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Abstract. The origin of neutrino mass is a mystery, so is its nature, namely, whether neutrinos
are Dirac or Majorana particles. On top of that, hints of large deviations of the muon and the
electron anomalous magnetic moments (AMMs) are strong evidence for physics beyond the
Standard Model. In this work, piecing these puzzles together, we propose a class of radiative
Dirac neutrino mass models to reconcile (g−2)µ,e anomalies with neutrino oscillation data. In
this framework, a common set of new physics (NP) states run through the loops that generate
non-zero neutrino mass and, due to chiral enhancement, provide substantial NP contributions
to lepton AMMs. In addition, one of the three models studied in this work offers a Dark
Matter candidate automatically stabilized by the residual symmetry, whose phenomenology
is non-trivially connected to the other two puzzles mentioned above. Finally, our detailed
numerical analysis reveals a successful resolution to these mysteries while being consistent
with all colliders and cosmological constraints.
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1 Introduction

The Standard Model (SM) of particle physics is the most successful theory in particle physics
that describes the fundamental interactions between elementary particles. Despite its major
triumph, it is not perfect- it cannot explain the origin of neutrino mass or dark matter (DM).
Moreover, the SM is under scrutiny since its predicted values of the muon and the electron
anomalous magnetic moments1 (AMMs) are in tension with experimental measurements.
There is a longstanding discrepancy in the muon AMM measured at BNL in 2006 [1]. A new
measurement performed at the Fermilab [2] in 2021 is in excellent agreement with BNL’s result,
and combinedly they correspond to a large 4.2σ disagreement with the SM prediction [3] (for
original works, see refs. [4–23]):

∆aµ = (2.51± 0.59)× 10−9. (1.1)

On the other hand, precise measurement of the fine-structure constant using Cesium
atom at the Berkeley National Laboratory [24] in 2018 yields,

α−1(Cs) = 137.035999046(27). (1.2)

This result corresponds to a negative 2.4σ deviation of the electron AMM with respect to the
SM value [25]:

∆ae = (−8.8± 3.6)× 10−13. (1.3)

These discrepancies are large in magnitude, and the opposite sign between them is somewhat
puzzling and hints towards physics beyond the SM (BSM). For attempts to solve these
discrepancies simultaneously in BSM frameworks, see, e.g., refs. [26–78].

The observation of neutrino oscillations [79–85] was the first conclusive evidence that the
SM is incomplete and must be extended. Although the existence of non-zero neutrino masses2

has been firmly established, the nature of neutrinos, viz. Dirac or Majorana is still unknown.
1AMM is defined as a` = (g` − 2)/2, where ` = e, µ, τ .
2For an extensive review on this subject, see ref. [86].
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Figure 1. Schematic diagram demonstrating the link between neutrino mass generation, lepton g − 2
anomalies, and Dark Matter in one of the benchmark models (Model-A) proposed in this work. See
text for details.

As widely known, observation of neutrinoless double beta decay (see, e.g., ref. [87]) would
settle this issue and establish the Majorana nature of neutrinos; however, all experiments
so far have null results. Similarly, despite the discovery that about eighty percent of the
Universe’s gravitating matter is non-luminous, we are yet to know anything about the nature
of DM (see, e.g., [88]).

This work considers neutrinos as Dirac particles, and non-zero neutrino masses originate
from quantum corrections. This framework proposes a simultaneous solution to the muon and
the electron AMMs that is non-trivially linked to the neutrino mass generation mechanism.
New physics (NP) contributions to the lepton g−2 and non-zero neutrino masses arise via one-
loop corrections mediated by a common set of BSM particles. We present a class of radiative
Dirac neutrino mass models that share these same features and study in detail a particular
model (dubbed as Model-A) belonging to this class that also addresses the DM puzzle and
offers rich collider phenomenology. Remarkably, the stability of the DM is guaranteed by the
residual symmetry that emerges after U(1)B−L gauge symmetry is spontaneously broken. In
Model-A, all these puzzles are deeply intertwined, which is illustrated in figure 1.

The paper is organized as follows: in section 2, we discuss the general framework, and
in section 3, we provide details of the set of models under investigation. Next, we discuss
the experimental constraints in section 4 and carry out a detailed DM phenomenology for
Model-A in section 5. Finally, we conclude in section 6.

2 Setup

Neutrinos being Dirac in nature requires the presence of right-handed partners νRi (i = 1–3),
which automatically allows for tree-level neutrino mass via the term −Ly ⊃ YνLεH∗νR when
the SM Higgs, H acquires a vacuum expectation value (VEV); here L is the SM lepton doublet,
and ε is the Levi-Civita tensor. This, however, demands yν ∼ O(10−11) to be consistent
with experimental data, which is seemingly unnatural [89] since the Yukawa couplings of
the charged fermions in the SM are typically in the range 10−6 − 1. On the contrary, it
is aesthetically attractive to generate Dirac neutrino mass radiatively that would naturally
require the corresponding Yukawa couplings typically in the range 10−3 − 1. Symmetry
arguments can naturally forbid the aforementioned tree-level term to achieve this. In this
work, we accomplish this by extending the SM gauge symmetry by U(1)B−L [90, 91]; in the
literature, various types of symmetries are imposed to realize radiative Dirac mass, see, e.g.,
refs. [92–137].
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Figure 2. Two distinct one-loop topologies that lead to Dirac neutrino mass. See text for details.

Gauge anomaly cancellation conditions3 then require the right-handed neutrinos to carry
charges which are either νR1,2,3 = {−1,−1,−1} or νR1,2,3 = {5,−4,−4} [138–140]. We choose
the latter charge assignment since the former allows the unwanted tree-level term in the
Lagrangian. To spontaneously break U(1)B−L, we employ a SM singlet scalar that carries
three units of B − L charge: σ ∼ (1, 1, 0, 3).4 Then non-zero mass for the neutrinos appears
through loop diagrams when both the electroweak (EW) and U(1)B−L symmetries are broken
(in our setup, the only two fields that acquire VEVs are H and σ). These loop diagrams
originate from ultra-violate (UV) completion of the following unique dimension five operator:

−Ld=5 = yij
Λ LiεH

∗νRjσ + h.c., (2.1)

where i = 1–3 and j = 2, 3. In the following, we very briefly summarize how to construct
UV-complete one-loop models utilizing this d = 5 operator; for details, we refer the reader
directly to ref. [127] (we adopt the nomenclature used therein).

One-loop Dirac neutrino mass models can be constructed out of two independent
topologies: T1-i and T1-ii that are shown in figure 2. Depending on the Lorentz structures
(i.e, fermion-fermion-scalar or scalar-scalar-scalar interaction) associated with these vertices,
three different diagrams (T1-i-1, T1-i-2, and T1-i-3) can be drawn for topology T1-i. On the
other hand, for T1-ii, there is a unique diagram labeled as T1-ii-1. Moreover, by interchanging
the external scalar legs of some of these diagrams, in total, eight minimal models can be
fabricated [127].

In this work, we focus5 on the diagram T1-ii-1 and propose explicit models in light of
the muon and the electron g − 2. In particular, we formulate three minimal models (labeled
as Model-A, Model-B, Model-C), each of which, in addition to correctly reproducing neutrino
oscillation data, addresses both (g − 2)µ,e. Among these three models, DM can also be
incorporated within Model-A. Moreover, this model shows profound correlations among the
neutrino mass, DM, and (g − 2)µ,e as well as offers rich collider phenomenology. Stunningly,
no ad hoc symmetry needs to be imposed by hand to realize this dark matter; instead, its
stability is assured by a leftover discrete symmetry resulting from the breaking of U(1)B−L
gauge symmetry.

Since topology T1-i in figure 2 has a 4-particle vertex, there is a unique choice of attaching
external H and σ lines to it to form the d = 5 operator of eq. (2.1). Completion of the

3As usual, quark fields QL(3, 2, 1/6), uR(3, 1, 2/3), dR(3, 1,−1/3) carry 1/3 and SM leptons LL(1, 2,−1/2),
`R(1, 1,−1) carry −1 charges under U(1)B−L symmetry. The SM Higgs doublet H(1, 2, 1/2) transforms trivially
under U(1)B−L.

4Quantum number presented here is under the gauge group SM × U(1)B−L = SU(3)C × SU(2)L × U(1)Y ×
U(1)B−L.

5Conclusions obtained in our work are very general and applicable to most of the models fabricated from
topology T1-i.
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Figure 3. In this class of models, neutrino mass (lepton g − 2) originates from the diagram on the
top (bottom). The blue line shows the direction of the iso-doublet flow in an economical fashion. Any
other direction of this flow would correspond to non-minimal model, see text for details.

neutrino mass diagram then requires (i) a vector-like6 Dirac fermion ψ (of three generations)
and (ii) two distinct BSM scalars Φ1,2; see the top diagram in figure 3. With only these
new states, corrections to muon and electron AMMs are too small to be consistent with
experimental findings. However, large NP contributions to lepton g − 2 can naturally arise
within this setup via chirally enhanced terms that are proportional to vector-like fermion
mass by introducing (iii) the third scalar Φ3; see the bottom diagram in figure 3.

In figure 3, blue lines correspond to the iso-doublet flow drawn to indicate the most
economical way to build this class of models. As shown in figure 3, this choice requires a
single BSM scalar field to be iso-doublet (and no BSM iso-doublet fermion is required). This
way, the least number of new degrees of freedom is introduced in a given model belonging to
this class (this is our minimality criterion). Minimal models of this class then contain four
BSM fields that propagate inside the loops and contribute to neutrino mass as well as lepton
g − 2, and have the following quantum numbers:

ψ ∼ (1, 1, Y, β), (2.2)

Φ1 ∼
(

1, 2,−Y − 1
2 ,−β − 1

)
, (2.3)

Φ2 ∼ (1, 1, Y, β + 4), (2.4)
Φ3 ∼ (1, 1, Y + 1, β + 1), (2.5)

where, Y and β are the hypercharge and the B − L charge, respectively, carried by the
vector-like fermion. It is important to note that: (a) if Y = −1 then β = 2 is not allowed. In
this case, a cubic term of the form V ⊃ H†Φ1σ is allowed, which would lead to an induced VEV
for Φ1 resulting in a tree-level Dirac mass for the neutrinos via Ly ⊃ LεΦ∗1νR. Furthermore,
(b) if Y = 0 then β = −1 is not allowed. In this scenario, a combination of three terms
Ly ⊃ LεH∗ψR, ψLσνR, and mψψLψR in the Lagrangian would generate neutrino mass via
tree-level Dirac seesaw (once VEVs of H and σ are inserted).

6Due to vector-like nature, these fermions do not alter the anomaly cancellation conditions.
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Fields Model-A (Y = 0, β 6= −1) Model-B (Y = −1, β 6= 2) Model-C (Y = +1)

ψ ψ0(1, 1, 0, β) ψ−(1, 1,−1, β) ψ+(1, 1,+1, β)

Φ1 φ =

φ0

φ−

 =
(
1, 2,−1

2 ,−β − 1
)

φ =

φ+

φ0

 =
(
1, 2,+1

2 ,−β − 1
)

φ =

 φ−

φ−−

 =
(
1, 2,−3

2 ,−β − 1
)

Φ2 S0(1, 1, 0, β + 4) η−(1, 1,−1, β + 4) η+(1, 1,+1, β + 4)
Φ3 η+(1, 1,+1, β + 1) S0(1, 1, 0, β + 1) κ++(1, 1,+2, β + 1)

DM? ψ0 7 7

Table 1. Particle contents of new physics models proposed in this work.

3 Models

This section discusses three different versions of models belonging to the class introduced in
the previous section. For simplicity, we restrict ourselves to the case of |Y | ≤ 1. We label
these models as Model-A (Y = 0), Model-B (Y = −1), and Model-C (Y = +1) for which the
full quantum numbers of NP states are specified in table 1. In the following text, we provide
all the necessary details of these models.

Yukawa interactions. In three of these models, the new Yukawa part of the Lagrangian
takes the following general form:

−LY = Y iJ
1 LLiΦ1ψRJ + Y Ij

2 ψLIΦ2νRj 6=3 + Y Ij
3 ψLIΦ3`Rj +M IJ

F ψLIψRJ . (3.1)

Here Y1,2,3 are in general 3× 3 arbitrary matrices, and we define their entries by,

Y ij
1 = yij , Y

ij
2 = xij , Y

ij
3 = zij . (3.2)

Without loss of generality, we choose to work in a basis where the vector-like fermion mass
matrix is diagonal,

MF = diag(M1,M2,M3). (3.3)

From figure 3, it can be seen that Y1 and Y2 are responsible for neutrino mass generation,
whereas, Y1 and Y3 provide NP contributions to the lepton g − 2 that are chirally enhanced.
For sizable Yukawa couplings, lepton flavor violating (LFV) processes provide stringent
constraints on the off-diagonal couplings of these matrices and force them to take almost
diagonal form. To be consistent with the experimental data of (g − 2)e,µ, entries of Y1 and Y3
coupling matrices are required to be substantial; hence to suppress LVF, we adopt diagonal
textures for these two matrices. On the other hand, entries of Y2 are required to be somewhat
smaller to incorporate correct neutrino mass scale. Hence, for the rest of the analysis, the
Yukawa coupling matrices are chosen to have the following form:

Y1 =

y1 0 0
0 y2 0
0 0 y3

, Y2 =

0 x12 x13
0 x22 x23
0 x32 x33

, Y3 =

z1 0 0
0 z2 0
0 0 z3

. (3.4)

Note that, due to different B − L charge assignments of the right-handed neutrinos, the first
column of Y2 is zero. For the simplicity of our work, we treat all couplings to be real.
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Scalar interactions. Owing to the B − L charge assignments, the scalar potential of this
theory takes a simple form. Instead of writing the entire potential, we only provide the
relevant interactions required to generate neutrino mass as well as lepton AMMs,

−Vν ⊃ λHεΦ1Φ2σ
∗ + µH†Φ1Φ3 + h.c. , (3.5)

here, ε is the Levi-Civita tensor. Since the SM Higgs doublet transforms trivially under B−L,
it does not mix with the BSM scalars. Its VEV 〈H〉 = vH/

√
2 (where vH = 246GeV) breaks

the electroweak (EW) symmetry, while VEV of σ field 〈σ〉 = vσ/
√

2 breaks the U(1)B−L
symmetry. As a result of these spontaneous symmetry breakings, BSM neutral (charged)
scalars originating from Φ1,2,3 mix as can be seen from eq. (3.5). Then the corresponding
mass-squared matrices can be written as,

V ⊃
(
φ0∗ S0

)(m2
φ a0

a0 m2
S

)(
φ0

S0∗

)

+
(
φ+ η+

)(m2
φ a+

a+ m2
η

)(
φ−

η−

)

+
(
φ++ κ++

)(m2
φ a++

a++ m2
κ

)(
φ−−

κ−−

)
, (3.6)

where we have defined the following quantities:

Model-A: (no doubly charged scalar) a0 = −λ2 vHvσ, a+ = µ√
2
vH , (3.7)

Model-B: (no doubly charged scalar) a0 = µ√
2
vH , a+ = −λ2 vHvσ, (3.8)

Model-C: (no neutral scalar) a+ = −λ2 vHvσ, a++ = µ√
2
vH . (3.9)

Furthermore, we diagonalize these matrices as,

M2
x = Ox diag{(Mx

1 )2, (Mx
2 )2} OTx , (3.10)

Ox =
(

cos θx − sin θx
sin θx cos θx

)
, (3.11)

sin 2θx = 2ax
(Mx

1 )2 − (Mx
2 )2 , (3.12)

where we use the notation: x = {0,+,++} and M1 > M2. We denote these two mass
eigenstates Sx1,2 by (i) S0

i ≡ Si for neutral, (ii) S+
i ≡ ηi for singly-charged, and (iii) S++

i ≡ κi
for doubly-charged scalars. Explicitly, the flavor and the mass eigenstates are related via the
following identities:

neutral: φ0∗ = cθ0S1 − sθ0S2, (3.13)
S0 = sθ0S1 + cθ0S2, (3.14)

singly-charged: φ+ = cθ+η1 − sθ+η2, (3.15)
η+ = sθ+η1 + cθ+η2, (3.16)

doubly-charged: φ++ = cθ++κ1 − sθ++κ2, (3.17)
κ++ = sθ++κ1 + cθ++κ2. (3.18)

– 6 –
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It is important to note that due to the simplified form of the scalar potential, there are
no terms that could have generated mass splitting between Re[φ0] and Im[φ0] components.
Otherwise, it would have evaded the stringent direct detection bound due to the Z-boson
mediated spin-independent scattering of φ0 with the nucleons as pointed out in [141]. Con-
sequently, the neutral scalar φ0 cannot serve as a viable DM candidate in Model-A and -B
(Model-C does not contain any neutral scalar within Φ1,2,3). Moreover, due to the mixing
with the φ0 given in eq. (3.5), the S0 also interacts with the Z boson and the direct detection
limit on the Z boson mediated scattering with nucleons sets an upper bound on the mixing
angle to be O(10−5) when mS ∼ 1TeV. Setting the mixing term to be zero would make
S0 a DM candidate but at the cost of vanishing neutrino mass in Model-A, which is not
experimentally compatible. More importantly, for Model-B, such a small value of mixing fails
to incorporate lepton g − 2, which is one of the sole purposes of this work. Because of such a
restrictive scenario associated with S0 being the DM, we opt to choose the lightest neutral
Dirac fermion to be the DM candidate only in the case of Model-A (see section 5 for details)
as Model-B and Model-C do not contain any electrically neutral BSM fermion.

Neutrino mass. The leading contributions to neutrino masses in this theory appear at
the one-loop order, as shown in figure 3 (Feynman diagram on the top). In this Feynman
diagram, BSM neutral (singly-charged) scalars and fermions run through the loop in Model-A
(Model-B and Model-C). It is straightforward to compute the neutrino mass formula, which
is given by,

M ij
ν = sin 2θx

8π2

(
Y ik

1

)∗
MFk

(
Y kj

2

)∗

M2
Sx2

log
[
M2
Fk

M2
Sx2

]
M2
Fk
−M2

Sx2

− (Sx2 → Sx1 )


≡ Y ∗1 M̂Y ∗2 , (3.19)

where,

M̂ = M̂iδij , (3.20)

M̂k = sin 2θx
8π2 MFk


M2
Sx2

log
[
M2
Fk

M2
Sx2

]
M2
Fk
−M2

Sx2

− (Sx2 → Sx1 )

 , (3.21)

and x = 0,+,+ for Model-A, -B, -C, respectively. Since neutrinos are Dirac particles, it is
simple to solve for the Yukawa couplings xij ∈ Y2 in terms of neutrino observables that are
known quantities and in terms of couplings yi (to be determined from lepton g− 2) as follows:

xij = Uijmj

yiM̂i

, (3.22)

here

m1 = 0, m2 =
√

∆m2
sol, m3 =

√
∆m2

atm, (3.23)
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and U is the left-rotation matrix that diagonalizes the neutrino mass matrix (recall that Dirac
neutrino mass matrix is not symmetric), i.e.,

U †mνm
†
νU =

(
mdiag
ν

)2
. (3.24)

The solution given in eq. (3.22) corresponds to normal mass ordering for neutrinos. Analo-
gously, the solution for inverted ordering can be trivially constructed by relabelling the B −L
charges of the right-handed neutrinos, which would correspond to the third column being
zero in eq. (3.4) instead of the first column.

Note that, due to the non-universal charge assignments of the right-handed neutrinos,
one of them carrying five units of B − L charge remains massless (as well as the lightest
SM neutrino). However, within this framework, non-zero m1 is generated via dimension-7
operator7 of the form L7 ⊃ LLH∗νRσ∗σ∗/Λ3.

Lepton magnetic dipole moment. The NP contributions to lepton AMMs in this theory
appear at the one-loop order, as shown in figure 3 (Feynman diagram on the bottom). These
contributions are typically large due to vector-like fermion mass insertion in the loop. The
outgoing photon in this Feynman diagram is emitted either by an internal scalar or fermion,
or by both scalar and fermion, depending on the model. In Model-A, -B, and -C, scalars
(fermions) running in the loop are singly-charged (neutral), neutral (singly-charged), and
doubly-charged (singly-charged) states, respectively. It is straightforward to evaluate the
contribution arising from BSM states, which yields,

∆a` = −m`

4π2

{
Re
(
Y L∗
kl Y

R
kl

) Mk

M2
Sx
b

G[rkb] +
(
|Y L
kl |2 + |Y R

kl |2
) m`

M2
Sx
b

G̃[rkb]
}
, (3.25)

where summation over the BSM scalars and fermions must be understood. Furthermore, we
have defined,

rkb = M2
k

M2
Sx
b

, (3.26)

G[r] = f [r] +Qψg[r], (3.27)
G̃[r] = f̃ [r] +Qψ g̃[r], (3.28)

with Qψ = 0,−1,+1 for Model-A, -B, -C, respectively, and,

f [r] = 2g̃[r] = r2 − 1− 2r ln r
4(r − 1)3 , (3.29)

g[r] = r − 1− ln r
2(r − 1)2 , (3.30)

f̃ [r] = 2r3 + 3r2 − 6r + 1− 6r2 ln r
24(r − 1)4 . (3.31)

Finally, the re-defined Yukawa couplings (Y ∗L , YR) appearing in eq. (3.25) are given by,

Model-A : η1 : (Y1cθ+ , Y3sθ+), η2 : (−Y1sθ+ , Y3cθ+), (3.32)
Model-B : S1 : (Y1cθ0 , Y3sθ0), S2 : (−Y1sθ0 , Y3cθ0), (3.33)
Model-C : κ1 : (Y1cθ++ , Y3sθ++), κ2 : (−Y1sθ++ , Y3cθ++). (3.34)

7An UV-completion of this dimension-7 operator requires two more copies of Φ2-like fields: Φ′2(1, 1, Y, β− 5)
and Φ′′2 (1, 1, Y, β − 2).

– 8 –
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Figure 4. Demonstration of the required Yukawa coupling to reproduce the experimentally observed
lepton AMMs within 1σ values are presented as a function of vector-like fermion mass MF . For the
masses of two of the scalars running in the loop, we takeMF +100GeV andMF +150GeV, respectively.
Here, for illustration, we have only plotted the dominant chiraly enhanced contribution; however, for
numerical analysis, we have consider the full expressions.

In figure 4, we present beyond SM contributions to the muon and the electron anomalous
magnetic moments arising in three versions of models under consideration. It is clear from
this plot that the required large contributions as observed in the experiments can be naturally
provided within this framework without requiring large Yukawa couplings. Furthermore,
opposite signs of the muon and the electron AMMs can be incorporated via an appropriate
choice of the signs of the associated Yukawa couplings.

4 Experimental constraints

This section briefly describes the phenomenological implications of the proposed models and
the current experimental bounds on the BSM states, along with future collider prospects.

LHC bounds on scalars and fermions. Model-A contains a DM candidate (see section 5
for details) via which it can be tested in colliders. Specifically, the singly charged scalars can be
efficiently pair-produced at the LHC through the s-channel γ/Z exchange. Once pair-produced,
each of them decays into a DM and a SM lepton, i.e., pp→ `+`− + /ET . This process mimics
the standard slepton searches carried out by ATLAS as well as CMS collaborations [142–144]
and non-observation of any such processes lead to a bound of mS±i

≥ 450GeV [143].
On the contrary, Model-B/C does not contain a DM candidate. Consequently, collider

probes of these models are distinct from Model-A. Following Model-A, we assume that BSM
scalars are heavier than BSM fermionic states in Model-B/C. Then pair-produced singly
(singly and doubly) charged scalars in Model-B (Model-C) decay into a pair of SM lepton (νν or
`+`− depending on singly or doubly charged scalar) and a pair of BSM singly charged fermions
(ψ+ψ−). In fact, the singly charged fermions also get pair-produced through the s-channel
γ/Z exchange, which provides the relevant bounds for these models. Note, however, that for a
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general charge assignment with an arbitrary value of β, a renormalizable coupling responsible
for the decay of these fermions may not be present; hence ψ± are expected to be long-lived.

To make them decay, we fix the B−L charge such that β = −1 for Model-B/C, therefore
a mixing term of the form L ⊃ m′ψL`R is allowed. Its contribution to SM lepton masses
can be fully neglected if ε � 1, where we define m′ ≡ εvH/

√
2. Through this mixing, the

vector-like leptons will promptly decay if ε & 2 × 10−7 [145]. For a quasi-stable vector-
like lepton, assuming chargino like interactions, ATLAS search [146] provides a bound of
mψ± ≥ 750GeV [145]. On the other hand, for the prompt decay scenario, each of the pair-
produced vector-like lepton decays into ψ → h`, ψ → Z`, and ψ →Wν`, for which currently
there is no collider bound. However, HL-LHC (14TeV with integrated luminosity of 3ab−1)
will probe these processes and should be able to exclude up to about mψ± ≥ 460GeV for the
first two generations [147] and mψ± ≥ 600GeV for tau-like ψ [145].

Electroweak precision constraints. Neutrino mass and BSM contributions to the lepton
anomalous magnetic moments heavily depend on the splitting between the neutral (and
charged) BSM scalars; hence electroweak precision measurements provide stringent constraints
on the model parameters. The so-called T -parameter is the most crucial among these oblique
parameters, which we compute following refs. [148–151] and allow it to vary within the range
given by [152],

∆T = 0.03± 0.12. (4.1)

LEP bounds on vector boson. Since we study gauged B − L extension of the SM,
this theory contains a heavy gauge boson Z ′, which is significantly constrained from the
non-observation of any direct signature at LEP and LHC. This gauge boson couples to
quarks as well as leptons, thus Z ′ can be produced and searched for at the LEP via s-channel
ee→ Z ′ → ff processes. To assure LEP-II bound [153], we impose

MZ′

g′
> 6.94TeV at 95% C.L., (4.2)

which is derived from effective four-lepton operator [154] and valid for MZ′ � 200GeV.

LHC bounds on vector boson. Furthermore, at hadron colliders, Z ′ can be efficiently
produced in the s-channel due to its couplings to quarks, which would show up as resonances
in the invariant mass distribution of the decay products. Searching for a massive resonance at
the LHC decaying into di-lepton/di-jet imposes stringent limits on the respective production
cross-section. The current data from 13TeV LHC search for a heavy resonance decaying into
two leptons (assuming a 100% branching ratio) via pp → Z ′ → `+`− provides the tightest
constraint of MZ′ > 4.9TeV. This bound is somewhat relaxed for other branching ratios,
which is depicted in figure 8 using the current data (ATLAS [155] and CMS [156]) and future
projections (HL-LHC [157] and FCC-hh [158]) in the coupling versus mass plane [159].

Cosmological constraints on vector boson. Since neutrinos are Dirac particles in our
scenario, the existence of right-handed neutrinos νR is implied. Since these right-handed
neutrinos are mass degenerate with left-handed neutrinos νL, they could contribute to the
effective number of relativistic degrees of freedom Neff in the early Universe. In the case of
purely SM interactions, the contributions are completely negligible. However, in our model,
νR have gauge interactions with Z ′, through which they can be in thermal equilibrium with
the SM plasma in the early Universe via s-channel ff ↔ νRνR processes that increases Neff .
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Fields U(1)B−L U(1)B−L → Z18

QL, uR, dR
1
3 ω2

LL, `R −1 ω12

νR −4, 5 ω12

ψ − 1
2 ω15

H 0 ω0

σ 3 ω0

φ∗ 1
2 ω3

S0 7
2 ω3

η+ 1
2 ω3

Table 2. Charges of particles under the residual symmetry in Model-A with β = −1/2. The dark
sector transforms as an odd power of ω, whereas the rest of the particles transform as even powers of
ω. See text for details.

Cosmological data, however, requires that νRs decouple from the SM plasma much earlier
than the νL. To be specific, Planck 2018 data [160, 161] requires that νRs must decouple at
temperatures greater than T > 0.6GeV [162].

The best current measurement implies Neff = 2.99± 0.17 [160, 161], which is in complete
agreement with the SM prediction NSM

eff = 3.045 [163–165]. Then a 2σ C.L. corresponds to
∆Neff < 0.285, which we adopt in our analysis. Future sensitives of CMB-S4 experiments
will reach a precision of ∆Neff ∼ 0.03 [166, 167] that can probe NP scale up to about
50TeV [162, 168]. For heavy Z ′, i.e., MZ′ > 20GeV, assuming that νR decouples before
T ∼ 0.6GeV, one obtains MZ′/g

′ > 11.4TeV, for the case of the standard B − L theory [168]
(this limit becomes much stronger in the lower mass range, see, e.g., ref. [162]). We re-scale
this bound using the unconventional charge assignment of the right-handed neutrinos in our
theory, and the corresponding Planck 2018 bound is presented in figure 9.

5 Dark Matter

In this theory, the Diracness of neutrinos is protected by the U(1)B−L symmetry. Remarkably,
this same symmetry is also responsible for stabilizing the DM candidate. The spontaneous
symmetry breaking of U(1)B−L by the VEV of σ leaves a residual discrete symmetry ZD
(such that ωD = 1) and stabilizes the DM. In particular, stability is guaranteed if D > 2 as
well as if D is even [113]. In such a case, all SM fields transform as even powers of ω, and
the lightest particle transforming as an odd power of ω will be automatically stable. For
concreteness, for Model-A, we fix β = −1/2 in our analysis, and the corresponding charges
of all fields under the residual symmetry are presented in table 2. As can be seen from this
table, all particles in the dark sector (ψ, φ, S0, η+) carry charges that are odd powers of ω.

The physical states in the dark sector of the Model-A consists of three Dirac fermions:
ψi, (i = 1–3), two singly-charged scalars, ηi and two complex neutral scalars, Si with i = 1, 2.
The DM candidate is the lightest Dirac fermion, which we choose to be ψ2 ≡ χ. A typical DM
annihilation channel in our model is demonstrated in figure 5. Before delving into the thermal
freeze-out scenario of the DM, we delineate the relevant parameter space and constraints set
by the DM direct detection experiments.
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χ [ω15]

χ [ω3]

ℓ−(ν) [ω12]

ℓ+(ν) [ω6]

η+i (S
0
i ) [ω3]

Figure 5. Dark matter annihilation into SM leptons.

5.1 DM direct detection and parameter space

DM direct detection. The fermionic DM, being charged under U(1)B−L, will scatter with
the nucleon via the exchange of Z ′ at the tree-level, and in the limit of zero momentum
transfer one can deduce the following effective interaction term in the Lagrangian between
the DM and the nucleon,

− L ⊃ g′2

2M2
Z′
χγµχNγ

µN , (5.1)

where, N is the nucleon. The spin independent scattering cross-section associated with this
effective interaction is given as,

σSI = 1
4π

g′4µ2
r

4M4
Z′
, (5.2)

where, the reduced mass is µr = mNMDM
mN+MDM

, and the cross-section is insensitive to the DM mass.
Consequently, for a fixed DM mass, the limits on the σSI set by the currently operating DM
direct detection experiments will constrain the region of two dimensional MZ′ − g′ parameter
plane as shown in figure 8.

DM parameter space. We want to correlate the constraints on the electron and muon
magnetic dipole moments with the parameter space associated with the DM relic density.
Hence, based on the choice of the Yukawa matrices given in eq. (3.4), and the scalar masses
and mixing angles given in eq. (3.12), we choose the parameter space for the DM relic density
analysis which is spanned by MDM, MF1 , Mη1 , Mη2 , MS1 , MS2 , θ+, θ0, Y1ee , Y1µµ , Y3ee , Y3µµ ,
g′ and MZ′ . Besides, the Yukawa couplings Y2 being connected with the neutrino mass
generation are much smaller than Y1 and Y3, and therefore don’t play any significant role in
the DM relic density analysis.

5.2 DM relic density

We consider the standard thermal freeze-out to achieve the correct DM relic density, Ωh2 =
0.12± 0.001 (68% C.L.) observed by Planck [161]. The dominant (co)annihilation processes
which control the DM relic density for our considered DM parameter space, where Y1 and Y3
Yukawa matrices being diagonal, are enumerated in the following.

• χχ→ µ+µ− and νµνµ via the exchange of η+
1,2 and S1,2 at the t-channel, respectively.

• χχ→ qq, l+l−, νlνl i.e. to the SM quark (q), charged lepton (l) and neutrino (νl) pairs
via the exchange of Z ′ at the s-channel.
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When the mass splitting between the DM candidate and another dark sector particle
carrying same dark charge is small, the coannihilation channels also become important. In
our case, the dominant coannihilation channels involving the DM candidate χ and other dark
sector particles: ψ1, η+

1,2 and S1,2 are,

• χψ1 → µ−e+, νµνe, χη−1,2, χ S∗1,2 → X ′X where X, X ′ are the SM particles, and the
conjugated channels.

• ψ1 η
−
1,2, ψ1S

∗
1,2, η

+
i η
−
j , Si S

∗
j , η

+
i S
∗
j → X ′X where i, j = 1, 2, and the relevant conju-

gated channels.

As the DM relic density involves multiple (co)annihilation channels, which also depend
on the multi-dimensional parameter space, we consider two scenarios to capture the dynamics
in a simplified manner. First, we consider the mass of the Z ′ quite heavy compared to DM
and other BSM particles so that the contribution of the Z ′ mediated channels in the thermal
freeze-out become negligible. We call it the Z ′ decoupled scenario, and in this case, the
thermal freeze-out of the DM is controlled by the BSM Yukawa sector of the Model-A. In
the second scenario, dubbed here as BSM Yukawa + Z ′ gauge boson scenario, we take into
account both the simultaneous contributions of the BSM Yukawa sector and the Z ′ gauge
bosons to determine the DM relic density.

Z′ decoupled scenario. Although we consider the Z ′ contribution to be negligible in
determining the DM relic density for this scenario as mentioned above, the relevant parameter
space is still large enough to disentangle the effects of the BSM Yukawa couplings, Y1 and Y3,
the mass-splittings between the DM and the charged scalars η+

1,2 and neutral scalars S1,2, and
the scalar mixing angles θ+ and θ0 on the DM relic density concretely just by scanning over
the parameters randomly. Therefore, we consider a few benchmark points of the parameter
space and discuss the impact of the variations of the parameters on the DM relic density.

First we consider a benchmark point where we fixed the following parameters as follows,

MF1 = MDM + 1 GeV, Mη1 = MS1 = MDM + 100 GeV,
Mη2 = MS2 = MDM + 150 GeV, θ+ = θ0 = 0.7,
Y3ee = 0.1, Y3µµ = 1, (5.3)

and vary only the Yukawa couplings, Y1ee ∈ (0.01, 1) and Y1µµ ∈ −(0.1, 1) randomly to select
the points which simultaneously satisfy the constraints on the electron and muon magnetic
moments ∆ae and ∆aµ and T-parameter ∆T . Afterwards, we calculate the relic density of
the DM F2 for each of these selected points using micrOMEGAsv5.2 [169] with the model
files generated by FeynRules [170].

Subsequently, for the parameter set given in eq. (5.3), the correct DM relic density is
obtained for MDM = 310GeV which is excluded by the LHC limits, and for 1.4–1.7TeV mass
range as seen in figure 6. To illustrate it, first, we write down the representative annihilation
cross-section at low-velocity approximation that is associated with the DM, χ annihilating
into the SM leptons (charged and neutrinos) via the exchange of charged (η1,2) and neutral
(S1,2) scalars at t-channel,

σv0 =
M2

DM

(
Ỹ 2

1a + Ỹ 2
3a

)2

32π
(
M2

DM +M2
S̃i

)2 , (5.4)
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Figure 6. The correlation between the mass of the DM candidate F2, MDM and the DM relic density
Ωh2 for the parameter space which satisfy the constraints on the electron and muon magnetic moments,
∆ae and ∆aµ and T-parameter ∆T for the Z ′ decoupled scenario. The black horizontal line represents
the correct DM relic density determined by Planck.

where the terms having small masses of the final-state leptons are neglected, and Ỹ1a and
Ỹ3a are the Yukawa couplings of electron or muon sector (here denoted by a) redefined by
absorbing the appropriate scalar mixing angles associated with charged or neutral scalar (here
expressed with S̃i). As we choose Y3µµ = 1 for our parameter set in eq. (5.3), when the DM
mass is in 100–680GeV range, the term like Ỹ 4

3µµM
2
DM in the numerator of eq. (5.4) dominates

the cross-section, and therefore we see the narrow band for that mass range. In contrast,
when MDM > 680GeV, the DM mass is large enough to make the terms like Ỹ 4

1µµM
2
DM in

the numerator of eq. (5.4) also comparable to the terms with Y3µµ , and thus we see the
band at larger masses in the DM relic density plot as |Y1µµ | takes value in the range (0.1, 1).
Besides, as the mass-splittings are small (150GeV) when the DM mass is close to O(TeV), the
coannihilation channels also contribute significantly to the DM relic density, so the simplified
eq. (5.4) is not applicable for higher DM mass ranges with small mass-splittings.

In the introduction, we discussed Berkeley’s result on (g − 2)e. Here, we point out a
more recent measurement of the electron AMM, utilizing 87Rb atom, which is consistent with
the SM prediction. This new result [171] finds +1.6σ for ∆ae, indicating a ∼ 5σ disagreement
with the Berkeley experiment [24]. However, it is crucial to note that the latest result of [171]
is in complete disagreement with its previous measurement for an unknown reason, yet to be
shed light on by this group. This is why we mostly focus on the result presented in [24]. If
the new result holds, it will only relax the parameter space of our model. For completeness,
we also explicitly illustrate scenarios where complete consistency of the electron AMM with
the SM prediction is assumed, such a scenario is explored in figure 7.

In figure 7 (left), we can see that if Y3µµ is set to 0.5 instead of 1, the annihilation cross-
section decreases for a wide range of the DM mass, and for this reason, the DM relic density
remains overabundant for DM mass close to TeV scale as opposed to the case with Y3µµ = 1
for which it remains underabundant for similar DM mass range. In addition, when we increase
the mass-splittings between the DM and the charged and neutral scalars, for lower mass range,
the denominator in eq. (5.4) becomes more significant, and the annihilation cross-section
decreases, which results in the overabundant DM. Besides, larger mass-splittings suppress the
coannihilation processes during the thermal freeze-out resulting in the overabundance of the
DM for masses in the TeV range.

Furthermore, to capture the impact of Z ′ on the DM relic density, first, we consider four
benchmark points presented in table 3 which simultaneously satisfy the constraints on the
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Figure 7. The dependence of the DM relic density on the variation of Y3µµ
for a fixed mass splitting

(left figure) and on the mass splittings between the DM and charged and neutral scalars for a fixed
value of Y3µµ (right figure). Here we vary Y1µµ ∈ −(0.1, 1). For simplicity, in this presentation, we
only consider the parameter points satisfying the constraints on the muon magnetic moment ∆aµ and
the T parameter ∆T simultaneously. Again the black horizontal line represents the correct DM relic
density. The respective collider bounds are not shown in this plots, see text for details.

Benchmark MF2 MF1 Mη1 Mη2 MS1 MS2 θ+ θ0 Y1ee Y1µµ Y3ee Y3µµ Ωh2

I 500GeV 501GeV 961.46GeV 1357.04GeV 858.75GeV 1085.4GeV 0.05 0.56 0.09 -1.33 0.67 0.36 0.12
II 500GeV 501GeV 1008.3GeV 1983.3GeV 979.83GeV 1408GeV 0.04 0.02 0.09 -1.07 0.3 0.54 0.326
III 3000GeV 3001GeV 3160.5GeV 3582GeV 3077GeV 3672.2GeV 0.42 0.41 0.09 -0.96 0.78 0.73 0.121
IV 3000GeV 3001GeV 3124.6GeV 3562GeV 3205.6GeV 3611.4GeV 0.6 0.46 0.06 -1.11 0.84 0.45 0.312

Table 3. Benchmark points in the Z ′ decoupled scenario for MDM = 500GeV and MDM = 3000GeV.

electron and muon magnetic moments ∆ae and ∆aµ and T-parameter ∆T in the Z ′ decoupled
scenario.

For benchmark point I and II of table 3 with MDM = 500GeV, the thermal freeze-out of
the DM is dominated by the processes, χχ→ νµνµ, µ

+µ−. On the other hand, for benchmark
point III and IV with MDM = 3000GeV, the thermal freeze-out processes are dominated
by the coannihilation, for example, by S1S

∗
1 → W+W−, Z Z and η+

1 η
−
1 → W+W−, Z Z,

respectively.

BSM Yukawa sector + Z′ gauge boson. Now we calculate the DM relic density for the
each benchmark points in table 3 by varying the mass of the Z ′ gauge bosonMZ′ ∈ (0.5, 20)TeV
and the gauge coupling g′ ∈ (0.02, 1).

From figure 8, we can see that for a fixed MZ′ , the increase of the gauge coupling
g′ decreases the DM relic abundance determined in the Z ′ decoupled scenario. Therefore,
even if the BSM Yukawa sector sets an overabundant DM relic density, one can achieve its
observed value by adjusting the Z ′ mass and coupling g′ as seen in figure 8 (upper and lower
right figures). Moreover, we can see that the lower the value of the gauge coupling g′, the
lower the minimum value of the MZ′ where the Z ′’s contribution to the DM relic abundance
becomes negligible. Besides, we see the dip in the DM relic abundance due to the resonant
enhancement of DM annihilation processes involving the exchange of Z ′ at the s-channel when
MZ′ ∼ 2MDM.

In figure 9, we present the correlation between MZ′ and g′ for our four benchmark
points with all relevant constraints set by the collider searches and DM direct detection
experiments, the observed DM relic density, and cosmological limit on the extra radiation.
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Figure 8. Correlation between the mass of the Z ′ gauge boson MZ′ and the DM relic density Ωh2

for four benchmark points given in table 3.

By correlating the figures 8 (upper left and right) and figure 9 (left), for MDM = 500GeV,
we see that the current limits provided by ATLAS and CMS have already ruled out the
(MZ′ , g

′) values for which the Z ′ gauge boson give significant contributions to the DM relic
abundance. Again the close inspection of figures 8 (lower left and right) and figure 9 (right)
for mDM = 3TeV indicates that apart from the small parameter space close to the resonance
point around MZ′ ∼ 6TeV, almost all the (MZ′ , g

′) values are ruled out by LEP, LHC,
DM direct detection (e.g. PandaX-4T [172] which has set the most stringent limit on the
spin independent DM-nucleon cross-section for 10GeV–10TeV DM mass range), and Planck
constraint on Neff . Furthermore, rest of the parameter space where Z ′ contributions could play
an important role in determining DM relic abundance will be fully probed by the HL-LHC
and future collider like FCC-hh.

Since the DM particle is inducing the anomalous magnetic dipole moment via mass-
insertion, the chirality flip enhancement is strongly correlated to the mass generation mech-
anism of the associated lepton and causes related loop contributions to its mass. Hence, if
MDM & O(3)TeV, typically, fine-turning of a large degree is required to adjust the lepton
mass correctly. For details, see, e.g., [173] and references therein. This is why in this work,
we explored DM phenomenology in the range 100 GeV .MDM . 3TeV.

Besides, at present day, one of the dominant DM annihilation channels is into the charged
lepton pairs, ψψ → l+α l

−
α where α = e, µ, τ . Therefore, the possible observation of the diffuse

gamma-ray emissions produced by these final state energetic charged lepton pairs of the DM
annihilation in the dwarf spheroidal galaxies has important indirect detection prospects. For
example, for our benchmark points I and III, the DM annihilation cross-sections into µ+µ−

pair turn out to be 6× 10−26 cm3/s and 3× 10−27 cm3/s, respectively, which are still beyond
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Figure 9. Correlation between MZ′ and g′ for four benchmark points. For mDM = 500GeV (left
figure), the cyan and blue points correspond to (MZ′ , g′) pairs that satisfy the constraints on DM relic
density for benchmark I and benchmark II points in the Z ′ decoupled scenario, respectively, whereas
for mDM = 3TeV (right figure), the yellow-green and brown points represent those with same attribute
for benchmark III and benchmark IV points, respectively. The shaded regions are ruled out by current
collider bounds, cosmological constraints, and from dark matter direct detection. Future colliders will
probe regions inside green and purple lines (not shaded).

the reach of Fermi-LAT [174], H.E.S.S. [175], and MAGIC [176] in the case of the muon
channel. However, the future improvements of the space-based gamma-ray satellite and the
ground-based imaging atmospheric Cherenkov telescope will certainly allow us to explore the
much larger parameter space of the model.

6 Conclusion

The Fermilab’s Muon g − 2 experiment has recently confirmed the longstanding tension of
the muon AMM. Furthermore, the recent precise measurement of the electron AMM at the
Berkeley Lab shows deviations from the theoretical prediction. These two anomalies together
strongly hint towards physics beyond the Standard Model. Besides, the origin of neutrino
mass remains a mystery even after the groundbreaking discovery of neutrino oscillation about
twenty-five years ago. Moreover, even though we know DM exists, we do not yet know what
it is at a fundamental level.

This work proposes a class of radiative Dirac neutrino mass models where neutrino
mass arises at a one-loop level. Furthermore, NP states that participate in neutrino mass
generation also run through the loops and significantly contribute to (g − 2)µ,e. These large
contributions arise due to chirality enhancements required to simultaneously explain the
(g − 2)µ and (g − 2)e data. For completeness, we have studied three benchmark models, one
of which (Model-A) offers a Dark Matter candidate whose stability is naturally protected
without imposing additional symmetries by hand. For Model-A, we have performed a detailed
numerical analysis to investigate the correlations among the common model parameters
accommodating neutrino oscillation data, the muon, the electron g-2, and dark matter relic
abundance. Parameters that generate non-zero neutrino mass also play a non-trivial role
in explaining the muon and the electron g − 2 simultaneously; furthermore, these same
parameters take part in dark matter annihilations to the SM particles in reproducing the
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correct relic abundance. This model is subject to numerous constraints arising from colliders
and cosmology, through which it can be probed in the current and upcoming experiments. A
detailed study of lepton flavor violation and electric dipole moments of the electron and the
muon and their possible links to the puzzles resolved in this work is left for future work.
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