The corresponding squared masses are

mi = 225y, (3.4)
(Arg, + Mg, — 2214,)
mi = Hg, ] 2/ Dlvy (35)
2 ’1H¢z 2
M. = 'ulllz + ) Vs (36)

where ¢, is Im(¢?). Finally, the mass-squared matrix for
the singly charged scalars in a basis of (¢f, ¢5) reads

AH A{//
/42 + 2l U%—I T4y U%—[
M = |2 ’ (3.7)
st ” .
“h1dn U2 2 </{H‘/’Z 2”‘/’2) U2
2 Ve Hy, 2 H

Moreover, the mixing angle « (y) between the two mixed
CP-even (singly charged) states can be calculated from

2usvy
tan2a = ,
(Mso)n (M?s‘))zz
" 1]%—]
tan2y = L (3.8)
(Méi)zz - (Méi)ll

We note that the presence of nonzero a is crucial for
generating the AMMSs and for the dark matter phenom-
enology. Nonzero y is required to generate neutrino mass.
Moreover, between the two neutral physical states S9,,

we will assume S(1) to be the lighter one and identify it as
the DM candidate. Its decomposition in terms of the
original fields is given by S? = 7% cosa + Re(¢?) sina.

B. Lepton anomalous magnetic moments

In the present setup, we assume the vectorlike fermions
to reside around the TeV scale. In contrast to the scotogenic
case, having such a heavy mass does not require large
Yukawa couplings to incorporate the Aa, data given in
Egs. (1.1) and (1.2). Large enough corrections to the lepton
AMMs naturally arise due to a chirality flip of the vector-
like fermions on the internal line, as can be seen from
Fig. 2. Moreover, the sign difference for Aa, and Aa, is
obtained by appropriately choosing the sign of the product
of the Yukawa couplings that enter in this chirality
enhanced AMM term. We derive the complete NP con-
tributions toward (g — 2), that is given by [71]

3 2 M . M2.
Aa, = 1,161;2 Z [Z Re(Y; Y7 +G <F1>

Lk Rk M2 M%
J=

2 3 M2
my eyl L~ :
+4ﬂz;<m,k| MLCERI i e

M3
il 6 ()| (39)
M2 Mé
where we have defined S; = 9, S, = 59, §; = A, and

S, = S**. The expressions for the loop functlons are

3 —4x +x* +2In(x)
(x=1)°

24 3x—6x>+ x>+ 6xInx
24(1 —x)* '

G(x) = , (3.10)

G(x) =

(3.11)

The rescaled Yukawa couplings appearing in Eq. (3.9) are
defined by

: sin ; cosa
Yo =22 ) Yo, =" L (312
L1 \/§ (yl)t’/ L2 \/5 (M)f, ( )

075003-5
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i coSsa £j —sina

Y , Y, = , (3.13
R1 = \/§ <y3>f] R2 \/— ()’3)fj ( )

¢j _ Sina £j ¢4
Y 13—’ NG (yl)fj’ YRJ,3:O7 YL,oj:_(Y2)/j- (3.14)

It should be pointed out that the very first term (chirality
flip term) in Eq. (3.9) dominates; the remaining contribu-
tions can be safely ignored for our case, which we have
confirmed numerically. In our setup, the contribution from
the SM Higgs h remains unchanged, which is already
part of aSM. We stress here that for « = 0 the dominating
first contribution to the AMMSs would vanish. This can be
understood from the expressions in (3.2) and (3.8).
Vanishing @ would correspond to vanishing ys and thus
no triple-scalar coupling of ¢, with # and the SM Higgs.
This in turn would correspond to the absence of the AMM
diagram in Fig. 2.

The off-diagonal elements in the Yukawa couplings y; 3
will lead to cLFV processes such as Z — ¢’y. Due to the
same chirality enhancement effects via the vectorlike
fermions, these processes impose severe constraints on
these off-diagonal Yukawa couplings. Amplitudes of these
cLFV processes can be straightforwardly computed for our
scenario; however, for the simplicity of our work, we
assume the two Yukawa coupling matrices y;3; to be
diagonal (meaning, small off-diagonal entries are omitted
for our analysis). However, nonzero but small off-diagonal
entries have no impact on the results obtained in this work.
There are also very stringent constraints that arise from
the lepton dipole moments (for a review, see Ref. [72])
measurements for complex couplings. We avoid these
constraints by demanding these y, 3 couplings to be real.
For completeness, here we present the generic expressions
for the cLFV process ¢ — ¢’y for our model,

BR(Z — £'y) = M50% (acc L acep), (315
(€= "7) 4096ﬂ4(| > +1A771%),  (3.15)
s «t jy L) Fj M2Ff
A Z[ZY iy (52
k
*' jy, L] 4 j
_ZY YL,(M2 G(M—i)] (3.16)
3 2 ,M M%
AT = [ fl{ylik 2 ( 2j>
2| riieag oo
- 4m M%.
DI £ {h e < ﬂ (3.17)
Z Rk'R M2 Mgk

here, 7, is the lifetime of lepton #, and the Yukawa
couplings and the loop functions have been defined above.

B

('\l

.8

B

g Elg-2). + 10

= 107%} M(e-2), + 20
Ml-2), +10

107 : ;
200 500 1000 2000
M, F [GCV]
FIG.3. Thered (green) and orange (yellow) regions indicate the

experimental 16 and 26 bands for the muon (electron) AMM Aa,
(Aa,). The parameter space in Yukawa coupling vs vectorlike
fermion mass plane consistent with both the electron and muon
AMMs. Here, we choose the mass of scalars SY and S9 to be
120 and 360 GeV, respectively. The blue star corresponds to the
benchmark point given in Egs. (3.21)—(3.24).

In Fig. 3, we show the parameter space in Yukawa
coupling vs vectorlike lepton mass plane, which is con-
sistent with the experimentally measured values of AMMSs
of the electron and muon. The red and orange regions
correspond to the measured values of muon AMM within
lo and 20 allowed ranges, respectively, whereas green and
yellow regions depict the parameter spaces consistent with
the measured value of electron AMM within 1o and 26
allowed ranges, respectively. For illustration purpose, here
we set the mass of the scalars S9 (S9) to be 120 GeV
(360 GeV). The blue star in Fig. 3 indicates the benchmark
point given in Egs. (3.21)—(3.24).

C. Neutrino mass

The same vectorlike fermions play a major role in
generating radiative neutrino mass, and the corresponding
Feynman diagram is presented in Fig. 1. The loop is
completed via the propagation of the singly charged scalars
Sy,, and we obtain the following expression for the
neutrino mass matrix for model I:

sin 23/

Iijj 1672 Z yl ia y2 Ja (yl)ja(yZ)ia]MF,,
2 MZ
M2 In
F(l
5 5 5 51 - (3.18)
M =M, MSZ+ — M3

Here, the mixing angle y between the singly charged
physical particles is defined in Eq. (3.8). We stress here
that for y = 0 the neutrino mass would vanish. This can be
understood from the expressions in (3.2) and (3.8). To have
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nonzero Majorana mass for neutrinos, lepton number must
be broken by two units. If we assign the lepton numbers
L{Fp . ¢1.¢2.n) = {+1,0,-2,0} to the BSM fields, one
can see that each of the terms in the Yukawa Lagrangian
given in Eq. (3.1) respects lepton number conservation.
This implies that the only term that breaks the lepton
number by two units is the very last term in the scalar
potential of Eq. (3.2). To be more specific, the simultaneous
presence of the second, third, and fifth terms in Eq. (3.1)
and the last term in Eq. (3.2) would imply that neutrino
mass will be generated at loop level, once the heavy fields
are integrated out. Vanishing y would correspond to
vanishing /1;;1 #,» and thus no quartic scalar coupling of
¢, with ¢, and a SM Higgs pair. This in turn would
correspond to the absence of the neutrino mass diagram
in Fig. 1.

Note that to reproduce correct lepton mixing, one must
have a nontrivial structure for the Yukawa coupling matrix
Vo, since y; is taken to be diagonal. This, however, does not
conflict with lepton flavor violating £ — £’y processes
mediated by the doubly charged scalars, since (y,);; ~ 1073
in order to generate the correct neutrino mass scale. In the
next subsection, we provide a realistic fit to neutrino mass
spectrum. We would like to point out that a similar model
for neutrino mass generation was considered in Ref. [73];
however, no such connections to lepton AMMs were made.

|

C12C13

_ i5
Upmns = | —S12023 — C12823513¢€

is
$12823 = €12€23513€

where m; are real eigenvalues and we have defined
cij = cos0;;,s;; = sinf;;. In the PMNS mixing matrix,
there exist three physical phases, one Dirac phase 6 = d¢p
and two Majorana phases a,; 3;, where we have used the
particle data group parametrization. In this work, we
assume a normal ordering for neutrino masses that corre-
sponds to m; < m, < ms, which still is favored by oscil-
lation data [74,75].

With all these in hand, we can now perform a combined
fit to the data. Since such a combined fit involves several
parameters, to make life simple, we first fix the masses of
the relevant BSM states, which corresponds to the set
{Mp,.Mg. Mg, Mg:, Mg }. Furthermore, we also fix the
mixing angle a between the two mixed CP-even states.
Then, we are left with one quartic coupling /1;21 », and three
Yukawa coupling matrices y;,3;. Following the above
discussions, this corresponds to seven real and nine com-
plex parameters to fit neutrino observables, the muon,
and the electron AMMs. This is a multidimensional
problem that involves several observables. To tackle this

is
C12C23 — 812823813€

. i5
—C12523 = §12023513€

TABLE III. Current experimental values of the neutrino ob-
servables with their corresponding 1o uncertainties taken from
Ref. [74].

Parameter Best fit =10 Parameter  Best fit 1o
Am3, (107% eV2)  7.5070%2 sin?0,  0.318 £0.016
Am3, (1073 eV?) 2561003 sin’6y3 0.56610:0%

Scp 12070437 sin?03  0.0222570000%8

D. Combined fit to data

To demonstrate the viability of our proposed framework,
here we present a combined fit to reproduce the exper-
imental results. The expressions for (g —2), and (g —-2),
are given in Eq. (3.9), and their corresponding measured
values can be found in Egs. (1.1) and (1.2). Furthermore,
from the neutrino mass formula Eq. (3.18), one needs to
successfully incorporate two mass-squared differences,
three mixing angles, and one Dirac CP phase. The
associated measured values in the experiments are sum-
marized in Table III. The neutrino mass matrix can be
parametrized as follows,

M, = UPMNSdiag{mlvmvaS}UIY;MNS’ (3.19)

512€13 sz 1 0
$23C13 0 &3 0 |, (3.20)

C23C13 0 O eid%

|

nondelete-linear problem, we optimize a y>-function,
which is defined as y*> = >, P#; here, the sum is taken
over all the above-mentioned observables. Here, P; =
(T; — 0,)/E; is the pull for the observable i, and T;, O;,
E; are the associated theory prediction, experimental
central value, and lo uncertainty of the measurement,
respectively. It should be pointed out that, due to larger
number of parameters compared to the number of observ-
ables, the y>-function in the multidimensional parameter
space is somewhat flat; hence, instead of searching for the
global minimum, we are only interested in a sample local
minimum. Following the aforementioned discussion, we
perform a combined numerical analysis and provide a
benchmark point in the following. For this benchmark
point, the minimum corresponds to y> = 0.3, which is
certainly an excellent fit to the data.

Mg, =1 TeV;
Mg+ = 0.46 TeV;

Mg =0.12 TeV,
MS; — 3MSrr,

(3.21)
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sina = 0.1,2) , = 8325 x 107, (3.22)
03662 0 0 ~0.19428 0 0
wi=| 0 -10141 0 |, y= 0 -107051 0 |, (3.23)
0 0 —043913 0 0 0.14602
~0.10116 +0.07932i  —1.01099 + 0.62701i —0.49019 — 0.30200i
2 =1075| —0.03471 - 0.04519i  0.31733 —0.69407i  0.98401 -+ 0.8099i (3.24)

0.53005 = 0.9659i

Yukawa couplings of order y, ~ 107> automatically satisfy
all experimental constraints, including cLFV processes.
The values of the theory parameters corresponding to this
benchmark point successfully reproduce all the observables
both in the neutrino sector as well as AMM s of the electron
and the muon; we list the predictions in Table I'V. Since an
explanation of the lepton AMMs demands Yukawa cou-
plings of order unity [as can be seen from Eq. (3.23)] and
the same Yukawa couplings enter in neutrino mass gen-
eration, it can be easily understood that y,4 , ~ 107!
[instead of y5 ~ 107!% as in Eq. (2.1)] must be satisfied to
reproduce the correct neutrino mass scale. Regarding the
smallness of /1;21 0,0 Ve recall that it is the coefficient of

the quartic coupling (Heg, )(qb;H ) responsible for mixing

TABLE IV. Fit values of some of the observables for our
benchmark points given in Eqgs. (3.21)—(3.24). Here, m, =
Soimi, mg = /> |U,|*m7 is the effective mass parameter for
beta decay, and my; = | >°; UZm,]| is the effective mass param-
eter for neutrinoless double beta decay.

Quantity Fit value
Aa, —8.696 x 1013
Aa, 2.744 x 107
Am3, (1072 eV?) 7.525
Am3, (1073 eV?) 2.552

sin® 0, 0.3171

sin’ 0,5 0.5638
sin® 6,5 0.02216
Ocp 223.8°
Quantity Fit value
m;(eV) 0.00812
m,(eV) 0.01188
ms(eV) 0.05117
Meos (€V) 0.07118
mg(eV) 0.01207
(2531 18880
a3 31190

—0.05210 4 0.67329i

—1.00145 + 0.82294

[

the two singly charged states, as defined in Eq. (3.8). In the
limit of /1;;1 P 0, neutrino masses are zero because the

theory regains the accidental lepton number conservation of
the SM. The chosen DM (S(l)) mass of 120 GeV and the
associated mixing angle sin « for this benchmark point will
be shown to be consistent with both DM detection bounds
as well as DM relic abundance as detailed in the next
section. It should be pointed out that in the DM analysis
more parameters such as the Higgs portal coupling and
lepton coupling portal play a role and are not fixed by the
fit performed above. Moreover, the mass of the doubly
charged scalar is not determined from the fit, which for
simplicity we choose to be degenerate in mass with its
singly charged partner to be consistent with 7" parameter
constraints. However, a splitting of order O(100) GeV is
still allowed [76].

E. Dark matter phenomenology

In this subsection, we analyze the DM phenomenology
in model I, where lepton anomalous magnetic moments,
neutrino masses, and mixings are successfully generated.
As aforementioned, in this model, the presence of a discrete
symmetry Z, stabilizes the DM particle. The newly
introduced scalars (¢, ¢,, and 1) and vectorlike leptons
F; p are odd under this discrete symmetry, whereas the SM
particles are even. The lightest neutral particle among the
new ones qualifies as a DM candidate. In our setup for
model I, the dark matter candidate will be an admixture of
neutral components of the doublet ¢; and the singlet 7. As
one can see from Eq. (3.9), one needs to introduce mixing
between these two fields to successfully address electron
and muon g — 2 anomalies. Hence, the dark matter can be
neither pure singlet type [77-89] nor pure inert doublet
type [4,90-97]. Rather, it will be singlet-doublet scalar
dark matter [98]. While scalar singlet dark matter is
tightly constrained from DM direct detection experiments
[86,88,99—-101], inclusion of mixing with an additional
doublet can introduce new additional interactions produc-
ing the right amount of relic density, which can potentially
allow for evasion of direct detection bounds [99-101] for a
large region of parameter space.

075003-8



DARK MATTER ASSISTED LEPTON ANOMALOUS MAGNETIC ...

PHYS. REV. D 102, 075003 (2020)

DM SM DM
\ N\
N\ N\
\ N\
N\
h
>_ o
/
7/ Ve
4 /7
4 /
DM SM DM
DM, w*/z
\
AN
\
:si'/AO
1
/
v
" %
/ -
DM w¥/z

h DM w+/Z
7/ N\
7/ N\
/7 N\
/ N\
N\ /7
\ 7/
N\ 7/
N\ / T

h DM w*/Z
DM L

\

N
N\
Fi
7/
7/
/7
/

DM L

FIG. 4. Relevant Feynman diagrams that contribute to the annihilation of the DM.

The dominant processes that contribute to the annihila-
tion of the DM particle are shown in Fig. 4. In our case, the
DM can annihilate to SM particles through s-channel
Higgs-mediated processes (Higgs portal). These Higss-
portal processes can be particularly important when the DM
mass is close to half of the Higgs boson mass. Above this
mass regime, the DM annihilation to gauge bosons (pos-
sible because it is partly a doublet) contributes dominantly
to the annihilation processes. In this mass region, the DM
annihilation through the 7-channel exchange is usually
smaller than the contribution from the four-point vertex
shown in Fig. 4. Finally, the presence of the vectorlike
leptons opens up new annihilation modes for DM via the
t-channel processes (lepton portal) as shown in Fig. 4. In the
low mass region, these leptonic portal processes become
significant in addition to the Higgs-portal processes. For the
DM analysis, we will denote the lepton portal coupling by
App. Since the DM is identified to be the state SY, its lepton
portal couplings with F; (Fg ) is V2Y7; (vV2Y)), which
can be read off from Egs. (3.12) and (3.13). On the other
hand, Ayp represents the Higgs portal coupling, which is
defined by Aup = (g, + Ay, +24%,, ) sin> a+ 22y, cos’ a.
That is, our DM particle S9 couples via

) R T
L= % (S92HH +£.897, xFg.

Y (3.25)

Let us quantify the DM phenomenology further. For our
DM analysis, we have inserted our model in micrOMEGAs
[102,103] and performed a scan over the parameter space to
analyze relic abundance and direct detection constraints.
For the rest of the analysis, we fix the vector-ike lepton
mass to be 1 TeV (to be consistent with the benchmark
point given in the previous section). As mentioned in the

above paragraph, in our case, the viable DM mass range
which is consistent with the WMAP relic density constraint
can be divided into three regions. In the low mass regime
(mpym < 55 GeV), the main annihilation channel of DM is
via the leptonic #-channel processes, mediated by the
vectorlike leptons. Since the s-wave and p-wave contri-
butions of this leptonic channels are helicitysuppressed
[104,105], the d-wave contribution becomes dominant for
the case of DM annihilation into electron-positron and
muon-antimuon pairs. For DM annihilation into tau lep-
tons, the s-wave and p-wave contributions become dom-
inant compared to the d-wave contribution [104]. In Fig. 5
(bottom), we analyze the DM relic density as a function of
DM mass for various leptonic portal couplings (4; p). Here,
we set the Higgs portal coupling Ayp = 1073 and the
mixing angle sina = 0.07 for illustration. For simplicity,
we also choose the leptonic portal coupling to be same for
all the three leptons. For illustrating this further, we have
also scanned the parameter space in Higgs-portal coupling
(Agp) vs DM mass (mpy;) plane consistent with the WMAP
relic density constraint for different choices of leptonic
portal coupling in Fig. 6 (left). In the intermediate mass
region (55 GeV < mpy <75 GeV), the dominant contri-
bution to the DM annihilation comes from the s-channel
Higgs mediated process. In Fig. 5 (top right), we analyze
the DM relic density as a function of DM mass for various
Higgs-portal couplings (4yp). The mixing angle sina = 0.3
and leptonic portal coupling 4; p = 0.1 are chosen for better
illustration. In the high mass regime (mpy 2 75 GeV), the
relic density of DM depends on the mixing angle. In this
parameter space, the dominant contribution to the DM
annihilation cross section comes from the weak gauge
bosons channels. In Fig. 5 (top left), we show the effect of
varying the mixing angle on the relic density of DM for a
fixed value of Ayp = 1073 and J;p = 0.1. As the mixing
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FIG. 5.

DM relic density (4?) as a function of DM mass (mpy). Top left: for different choices of mixing angle: sina = 0.0 (gray

dotted), sina = 0.01 (light-green), sina = 0.1 (green), sina = 0.3 (violet), and sina = 0.7 (red). Here, we choose the Higgs-portal
coupling Agp = 10~ and the leptonic portal coupling A p = 0.1 for illustration. Top right: for various choices of the Higgs-portal
coupling: Agp = 5 x 1072 (red), Ayp = 1072 (violet), Ayp = 5 x 1073 (green), Ayp = 1073 (light green), and Agp = 5 x 107* (gray).
The mixing angle sina = 0.3 and the leptonic portal coupling 4;p = 0.1 are chosen for illustration. Bottom: for different choices of
leptonic portal coupling: A;p = 0.1 (gray), 4 p = 0.5 (light green), 4;p = 1.0 (green), 4;p = 1.5 (violet), and A;p = 2.0 (red). Here,

we choose the Higgs-portal coupling Ayp = 1073 and the mixing

angle sin @ = 0.07 for illustration. The yellow band indicates the

WMAP-observed relic density bound [106]. For all the panels, we set the vectorlike lepton mass to be 1 TeV.

angle increases, the annihilation cross section of DM
into weak gauge bosons also increases. Due to this, the
WMARP relic density constraint for DM can be satisfied for
higher DM masses as well. For illustrating this, we also
show the parameter space in Higgs-portal coupling (Agp) vs
DM mass (mpy) plane consistent with the WMAP relic
density constraint for various choices of mixing angle in
Fig. 6 (right).

In addition to the DM relic density study, we also
consider the constraints from various DM direct detection
experiments. In our model, the DM can interact with nuclei
dominantly via ¢-channel Higgs boson exchange. The
corresponding spin independent DM-nucleon scattering
cross section is estimated in Refs. [78,88]. Using this,
we recast the limits from LUX-2017 [100], PandaX-II
[107], and XENONIT (2018) [99] experiments for our
model, which are shown as brown, blue, and yellow
regions, respectively, in Fig. 6. As one can see, we can
satisfy all the present bounds from DM direct detection
experiments for a large region of the parameter space.

Finally, in Fig. 7, we show the parameter space in the
vectorlike lepton mass (M) vs DM mass (mpy) plane,
which is consistent with the experimentally measured
values of AMMs of the electron and muon, as well as
the WMAP relic density constraint. The orange and yellow
regions depict the parameter space which can address
the electron and the muon g — 2 anomalies, respectively.
The pink, blue, and cyan shaded bands represent the
parameter space consistent with the DM relic abundance
(0.094 < Qh* < 0.128). For illustration, in left panel of
Fig. 7, we set the Higgs-portal coupling Ayp to be 1073 and
vary the mixing angle: sina = 0.08 (cyan), sina = 0.1
(blue), and sina = 0.15 (pink). On the other hand, in right
panel of Fig. 7, the colored regions are shown for different
choices of leptonic portal coupling that are consistent with
the WMAP relic density constraint, 4;p = 0.146 (cyan),
Ap = 1.5 (blue), and A;p = 2.0 (pink), while fixing the
mixing angle sina = 0.1 and the Higgs-portal coupling
Aup = 4 x 107*. For both the panels, we fix the product
(y1)ge(v3)gp sin2a to be same as the benchmark value
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FIG. 6. The parameter space in Higgs-portal coupling (Agp) vs DM mass (mpy;) plane consistent with the WMAP relic density
constraint. Left: regions are shown for different choices of leptonic portal coupling: A;p = 0.5 (cyan), 4;p = 1.0 (orange),
Ap = 1.5 (blue), and A;1p = 2.0 (pink). Here, the mixing angle sina = 0.3 is kept fixed. Right: regions are shown for
different choices of mixing angle: sina = 0.01 (red), sina = 0.08 (cyan), sina = 0.1 (blue), sina = 0.3 (green), and sina = 0.5
(orange). Here, we choose the leptonic portal coupling 4;p = 0.1. The color shaded regions with solid boundary line denote
the excluded parameter space by various current direct detection experiments: brown region from LUX-2017 [100], blue

region from PandaX-II [107], and yellow region from XENONIT (2018) [99]. We set the vectorlike lepton mass to be
1 TeV.
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FIG. 7. The parameter space in vectorlike lepton mass (M) vs DM mass (mpy) plane consistent with both the electron and muon
AMMs. The orange (yellow) region indicates the experimental 26 band for the muon (electron) AMM Agq,, (Aa,). Left: the colored
vertical bands represent the regions that are consistent with the WMAP relic density constraint for different choices of mixing angle:
sina = 0.08 (cyan), sina = 0.1 (blue), and sina = 0.15 (pink). Here, we fix the Higgs-portal coupling Agp to be 1073, Right: the
colored regions are shown for different choices of leptonic portal coupling that are consistent with the WMAP relic density
constraint: A;p = 0.146 (cyan), A p = 1.5 (blue), and A p = 2.0 (pink). Here, we fix the mixing angle sina = 0.1 and the
Higgs-portal coupling Ayp = 4 x 107*. For both the panels, we fix the product (y;),,(y3), sin 2a to be same as the benchmark value

given in Egs. (3.21)—(3.24). The horizontal dashed line indicates the bound on the vectorlike lepton mass from the 13 TeV LHC
data [108].

given in Egs. (3.21)—(3.24). The horizontal dashed line
indicates the bound on the vectorlike lepton mass from

F. Collider implications

Here, we discuss the collider phenomenology associated

the 13 TeV LHC data [108]; cf. Sec. IIl E. As we can see
from Fig. 7, there is a significant region of parameter space
(intersection zones) which can accommodate the correct
experimental values of (g—2),, as well as the DM relic
abundance.

with the dark matter in our model. Especially, the presence
of doubly charged scalar S** and the vectorlike leptons F*
can give rise to rich phenomenological implications at
the LHC. Generically, DM is searched for at the LHC in
mono-X searches, e.g., in association with one or more
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FIG. 8.

additional SM particles, preferably a high momentum
object (jet, photon, vector boson, etc.) radiated by the
initial state quarks. Here, we want to highlight a few
nonstandard collider aspects of DM which naturally arise in
our framework.” The relevant Feynman diagrams for this
collider signal of DM are shown in Fig. 8. The charged
vectorlike fermion F*, which is responsible for lepton
anomalous magnetic moments, will be pair himproduced at
the LHC via s-channel Z/y exchange, and it will further
decay back to DM and SM charged leptons. This will lead
to DM production in association with two charged leptons
(pp = ¢€7¢~ + Er) at the LHC. This process is somehow
similar to the standard slepton searches [109-111]. If
kinematically allowed, the DM can also be produced in
association with same-sign dileptons from the decay of
doubly charged scalar S** as shown in right panel of the
Fig. 8. The dominant production mechanism of the doubly
charged scalar S** at the LHC is the standard Drell-Yan
process via s-channel Z/y exchange. It will further domi-
nantly decay to S** — F*£*, and the vectorlike leptons
F* decay dominantly to DM and SM charged leptons.
This will lead to DM production in association with four
charged leptons (pp — 26726~ + Er) at the LHC. In
addition to the pair production at the LHC, S** can also
be produced in association with the singly charged scalar
S5 via W boson exchange. If kinematically allowed, S**
can further decay into S; W=. Considering hadronic decay
mode of W boson, it will lead to a unique signature [73] at
the LHC: ud — S*+S; — (SyWH)S5 — (117 jj + E/7).
The prospects of this type of DM signal with multilepton
signature were analyzed in details in Refs. [73,112]. On the
other hand, if the Z, odd charged scalars S** and fermions
F* are not kinematically allowed to decay to DM promptly,
they will be long lived. In this case, the track originating
from long-lived charged particles can disappear at a point
inside the detector. There are dedicated searches for these
stable charged particles at the LHC [108] using signatures

*Note that charged scalars in our benchmark point are chosen
to be beyond TeV, as are the vectorlike fermions. This implies
that they are above current sensitivities, and we can keep the
discussion largely qualitative.

Feynman diagrams for the collider signal of DM at the LHC.

of long time-of-flight measurements and anomalously high
energy deposits in the silicon tracker. Nonobservation of
any signal imposes severe constraints on these stable
charged particles. Using the 13 TeV LHC data [108], we
find that the mass of a (long-lived) charged vectorlike
fermion F* is constrained up to 550 GeV, whereas the mass
limit on (Iong-lived) doubly charged scalar S* is 660 GeV.
Recently, displaced vertex and disappearing track signa-
ture for long-lived singly charged lepton were analyzed;
see Refs. [113,114]. Also, the prospect of discovery of
long-lived doubly charged scalars was analyzed [115].
Thus, this model predicts several unique signals like
displaced vertex signature, disappearing tracks at the
collider, and nonstandard DM signals with multilepton
signature. All these signals have unique discovery pros-
pects which can be tested in the upcoming run of the LHC
or other colliders.* The investigation of these collider
signals is beyond the scope of this article and shall be
presented in a future work.

IV. CONCLUSIONS

In this work, we have proposed a class of models that
intercorrelates and offers a simultaneous explanation of
neutrino mass, dark matter, the long-standing puzzle of the
muon anomalous magnetic moment, and the recently
observed tension in the electron anomalous magnetic
moment. In each of these models, the Standard Model is
extended with a vectorlike fermion and a set of scalars,
which are odd under an added Z, symmetry. A common set
of these BSM states runs through the loops and generates
neutrino mass as well as lepton AMMs at one-loop order.
If the vectorlike fermions are around the TeV scale, they
provide large chirality enhanced contributions required to
resolve the lepton AMMs. Different signs for the muon and
the electron anomalous magnetic moments are arranged
easily because different sets of Yukawa couplings are
involved. The lightest of the neutral members of our

*For example, a future muon collider in the O(1) — O(10) TeV
scale has the great potential to probe the class of models

discussed in this work. For such relevant collider study, see
Ref. [116].
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new multiplets, either fermionic or bosonic in nature, plays
the role of the dark matter, which is stabilized by the
unbroken Z, symmetry. Models belonging to this class are
simple in their constructions and provide a framework to
unify a number of various seemly uncorrelated issues that
cannot be solved with the Standard Model. After a generic
discussion, we focused on a particular model and per-
formed a detailed analysis that includes a fit to neutrino
oscillation parameters as well as electron and muon

AMMs, followed by a discussion of DM and collider
phenomenology.
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