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The relevant phenomenology and the best search schemes of a subelectroweak-scale gauge boson can
be vastly different depending on its coupling. For instance, the rare decay into a light gauge boson and the
high precision parity test can be sensitive if it has an axial coupling. The minimal gauge extension of the
standard model with the Uð1ÞB−LþxY requires only three right-handed neutrinos, well suited to the current
neutrino mass and mixing data, and no additional exotic matter fields. We study the light gauge boson of
this symmetry in detail, including its axial coupling property from the hypercharge shift.
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I. INTRODUCTION

There have been extensive studies of a light gauge boson
of the subelectroweak scale in the past decade. It might be
hard to expect such a light gauge boson in the rather
traditional view that sizes of the gauge coupling should be
similar to each other, backed by an idea of the gauge
coupling unification. Yet, many studies of a light gauge
boson [1–4] that could address some notable phenomena,
such as the positron excess [5,6] and the muon g − 2
anomaly [7], have been gradually changing the view. (For a
review, see Ref. [8].) The possibility of a very light gauge
boson opens up new avenues to search for a new funda-
mental force [9–36].
Many models for a light gauge boson have been

suggested and studied. (For some examples, see
Refs. [4,37–41].) In particular, extensive studies have been
done with the dark photon model [4], which exploits a
kinetic mixing between a dark Uð1Þ gauge symmetry and
the standard model (SM) hypercharge Uð1ÞY [42]. In some
sense, the dark photon based on the kinetic mixing can be
considered as the simplest gauge model as it does not
require any new matter fields. The SM particles do not have
charges under the dark Uð1Þ, and the feebleness of the
coupling comes from a small value of the kinetic mixing
parameter (ε).
On the other hand, the extension of the SM matter

contents with the right-handed neutrinos are well motivated
with the current neutrino mass and mixing data, and a mere
extension of the SM with three right-handed neutrinos
allows the ðB − LÞ þ xY (with x an arbitrary real number)
as an anomaly-free gauge symmetry without an introduc-
tion of exotic matter fields [43]. This symmetry can also
play as a gauge origin of the matter parity, or the R-parity in
the supersymmetry framework, depending on the Uð1Þ
charge of the additional scalar. Unlike the dark photon case,

a light gauge boson of this symmetry has explicit charges
for the SM particles with a small gauge coupling constant.
It is also possible for this gauge symmetry to mix with the
Uð1ÞY through the kinetic mixing. In some sense, it is the
most general minimal gauge extension of the SM added by
three right-handed neutrinos. For convenience, we call this
gauge interaction mediated by a light gauge boson mini
force, implying that it is mediated by a gauge boson with a
very small mass and a feeble coupling from the minimal
gauge extension of the SM, the ðB − LÞ þ xY with an
additional kinetic mixing ðεÞ.1
The phenomenology and search schemes of a light gauge

boson can be significantly different depending on its
coupling to the SM particles. For instance, as emphasized
in the dark Z model [37,44–51], an additional axial
coupling can provide a very different phenomenology in
its production from a heavy particle decay and the parity
violation tests. Thus it is of great importance to study the
details of the model and identify the similarities and
differences compared to other models for a proper study
of a light gauge boson. In particular, the mini force model
involves an explicit assignment of the hypercharge, which
contains an axial coupling. We will perform a thorough
study of the light gauge boson of this model including the
axial coupling part.
The organization of this paper is as follows. In Sec. II, we

go over the coupling of the popular dark photon, which
exploits the gauge kinetic mixing. In Sec. III, we investigate
the coupling of the mini force gauge boson. In Sec. IV, we
explain the ambiguity between the kinetic mixing and the
hypercharge shift. In Sec. V, we discuss the implications for
the rare Higgs decay. In Sec. VI, we discuss the implica-
tions for the parity violation. In Sec. VII, we discuss our
findings and summarize the results.
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1As we will discuss in detail later in this paper, the kinetic
mixing (ε) and the hypercharge shift (þxY) share many indis-
tinguishable features.
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II. OVERVIEW OF THE DARK PHOTON
COUPLING (KINETIC MIXING)

In this section, we briefly overview the dark photon
model [4], which relies on the kinetic mixing for the
coupling. In the dark photon model, an extra gauge group is
considered as the dark Uð1Þ, under which the SM particles
do not carry the charges. The gauge boson of the darkUð1Þ
can still interact with the SM particles through the gauge
kinetic mixing of the dark Uð1Þ with the SM hypercharge
Uð1ÞY . (In addition to this vector portal, the Higgs portal
at the scalar sector such as jΦHj2jΦSj2 can also connect
the SM to the dark sector, but we do not consider this portal
in this paper and constrain our discussion to the Z0
interaction.)
Since the field tensor of any Abelian gauge group is

gauge invariant, a kinetic mixing between two Abelian
gauge groups is not forbidden and the kinetic terms are
generally given as [42]

Lkinetic ¼ −
1

4
B̂μνB̂

μν þ 1

2

ε

cW
B̂μνẐ

0μν −
1

4
Ẑ0
μνẐ

0μν; ð1Þ

where B̂ and Ẑ0 are gauge bosons of the Uð1ÞY and the
dark Uð1Þ, respectively, and a hatted field means that it is
not a physical eigenstate yet. ε is a dimensionless parameter
for the kinetic mixing, and cW ≡ cos θW , sW ≡ sin θW ,
tW ≡ tan θW are with Weinberg angle θW of the SM,
sin2θWðmZÞMS ¼ 0.23124ð12Þ [7,52].
The kinetic terms in Eq. (1) are diagonalized by a

GLð2; RÞ transformation [53], which can be divided into
two steps: first, orthogonalizing the kinetic terms

B̂μ → B̂μ þ
ε

cW
Ẑ0
μ; ð2Þ

and then a wave function normalization

Ẑ0
μ →

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ε2=c2W

p Ẑ0
μ: ð3Þ

The kinetic mixing is constrained to be very small, i.e.,
jεj ≪ 1, by the electroweak precision test [54] and other
experiments (for instance, see Ref. [33]). Therefore, the
next leading order of Eq. (3), which in Oðε2Þ is so small
regardless of the other properties of the Z0 such as its mass,
and we ignore the normalization process of Eq. (3) from
now on. In this approximation, the consequence of the
GLð2; RÞ is summarized as

Âμ → Âμ þ εẐ0
μ; ð4Þ

Ẑμ → Ẑμ − εtWẐ
0
μ; ð5Þ

Ẑ0
μ → Ẑ0

μ: ð6Þ

At this point it is clear that the diagonalization of the kinetic
terms by GLð2; RÞ gives a Ẑ0

μ shift proportional to ε to both
the Ẑμ and the Âμ.
Now, we need to go to the physical eigenstates or mass

eigenstates. As the photon is massless, the Âμ is the same as
the physical eigenstate Aμ. However, as the Ẑ boson gets a
mass from the vacuum expectation value (VEV) of the
Higgs doublet, there is an induced mass mixing of Ẑ and Ẑ0

because of the shift in Eq. (5). The mass matrix in the basis
of ðẐ; Ẑ0Þ is given by

"
m2

Ẑ
−εtWm2

Ẑ

−εtWm2
Ẑ

ε2t2Wm
2
Ẑ
þm2

Ẑ0

#
ð7Þ

where m2
Ẑ
¼ g2Zv

2=4 with gZ ¼ g=cW and v ≈ 246 GeV.
For the Z0 mass generation, we assume an extra Higgs
singlet S, which contributes the Z0 mass asm2

Ẑ0 ¼ g2Z0Q02
S v

2
S,

with gZ0 , Q0
S, and vS corresponding to the dark Uð1Þ gauge

coupling constant, the dark Uð1Þ charge of the singlet
scalar, and the singlet scalar VEV, respectively.2

This mass matrix in Eq. (7) is diagonalized by a SOð2Þ
transformation,

�
Z

Z0

�
¼

�
cos ξ − sin ξ

sin ξ cos ξ

��
Ẑ

Ẑ0

�
; ð8Þ

with the mixing angle ξ given by

tan 2ξ ¼ 2εtW
1 − ðεtWÞ2 −m2

Ẑ0=m2
Ẑ

; ð9Þ

and the results of the mass matrix diagonalization can be
expressed as

Âμ ¼ Aμ þ εð− sin ξZμ þ cos ξZ0
μÞ; ð10Þ

Ẑμ ¼ ðcos ξþ εtW sin ξÞZμ þ ðsin ξ − εtW cos ξÞZ0
μ;

ð11Þ

Ẑ0
μ ¼ − sin ξZμ þ cos ξZ0

μ: ð12Þ

As Eq. (11) shows,

AZ0 ¼ sin ξ − εtW cos ξ ð13Þ

is the physical Z0 fraction in the interaction eigenstate Ẑ
boson. Therefore, the Z0 coupling to the SM neutral current
is proportional to the parameterAZ0. The first term inAZ0 is
from the mass mixing and the second term is from the

2For an alternative method called the Stueckelberg mechanism,
see Refs. [55–57] and references therein.
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kinetic mixing, and as we will see there is a cancellation of
the two for a very light Z0. The Z0 interaction Lagrangian
then can be written as

Lint ¼ −ðε cos ξeJμEM þAZ0gZJ
μ
NCÞZ0

μ ð14Þ

where JEM and JNC refer to the appropriately defined SM
electromagnetic current and the weak neutral current,
respectively.
When the Z0 is sufficiently lighter than the SM Z boson,

AZ0 is approximated to be

AZ0 ≈ εtW
m2

Z0

m2
Z
; ð15Þ

which tells us that the axial coupling of the Z0 is propor-
tional to the m2

Z0=m2
Z. This is why the axial coupling is

neglected in most dark photon studies, where mZ0 ≪ mZ is
often taken (GeV or sub-GeV scale) [8].
There are a few ways in which a light gauge boson can

obtain sizable axial couplings though. They include (i) to
employ a relatively large mass, (ii) to assume a nonminimal
Higgs structure, and (iii) to assign explicit nonzero Uð1Þ
charges to the SM particles rather than depending on the
kinetic mixing.
We will briefly discuss these possibilities now. Figure 1

shows the mZ0 dependence of the AZ0 . We can see that it
follows Eq. (15) for mZ0 < mZ. While the Z0 of the GeVor
sub-GeV scale has a tiny axial coupling, the axial coupling
becomes quite sizable as mZ0 approaches mZ. Near
mZ0 ≈mZ, a peak of the jAZ0 j ∼ 1=

ffiffiffi
2

p
appears because

the maximal mass mixing is achieved in Eq. (9). However,
the precisely measured Z pole and other experimental data
constrain the Z − Z0 mass mixing, and in turn the ε. It was
found that jεj≲ 0.03 for mZ0 < mZ, but the constraint
becomes much more severe for the peak region [54]. In

the region of mZ0 > mZ, the AZ0 does not follow Eq. (15)
and it rather behaves as

AZ0 ≈ −εtW; ð16Þ

which is quite obvious from Eq. (13) in themZ0 ≫mZ limit.
As the above discussion heavily depends on the mass

matrix in Eq. (7), it may be possible for the Z0 to possess a
sizable axial coupling even for quite a small mass
(mZ0 ≪ mZ) if a different Higgs structure is assumed.
This idea was actually exploited in the dark Z model with
an additional Higgs doublet that can contribute to the Z0
mass as well as the Z mass [37].
In the previous two cases, the Z0 coupling to the SM

particles is generated by the mixings, but the nonzero
explicit Uð1Þ charge assignment with a small gauge
coupling constant is another possible way to introduce a
light Z0. It will have an axial coupling to the SM particles if
the charges are assigned in a chiral way. In the next section,
we will discuss this case in detail.

III. COUPLING OF THE LIGHT GAUGE
BOSON OF THE MINI FORCE

Now, we consider a Uð1Þ gauge symmetry which has an
explicit charge assignment to the SM particles. Specifically,
we consider the gauged B − Lþ xY, which is a linear
combination of the B − L and the hypercharge Y with a real
number x. This is the only possible family universal,
anomaly-free gauge extension of the SM with only three
right-handed neutrinos and no additional matter content
[43]. While the B − L provides only a vector coupling, the
additional xY part presents an axial coupling, which might
be interesting in our discussion. The kinetic mixing
between this Uð1Þ0 and the SM Uð1ÞY is still allowed in
the same form of Eq. (1), and we consider the effect of this
mixing as well.
In addition to the mass mixing between Ẑ and Ẑ0 from

GLð2; RÞ, an additional mass mixing is expected to emerge
due to the imposed hypercharge in the mini force model.
The mass matrix in the basis of ðẐ; Ẑ0Þ is given by"

m2
Ẑ

−εxtWm2
Ẑ

−εxtWm2
Ẑ

ε2xt2Wm
2
Ẑ
þm2

Ẑ0

#
ð17Þ

with an effective ε defined as

εx ≡ εþ x
tW

gZ0

gZ
; ð18Þ

which is the same as the ε in the x ¼ 0 limit, and the other
notations are the same as in the previous section. We can
see, compared to the dark photon model in Eq. (7), an
additional mass mixing due to the xY part is present in the
mass matrix.
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FIG. 1. jAZ0 j, which assesses the axial coupling of the Z0 with
mZ0 for a few choices of ε (or εx). For mZ0 < mZ, the jAZ0 j
increases withmZ0 proportional tom2

Z0 and becomes insensitive to
mZ0 for mZ0 > mZ.
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Following the similar steps of the previous section, one
can obtain the AZ0 corresponding to the mini force model
along with the kinetic mixing,

AZ0 ¼ sin ξ − εxtW cos ξ; ð19Þ

where the mass mixing angle ξ is given by Eq. (9), with ε
replaced by εx.
The Z0 interaction Lagrangian in this model then can be

written as

Lint ¼ −ðgZ0JμB−L þ εx cos ξeJ
μ
EM þAZ0gZJ

μ
NCÞZ0

μ; ð20Þ

where JB−L refers to the B − L vector current. While the
comprehensive studies on the constraints on the kinetic
mixing ε [33] and the B − L gauge coupling gZ0 [40] are
separately well archived in the literature, we note that the
combined study of the two parameters is lacking and is
worth pursuing in the future.
Notwithstanding the obvious differences between the

models, the formalism of the dark photon model and the
mini force model show indistinguishable properties in some
aspects, including the axial coupling part.

IV. INDISTINGUISHABLE PROPERTY
OF THE KINETIC MIXING AND THE

HYPERCHARGE SHIFT

Compared to the dark photon model, which has only two
relevant model parameters (mZ0 , ε), the mini force model
has four model parameters (mZ0 , ε, x, gZ0 ). But as one can
see from Eqs. (17)–(19), there are essentially only three
parameters (mZ0 , εx, gZ0) that are relevant to the physics of
the Z0 interaction that we are interested in. In this section,
we discuss the couplings of the mini force model, focusing
on the similarity of the formalism with the dark pho-
ton model.
The coupling of the Z0 can be studied with the relevant

part of the covariant derivative,

Dμ¼∂μþ igZ0 ðB−LþxYÞẐ0
μþ ig0Y

�
B̂μþ

ε

cW
Ẑ0
μ

�
ð21Þ

¼ ∂μ þ igZ0 ðB − LÞẐ0
μ þ ig0Y

�
B̂μ þ

εx
cW

Ẑ0
μ

�
; ð22Þ

where the last term in Eq. (21) exploits the result of the
GLð2; RÞ in Eq. (2), and Eq. (22) collects all parts that
are directly related to the axial coupling, i.e., Y part, with
the εx defined in Eq. (18). Now one can see that the overall
consequence of the kinetic mixing diagonalization and the
hypercharge shift is

B̂μ → B̂μ þ
εx
cW

Ẑ0
μ: ð23Þ

Both the hypercharge shift and the kinetic mixing cause
the redefinition of the hypercharge gauge boson in Eq. (23),
which is why both can be parametrized by the single
parameter εx of Eq. (18). It means the kinetic mixing and
the hypercharge shift are indistinguishable and there is no
way to tell the difference between the two.
The mini force model is, thus, the same as the pure B − L

model (i.e., with x ¼ 0), with the kinetic mixing altered
appropriately, i.e.,3

ε → εx: ð24Þ

In this way, one can easily obtain the AZ0 in Eq. (19) from
Eq. (13) as well as its limits from Eqs. (15)–(16).
We can conclude that, although it might be somewhat

counterintuitive, the axial coupling of the Z0 in this explicit
charge assignment cannot be large for the very light Z0
because of the essentially same cancellation between the
two terms in Eq. (19) as in Eq. (13).
The axial coupling of the Z0 in this model can be

enhanced with an increase of the mZ0 in a similar manner
to the dark photon model. The curves in Fig. 1 can be
reinterpreted for this model by replacing ε with εx. The
constraints on ε from the electroweak precision test [54]
can also be applied to this model as jεxj≲ 0.03.

V. IMPLICATIONS FOR THE HIGGS DECAY

As the Z0 is light, one of the constraints or discovery
channels could be with a decay of a heavy SM particle into
the Z0. The 125 GeV Higgs boson may decay into the
light Z0 as studied in Refs. [35,37,45,46,58]. We consider
the H → ZZ0 channel for the on-shell Z0, i.e., for
mZ0 < mH −mZ ≈ 34 GeV. The detailed formalism for
this is described in Appendix B.
As we discussed in the previous section, the xY part of

the mini force model can be treated as the effective kinetic
mixing, and it means that there is no direct coupling of the
physical Z0 to the Higgs doublet. Yet, it can still couple to
the Higgs boson through the Z-Z0 mixing in Eq. (11), with ε
replaced by εx, and it is obvious that the H-Z-Z0 coupling
can be obtained from the H-Z-Z coupling,

CHZZ0 ¼ CHZZ
ðsin ξ − εxtW cos ξÞ
ðcos ξþ εxtW sin ξÞ : ð25Þ

3To be precise, we have to consider the normalization process
of the GLð2; RÞ in Eq. (3), which was ignored because of its
very small effect. The full expression should be written as
ε=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ε2=c2W

p
→ εx=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ε2=c2W

p
for Eq. (24), which means

that the wave function normalization is still with ε, not εx. This
normalization process does not alter the indistinguishability
between the kinetic mixing and the hypercharge shift.
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Then the H → ZZ0 decay width can be obtained as

ΓH→ZZ0 ≈
1

64π

C2
HZZ0m3

H

m2
Zm

2
Z0

�
1 −

m2
Z þm2

Z0

m2
H

�
3

ð26Þ

≈
1

64π

ðCHZZAZ0 Þ2m3
H

m2
Zm

2
Z0

�
1 −

m2
Z þm2

Z0

m2
H

�
3

ð27Þ

for mZ0 ≲ 30 GeV, which is before the phase space
suppression becomes significant. This expression has a
few interesting features: (i) the 1=m2

Z0 factor exhibits the
enhancement from the longitudinal polarization of a
boosted vector gauge boson due to the Goldstone boson
equivalence theorem, as discussed in Ref. [37]; (ii) the
AZ0 ∝ m2

Z0 from Eq. (15) shows the dependence of the axial
coupling on the Z0 mass; (iii) the phase space suppression
effect is not significant for the mass range we consider.
Overall, we can see the BrðH → ZZ0Þ ∝ m2

Z0 when we
neglect the phase space suppression.
Using the SM prediction of the 125 GeV Higgs total

decay width (ΓH ¼ 4.1 MeV [59]), BrðH → ZZ0Þ is plot-
ted for a few choices of εx in Fig. 2, which agrees with
Eq. (27). This agrees with the results in Ref. [58] when
an appropriate interpretation is given. The sizable and
potentially observable H → ZZ0 is thus possible only for
the relatively large mass, say, mZ0 ≳Oð10Þ GeV for the
allowed εx values.
In an analysis of an experiment with

ffiffiffi
s

p ¼ 8 TeV with
an integrated luminosity of 20.7 fb−1, ATLAS searched
for the H → ZZ0 with subsequent decays into leptons.
They did not find a meaningful signal and gave the bound
of BrðH → ZZ0 → 4lÞ < ð1 − 9Þ × 10−5 for the mZ0 ¼
15 − 55 GeV [35]. The maximum branching ratio of the
H → ZZ0 is about 10−5 (mZ0 ≃ 10 GeV) to 10−4

(mZ0 ≃ 30 GeV), as one can obtain by scaling Fig. 2 for
the electroweak precision constraint (jεxj≲ 0.03). It trans-
lates into BrðH → ZZ0 → 4lÞ ≈ ð1 − 10Þ × 10−6, which is
about ten times smaller than the ATLAS bound, for
BrðZ → llÞ≃ 7% and BrðZ0 → llÞ ≈ 1. [In the dark
photon model, BrðZ0 → llÞ ∼ 1 [58,60].]
Since the dominant background is H → ZZ� → 4l [35],

the signal and the background scale in the same way from
8 TeV to 13 TeV LHC experiments with σðpp → HÞ13=
σðpp → HÞ8 ≈ 2.3 [61]. We need about ten times the
statistics to observe the aforementioned signal. The
required value of an integrated luminosity at the LHC
13 TeV experiment is about 90 fb−1, which can be reached
within the LHC Run2 (up to 100 fb−1) [62]. The LHC
Run3 (up to 300 fb−1) or the High-Luminosity LHC (up to
3000 fb−1) can test a much wider parameter space (in terms
of mZ0 and εx).
While the branching ratio of theH → Z0Z0 is much more

suppressed than that of the H → ZZ0 because of the severe
suppression from an additional mixing, it can be amplified
when we consider a sizable Higgs portal term that can
exploit S → Z0Z0 [58].

VI. IMPLICATIONS FOR THE PARITY
VIOLATION TEST

In this section, we consider implications of the mini force
model for the parity tests. Specifically, we discuss the
effective sin2 θW from the observable

ALR ≡ σR − σL
σR þ σL

ð28Þ

in the polarized beam scattering experiments. The σLðRÞ
corresponds to the cross section for the left-handed (right-
handed) polarized beam interacting with the unpolarized
target particles.
In the case that the incident particle is the same as the

target particle, e.g., ee scattering experiments such as the
SLAC E158 [13] and the JLab MOLLER [17], the parity
violating asymmetry ALR in the SM is given by

ASM
LR ¼ ðdσRR þ dσRLÞ − ðdσLR þ dσLLÞ

ðdσRR þ dσRLÞ þ ðdσLR þ dσLLÞ
ð29Þ

≈Q2
GF

παEM
ffiffiffi
2

p 1 − y
1þ y4 þ ð1 − yÞ4 16vfaf; ð30Þ

where the approximation is taken when the momentum
transfer (Q) is much lower than the electroweak scale
(Q2 ≪ m2

Z) [63]. Here, y≡ ð1 − cos θÞ=2 with a scattering
angle θ in a center of momentum frame; vf ¼ T3f=2 −
Qfs2W and af ¼ −T3f=2 are the vector and the axial
coupling of the SM Z boson with the electric charge

X
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FIG. 2. Branching ratio of the Hð125 GeVÞ → ZZ0 for the
same choice of the ε (or εx) values as in Fig. 1. Although the
smaller mZ0 would bring the enhancement from the Goldstone
boson equivalence theorem, the axial coupling increases with the
mZ0 and the end result is that ΓðH → ZZ0Þ increases with mZ0 , as
discussed in the text in detail.
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QfðQe ¼ −1Þ and T3f ¼ �1=2ðT3e ¼ −1=2Þ, respec-
tively; GF is the Fermi constant; and αEM ¼ e2=4π.
In the mini force model, there is an additional contri-

bution from the Z0 in the relevant scattering for the parity
test. The current that couples to the Z0 in Eq. (20) can be
approximately written as

gZ0JμZ0 ≈ gZAZ0

�X
f

v0ff̄γ
μf þ aff̄γμγ5f

�
; ð31Þ

where v0f ≡ T3f=2 − ð1þ α0fÞQfs2W with

α0f ≡ −
cos ξ
AZ0

ηf; ð32Þ

ηf ≡ εx cot θW þ gZ0

gZ

ðB − LÞf
Qfs2W

: ð33Þ

In this formalism, as is clear from Appendix A, the overall
coupling is normalized by gZ0 → gZAZ0 so that the axial
coupling of the Z0 is the same as the af of the SM Z boson
because the axial coupling of the Z0 originated only from
the Ẑ.
Then, the parity violating asymmetry in the mini force

model with the low-momentum transfer ðQ2 ≪ m2
ZÞ is

given as

Amini
LR ≈ ASM

LR

�
1þ m2

Z

Q2 þm2
Z0
A2

Z0
v0f
vf

�
: ð34Þ

This can be obtained from Eq. (30) with a replacement of

GF → ρGF ð35Þ

sin2 θW → sin2 θeffW ¼ κf sin2 θW; ð36Þ

with

ρ ¼ 1þ m2
Z

Q2 þm2
Z0
A2

Z0 ; ð37Þ

κf ¼ 1þ α0f
m2

Z

Q2 þm2
Z0
A2

Z0 ≈ 1 − ηf
m2

Z

Q2 þm2
Z0
AZ0 : ð38Þ

The sin2 θeffW , which depends on the momentum transfer,
can be determined by the measurement of the ALR. The
maximal shift of the sin2 θW , Δsin2θW≡sin2θeffW −sin2θW ,
occurs when the following two conditions are met, as one
can see from Eq. (38): first, the coupling of the Z0, which
means gZAZ0 in Eq. (31) needs to be maximal, and second,
the difference of the ratio of the vector coupling to the axial
coupling between the Z0 and the SM Z should be maximal.
The latter is parametrized by the α0f.
For the large momentum transfer, the above shifts are

suppressed, and the effective values of the GF and sin2 θW

approach the SM values. It means that the low-energy
experiments are required to see the effect of the light Z0 in
the parity test.4

Figure 3 shows Δ sin2 θW for the ee scattering, with Q or
mZ0 for the given values of εx and gZ0 . These results were
obtained using the exact relation [the right-hand side of
Eq. (29)], not the approximation given in Eq. (34). For an
illustrative purpose, we use jεxj ¼ 10−3 and gZ0 ¼ 10−4,
which are representative values of the current bounds for
10 MeV≲mZ0 ≲ 10 GeV. (See Refs. [33,40] for the precise
constraints on the relevant couplings with mZ0 in various
contexts.) As we can see, the Δ sin2 θW turns out to be at the
Oð10−7Þ level, which is too small to be disclosed with the
currently proposed parity violation experiments [52].
For the Z0 with an intermediate mass scale [mZ0 ≈

Oð10 GeVÞ], however, the experimental bounds on the
two parameters (εx and gZ0 ) become much less stringent
because the BABAR bounds [31] do not apply for
mZ0 > 10 GeV. For the intermediate mass scale (say,
10 GeV≲mZ0 ≲mZ), the most severe constraint on the
kinetic mixing comes from the electroweak precision test,
especially the mass shift of the SM Z boson [54]. Since the
Ẑ-Ẑ0 mixing in the mini force model comes only from the
effective kinetic mixing εx [Eq. (17)], the same electroweak
precision constraint applies (jεxj≲ 0.03). The experimental
bound on the gZ0 of the pure B − L for mZ0 > 10 GeV
comes from the neutrino-quark scattering [12,64], which
gives gZ0 ≲ 0.02 [40]. The allowed value of the gZ0 in
the mini force model should be smaller because of the
contribution on the coupling from the effective kinetic
mixing εx.
Figure 4 shows Δ sin2 θW for the ee scattering with an

intermediate scale Z0 for the given values of εx ¼ 0.03 and
gZ0 ¼ 5 × 10−3 or 0 at the momentum transfer Q ¼
75 MeV of the JLAB Moller experiment [65]. Using the
maximum value of εx, we can see that the deviation is
comparable to the anticipated sensitivity of the JLAB
Moller (2.8 × 10−4) and increases with the mZ0 . (The
Mainz P2, which is an ep scattering experiment, also
has a similar sensitivity of about 3 × 10−4 and the average
Q ¼ 67 MeV [66].) With the B − L gauge contribution
(gZ0 ≠ 0), the deviation in the sin2 θW is either larger or
smaller than the dark photon limit (gZ0 ¼ 0), depending on
the relative sign of the two terms in Eq. (33).
While we would need a much higher precision experi-

ment to see the parity violation effect in the polarized
electron scatterings for a very light Z0 (say,mZ0 ≲ 10 GeV),
the effect due to an intermediate scale Z0 can be large
enough to be observed in near-future experiments such as
the JLAB Moller or Mainz P2.

4Equations (37) and (38) are consistent with the results of the
dark Z model [37,44,51] with ηf ¼ ε cot θW and a suitable ξ
leading to AZ0 ≈ εZ, where εZ is the total Z0 shift of the Z with an
extra contribution from an additional Higgs doublet.
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Here are some features of the mini force model regarding
the parity violation tests. (i) There is a particle dependence
of the ηf due to the B − L and electromagnetic charges.
(ii) Δ sin2 θW is proportional toAZ0 . SinceAZ0 ∝ m2

Z0 in the
m2

Z0 ≪ m2
Z limit [Eq. (15)], we have

Δ sin2 θW ≃ −0.13ηfεx
m2

Z0

Q2 þm2
Z0
: ð39Þ

As is clear from this relation, the jΔ sin2 θW j signifies for
Q2 ≲m2

Z0 [see Fig. 3(a)] and shows the increasing tendency
withmZ0 [see Fig. 3(b)]. (iii) The sign of the Δ sin2 θW flips
with the εx sign flip when jeεxQfj > jgZ0 ðB − LÞfj, i.e.,
when the electromagnetic coupling by the effective kinetic
mixing is greater than the B − L coupling [see Fig. 3(c)].

VII. DISCUSSIONS AND SUMMARY

An axial coupling of a gauge boson is of great impor-
tance. Looking back in history, it was the 1978 SLAC E122
polarized eD scattering experiment [67], which measured
the parity violation asymmetry via the Z boson, that
established SUð2ÞL ×Uð1ÞY as the electroweak interac-
tion. It occurred earlier than the direct discovery of the
W and Z resonances at the 1983 CERN SPS experiments
[68–71]. (See Ref. [52] for more details.)
A similar path might lie ahead of us in the discovery of a

light gauge boson, if it exists, which has been a topic of
great interest recently. There are at least two important
aspects to think that the axial couplings are more important
in searching for a light gauge boson compared to the
traditional heavy or TeV-scale gauge boson searches [72].
First, when the gauge boson is light, it is easily boosted
from the decay of a heavy particle (such as mesons or the
Higgs boson), and this interaction is governed by the
Goldstone boson equivalence theorem controlled by an
axial coupling. Second, there are ongoing and proposed
parity tests at the low-momentum transfer [52], which may
be particularly sensitive for a light gauge boson. In fact, the
light gauge boson contribution in the Weinberg angle shift
is sensitive only at the low-momentum transfer [37].
In this paper, we studied the interaction mediated by a

light gauge boson of the Uð1ÞB−LþxY symmetry in addition
to the kinetic mixing with the SM hypercharge, which we
call mini force. This minimal gauge extension of the SM
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FIG. 4. The predicted shift in the sin2 θW for an intermediate
scale Z0 of Oð10 GeVÞ at the JLAB Moller experiment
(Q ¼ 75 MeV). εx ¼ 0.03 and gZ0 ¼ 5 × 10−3 or 0 (dark photon
limit) were chosen for the illustration. The dashed line is the
expected sensitivity of the JLAB Moller [65].
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FIG. 3. The effective change of the Weinberg angle,
Δ sin2 θW ≡ sin2 θeffW − sin2 θW , with the momentum transfer Q
or the Z0 mass, for the different choices of εx and gZ0 as labeled in
the panels (a), (b) and (c). The solid (dotted) lines correspond to
the case of positive (negative) εx.
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added by only three right-handed neutrinos is a very
plausible scenario, and it has an explicit charge assignment,
which contains the axial coupling.
However, as discussed in detail in Sec. IV, a hypercharge

shift and a gauge kinetic mixing have an indistinguishable
consequence in the mixing of the Z0 and the SM hyper-
charge gauge boson. In other words, the mini force model
can be considered as the pure B − L model with an altered
kinetic mixing.
There is some cancellation in the physical eigenstate and

as a result the axial coupling of the light gauge boson of the
mini force model is highly suppressed. We investigated this
phenomenon and also studied the implications of the
suppressed axial coupling. There are some aspects in its
implications that produce the same results as the dark
photon model (e.g., rare Higgs decay) and there are other
aspects that produce different results (e.g., parity test). With
the various constraints, these effects are too small to be
observed in the near future for a very light gauge boson
(say, mZ0 ≲ 10 GeV), but the effects for an intermediate-
scale gauge boson [mZ0 ∼Oð10 GeVÞ] can be large enough
to be observed in the planned experiments such as the LHC
Run2 experiments and the JLAB Moller experiments.
The suppression of the axial coupling for a light gauge

boson is somewhat expected from the fact that a massless
gauge boson cannot have an axial coupling. As a straight-
forward symmetry argument, it is obvious that the axial
current of a massless gauge boson vanishes when a chiral
fermion is massive. A massless gauge boson implies that
the vacuum does not break spontaneously the correspond-
ing gauge symmetry. Since helicities (left and right) of a
fermion are flipped at a mass term, there is a contradiction
that a chiral fermion is massive when a gauge boson is
massless. Consequently, a massless gauge boson possesses
no axial current for a massive fermion.
It is still imperative to acknowledge that a sizable axial

coupling for a very light, but not massless, gauge boson
may exist depending on the details of the model including
the scalar sector [37]. We discussed the general conditions
that a new gauge interaction should possess for the
maximal effect in parity violation tests. For an example,
the effects can be sizable enough to be observed for the
intermediate-scale mass as we illustrated. More cases will
be discussed in subsequent studies [73].
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APPENDIX A: FERMION COUPLINGS

The SM fermion currents coupling to the vector bosons
B̂, Ŷ3, and Ẑ0 are given by

−Lint ¼ g0B̂μJ
μ
Y þ gŴ3μJ

μ
W3

þ gZ0 Ẑ0
μJ

μ
Ẑ0 ; ðA1Þ

where

JμY ¼
X
f

f̄ γμ
�
YfL

1 − γ5

2
þQf

1þ γ5

2

�
f; ðA2Þ

JμW3
¼

X
f

T3ff̄γμ
�
1 − γ5

2

�
f; ðA3Þ

Jμ
Ẑ0 ¼

X
f

ðB − Lþ xYÞff̄γμf; ðA4Þ

and Qf ¼ T3f þ Yf. After the electroweak mixing by the
Weinberg angle θW and diagonalizing gauge kinetic terms,

−Lint ¼ eAμJ
μ
EM þ εeẐ0

μJ
μ
EM þ gZ0 Ẑ0

μJ
μ
Ẑ0

þ gZẐμJ
μ
NC − εtWgZẐ

0
μJ

μ
NC; ðA5Þ

where

JμEM ¼
X
f

Qff̄γμf; ðA6Þ

JμNC ¼
X
f

�
T3f

2
−Qfs2W

�
f̄γμf −

T3f

2
f̄γμγ5f: ðA7Þ

Considering mass mixing between Ẑ and Ẑ0, we get

−Lint ¼ eAμJ
μ
EM þ gZZμJ

μ
Z þ gZ0Z0

μJ
μ
Z0 ; ðA8Þ

where

JμZ ¼
X
f

��
cos ξ

�
T3f

2
−Qfs2W

�

− sin ξ
�
gZ0

gZ
ðB − LÞf þ εxtW

�
Qf −

T3f

2

���
f̄γμf

þ ½− cos ξ − εxtW sin ξ�T3f

2
f̄γμγ5f

�
; ðA9Þ

JμZ0 ¼
X
f

��
sin ξ

gZ
gZ0

�
T3f

2
−Qfs2W

�

þ cos ξ
�
ðB − LÞf þ

gZ
gZ0

εxtW

�
Qf −

T3f

2

���
f̄γμf

þ ½− sin ξþ εxtW cos ξ� gZ
gZ0

T3f

2
f̄γμγ5f

�
: ðA10Þ

The mass mixing angle ξ is given as
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cos ξ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2εtW

m2

Ẑ
δm2

q
2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2εtW

m2

Ẑ
δm2

q
2

; ðA11Þ

sin ξ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2εtW

m2

Ẑ
δm2

q
2

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2εtW

m2

Ẑ
δm2

q
2

; ðA12Þ

with

δm2 ≡m2
Z −m2

Z0 ; ðA13Þ

which is the mass-squared difference between two physical
eigenstates, Z and Z0, given as

m2
Z ¼ m2

Ẑ
ð1þ εtW tan ξÞ; ðA14Þ

m2
Z0 ¼ m2

Ẑ
ð1 − εtW tan−1 ξÞ: ðA15Þ

APPENDIX B: HIGGS COUPLINGS

The scalar kinetic terms with an extra singlet scalar S,
charged only under the extra Uð1Þ, are given by

Lscalar ¼ jDμΦHj2 þ jDμΦSj2; ðB1Þ

where

DμΦH ¼
�
∂μ þ i

g0

2
B̂μ þ igT3Ŵ3μ þ ix

gZ0

2
Ẑ0
μ

�
ΦH ðB2Þ

DμΦS ¼ ð∂μ þ igZ0Q0
SẐ

0
μÞΦS ðB3Þ

with the doublet ΦH ¼
	 ϕþ

ðvþH þ iϕ3Þ=
ffiffiffi
2

p



and the

singlet ΦS ¼ ðvS þ Sþ iϕSÞ=
ffiffiffi
2

p
.

For simplicity, we do not consider the Higgs portal term
κjΦHj2jΦSj2. The relevant couplings of the SM-like Higgs
H are given by

CHZZ

2
HZμZμ þ CHZZ0HZμZ0μ þ CHZ0Z0

2
HZ0

μZ0μ; ðB4Þ

where

CHZZ ¼ g2Zv
4

A2
Z ðB5Þ

CHZZ0 ¼ g2Zv
4

AZAZ0 ðB6Þ

CHZ0Z0 ¼ g2Zv
4

A2
Z0 ; ðB7Þ

with AZ ¼ cos ξþ εx sin ξ.

Using the above results, the on-shell decay rate in each
channel is given by

ΓH→ZZ0 ¼ C2
HZZ0

8π

j~pj
m2

H

�
2þ ðm2

H −m2
Z −m2

Z0 Þ2
4m2

Zm
2
Z0

�

≈
1

64π

C2
HZZ0m3

H

m2
Zm

2
Z0

�
1 −

m2
Z þm2

Z0

m2
H

�
3

; ðB8Þ

with j~pj2 ¼ ðm4
H þm4

Z þm4
Z0 − 2m2

Hm
2
Z − 2m2

Hm
2
Z0−

2m2
Zm

2
Z0 Þ=4m2

H,

ΓH→Z0Z0 ¼ 1

32π

C2
HZ0Z0

mH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
Z0

m2
H

s �
3þ 1

4

m4
H

m4
Z0
−
m2

H

m2
Z0

�

≈
1

128π
C2
HZ0Z0

m3
H

m4
Z0
: ðB9Þ

The decay rates for the light Z0, when it is boosted, can
be understood by the Goldstone boson equivalence theo-
rem. Assuming no Higgs portal term, the pseudoscalars
coupling to the SM-like Higgs only come from the doublet.
Thus, we have to find a fraction of the ϕ3 of the
longitudinal mode of the Z0.
The relevant Lagrangian for the vector boson connected

to the Goldstone boson in the mini force model with the
effective kinetic mixing εx is given by

−LV−G ¼ mẐẐμ∂μϕ3 þmẐ0Ẑ0
μ∂μϕS; ðB10Þ

where ϕS is the Goldstone boson of the ΦS absorbed by Ẑ
0.

In the physical eigenstate after the diagonalizations, the Z0
part is given as

ðmẐAZ0∂μϕ3 þmẐ0 cos ξ∂μϕSÞZ0
μ

¼ mZ0

�
mẐ

mZ0
AZ0∂μϕ3 þ

mẐ0

mZ0
cos ξ∂μϕS

�
Z0
μ: ðB11Þ

Therefore, the decay rate of the H → ZZ0 with Z and
Z0 replaced by the relevant Goldstone bosons is propor-
tional to

ðλvÞ2
�
mZ

mZ0
AZ0

�
2

≈ C2
HZZ

m4
H

m2
Zm

2
Z0
A2

Z0 ; ðB12Þ

where λ is the quartic coupling constant of the Higgs
doublet. This gives essentially the same result as
Eq. (B8).
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