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We study the flavor dependent Uð1ÞBi−Lj
models, where an ith generation of quarks and jð≠ iÞth

generation of leptons are charged. By solving the anomaly free condition for the matter sector of the SM
fermions and three generations of right-handed (RH) neutrinos, we find that the jth generation of RH
neutrino is not necessarily charged under the Uð1ÞBi−Lj

gauge symmetry with the charge −1 and the other

(neither ith nor jth) generation of RH neutrino can also be. As a general solution for the anomaly
cancellation conditions, the other two RN neutrinos than the charge −1 RH neutrino may have
nonvanishing charge and be stable due to the gauge invariance, and hence it is a candidate for dark
matter (DM) in our Universe. We apply this result to a B3 − L2 model and consider a light thermal DM and
a solution to the muon g − 2 anomaly. We identify the parameter region to have the DM mass range from
MeV to sub-GeVand simultaneously solve the muon g − 2 anomaly. We also derive the constraints on the
gauge kinetic mixing parameter by using the latest Borexino phase-II data.

DOI: 10.1103/PhysRevD.108.083504

I. INTRODUCTION

Introduction of an extra Uð1Þ gauge interaction is one
of the promising and well-defined extensions of the
standard model (SM) of particle physics. The B − L
(baryon number minus lepton number) appears to be an
accidental global symmetry in the SM, indicating that
this might be a gauge symmetry in a ultraviolet (UV)
completion of the theory [1–4]. For such the extended
gauge group G ¼ SUð3ÞC × SUð2ÞL ×Uð1ÞY ×Uð1ÞB−L,
the cancellation condition for gauge and mixed gauge-
gravitational anomaly requires that the number of right-
handed (RH) neutrinos are three as other SM fermions.
We note that the anomaly cancellation of Uð1ÞB−L gauge
symmetry can be realized for each generation of fermions.
Thus, even if the gauge charge are generation (flavor)
dependent, theories are anomaly free. A simple example is
the so-called ðB − LÞ3 model [5–10] in which only the third
generation are charged, and experimental bounds with the

third generation fermions are relatively weak compared to
those with the first and the second generation fermions.
Anyway, once we abandon the flavor universality of

gauge interactions, we can consider various extra gauged
Uð1ÞX models with X being a corresponding quantum
number that fulfills the anomaly free conditions. It is even
possible for the anomaly to be canceled with only leptons.
The total anomalies are canceled between generations in
such a leptophilic gauge interaction based on the Uð1ÞLi−Lj
gauge symmetry with i and jð≠ iÞ are generation indices,
and among them the Uð1ÞLμ−Lτ

gauge symmetry [11,12]
has received particular attention because it can reconcile the
discrepancy of the muon anomalous magnetic moment gμ
(muon g − 2) between the SM prediction and experimental
results [13,14]. B − 3Li [15–19] corresponds to quark
flavor universality, but lepton flavor dependent charge
assignment. Other examples include B3 − L1 or B3 þ
ðL1 − L2 − L3Þ [20–22], where the total anomaly is also
canceled between generations.
In this paper, we study the flavor dependent Uð1ÞBi−Lj

models where an ith generation of quarks and jð≠ iÞth
generation of leptons are charged under Uð1ÞB−L [15]. A
B3 − L2 model had been studied [23–25] in the context of
the so-called RðKÞ;RðK�Þ anomaly, but the most recent
analysis has shown that the experimental results are
consistent with the SM predictions [26]. We examine the
anomaly free condition for the matter sector of the SM
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fermions and three generations of RH neutrinos. We point
out that the jth generation of RH neutrino is not necessarily
charged under the Uð1ÞBi−Lj

gauge symmetry with the
charge −1 as been assigned in Refs. [15,23] and the other
(neither ith nor jth) generation of RH neutrino can also be.
As a general solution for the anomaly cancellation con-
ditions, the other two RH neutrinos than the charge −1may
have nonvanishing charge. In such cases, the usual neutrino
Dirac mass term between left-handed (LH) and RH
neutrinos cannot be formed due to the gauge invariance,
while the two RH neutrinos can form a Dirac fermion. This
Dirac fermion is stable due to the gauge invariance unless
another Uð1ÞBi−Lj

charged Higgs doublets are introduced,
thus it is a candidate for dark matter (DM) in our Universe.
After general discussion, we focus on B3 − L2 model
because it could solve the muon g − 2 problem [27]. We
identify the parameter region to solve the muon g − 2
problem and to realize viable light thermal weakly inter-
acting massive particle (WIMP) with the mass in the range
of MeV to sub-GeV. Since the mediator Z0 boson does not
couple light quarks and the DM mass is small, this Dirac
DM is free from the constraints of direct DM search
experiments.
This paper is organized as follows. In the next section,

we examine the anomaly free condition without introduc-
ing extra fermions except three RH neutrinos in Uð1ÞBi−Lj

gauge symmetry. After Sec. III, we focus on Uð1ÞB3−L2

model. We provide the formula for the muon g − 2 in
Sec. III, and show the favored parameter region of light
thermal WIMP and to solve the muon g − 2 problem at the
same time in Sec. IV. In Sec. V, we derive the constraints
on the gauge kinetic mixing by examining the electron
neutrino scattering experiments. Section VI is devoted to
summary.

II. Bi −Lj MODEL

As a variant of Uð1ÞðB−LÞi gauge symmetry, we consider
cases where different generations of quarks and leptons are
charged under the extra Uð1ÞX gauge symmetry. The total
gauge symmetry is based on the gauge group SUð3ÞC ×
SUð2ÞL ×Uð1ÞY × Uð1ÞBi−Lj

[15]. Anomaly free condi-
tions can be fulfilled without introducing new fermions
besides three RH neutrinos. By solving the set of anomaly
cancellation conditions, we find two different solutions
with two free real parameters xH and xN . The Uð1ÞB3−L2

charge assignment is shown in Tables I and II. Here, we
have two cases: one is that the second generation of
RH neutrino has the charge −1 as in Table I, the other
is that the first of RH neutrino has the charge −1 as in
Table II. Somewhat nontrivial fact is the absence of
the case that ith generation of RH neutrino νiR has the
charge −1. In both cases, the remaining other two RH

neutrinos may have nonvanishing opposite charge xN and
−xN each other.1 This opposite charge offers the possibility
that this pair may compose a Dirac fermion, that we
consider in the rest of this paper. Another parameter xH
denotes the mixing between Uð1ÞBi−Lj

and Uð1ÞY as the
extra Uð1Þ gauge symmetry can be a linear combination
of those two gauge symmetries [28–30]. Since our main
interest is xN in this paper, from now on we take xH ¼ 0, for
simplicity.
So far, we have solved the anomaly cancellation con-

ditions of the gauge group SUð3ÞC × SUð2ÞL ×Uð1ÞY ×
Uð1ÞBi−Lj

with the particle content of the SM fermions plus
three RH neutrinos. On the other hand, the solution we
have obtained is in fact same as a model constructed by
the gauged B − L extension to only one generation as
Uð1ÞBi−Lj

, where one RH neutrino is introduced for the
anomaly cancellation while the other two RH neutrinos are
additionally introduced not necessary for the anomaly
cancellation. Here, the xN ¼ 0 case corresponds to

TABLE I. An anomaly free Uð1ÞB3−L2
charge assignment for

SM particles and RH neutrinos.

Generation

Field and representation under
ðSUð3ÞC; SUð2ÞL; Uð1ÞYÞ 1 2 3

Qkð3;2;1=6Þ 0 0 1
6
xH þ 1

3

ukR ð3;1;2=3Þ 0 0 2
3
xH þ 1

3

dkR ð3;1;−1=3Þ 0 0 − 1
3
xH þ 1

3

Lkð1;2;−1=2Þ 0 − 1
2
xH − 1 0

ekR ð1;1;−1Þ 0 −xH − 1 0

νkR ð1;1;0Þ −xN −1 xN

TABLE II. An anomaly free Uð1ÞB3−L2
charge assignment for

SM particles and RH neutrinos.

Generation

Field and representation under
ðSUð3ÞC; SUð2ÞL; Uð1ÞYÞ 1 2 3

Qkð3;2;1=6Þ 0 0 1
6
xH þ 1

3

ukR ð3;1;2=3Þ 0 0 2
3
xH þ 1

3

dkR ð3;1;−1=3Þ 0 0 − 1
3
xH þ 1

3

Lkð1;2;−1=2Þ 0 − 1
2
xH − 1 0

ekR ð1;1;−1Þ 0 −xH − 1 0

νiR ð1;1;0Þ −1 −xN xN

1The similar solution had been found in a B3 − 3L2 model too,
however only the xN ¼ 0 case was investigated [21].

NOBUCHIKA OKADA and OSAMU SETO PHYS. REV. D 108, 083504 (2023)

083504-2



introducing Majorana fermions, the xN ≠ 0 case does to
introducing one vectorlike fermion.

A. Gauge sector

The gauge kinetic terms of our model are

Lgauge ¼ −
1

4
GμνGμν −

1

4
ŴμνŴ

μν −
1

4
B̂μνB̂

μν

−
1

4
X̂μνX̂

μν þ sin ϵ
2

B̂μνX̂
μν; ð1Þ

where fields with the hat stand for those in gauge eigenstate
and ϵ is the gauge kinetic mixing parameter. Here and
hereafter, we use the symbol X as the extra gauge charge
and field, for simplicity. We assume that the SMHiggs field
Φ is singlet under the Uð1ÞX and the mass of X̂ gauge
boson MX̂ is generated by another scalar field. At the
electroweak (EW) breaking vacuum, we have

Âμ ¼ sWŴ
3
μ þ cWB̂μ; ð2Þ

Ẑμ ¼ cWŴ
3
μ − sWB̂μ; ð3Þ

with sW ¼ sin θW and cW ¼ cos θW , where θW is the
Weinberg angle. The field redefinition by an orthogonal
matrix,

UK ¼

0
B@

1 0 tϵcW
0 1 −tϵsW
0 0 1

cϵ

1
CA; ð4Þ

resolves the kinetic mixing but induces the mass mixing:

M2 ¼

0
B@

0 0 0

0 M2
Ẑ

−tϵsWM2
Ẑ

0 −tϵsWM2
Ẑ

1
c2ϵ
M2

X̂
þ ðtϵsWÞ2M2

Ẑ

1
CA; ð5Þ

with M2
Ẑ
¼ 1

4
ðg21 þ g22Þv2, cϵ ¼ cos ϵ, tϵ ¼ tan ϵ, and M2

Ẑ
being the mass generated by the vacuum expectation value
(VEV) of the extra Uð1ÞBi−Lj

breaking scalar field. The
additional field redefinition to the mass eigenstates can be
done with a rotation matrix

UM ¼

0
B@

1 0 0

0 cos θ − sin θ

0 sin θ cos θ

1
CA; ð6Þ

with the angle2

tan 2θ ¼ −2tϵsWM2
Ẑ

M2
Ẑ
− ðtϵsWÞ2M2

Ẑ
− 1

c2ϵ
M2

X̂

: ð7Þ

The mass eigenvalues are given by

m2
Z ¼ M2

Ẑ
cos2 θ − tϵsWM2

Ẑ
sinð2θÞ

þ
�
1

c2ϵ
M2

X̂
þ ðtϵsWÞ2M2

Ẑ

�
sin2 θ; ð8Þ

m2
Z0 ¼

�
1

c2ϵ
M2

X̂
þ ðtϵsWÞ2M2

Ẑ

�
cos2 θ þM2

Ẑ
sin2 θ

þ tϵsWM2
Ẑ
sinð2θÞ: ð9Þ

Since the hatted field and the unhatted field are related as

0
B@

Âμ

Ẑμ

X̂μ

1
CA ¼ UKUM

0
B@

Aμ

Zμ

Z0
μ

1
CA

¼

0
B@

1 cWsθtϵ cθcWtϵ
0 cθ − sθsWtϵ −cθsWtϵ − sθ
0 sθ

cϵ
cθ
cϵ

1
CA
0
B@

Aμ

Zμ

Z0
μ

1
CA;

ð10Þ

by combining with

0
B@

Ŵ3
μ

B̂μ

X̂μ

1
CA ¼

0
B@

sW cW 0

cW −sW 0

0 0 1

1
CA
0
B@

Âμ

Ẑμ

X̂μ

1
CA; ð11Þ

we find

0
B@

Ŵ3
μ

B̂μ

X̂μ

1
CA ¼

0
B@

sW cWcθ −cWsθ
cW −sWcθ þ tϵsθ sWsθ þ tϵcθ
0 1

cϵ
sθ

1
cϵ
cθ

1
CA
0
B@

Aμ

Zμ

Z0
μ

1
CA:

ð12Þ

B. Fermion masses and Higgs sector

In a “flavored” B − L symmetry as in Uð1ÞðB−LÞ3 , due to
Uð1ÞBi−Lj

gauge symmetry, the Uð1ÞBi−Lj
singlet SM

Higgs field Φ cannot give the masses of the Uð1ÞBi−Lj

charged fermions and thus realistic fermion flavor mixings
cannot be reproduced.

1. Quark mass and mixing

To reproduce the realistic quark mass matrices, a few
successful UV completions for Uð1ÞðB−LÞ3 have been2The sign of θ is opposite to that in Ref. [31].
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proposed: One is an extension of Higgs sector by Babu
et al. in Ref. [5] and another is introduction of heavy
vectorlike fermions with additional scalars by Alonso et al.
in Ref. [6]. The same mechanism work for at least
Uð1ÞB3−Lj

. Since the details of those UV completions
are irrelevant for the following discussion, we will not
consider a specific model further.

2. Lepton mass and mixing

The charged lepton masses can be generated by the SM
Higgs field, if xH ¼ 0. On the other hand, if xH ≠ 0,
we need to introduce the second Higgs doublet with
ð1; 2;−1=2; xH=2Þ to generate all charged lepton masses.
The generation of neutrino mass also depends on the Higgs
sector. Here we consider only the xH ¼ 0 case for
simplicity.
The xN ¼ 0 case is simple. Since two RH neutrinos are

singlet under any gauge group in this case, the type-I
seesaw mechanism [32–35] works through neutrino
Yukawa coupling with the SM Higgs field Φ and their
Majorana mass.
For xN ≠ 0, on the other hand, we need to extend the

model in order to generate observed neutrino masses. The
simplest extension would be introducing SUð2Þ triplet
Higgs fields Δ [36–38], since the Dirac neutrino mass
between the extra Uð1Þ charged RH neutrinos and the extra
Uð1Þ uncharged LH neutrinos are not necessary. The
Yukawa couplings are given by

LYukawa ⊃þ
X
k;l

�
−

1ffiffiffi
2

p yΔ0

kl L
kC ·Δ0Ll −

1ffiffiffi
2

p yΔ1

kj L
kC ·Δ1Lj

�

−
X
k;l

yeklL
kΦelR − yDjj0L

j Φ̃νj
0
R −

1

2
yνRj0 ν

j0C
R ϕ2ν

j0
R

þH:c:; ð13Þ

where the superscript C denotes the charge conjugation, the
dot denotes the antisymmetric product of SUð2Þ, subscripts
of Δ denote these Uð1ÞX charges, and k and l run from 1 to

3 except the jth generation. νj
0
R denotes the RH neutrino

with the charge −1. For instance, j0 ¼ 2 in the model in
Table I and j0 ¼ 1 in the model in Table II. yΔ Yukawa
matrices have entries as

yΔ0 ¼

0
B@

yΔ0

11 0 yΔ0

13

0 0 0

yΔ0

31 0 yΔ0

33

1
CA; yΔ1 ¼

0
B@

0 yΔ1

12 0

0 yΔ1

22 0

0 yΔ1

32 0

1
CA;

ð14Þ

for instance for X ¼ B3 − L2. We note that we may
replace Δ1 with Δ−1. Then, the resultant neutrino mass
is expressed as

mν ¼ −
ðyDjj0 Þ2v2
M

νj
0
R

þ yΔ0v0Δ þ yΔ1v1Δ; ð15Þ

whereM
νj

0
R
¼ yνRj0 v2=

ffiffiffi
2

p
and v0Δðv1ΔÞ are the Majorana mass

of νj
0
R, and the VEV Δ0ðΔ1Þ, respectively. The first term

represents the neutrino mass generated with j0th RH
neutrino by type-I seesaw mechanism, but only one
component is generated. Thus, the mainly triplet Higgs
fields have to generate the neutrino mass as above. The
charge of Higgs fields are summarized in Table III.
In the rest of this paper, we assume that neutrino masses

are generated by mostly the type-II seesaw mechanism as
mentioned above. Here we comments on another possibil-
ity with a type-I seesaw mechanism with RH neutrinos,
instead of a type-II seesaw. To form Dirac neutrino masses
and generate Majorana masses, we need to introduce
other Higgs doublets with the charge ð1; 2; 1=2;�xNÞ
and another Uð1ÞX charged scalar ϕ2xN with the charge
ð1; 1; 0; 2xNÞ. In this case, the scalar spectrum includes
physical Nambu-Goldstone modes, for example, charged
massless scalars, whose existence is excluded by experi-
ments. Hence, we need further extensions. As we have
seen, unless we introduce additional RH neutrinos with a
vanishing Uð1Þ charge, we need complicated extensions of
Higgs sector to avoid unwanted Nambu-Goldstone modes.

III. ANOMALOUS MAGNETIC MOMENT
OF MUON

A. Z0 boson contribution to muon g − 2
As in the Lμ − Lτ model [13], this B3 − L2 model can

also reconcile the muon g − 2 problem through the Z0
boson loop contribution, since the muon is charged under
the extra Uð1Þ. By comparing the SM prediction with the
latest experimental result [39], the discrepancy is given as

Δaμ ¼ ð25.1� 5.9Þ × 10−10; ð16Þ

with aμ ≡ ðgμ − 2Þ=2. The new contribution from Z0 boson
loop corrections is estimated as [13]

aμ ¼
g2X
4π

Z
1

0

dx
2m2

μx2ð1 − xÞ
x2m2

μ þ ð1 − xÞm2
Z0
; ð17Þ

TABLE III. The minimal Higgs sector.

SUð3Þc SUð2ÞL Uð1ÞY Uð1ÞBi−Lj

Φ 1 2 1=2 0
Δ0 1 3 1 0
Δ1 1 3 1 1
ϕ2 1 1 0 þ2
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with

m2
Z0 ¼ 1

2
g2Xv

2
S; ð18Þ

where we have omitted a negligible kinetic mixing con-
tribution to m2

Z0 .

B. Constraints from neutrino trident processes

As in the Lμ − Lτ model, the constraint from neutrino
trident processes by the CCFR experiment [40] is imposed
on this model. The coupling to the muon in our model is
same as that in the usual Uð1ÞLμ−Lτ

model, we quote the
bound from Ref. [41].

IV. DIRAC RIGHT-HANDED NEUTRINO
DARK MATTER

A remarkable result of the anomaly cancellation con-
dition we found for the Uð1ÞBi−Lj

model is that non-j
generations of RH neutrinos can have nonvanishing oppo-
site charges xN and −xN . From now on, for concreteness,
we consider Uð1ÞB3−L2

models listed in Tables I and II.
Those two RH neutrinos can form the Dirac spinor

χ ¼
�

ν3R
νiR

�

�
; ð19Þ

where νiR (i ¼ 1, or 2) has the Uð1ÞB3−L2
charge −xN , and

may have the Dirac mass

L ⊃ −mνiR
Tϵν3R þ H:c: ¼ −χ̄mχ: ð20Þ

The Lagrangian of the χ part is read as

L ¼ χ̄

�
iγμ
�
∂μ − ixNgX

�
sθ
cϵ

Zμ þ
cθ
cϵ

Z0
μ

��
−m

�
χ: ð21Þ

It is worth noting that χ has no direct coupling with the SM
particles thanks to its Uð1ÞX charge assignment, and this
fact guarantees the stability of χ. The DM candidate χ does
not couple with scalar particle either since its mass does not
come from the VEVof a scalar field. These properties are in
a remarkable contrast with RH neutrino DM in the minimal
Uð1ÞX model with the standard charge assignment, where
the extra Z2 parity has to be introduced by hand to stabilize
the DM particle and the scalar exchange processes are
important for DM physics [42–45].3
For Uð1ÞX ¼ Uð1ÞB3−L2

and xH ¼ 0, we obtain the
decay rate of the Z0 gauge boson as

ΓZ0 ¼ g2XmZ0

72π

 
2

�
1 −

4m2
t

m2
Z0

�
3=2

þ 2

�
1 −

4m2
b

m2
Z0

�
3=2

þ 6

�
1 −

4m2
μ

m2
Z0

�
3=2

þ 3þ 6x2N

�
1 −

4m2
χ

m2
Z0

�
3=2

þ 3

�
1 −

m2
νR

m2
Z0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
νR

m2
Z0

s !
þOðϵÞ; ð22Þ

where mt, mb, mμ, and mνR are the mass of top, bottom
quarks, muon, one RH neutrino with the charge −1, andmχ

is the Dirac mass for the other two RH neutrinos. The
typical decay branching ratio is shown in Fig. 1.

A. Dark matter abundance

We estimate the thermal relic abundance of the Dirac
DM χ by solving the Boltzmann equation,

dn
dt

þ 3Hn ¼ −hσviðn2 − n2EQÞ; ð23Þ

where n is the number density of χ, nEQ is its number
density at thermal equilibrium, hσvi is the thermal averaged
products of the annihilation cross section and the relative
velocity. The annihilation channels are χχ to ff̄ via s-
channel Z0 exchange and χχ to Z0Z0 via tðuÞ-channel χ
exchange. The later is dominant if the channel is kinemat-
ically open as shown in Fig. 2. The resultant DM relic
abundance is given by

Ωχh2 ¼
1.1 × 109xd GeV−1ffiffiffiffiffiffiffiffiffiffi

8πg�
p

MPhσvi
; ð24Þ

where xd ¼ mχ=Td with the decoupling temperature
Td [47].
The contours reproducing the observed DM abundance

Ωχh2 ≃ 0.1 are shown in Fig. 3. We note that the constraints
that DM dominantly annihilating into muons with the mass
of the order of GeV is stringently constrained from indirect

FIG. 1. The decay branching ratio of the Z0 boson for xN ¼ 1,
mνR ¼ 0.03 GeV, and mχ ¼ 10 MeV.

3For a review on this class of models, see e.g., Ref. [46].
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DM searches [48,49]. Thus, for mχ ≳ 100 MeV, the Z0

mass must be smaller than the twice of muon mass so that
the Z0 boson does not decay dominantly into muons. The
orange strip indicates the parameter region that can solve
the muon g − 2 problem.
In Fig. 4, we overlay the parameter region to explain the

discrepancy of the muon g − 2 on the DM abundance
contours. This shows that, for example, a set of xN ¼ 5,
mχ ¼ 5 MeV and mZ0≲ several MeV or the vicinity of Z0

resonance pole (2mχ ∼mZ0 ) is able to simultaneously
explain the DM abundance and the muon g − 2 discrepancy.

V. OTHER CONSTRAINTS

A. Electron neutrino elastic scattering

The electron neutrino elastic scattering is an effective
processes to probe a new interaction [50–54]. In our model,
if the gauge kinetic mixing parameter ϵ is not vanishing, the
electron neutrino scattering is mediated by not only the SM
interaction but also new Uð1ÞBi−Lj

gauge interaction. As
pointed out in Ref. [51], we note the importance of the

interference between the SM processes and the Z0 boson
process. The relevant part of Lagrangian is

L ⊃ eÂμJ
μ
Â
þ g2ðWþ

μ J
μ
Wþ þW−

μ J
μ
W− þ ẐμJ

μ
Ẑ
Þ þ gXX̂μJ

μ
X̂
;

ð25Þ
with the currents

Jμ
Â
¼
X
k

ek γμð−1Þek; ð26Þ

JμWþ ¼
X
k

1ffiffiffi
2

p νkγμPLek; ð27Þ

FIG. 3. The contour reproducing DM abundanceΩχh2 ≃ 0.1, formZ0 ¼ 2 MeV andmνR ¼ 0.1 GeV. Left: the case with xN ¼ 5ð1Þ for
the solid (dashed) curve on themχ − gX plane. The gray shaded region is excluded by the neutrino trident constraint [41]. Right: the case
with gX ¼ 1.8 × 10−4 on the mχ − xN plane.

FIG. 2. An example of the fraction of each annihilation modes
for xN ¼ 5, mνR ¼ 0.1 GeV, and mZ0 ¼ 3 × 10−3 GeV.

FIG. 4. The contour reproducing DM abundance Ωχh2 ≃ 0.1
with the muon g − 2 favored region shaded with orange. The gray
shaded region is excluded by the neutrino trident constraint [41].
We takemνR ¼ 0.1 GeV. The solid (dashed) curve corresponds to
mχ ¼ 5ð10Þ MeV and xN ¼ 5ð10Þ.
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JμW− ¼
X
k

1ffiffiffi
2

p ekγμPLν
k; ð28Þ

Jμ
Ẑ
¼
X
k

1

cW

�
νkγμ

�
1

2

�
PLν

k þ ekγμ
��

−
1

2
þ s2W

�
PL þ s2WPR

�
ek
�
; ð29Þ

Jμ
X̂
¼ νjγμð−1ÞPLν

j þ ejγμð−1Þej: ð30Þ

This can be recast for the mass eigenstates of gauge bosons as

Lint ¼
g2ffiffiffi
2

p
X
k

�
Wþ

μ ν
kγμPLek þW−

μ ekγμPLν
k
�
þ eðAþ cWsθtϵZþ cWcθtϵZ0Þ

X
k

ek γμð−1Þek þ g2ððcθ − sθsWtϵÞZ

þ ð−cθsWtϵ − sθÞZ0Þ
X
k

1

cW

�
ekγμ

��
−
1

2
þ s2W

�
PL þ s2WPR

�
ek
�
þ gX

�
sθ
cϵ
Zþ cθ

cϵ
Z0
�h

ejγμð−1Þej þ νjγμð−1ÞPLν
j
i

þ g2ððcθ − sθsWtϵÞZþ ð−cθsWtϵ − sθÞZ0Þ
X
k

1

cW

�
νkγμ

�
1

2

�
PLν

k

�
: ð31Þ

The interaction with Z0 boson is expressed as

LZ0−int ¼ ecWcθtϵZ0
μ

X
k

ek γμð−1Þek þ
X
k

Z0
μν

kγμ
�
gX

cθ
cϵ

ð−1Þδkj þ ð−cθsWtϵ − sθÞ
g2
cW

�
1

2

��
PLν

k;

¼
X
k

gekZ0Z0
μekγμek þ

X
k

gνkLZ0Z0
μν

kγμPLν
k: ð32Þ

Here, we have defined the effective coupling gekZ0 and gνkLZ0 as above. The differential cross section of kth flavor (anti)
neutrino scattering with electron is given as

dσνkðνkÞ
dEr

¼ 1

64πE2
νme

jMj2; ð33Þ

and the explicit forms are calculated to be

dσðeνe → eνeÞ
dEr

¼ me

4πE2
ν

 
2G2

FðE2
νð2s2W þ 1Þ2 þ 4s4WðEr − EνÞ2 − 2Ermeð2s2W þ 1Þs2WÞ

þ
ffiffiffi
2

p
GFgνkLZ0gekZ0 ð2E2

ν þ 4s2Wð2E2
ν þ E2

r − Erð2Eν þmeÞÞ − ErmeÞ
ð2Erme þm2

Z0 Þ

þ
g2
νkLZ

0g2ekZ0 ð2E2
ν þ E2

r − Erð2Eν þmeÞÞ
ð2Erme þm2

Z0 Þ2
!
; ð34Þ

dσðeνα → eναÞ
dEr

¼ me

4πE2
ν

 
2G2

FðE2
νð2s2W − 1Þ2 þ 4s4WðEr − EνÞ2 þ 2Ermeð2s2W − 1Þs2WÞ

þ
ffiffiffi
2

p
GFgνkLZ0gekZ0 ð−2E2

ν þ 4s2Wð2E2
ν þ E2

r − Erð2Eν þmeÞÞ þ ErmeÞ
2Erme þm2

Z0

þ
g2
νkLZ

0g2ekZ0 ð2E2
ν þ E2

r − Erð2Eν þmeÞÞ
ð2Erme þm2

Z0 Þ2
!
; ð35Þ
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dσðeνα → eναÞ
dEr

¼ me

4πE2
ν

 
2G2

Fð4E2
νs4W þ ð1 − 2s2WÞ2ðEr − EνÞ2 þ 2Ermeð1 − 2s2WÞs2WÞ

þ
ffiffiffi
2

p
GFgνkLZ0gekZ0 ð−2ðEν − ErÞ2 þ 4s2Wð2E2

ν þ E2
r − Erð2Eν þmeÞÞ þ ErmeÞ

2Erme þm2
Z0

þ
g2
νkLZ

0g2ekZ0 ð2E2
ν þ E2

r − Erð2Eν þmeÞÞ
ð2Erme þm2

Z0 Þ2
!
; ð36Þ

where α ¼ μ or τ.

1. Borexino constraints

The differential event rate with respect to the recoil
energy Er at the Borexino detector [55] is given by

dR
dEr

¼ NT

Z
∞

Emin
ν

dΦ
dEν

�
Pee

dσνe
dEr

þ Peμ

dσνμ
dEr

þPeτ
dσντ
dEr

�
dEν;

ð37Þ

where Φ is the flux of solar neutrino, Eν is the incoming
neutrino energy,

Emin
ν ¼ 1

2
ðEr þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
r þ 2ErmT

q
Þ; ð38Þ

is the minimal neutrino energy to generate the recoil energy
Er by collision with the target with the mass mT , NT is the
number of target particles, and neutrino oscillation effects
are taken into account by multiplying the oscillation
probability Pij ≡ Pðνi → νjÞ for each flavor [41,56,57].
The solar neutrino flux are taken from Ref. [58].

We show the theoretical prediction of models along
with the Borexino results [59] (black curve) in Fig. 5. For
the benchmark point ðgX ¼ 1.8 × 10−4; mZ0 ¼ 1 MeVÞ,
which can explain the muon g − 2 anomaly as well as
the thermal DM, we calculate the event rate of eν scattering
by varying the gauge kinetic mixing parameter ϵ. As shown
by the green line in Fig. 5, we find the Borexino bound
on the gauge mixing parameter to be jϵj≲Oð10−7Þ. For
the comparison, the SM prediction is drawn with the
blue curve.

2. CHARM-II constraint

Since the extra gauge boson of the Uð1ÞB3−L2
gauge

theory couples with muon neutrinos than other flavor of
neutrinos, experiments on eνμ or eνμ scattering such as
CHARM-II [60,61] would also provide a constraint on our
model. In Fig. 6, we show the Uð1ÞB3−L2

model prediction
of the differential cross section for various ϵ, which is
compared with the CHARM-II results [60]. We find, for
the benchmark point ðgX ¼ 1.8 × 10−4; mZ0 ¼ 1 MeVÞ, the
CHARM-II bound on the gauge kinetic mixing as −6 ×
10−5 ≲ ϵ≲ 2 × 10−4 which is less stringent than the
Borexino bound shown in the previous subsection.

VI. SUMMARY

We have proposed a variation of flavor dependent
gauged Uð1Þ extension of the SM. Motivated by the fact
that the gaugedUð1ÞB−L symmetry is anomaly free for each
generation, an ith generation of quarks and jth generation
of leptons are charged in the Uð1ÞBi−Lj

model. One
generation of RH neutrinos must be charged under the
Uð1ÞBi−Lj

for the theory to be the anomaly free. There is
another nontrivial aspect of the model that the other
RH neutrinos may also be charged under the symmetry
with the nonvanishing opposite charge xN , and hence they
form a Dirac neutrino χ. This Dirac fermion χ is stable due
to the Uð1Þ gauge invariance and a natural candidate
for DM.
Among various possibilities of charge assignments,

the Uð1ÞB3−L2
model is attractive, as it may explain the

discrepancy of the muon g − 2 between the experimental
results and the SM prediction, and, in addition, the LHC

FIG. 5. The event rate of eν scattering as the function of the
recoil energy. The black curve is the latest Borexino bound. The
predictions of the SM and of the Uð1ÞB3−L2

with parameters for
the muon g − 2 and DM explanation are drawn with blue and
green curves, respectively.
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constraints are relatively weak because the Z0 interacts with
only third generation of quarks. We have shown that, in a
certain parameter region, the muon g − 2 anomaly and
the thermal DM abundance are simultaneously explained
without contradicting other experimental bounds if the
gauge kinetic mixing is small enough.
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