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1 Introduction

The non-vanishing neutrino masses is a clean signature of physics beyond the particle

standard model (SM). The gauge group extension by U(1)B−L [1–3] provides an elegant

way to understand the origin of neutrino masses: right handed neutrinos (RHNs) are in-

dispensable to cancel anomaly associated with U(1)B−L, and they are supposed to gain

Majorana masses after spontaneously breaking of U(1)B−L, thus fulfilling the the seesaw

mechanism [4–10]. Conventionally, three RHNs are introduced under the assumption that

all three families of SM fermions are charged universally under U(1)B−L. However, this

assumption is not necessary neither from gauge anomaly cancellation principle nor from

neutrino physics: that cancellation applies to each family, and two RHNs is sufficient to

reproduce the correct neutrino mass and mixing patterns observed by the present experi-

ments (see new results of Planck collaboration [11] and the global fit [12]).

As a matter of fact, relaxing that assumption may offers a big bonus, namely explaining

the long-standing ∼ 3.7σ discrepancy between the experimental values and the SM predic-

tions for the muon anomalous magnetic moment (g − 2)µ [13–19]. If interpreted by light

particles below the weak scale, the idea initiated in ref. [20], one needs a muon-philic but

electron-phobic boson. Otherwise, one has to very carefully set up the light world so as to

avoid a bunch of strong exclusions, which are available from the electron-related low energy

experiments; see a recent analysis on the dark photon case [21]. Such a status drives us to

consider the hypothesis that only the second and third families of SM fermions are charged
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under U(1)B−L,1 and the resulting gauge group is denoted as (B − L)µτ . Set the quarks

aside, the gauge boson Z ′ in our model assembles the one in the local Lµ−Lτ model [25, 26]

and thus is able to explain the (g− 2)µ as in the latter [27]. Although there are some con-

straints from the CCFR [28], BaBar [29] and Big Bang Nucleosynthesis (BBN) [30–32] in

the light mass region,2 the Z ′ mass about O(10)–O(100) MeV still have favored regions to

explain its deviation within 2σ. There are many discussions about phenomenology of this

mass region in the U(1) extended model, see for example refs. [34–43]. Note that there

are also similar discussions for the case of a little bit heavy Z ′ mass (>1–10 GeV), see for

example [44–52].

Concerning the quark sector, there is a problem of accommodating the correct pattern

of the Cabibbo-Kobayashi-Maskawa (CKM) matrix in our setup since there are no Yukawa

couplings between the first and the other generations. One of the procedures to resolve

this is to introduce a flavon field F , and two schemes are available depending on the

representations of the flavon:

• If F is a SU(2)L Higgs doublet, all quark Yukawa couplings can be write down at the

renormalizable level, recovering the SM Yukawa structure after F developing a VEV.

• If F is a SM singlet scalar field, at least one vector-like quarks are also needed. In

this case, we obtain all elements of Yukawa coupling by integrating out these TeV

scale vector-like quarks.3

In either scheme, due to the off-diagonal elements of Yukawa couplings and flavor dependent

U(1)B−L charges of quarks, Z ′ couplings of quarks become flavor violating ones. Therefore,

we should take into account the constraints from the CKM matrix.

The two schemes may give rise to significantly different patterns of flavor changing

neutral current (FCNC). In the second scheme, by choosing quantum numbers of these

vector-like quarks, the mixings in the down-type quark sector are present only within

the second and third families, and as a consequence FCNC mediated by Z ′ is absent in

the down-type quark sector. It helps to evade the extremely severe constraints from the

B → KZ ′(→ νν̄) and K → πZ ′(→ νν̄) processes. By contrast, they are present in the

first scheme which hence is clearly excluded. We point out that in the first scheme one

can establish a connection between (g − 2)µ and flavor-changing top quark decay, t→ qZ ′

where q = u, c.

This paper is organized as follows: in the section 2 we introduce our flavored U(1)B−L
model. Then we discuss some phenomenologies induced by our Z ′ in the section 3. In this

section, we mainly discuss (g − 2)µ, flavor-changing top quark decay and K and B meson

decays. The section 4 gives the summary of our paper.

1In order to explain anomalous rare B decays, U(1)(B−L)3 , under which only the third family of SM

fermions are charged, was proposed by ref. [22], focusing on the TeV scale gauge boson. Such kind of

extension was first proposed by ref. [23], and recently, the LHC constraints on the U(1)(B−L)3 gauge boson

are discussed by ref. [24].
2Other constraints in various anomaly free U(1) model can be found in ref. [33], including future exper-

imental prospects.
3Introducing vector-like fermions has a possibility to obtain the hierarchies of the SM fermion masses in

SU(2)L × SU(2)R ×U(1)B−L models [53–60].
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2 Gauged (B − L)µτ with a light gauge boson

In this section we present the ingredients for building a realistic local (B − L)µτ model that

is capable of providing a light gauge boson at the sub-GeV scale and moreover producing

the observed fermion masses and mixings.

2.1 Model blocks

In the gauged (B − L)µτ model, in order to produce the required phenomenologies, mini-

mally we need new fields listed below:

Right-handed neutrinos NR. They have (B − L)µτ charge −1, required to cancel

anomalies associated with (B − L)µτ . Meantime they lead to active neutrino masses

via the seesaw mechanism. To obtain realistic neutrino masses which allows one

massless neutrino, at least two families of RHNs are needed. This fact explains why

we consider the flavored (B − L) model with two families of fermions charged under

it. However, owing to the selection rule by (B − L)µτ , the correct pattern of neutrino

mixings requires additional extension, and we will comment on this in the following.

(B− L)µτ Higgs Φ. To spontaneously break (B − L)µτ and simultaneously give Majo-

rana mass to RHNs carrying (B − L)µτ charge −1, we need a corresponding Higgs

field Φ carrying (B − L)µτ charge +2. The relevant terms are

−L ⊃ Y N
ij LiH̃NR,j +

λNij
2

ΦNC
R,iNR,j + V (Φ), (2.1)

where the (B − L)µτ Higgs sector V (Φ) is responsible for breaking (B − L)µτ at a

scale 〈Φ〉 ≡ vφ/
√

2. However, eq. (2.1) is not able to produce the observed neutrino

mixings: gauge symmetry does not allow terms L̄1H̃NR,i with i = 2, 3, and hence

the first generation of active neutrino and the others do not mixing. Although it is

important to accommodate observed neutrino mixings, we treat this issue as a future

work since it does not affect the quark FCNCs mediated by Z ′.

Flavon. The (B − L)µτ gauge symmetry forbids couplings between the first and the other

generations fermions, and consequently the minimal model fails in accommodating

the CKM and Pontecorvo-Maki-Nakawaga-Sakata (PMNS) matrices in the quark

and neutrino sectors, respectively. In order to generate the correct CKM/PMNS

matrices, flavons carrying proper quantum numbers are indispensable. Let us focus

on the quark sector in this paper, and the discussions can be easily generalized to

the neutrino sector. The concrete flavon depends on how we realize it. For instance,

we may choose the flavon F1/3, a SU(2)L singlet having (B − L)µτ charge 1/3; the

subscript will be dropped. Then the quark Yukawa sector at d = 5 level reads

−Lq ⊃ Y d
ijQiHdR,j + Y d

11Q1HdR,1 + Y u
ijQiH̃uR,j + Y u

11Q1H̃uR,1

+
yui1
Λ
QiH̃uR,1F +

yu1i
Λ
Q1H̃uR,iF∗ + h.c., (2.2)
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It is seen that after the flavon developing a VEV 〈F1/3〉 ≡ vf/
√

2, the d = 5 operators

just give rise to the desired quark mixing.

In the above Yukawa sector we have set ydi1 → 0 to avoid large quark mixings in

the down-type quark sector which has been stringently constrained. More details

will be given later. The ad hoc structure ydi1 → 0 is naturally understood in the

renormalizable realization of the d = 5 operators, if we merely introduce a pair

of heavy vector-like quarks (UL, UR), which transform identically with the SU(2)L
singlet quarks uR,i and thus have the most generic renormalizable Lagrangian

−LU = MUULUR +MUiULuR,i + λ1ULuR,1F + λiQiH̃UR + h.c. (2.3)

Replacing F with its VEV and defining MU1 = λ1vf/
√

2, we obtain the effective

theory for the light quarks after integrating out the heavy quarks via the equation of

motion,

U ≈ 1

MU
MUaPRua +

MUa

M2
U

iγµ∂
µPRua +

1

MU
λ∗iPLH̃

†Qi, (2.4)

with a = 1, 2, 3 while i = 2, 3. Substituting it into the terms involving light-heavy

couplings in the Lagrangian eq. (2.3), one gets

Leff ⊃ cabūaiγµ∂µPRub + YibQiH̃PRub + h.c. (2.5)

where the coefficients/couplings are given by

cab =
MUaM

∗
Ub

M2
U

, Yib = λi
MUb

MU
. (2.6)

So, the resulting effective Lagrangian includes the kinetic mixing for the three gen-

erations of right-handed up quarks and mass mixings (after the electroweak sym-

metry breaking (EWSB)), in particular λ1MU1/MUvūL,1ub,i. Before diagonalizing

the quark mass matrix, one should choose a basis in which the kinetic terms are

canonical. This is done through the unitary rotation uR → W̃uuR. Then, the terms

Y1bQ1H̃PRub which is absent in the second term in eq. (2.5) is generated. Note that

MU1 ∝ vf . 100 GeV from the later analysis below eq. (2.10), but the size of MUi is

not subject to this bound. Anyway, as long as MU is not far above vf ∼ 100 GeV,

the size of the couplings given in eq. (2.6) can be sufficiently large to accommodate

CKM. On the other hand, the light colored vector-like quarks, says around the TeV

scale, can be abundantly produced at the hadronic colliders and decay into the SM

quarks, leaving signals at the LHC. But the concrete signatures depends on couplings

and need a specific analysis elsewhere.

Alternatively, the flavon can be SU(2)L Higgs doublet Hµτ with (B − L)µτ charge

1/3, which admits Yukawa couplings between the first and second/third families,

−LY ⊃ Ỹ u
1iQ1H̃µτuR,i + Ỹ d

i1QiHµτdR,1 + h.c., (2.7)

where the terms QiH̃µτuR,1 and Q1HµτdR,i are forbidden by (B − L)µτ . Here we

do not need to introduce vector-like quarks. However, in general it is unnatural to

suppress the Z ′-mediated FCNC from the down-type quark sector.

We summarize the field content in table 1.

– 4 –



J
H
E
P
1
1
(
2
0
1
9
)
0
4
9

spin SU(2)L U(1)Y (B − L)µτ

Qi 1/2 2 1/6 1/3

uR,i 1/2 1 2/3 1/3

dR,i 1/2 1 −1/3 1/3

UL 1/2 1 2/3 1/3

UR 1/2 1 2/3 1/3

F 0 1 0 1/3

Li 1/2 2 −1/2 −1

eR,i 1/2 1 −1 −1

NR,i 1/2 1 0 −1

H 0 2 1/2 0

Φ 0 1 0 2

Table 1. Field content and quantum numbers in the minimal (B − L)µτ extension; here i = 2, 3

and the first generation of fermions which are neutral under this new gauge group are not listed.

In the doublet flavon model, vectro-like quarks are replaced by Hµτ which has the same quantum

numbers as H except for carrying 1/3 charge under (B − L)µτ .

2.2 Bosonic particle mass spectra

2.2.1 Singlet flavon model

From the above statement we know that in the minimal model the SM Higgs sector is

extended by two SM singlet scalar fields, the B − L Higgs field Φ and the flavon F .4

Charge assignments leads to a trivial multi dimensional Higgs potential,

V (H,Φ,F) =
(
−m2

H |H|2 + λH |H|4
)

+
(
−m2

Φ|Φ|2 + λφ|Φ|4
)

+
(
−m2

F |F|2 + λF |F|4
)

+λHΦ|H|2|Φ|2 + λHF |H|2|F|2 + λΦF |Φ|2|F|2. (2.8)

Let us write S = vs+s+iAs√
2

(S = H0,Φ,F), where H0 is the neutral component of H.

vh = 246 GeV generates the electroweak scale, while vφ and vf will be discussed later.

After breaking SU(2)L × U(1)Y × U(1)(B−L)µτ → U(1)em, four physical states are

remaining in the scalar sector: three CP-even neutral Higgs bosons h, φ, f and one CP-odd

neutral Higgs boson A. Note that the charged Higgs in H and Ah are eaten by the SM

gauge bosons and Aφ is eaten by the new gauge boson, Z ′. By applying conditions to give

VEVs for all Higgs bosons, ∂V/∂S = 0, we can obtain the masses for physical states. In

particular, the squared mass matrix for CP-even Higgs bosons are given as

V ⊃ 1

2

(
h φ f

)
M2

hφ
f

 , M2 =

 2λHv
2
h λHΦvhvφ λHFvhvf

λHΦvhvφ 2λΦv
2
φ λΦFvφvf

λHFvhvf λΦFvφvf 2λFv
2
f

 . (2.9)

4It is of interest to notice that Φ may be unnecessary in the presence of F . In that case the B − L
is spontaneously broken by F and as a consequence the right-handed neutrinos are forced to form Dirac

neutrinos with the left-handed neutrinos.
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It is ready to obtain a SM-like Higgs boson by setting λHΦ, λHF � 1. They are irrelevant

to the main line of this article, and thus we will not expand the discussions on them.

In this model there is no mixing between the electroweak gauge bosons and (B−L)µτ
at tree level. The mass of the latter receives contributions both from the new Higgs field

Φ and flavon F :

|DµF|2 + |DµΦ|2 ⊃ 1

2
M2
Z′Z

′
µZ
′µ, (2.10)

with the mass squaredM2
Z′ = g2

B−L

(
v2
f/9 + 4v2

φ

)
∼ O(0.01 GeV)2−O(0.1 GeV)2 of interest

in this paper. Moreover, the required gB−L ∼ 10−3 in this mass region to account for

(g − 2)µ; see eq. (3.4) and eq. (3.5). Hence, one has the rough upper bound on vf .
30 GeV − 300 GeV, which has some implications to the CKM as discussed before.

2.2.2 Doublet flavon model

If the flavon field is a SU(2)L Higgs doublet, Hµτ whose B−L charge is 1/3, the situation

becomes more complicated. First, the Higgs sector becomes a special version of two Higgs

doublet model, forbidding the crucial µ-term µHHµτ to realize realistic gauge symmetries

spontaneously breaking.5 To overcome this problem, we are forced to introduce an addi-

tional Higgs singlet which carries B−L charge +1/3, the same as F . It develops VEV and

then generates the µ-term via the trilinear term FH†µτH.

In this model, because Hµτ contributes mass both to the weak gauge bosons and B−L
Higgs boson, Z−Z ′ mixing arises at tree-level. The squared mass matrix for gauge bosons

can be obtained from the covariant derivatives of H, Hµτ and Φ as

|DµH|2 + |DµHµτ |2 + |DµΦ|2 ⊃ 1

2

(
Bµ W

3
µ Ẑ

′
µ

)
M2
G

 Bµ

W 3µ

Ẑ ′µ

 . (2.11)

As usual, Bµ and gY are the gauge boson and its coupling of U(1)Y , while W a
µ and g2 are

those of SU(2)L. Then the mass squared matrix is parameterized as the following

M2
G =

v2
h

4

 g2
Y (1 + rµτ ) −gY g2(1 + rµτ ) 2

3gY gB−Lrµτ
−gY g2(1 + rµτ ) g2

2(1 + rµτ ) −2
3g2gB−Lrµτ

2
3gY gB−Lrµτ −2

3g2gB−Lrµτ g2
B−L

(
4
9rµτ + 16rφ

)
 , (2.12)

where rµτ ≡
v2µτ
v2h

and rφ ≡
v2φ
v2h

; vµτ (1+1/rµτ )1/2 = 246 GeV with vµτ the VEV of the second

Higgs doublet, whose size is favored to be around the weak scale, giving rise to the desired

CKM without large Yukawa couplings between Hµτ and quarks. By diagonalizing M2
G, Ẑµ

are given by

Ẑ ′µ = uẐAAµ + uẐZZµ + uẐZ′Z
′
µ, (2.13)

with the elements of diagonalizing matrix of M2
G, uẐA, uẐZ and uẐZ′ . Here, Aµ and Zµ

correspond to the SM photon and Z boson. Since we are considering the light Z ′ mass,

5One cannot rely on the term −m2
Hµτ
|Hµτ |2 to drive the non-vanishing VEV 〈Hµτ 〉, because it results

in light physical Higgs bosons with mass ∼ 〈Hµτ 〉 which have been excluded by experiments.

– 6 –
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MZ′ � mZ and moreover gB−L � 1 to explain (g − 2)µ, the mixing in eq. (2.13) are

expected to be small. Additionally, we can set rµτ � 1 without loss of realization of

desired Z ′ mass. This induces an another suppression in the mixing, and therefore, we

ignore flavor violating couplings due to Z − Z ′ mixing.

In addition to the gauge sector, the Higgs sector has flavor violating couplings since not

only CP-even Higgs but also charged Higgs are remaining as a physical mode. Although

it is interesting to investigate the predictions and/or constraints on the model parameters

from some flavor physics as like B → D(∗)`ν, the detailed study is beyond the scope of this

paper. Actually, one can work in the parameter space region where the states in Hµτ are

sufficiently heavy, suppressing the flavor changing from the Higgs sector.

2.3 The CKM matrix

Let us start from the more interesting singlet flavon model. After both H and F developing

VEVs, quarks gain Dirac mass terms m0
q q̄
′
Lq
′
R, and the resulting mass matrices take the

form of

m0
u =

vh√
2

 Y u
11 yu12vf/Λ yu13vf/Λ

yu21vf/Λ Y u
22 Y u

23

yu31vf/Λ Y u
32 Y u

33

 , m0
d =

vh√
2

Y d
11 0 0

0 Y d
22 Y

d
23

0 Y d
32 Y

d
33

 , (2.14)

They are diagonalized through the usual bi-unitary transformations. They relate the quarks

in the flavor (labelled with a prime) and mass basis as q′iL = U ijq q
j
L and q′iR = W ij

q q
j
R:

U †qm0
q(m

0
q)
†Uq = m2

q and W †q (m0
q)
†m0

qWq = m2
q with mq giving positive quark masses. The

Cabibbo-Kobayashi-Maskawa (CKM) matrix is defined as

VCKM = U †uUd =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 ∼
 1 λ λ3

λ 1 λ2

λ3 λ2 1

 , (2.15)

with λ ≈ 0.22. Barring subtle cancelations, from the CKM matrix one may derive the

following bounds for the mixing elements

(Uu)c′u,u′c, (Ud)s′d,d′s . λ, (Uu)c′t,t′c, (Ud)s′b,b′s . λ2, (Uu)t′u,u′t, (Ud)b′d,d′b . λ3. (2.16)

A good pattern to achieve the CKM may be the saturation of the above inequalities (not

all of them in each inequality but some combination). One may expect the similarity

Wq ∼ Uq if the Yukawa couplings are symmetric in the sense of magnitude of order,

otherwise they will differ significantly. In principle, Wq can be made arbitrary, which has

direct implications to the flavor changing processes. Note that for the down-type quark

sector, (Ud)s′d,d′s and (Ud)b′d,d′b are zero because of the mass matrix in eq. (2.14).

In the doublet flavon model, the quark mass matrices turn out to be

m0
u =

vh√
2

Y u
11 Ỹ

u
12
√
rµτ Ỹ

u
13
√
rµτ

0 Y u
22 Y u

23

0 Y u
32 Y u

33

 , m0
d =

vh√
2

 Y d
11 0 0

Ỹ d
21
√
rµτ Y

d
22 Y

d
23

Ỹ d
31
√
rµτ Y

d
32 Y

d
33

 , (2.17)
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The resulting family mixings basically are the same as in the SM despite of the zeros.

Notice that in principle one can turn off the Ỹ d
i1-terms in eq. (2.7), then recovering the

Yukawa coupling structure similar to the singlet flavon model. However, it is unnatural

to work in this limit without symmetry arguments.6 Later we will show that the generic

Yukawa structure is strongly disfavored by the (g − 2)µ scenario.

2.4 Flavor violating Z ′ couplings

In the singlet flavon model, the gauge sector induces quark FCNCs. It originates from

the family non-universal local U(1)B−L. Since Φ and F are singlet under the SM gauge

symmetry, these fields doesn’t contribute the mass terms for the SM gauge bosons and

hence, there is no mixing between Z ′ and SM gauge bosons at tree-level. As a result, flavor

violating couplings arise only in the Z ′ interactions. For the mass eigenstates of quarks,

these couplings can be obtained as

−LqZ′ =
gB−L

3
q̄iγ

µ
(
V q
ij − γ5A

q
ij

)
qjZ

′
µ, (2.18)

V q
ij =

1

2

∑
k=2,3

[
(U †q )ik(Uq)kj + (W †q )ik(Wq)kj

]
= δij −

(U †q )i1(Uq)1j + (W †q )i1(Wq)1j

2
,

Aqij =
1

2

∑
k=2,3

[
(U †q )ik(Uq)kj − (W †q )ik(Wq)kj

]
= −(U †q )i1(Uq)1j − (W †q )i1(Wq)1j

2
. (2.19)

Therefore, the quark FCNCs in this model are related to (1, i)-elements of Uq and Wq. Due

to this fact, there are no quark FCNCs from down-type quarks since our model predicts

(Ud)1i = 0 = (Wd)1i. In other words, in this model within the down-type quark sector

family mixing happens just within the second and third families, while B − L charge

assignment is universal in this subsector, and therefore the mass matrix and down-type

quark (B − L)µτ currents can be diagonalized simultaneously. By contrast, in the doublet

flavon model generically speaking (Ud)1i, (Wd)1i 6= 0, thus one expects full FCNCs.

2.5 γ − Z ′ kinetic mixing

Till now we restrict our discussions to tree level, but at loop level there is an important

correction to the properties of Z ′, from the fields that are double charged under (B−L)µτ
and hypercharge U(1)Y . They lead to kinematic mixing between the corresponding gauge

fields. But we will simplify discussions by neglecting the effects from EWSB and assuming

that U(1)QED along with (B−L)µτ are our objects. Actually it gives the same expression

as the calculation incorporating EWSB [61]. Then, the kinetic mixing term is

L ⊃ −χ
2
FµνZ ′µν , (2.20)

where Fµν and Z ′µν are the field strengths of the SM photon and Z ′, respectively. In order

to be ordinal canonical form, we redefine gauge fields as

Aµ → Aµ −
χ√

1− χ2
Z ′µ, Z ′µ →

1√
1− χ2

Z ′µ. (2.21)

6For instance, in the supersymmetric models, such a limit is naturally realized by virtue of holomorphy.
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Therefore, fermions uncharged under (B − L)µτ , e.g., the first generation of fermions also

obtain Z ′ couplings whose strength is eQfχ/
√

1− χ2 where e is the electric charge and

Qf is the electromagnetic charge of fermion f . In particular, electron recouples to Z ′ with

a strength suppressed by loop.

The mixing parameter χ can be calculated in analogy with the calculation of vacuum

polarization diagram of gauge bosons [62, 63]. In the MS scheme,

χ = −egB−L
12π2

∑
f

QfQ
B−L
f

[
6

∫ 1

0
dxx(1− x) ln

(
m2
f − k2x(1− x)

µ2

)]
, (2.22)

where QB−Lf is the (B−L)µτ charge of fermion f and µ is the renormalization scale. In the

limit that the gauge boson momentum k is much smaller than fermion masses, χ depends

on ln(m2
f/µ

2). In the singlet flavon model, the second and third families of quarks and

charged leptons and vector-like quarks contribute to χ, and then

χ = −egB−L
18π2

ln

(
m2
cm

2
tm

3
µm

3
τ

msmbM
8
U

)
. (2.23)

To get this expression we have assumed the boundary condition χ = 0 at MU . Note that in

principle one can tune the boundary value to arrange a loop-tree cancellation, making the

kinematic mixing at low energy smaller than the above estimation. In the doublet flavon

model, on the other hand, there are no vector-like quarks, so that χ is smaller than that

of the singlet flavon model because of the absence of MU contributions.

3 Z′-related phenomenologies: (g − 2)µ confronting FCNCs

In this section we will first study how the sub-GeV scale (B − L)µτ gauge boson could

contribute positively and sizably to (g − 2)µ, and then we study the flavor transitions

induced by a very light Z ′, which is relatively less studied in the new physics domain.

3.1 (g − 2)µ from the light (B − L)µτ gauge boson

The leptonic couplings of Z ′ in our model is independent to the quark flavor sector and is

given by

− LlZ′ = −gB−L(µ̄γµµ+ τ̄ γµτ + ν̄µγ
µνµ + ν̄τγ

µντ )Z ′µ, (3.1)

with no couplings to electron-types at tree level. However, as discussed above, the electron

couples to Z ′ through the kinetic mixing. Therefore, when we explore the allowed parameter

region for (MZ′ , gB−L), we should take into account the bound related to e− Z ′ coupling,

like the Borexino bound [64–66].

The contribution from the light Z ′ to the muon magnetic moment can be obtained

as [67]7

∆aµ =
g2
B−L
8π2

∫ 1

0

2x2(1− x)

x2 + (M2
Z′/m

2
µ)(1− x)

dx. (3.2)

7If there are flavor violating couplings in charged lepton sector, like gL,Rµτ µ̄γµPL,RτZ
′
µ, this expression

should be modified by taking gL,Rµτ contributions into account [67, 68]. In such a case, we can discuss lepton

flavor violating processes and it is expected that there are some signatures in the future experiments [68, 69].
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MZ' [GeV]

g
B
-
L

Figure 1. Allowed parameter space on the MZ′ − gB−L plane with relevant constraints. The

favored regions for ∆aµ ≡ aexpµ −aSMµ from eq. (3.3) are shown by the red (1σ) and pink (2σ) bands.

The other shaded regions show the constraints from CCFR (green) [28], BaBar (gray) [29], BBN

(brown) [30–32] and Borexino with MU = 1 TeV (blue) [64–66].

The current deviation ∆aµ ≡ aexp
µ − aSM

µ can be read as [13–19]:

∆aµ = (27.06± 7.26)× 10−10. (3.3)

As for the leptonic side, Z ′ from the local (B −L)µτ model is similar to that from the

Lµ−Lτ model. So, as in the latter, the discrepancy of (g−2)µ by virtue of Z ′ in our model

is also constrained from several aspects owing to the leptonic interactions of Z ′:

Neutrino trident production. The region MZ′ & 400 MeV [70] accounting for (g − 2)µ
has been clearly ruled out by the neutrino trident production νN → νµ+µ− which is

searched by CCFR [28],

BaBar 4µ search. It searches the process e+e− → µ+µ−Z ′ followed by Z ′ → µ+µ−, and

then further excludes the region MZ′ & 2mµ ' 210 MeV [29].

BBN. The light Z ′ would contribute to the effective relativistic degrees of freedom and

spoils the BBN predictions. It yields the bound MZ′ & 1 MeV [30–32].

Therefore, only the narrow region MZ′ . 2mµ survives. Light Z ′ in such a region has an

immediate consequence to Z ′ decay: it overwhelmingly invisible decays into the neutrino

pairs. Note that despite of the coupling to quarks in our model, Z ′ is not subject to

additional strong bounds.

Using these results, we display the allowed parameter space on the MZ′ − gB−L plane

in figure 1. The red and pink bands show the favored regions to explain ∆aµ within 1σ and
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2σ level. Other shaded regions are constraints from CCFR (green), BaBar (gray) and BBN

(brown). We also show the constraint from the Borexino [64–66] with blue shaded region

by setting MU = 1 TeV. Therefore, the favored region is narrow for the value of gB−L:

5.4(4.3)× 10−4 ≤ |gB−L| ≤ 7.1(7.8)× 10−4 (for MZ′ = 30 MeV), (3.4)

8.4(6.7)× 10−4 ≤ |gB−L| ≤ 1.1(1.2)× 10−3 (for MZ′ = 100 MeV), (3.5)

from 1σ (2σ) of ∆aµ. However, for MZ′ = 30 MeV, the Borexino constrains the upper

region of coupling and gives gB−L . 5.5 × 10−4. For MZ′ = 100 MeV, on the other hand,

there is constraint from the CCFR which is gB−L < 1.1 × 10−3. In the discussion about

the flavor physics in quark sector, we set MZ′ = 30 MeV and gB−L = 5.5 × 10−4 as an

example.

3.2 Quark flavor violation from the gauge sectors

As explained above, we have flavor changing Z ′ couplings in the up-type quark sector. One

of the interesting processes is the flavor changing top quark decays: t→ qZ ′ where q = u, c.

We can calculate its decay width as [71]

Γ(t→ qZ ′) =
mt

32π
λ(1, xq, x

′)1/2

[(
1 + xq − 2x′ +

(1− xq)2

x′

)
(|(guL)qt|2 + |(guR)qt|2)

−12
√
xqRe

(
(guL)qt(g

u
R)∗qt

)]
, (3.6)

where xq ≡ m2
q/m

2
t , x

′ ≡ M2
Z′/m

2
t and λ(x, y, z) = x4 + y4 + z4 − 2x2y2 − 2y2z2 − 2z2x2.

(guL)qt and (guR)qt are our flavor violating Z ′ coupling, defined as

(guL)ij =
gB−L

3
(V u
ij +Auij) = −gB−L

3
(U †u)i1(Uu)1j , (3.7)

(guR)ij =
gB−L

3
(V u
ij −Auij) = −gB−L

3
(W †u)i1(Wu)1j . (3.8)

The branching ratio can be estimated by taking the ratio with the decay rate of t→ bW .

Figure 2 shows our prediction of BR(t → cZ ′) as a function of (Uu)∗u′c(Uu)u′t. The red

solid, dashed and dotted lines show the case of (Wu)∗u′c(Wu)u′t = λ4, λ5 and λ6 with

λ = 0.22, respectively, while the magenta line shows the result of (Wu)∗u′c(Wu)u′t = 0. For

this figure, we set MZ′ = 30 MeV and gB−L = 5.5 × 10−4 for the explanation of ∆aµ.

Due to the smallness of the kinetic mixing χ, the decay of Z ′ is dominated by the decay

Z ′ → νν̄ if MZ′ = O(10) MeV. Therefore, there are no clear bounds on BR(t→ cZ ′) where

Z ′ decays to νν̄. However, the decay width of top quark is dominated by the decay rate

of t → bW , and hence, BR(t → cZ ′) cannot be large. If we assume BR(t → cZ ′) < 10−4,

(Uu)∗u′c(Uu)u′t should be smaller than 8×10−3 ∼ λ3.2 as long as (Wu)∗u′c(Wu)u′t < λ4. This

is consistent with the bounds from the CKM matrix as shown in eq. (2.16). This kind of

rare decay, namely t → c+missing energy, is studied in ref. [72], in the case that the top

quark decays into a charm quark and a heavy stable particle. The expected limit on the

branching ratio is O(10−4) which is calculated from 1.0 ab−1 collected at 380 GeV CLIC.

Although this bound cannot be applied directly to our model, it is expected that we will
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(Wu)u' c
* (Wu)u' t = λ4

(Wu)u' c
* (Wu)u' t = λ5

(Wu)u' c
* (Wu)u' t = λ6

(Wu)u' c
* (Wu)u' t = 0

10-4 0.001 0.010 0.100

10-9

10-7

10-5

10-3

(Uu)u' c
* (Uu)u' t

B
R
(t
→
cZ
')

MZ' = 30 MeV, gB-L = 5.5×10-4

Figure 2. Our predictions of BR(t → cZ ′) as a function of (Uu)∗u′c(Uu)u′t. The red solid, dashed

and dotted lines show the case of (Wu)∗u′c(Wu)u′t = λ4, λ5 and λ6 with λ = 0.22, respectively. The

magenta line shows the (Wu)∗u′c(Wu)u′t = 0 case.

obtain a clear bound on BR(t→ cZ ′) at the future experiments. Therefore, if there would

be some signals, we could explicitly constrain the elements of Uu and Wu and discuss the

relations among these and other parameters. On the other hand, if there would be no

signal and more severe bound would be obtained, we might be able to conclude that our

model is inconsistent with the CKM matrix. Note that since the dominant contribution

to BR(t → cZ ′) is given by |(Uu)∗u′c(Uu)u′t|2 + |(Wu)∗u′c(Wu)u′t|2 (see eq. (3.9) below),

we cannot use some cancellation between (Uu)∗u′c(Uu)u′t and (Wu)∗u′c(Wu)u′t in order to

suppress BR(t→ cZ ′).

We have two comments on this decay. First, if MZ′ is small enough to be x′ � 1,

Γ(t→ qZ ′) is approximately estimated as

Γ(t→ qZ ′) ≈ mt

32π
λ(1, xq, x

′)1/2 1

x′
(|(guL)qt|2 + |(guR)qt|2)

=
m3
t

32π
λ(1, xq, x

′)1/2 |(guL)qt|2 + |(guR)qt|2

M2
Z′

. (3.9)

Therefore, the prediction is proportional to |gB−L|2/M2
Z′ . This approximation can be valid

for MZ′ < O(10) GeV. Second, the prediction of BR(t → uZ ′) is similar to BR(t → cZ ′)

since the difference of decay width only comes from xq in eq. (3.6) and this is irrelevant to

Γ(t→ qZ ′). Therefore, we can estimate the prediction of BR(t→ uZ ′) from figure 2. As a

result, we obtain (Uu)∗u′u(Uu)u′t < 8 × 10−3 ∼ λ3.2 by assuming BR(t → uZ ′) < 10−4 and

(Wu)∗u′c(Wu)u′t < λ4. This also gives reasonable value for (Uu)u′t . λ3 when (Uu)u′u ∼ 1.

We would like to emphasize that we also obtain the same results for t → qZ ′ if we

introduce extra SU(2)L Higgs doublet Hµτ instead of F and UL,R. In this case, the down-

type quarks also have flavor violating Z ′ couplings as we mentioned above. Hence, the

mixing angles in down-type quark sector may be severely constrained by K and B physics.

We will show the results in this case and discuss how the constraints are severe.
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mK+ 493.677(16) MeV τK+ 1.2380(20)× 10−8 s

mKL 497.611(13) MeV τKL 5.116(21)× 10−8 s

mB+ 5279.32(14) MeV τB+ 1.638(4)× 10−12 s

mπ+ 139.57061(24) MeV

mπ0 134.9770(5) MeV

Table 2. The input parameters we used [75].

3.3 Severe constraint from K and B physics in the model with Hµτ

Since we consider the light Z ′ mass in this model, it is important to search the constraint

from meson decay processes. In this paper, we investigate the following decay processes:

B → Kνν̄ and K → πνν̄. Note that a light Z ′ can be produced through B or K decays

directly, and then the Z ′ decays two neutrinos. Therefore, the branching ratios of these

processes can be calculated as BR(B → KZ ′)× BR(Z ′ → νν̄) and BR(K → πZ ′)×
BR(Z ′ → νν̄). In our setup, BR(Z ′ → νν̄) ≈ 1 and

BR(B+→ K+Z ′) =
|(gdL)sb + (gdR)sb|2

64π

λ(mB+ ,mK+ ,MZ′)
3/2

M2
Z′m

3
B+ΓB+

[
fB

+K+

+ (M2
Z′)
]2
, (3.10)

BR(K+→ π+Z ′) =
|(gdL)ds + (gdR)ds|2

64π

λ(mK+ ,mπ+ ,MZ′)
3/2

M2
Z′m

3
K+ΓK+

[
fK

+π+

+ (M2
Z′)
]2
, (3.11)

BR(KL→ π0Z ′) =
|Im(gdL)ds + Im(gdR)ds|2

64π

λ(mKL ,mπ0 ,MZ′)
3/2

M2
Z′m

3
KL

ΓKL

[
fK

0π0

+ (M2
Z′)
]2
, (3.12)

where mX and ΓX are the mass and decay width of X meson and fM1M2
+ (M2

Z′) is M1 →M2

form factor at M2
Z′ [73, 74]. In table 2, we summarize the input parameters we used. The

flavor violating Z ′ couplings (gdL,R)ij can be written by

(gdL)ij =
gB−L

3
(V d
ij +Adij) = −gB−L

3
(U †d)i1(Ud)1j , (3.13)

(gdR)ij =
gB−L

3
(V d
ij −Adij) = −gB−L

3
(W †d )i1(Wd)1j . (3.14)

Current experimental results and bounds for these branching ratios can be found in

refs. [76–78] as

∆BR(B+ → K+νν̄)exp = (0.35+0.60
−0.15)× 10−5, (3.15)

BR(K+ → π+Z ′)exp < O(10−10) (when MZ′ ' O(10) MeV) (3.16)

BR(KL → π0νν̄)exp < 3.0× 10−9. (3.17)

Note that ∆BR(B+ → K+νν̄) is the partial branching fractions defined in ref. [76]. For

BR(K+ → π+Z ′)exp, one can find the bound depending on MZ′ from figure 18 of ref. [77].

In this paper, we use the 90% C.L. upper limit: BR(K+ → π+Z ′) < 1.0×10−10 for MZ′ =

30 MeV. By using these, we discuss the bounds for the flavor violating Z ′ couplings, (gdL,R)ij .
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Figure 3. The red curve shows our prediction of ∆BR(B+ → K+νν̄) with MZ′ = 30 MeV. The

blue dashed line is the central value of the experimental result eq. (3.15) and the shaded area shows

1.64σ allowed region from ∆BR(B+ → K+νν̄)exp.

At first, we will show the bound from B+ → K+νν̄ processes in figure 3. The horizontal

axis shows the sum of the flavor violating Z ′ couplings, (gdL)sb+ (gdR)sb and the vertical one

is the branching ratio ∆BR(B+ → K+νν̄). The blue dashed line is the central value of

the experimental result eq. (3.15) and the shaded area shows 1.64σ allowed region which

corresponds to the 90 % C.L.. The red curve is our prediction in the case of MZ′ = 30 MeV.

If we assume the new physics contribution are within 1.64σ region, the couplings should

be satisfy

0.69× 10−10 ≤ |(gdL)sb + (gdR)sb| ≤ 2.5× 10−10. (3.18)

Note that from eqs. (3.13) and (3.14), (gdL)sb is related with the CKM matrix elements as

shown in eq. (2.15), while (gdR)sb is not related with any SM observables. Therefore, we

can choose any values to explain the relation between (gdL)sb and the CKM matrix. If we

set (gdR)sb = 0 and gB−L = 5.5×10−4, we obtain 3.7×10−7 ≤ |(Ud)∗d′s(Ud)d′b| ≤ 1.3×10−6.

This means that |(Ud)∗d′s(Ud)d′b| ∼ λ9 and then, this bound is severe compared with bounds

from the CKM matrix as shown in eq. (2.16). If one considers (gdR)sb 6= 0 and permits the

cancellation between (gdL)sb and (gdR)sb, one can obtain the reasonable values for (Ud)d′s
and (Ud)d′b. Note that the magnitude of the bound for |(Ud)∗d′s(Ud)d′b| is not so much

dependent on gB−L as long as we consider ∆aµ bound. The bound with different values of

gB−L can be obtained by multiplying
(

5.5×10−4

gB−L

)
.

Next, we find bounds on (gdL,R)ds from K+ and KL decays. The predictions of our

model are shown in figure 4 as the red curves. In the left panel, the horizontal and vertical

axes show the sum of the flavor violating Z ′ couplings, (gdL)ds+(gdR)ds and BR(K+ → π+Z ′),

while in the right panel, those show the sum of imaginary part of the flavor violating Z ′

couplings, Im(gdL)ds + Im(gdR)ds and BR(KL → π0νν̄). The solid black lines in each panel

show the upper bound from BR(K+ → π+Z ′)exp (eq. (3.16)) and BR(KL → π0νν̄)exp

(eq. (3.17)). In the right panel, we also show the Grossman-Nir bound [79] as the green
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Figure 4. The red curve in each panel shows our prediction of BR(K+ → π+Z ′) (left) and

BR(KL → π0νν̄) (right) with MZ′ = 30 MeV. The black solid lines in each panel show the upper

bound from BR(K+ → π+Z ′)exp (eq. (3.16)) and BR(KL → π0νν̄)exp (eq. (3.17)). In the right

panel, the green line shows the Grossman-Nir bound [79].

line. This bound can be calculated by

BR(KL → π0νν̄) < 4.3× BR(K+ → π+νν̄), (3.19)

where the factor 4.3 comes from the ratio of the lifetimes of K+ andKL and isospin breaking

effect. In this figure, we use 90% C.L. upper bound of BR(K+ → π+νν̄) < 3.35 × 10−10

from ref. [77]. From this figure, we can extract the bounds on (gdL,R)ds as

|(gdL)ds + (gdR)ds| < 0.11× 10−12, (3.20)

|Im(gdL)ds + Im(gdR)ds| < 0.28× 10−12 (0.20× 10−12 (GN bound)). (3.21)

Therefore, we found that BR(K+ → π+Z ′) gives stronger constraint than BR(KL → π0νν̄).

When we set (gdR)ds = 0 and gB−L = 5.5 × 10−4, this bound become |(Ud)∗d′d(Ud)d′s| <
6.2× 10−10 which gives also severe bound on Ud. Obviously, this bound can be weakened

by choosing appropriate values of (gdR)ds.

Note that by combining the constraints from B+ → K+νν̄ and K+ → π+νν̄ decays

with the unitary condition of Ud, we can estimate the size of each element of (Ud)d′i (i =

d, s, b) when (gdR)ij = 0 and gB−L = 5.5 × 10−4. The allowed patterns are only following

two cases:

|(Ud)d′d| |(Ud)d′s| |(Ud)d′b|
< 10−9 ∼ 1 ' O(10−6)

< 10−3 ' O(10−6) ∼ 1

Therefore, |(Ud)d′d| cannot be O(1) in this model unless we consider (gdR)ij 6= 0. As a

result, if we introduce Hµτ to the model, it is inconsistent with the proper structure of the

CKM matrix.
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4 Conclusions and discussions

In this paper, we discuss flavor violating processes involving Z ′ from flavored U(1)B−L,

denoted as (B − L)µτ . Under this symmetry, the second and third families of fermions

are charged and then, enough numbers of right-handed neutrinos to generate tiny neutrino

masses are naturally introduced. Since we consider this new symmetry is broken at the

scale far below the weak scale, the Z ′ has small mass, O(10) MeV. In such a light Z ′ case,

it is favor to explain the deviation of the muon anomalous magnetic moment. In order

to explain the current deviation, the size of (B − L)µτ coupling gB−L need to be about

5.5× 10−4.

On the other hand, we should introduce the flavon field and vector-like quarks to

accommodate the structure of the CKM matrix. Especially, we introduce the SM singlet

flavon F and up-type vector-like quarks to the model. Due to this and flavor non-universal

(B − L)µτ charges, Z ′ couplings of up-type quarks become the flavor violating ones, so

that we investigate the predictions and constraints from quark flavor physics in this paper.

One of the interesting processes is t → qZ ′ decay and we obtained the result that the

mixing angles in the up-type quark sector is (Uu)∗u′c(Uu)u′t < 8× 10−3 ∼ λ3.2 by assuming

BR(t→ cZ ′) < 10−4. Interestingly, this bound is consistent with the CKM matrix.

We also investigate the model with extra SU(2)L Higgs doublet as a flavon. In this

case, no vector-like quarks are needed to accommodate the CKM matrix. However, the

down-type quark sector also has the flavor violating Z ′ couplings and therefore, strong

constraints come from the K and B meson decays. As a result, we obtained the conclusion

that (Ud)d′i for i = d, s, b are severely constrained. The important point of this conclusion

is that (Ud)d′d element cannot be O(1) and then, proper structure of the CKM matrix is

failed unless we consider the unnatural cancellation in (gdL)ds + (gdR)ds.
8

There are some on-going experiments to explore in light Z ′ mass regions: for example

NA64 with electron beam [81–83], NA64 with muon beam [84] and DUNE [85]. Therefore,

it can be expected that there are some signals in this regions. If no signal is observed, the

explanation of (g − 2)µ with light Z ′ will be excluded.

To end up this paper we would like to relate this work with a previous work, ref. [38].

It discussed the scenario that the lightest right-handed neutrino plays the role of dark

matter candidate in the minimal gauged B−L model, where all three families of fermions

are charged under it universally. It is nontrivial to carry out a similar study in our model

because we merely have two RHNs, thus neither of them allowed to decouple from the

left-handed leptons. As a result, the lighter RHN must be sufficiently light to be long-

lived. Whether such a dark matter candidate is allowed is of interest. By the way, the

Z2 residue of B − L, which could provide the protecting symmetry for other dark matter

extensions [86], may be lost owing to the presence of extra fields with VEVs but without

properly assigned quantum numbers.

8Although such a cancellation can suppress B → KZ′(→ νν̄), it is impossible to suppress the fully

leptonic decay like Bs → µµ̄. However, our Z′ does not contribute to decays of pseudo-scalar meson

to lepton pair since only vector current exists in the Z′ sector. Therefore, our model is free from such

experimental results, including precise bound on D → µµ [80].
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