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Motivated by the observation that tiny neutrino mass cannot be explained within the framework of the
Standard Model, we consider extra gauge extended scenarios in which tiny neutrino masses are generated
through the seesaw mechanism. These scenarios are equipped with a beyond the Standard Model neutral
gauge boson called Z0 in the general Uð1ÞX symmetry, which is a linear combination of Uð1ÞY and
Uð1ÞB−L. In this case, left- and right-handed fermions interact differently with the Z0. The Z0 gives rise to
different processes involving neutrino-nucleon, neutrino-electron, electron-nucleus, and electron-muon
scattering processes. By comparing with proton and electron beam-dump experiment data, recast data from
searches for the long-lived and dark photon at BABAR, LHCb, and CMS experiments, the electron and
muon g − 2 data, and the data of the dilepton and dijet searches at the LEP experiment, we derive bounds on
the gauge coupling and the corresponding gauge boson mass for different Uð1ÞX charges and evaluate the
prospective limits from the future beam-dump scenarios at DUNE, FASER (2), and ILC. We conclude that
large parameter regions could be probed by scattering, beam-dump, and collider experiments in the future.
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I. INTRODUCTION

Tiny neutrino masses and flavor mixing are important
experimental observations [1] that motivate us to think
beyond the Standard Model (SM). Various cosmological
data indicate that nonluminous objects, called dark matter,
capture nearly 0.25 fraction of the energy budget of the
Universe [2,3], which further indicate that an extension of
the SM is certain. The origin of tiny neutrino mass can be
explained by the seesaw mechanism, where the SM is
extended by SM-singlet Majorana right-handed neutrinos
(RHNs) [4–8]. In this case, light neutrino mass can be
originated by the suppression of the heavy mass scale of the
RHNs, which introduces a lepton number violation of unit
two, which is a nice realization of the dimension-five
Weinberg operator [9].

This simple but interesting ultraviolet (UV) theory is
constructed if the SM is extended by a generalUð1ÞX gauge
group that is a linear combination of Uð1ÞY and Uð1ÞB−L.
In this setup, three generations of SM-singlet RHNs are
introduced to cancel the gauge and mixed gauge-gravity
anomalies. After the general Uð1ÞX symmetry is broken by
a SM-singlet scalar, the scalar acquires the vacuum expect-
ation value (VEV), which lets the RHNs acquire Majorana
masses. Followed by the electroweak symmetry breaking, a
Dirac mass term is generated from the Yukawa interaction
between the SM lepton and Higgs doublets along with the
SM-singlet RHNs. These Majorana and Dirac masses get
involved in the seesaw mechanism to generate light
neutrino mass and flavor mixing [10]. All these couplings
and interactions are protected by general Uð1ÞX gauge
symmetry.
In general, an extra gauged Uð1Þ extension of the SM, a

neutral and beyond the SM (BSM) gauge boson, commonly
known as the Z0, exists and acquires the mass after the extra
Uð1Þ symmetry breaking. New physics contributions from
the Z0 are considered to be very well motivated and are
being studied at low- and high-energy experiments [11–43]
from various aspects. A remarkable aspect of our general
Uð1ÞX models compared with the others studied previously
is that the SM left and right chiral fermions could be
charged differently under the Uð1ÞX. We will study such a
chiral scenario to estimate the limits on the general Uð1ÞX
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gauge coupling with respect to the Z0 mass for different
general Uð1ÞX charges and compare with a variety of
existing bounds for the Z0 mass to be probed. In this paper,
we consider two cases of general Uð1ÞX extensions of the
SM. Those two are solutions of anomaly-free conditions
and mathematically equally possible. In the first case, three
generations of RHNs are universal under the generalUð1ÞX
gauge group having the same charge. The second is another
less-studied, interesting possibility where the first two
generations of the RHNs have general Uð1ÞX charge −4,
the third generation RHN has the charge þ5, and two
SUð2ÞL Higgs doublets are differently charged under the
general Uð1ÞX gauge group. One of the SUð2ÞL Higgs
doublets couples with the RHNs and charged leptons,
which makes the scenario neutrinophilic. In addition to the
doublet scalars, we introduce three SM-singlet scalars that
are differently charged under the general Uð1ÞX gauge
group. We call the second case an alternative generalUð1ÞX
scenario. Because of the anomaly cancellation conditions,
left- and right-handed SM fermions must be differently
charged under the general Uð1ÞX gauge group manifesting
the chiral nature of the model.
We study the chiral nature of the Z0 interactions through

the Z0 mediated neutrino-electron, neutrino-nucleon, and
electron-muon scattering processes at different experiments
such as FASERν and FASERν2 [44–51], SND@LHC
[52–55], NA64 [56–61], JSNS2, COHERENT, and
MUonE [62,63]. These are the Z0 mediated t-channel
processes and those interaction vertices depending on
general Uð1ÞX charges manifest the chiral nature, which
has not been studied before in the literature for these
experiments.
In order to compare our results with the existing bounds,

we obtain respective bounds from different scattering
and beam-dump experiments in the chiral scenario. To
do that, we estimate bounds from the electron/positron
beam-dump experiments Orsay [64], NA64 [65], KEK
[66], E141 [67], E137 [68], and E774 [69]. Studying the
bounds from the neutrino-electron scattering experiments
from TEXONO [70–72], BOREXINO [73–78], and JSNS2
at the J-PARC experiment [79], we compare our results
for differentUð1ÞX charges. Depending on the choice of the
Z0 mass, we compare our bounds for muon neutrino- and
muon antineutrino-electron scattering from the CHARM-II
experiment [80–83]. We study neutrino-nucleon scattering
to estimate bounds for different Uð1ÞX charges from
the COHERENT experiment [84–88]. In addition to those,
we compare our results with the GEMMA experiment
studying neutrino magnetic moments [27,89]. We compare
the bounds from the dark photon searches at the LHCb
experiment [14,25], dark photon searches from the
CMS experiment [90], and visible and invisible decay of
dark photons from the BABAR experiment [91,92]. We
compare our results with proton beam-dump experiments
like NOMAD [93], CHARM [94], and ν-cal [95,96]

experiments. We compare our bounds with the dilepton
and dijet final states from the LEP-II study [97–100].
Finally, we estimate bounds on general Uð1ÞX coupling
with respect to MZ0 from muon and electron g − 2 experi-
ments to show the complementarity scenario.
Our paper is organized as follows. We discuss the models

in Sec. II. We calculate constraints on the gauge coupling
for different Uð1ÞX charges in Sec. III. We discuss our
results in Sec. IV and finally conclude the paper in Sec. V.

II. MODEL

A general Uð1ÞX extension of the SM involves three
generations of RHNs to cancel the gauge and mixed gauge-
gravity anomalies. As a result, we observe that left- and
right-handed charged fermions in the SM are differently
charged under the Uð1Þ group. We write down the UV-
complete models in the following.

A. Case I

We consider a general Uð1ÞX extension of the SM to
investigate the chiral scenario introducing three RHNs
ðNRÞ and an SM-singlet scalar (Φ) field. Three generations
of RHNs are introduced to cancel gauge and mixed gauge-
gravity anomalies. The corresponding field content is given
in Table I where general Uð1ÞX charges, being independent
of generations, are written as x̃f before anomaly cancella-
tion and f stands for the three generations of quarks
ðqαL; uαR; dαRÞ and leptons ðlα

L; e
α
R; N

α
RÞ, respectively, where

αð¼ 1; 2; 3Þ is the generation index. The gauge and mixed
gauge-gravity anomaly cancellation conditions in terms of
the general charges are written as follows:

Uð1ÞX⊗ ½SUð3ÞC�2∶ 2x̃q− x̃u− x̃d¼0;

Uð1ÞX⊗ ½SUð2ÞL�2∶3x̃qþ x̃l¼0;

Uð1ÞX⊗ ½Uð1ÞY �2∶ x̃q−8x̃u−2x̃dþ3x̃l−6x̃e¼0;

½Uð1ÞX�2⊗Uð1ÞY∶ x̃2q− e2x2uþ x̃2d− x̃2lþ x̃e2¼0;

½Uð1ÞX�3∶6x̃q3−3x̃u3−3x̃d3þ2x̃l3− x̃3ν− x̃3e¼0;

Uð1ÞX⊗ ½grav�2∶6x̃q−3x̃u−3x̃dþ2x̃l− x̃ν− x̃e¼0:

ð1Þ

The Yukawa interactions between the fermions and the
scalars ðH;ΦÞ can be written following the GSM ⊗ Uð1ÞX
gauge symmetry as

LYukawa ¼ −Yαβ
u qαLHuβR − Yαβ

d qαL H̃ dβR − Yαβ
e lα

L H̃ eβR

− Yαβ
ν lα

LHNβ
R − Yα

NΦðNα
RÞcNα

R þ H:c:; ð2Þ

where H is the SM Higgs doublet and we transform it into
H̃ following iτ2H� where τ2 is the second Pauli matrix.
Hence, using Eq. (2) and following charge neutrality, we
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express the following relations between the general Uð1ÞX
charges of the particles as

−
1

2
xH ¼ −x̃q þ x̃u ¼ x̃q − x̃d ¼ x̃l − x̃e ¼ −x̃l þ x̃ν;

2xΦ ¼ −2x̃ν: ð3Þ

The general Uð1ÞX charges of the fermions can be obtained
solving Eqs. (1) and (3) which finally can be expressed
using the scalar charges xH and xΦ, respectively. Simply,
the anomaly-free charge assignment of the general Uð1ÞX
can be expressed in terms of a linear combination of two
anomaly-free scenarios, namely, Uð1ÞY of the SM and
B − L charges. Finally, we find that the left- and right-
handed fermions under the general Uð1ÞX scenario have
different charges and hence they interact differently with
the neutral BSM gauge boson Z0 in the model. We take
xΦ ¼ 1 without the loss of generality, which corresponds to
the Uð1ÞB−L and Uð1ÞR scenarios with xH ¼ 0 [101–106]
and xH ¼ 2 [107–111], respectively. Uð1ÞB−L is a vector-
like scenario where left- and right-handed fermions of the
same type are equally charged under the Uð1Þ extension. In
the case of the Uð1ÞR scenario, we find that left-handed
fermions do not interact with the Z0. Using the general form
of the Uð1Þ charges of the charged fermions, we notice that
for xH ¼ −1 the Uð1Þ charge of the right-handed electron
ðeRÞ becomes zero and, as a result, it has no direct
interaction with the Z0, whereas other fermions will interact
with the Z0, manifesting the chiral nature of the model. In a
similar fashion, we find that for xH ¼ −0.5 the general
Uð1ÞX charge of the right-handed up-type quark uR is zero,
implying no direct interaction with the Z0, whereas other
fermions will have nonzero general Uð1ÞX charges,
allowing direct interactions with the Z0. Similar behavior
could be observed when xH ¼ 1, where the general Uð1ÞX
charge of the right-handed down-type quark ðdRÞ is zero.
resulting in no direct interaction with the Z0. Detailed
charge assignments for these combinations of xH and xΦ
are given in Table I. We consider two more scenarios with

xH ¼ 0.5 and 2, setting xΦ ¼ 1, where all the charged
fermions interact with the Z0, manifesting the chiral
behavior of the model.
The scalar sector of this scenario can be explored by

introducing the renormalizable potential of this model,
which can be given by

V ¼ m2
HðH†HÞ þ λHðH†HÞ2 þm2

ΦðΦ†ΦÞ þ λΦðΦ†ΦÞ2
þ λmixðH†HÞðΦ†ΦÞ; ð4Þ

where H and Φ can be separately approximated in the
analysis of scalar potential, by taking λmix to be very small.
After the breaking of general Uð1ÞX and electroweak
symmetries, the scalar fields develop VEVs as follows:

hHi ¼ 1ffiffiffi
2

p
�
v

0

�
and hΦi ¼ vΦffiffiffi

2
p ; ð5Þ

where v ¼ 246 GeV is marked as the electroweak scale
VEV at the potential minimum and vΦ is a free parameter.
After the general Uð1ÞX symmetry is broken, the mass
of the BSM neutral gauge boson can be evolved setting
xΦ ¼ 1 as

MZ0 ¼ 2gXvΦ; ð6Þ

in the limit of vΦ ≫ v. Here, gX is the general Uð1ÞX
coupling and the Z0 mass is a free parameter.

B. Case II

We consider another scenario where the SM is extended
by a general Uð1ÞX gauge group with three generations of
RHNs. The field content of the model is given in Table II.
The general U(1) charges of the charged fermion fields
are the same for all generations, αð¼ 1; 2; 3Þ where α is
the generation index. The general Uð1ÞX charges of the
fields are written as x̃f before anomaly cancellation and f
stands for the three generations of quarks ðqαL; uαR; dαRÞ and

TABLE I. Field content of general Uð1ÞX extension of the SM in the minimal form with the charges of the particles before and after
anomaly cancellation considering different benchmark values of xH setting xΦ ¼ 1. In this charge assignment, xH ¼ 0 and −2 are the
Uð1ÞB−L and Uð1ÞR scenarios. Among the chiral scenarios, Uð1ÞB−L is a vectorlike case.

SUð3ÞC SUð3ÞL Uð3ÞY Uð1ÞX −2 Uð1ÞR −1 −0.5 0 Uð1ÞB−L 0.5 1 2

qαL 3 2 1
6 x̃q ¼ 1

6
xH þ 1

3
xΦ 0 1

6
1
4

1
3

5
12

1
2

1
3

uαR 3 1 2
3 x̃u ¼ 2

3
xH þ 1

3
xΦ −1 − 1

3
0 1

3
1
2

1 5
3

dαR 3 1 − 1
3

x̃d ¼ − 1
3
xH þ 1

3
xΦ 1 2

3
1
2

1
3

1
6

0 − 1
3

lα
L 1 2 − 1

2
x̃l ¼ − 1

2
xH − xΦ 0 − 1

2
− 3

4
−1 5

4 − 3
2

−2
eαR 1 1 −1 x̃e ¼ −xH − xΦ 1 0 − 1

2
−1 − 3

2
−2 −3

Nα
R 1 1 0 x̃ν ¼ −xΦ −1 −1 −1 −1 −1 −1 −1

H 1 2 − 1
2

x̃H ¼ − 1
2
xH 1 1

2
1
4

0 − 1
4

− 1
2

−1
Φ 1 1 0 x̃Φ ¼ 2xΦ 2 2 2 2 2 2 2
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leptons ðlα
L; e

α
RÞ. We introduce two SUð2Þ doublet

Higgs fields ðH1;2Þ, where one is SM-like (H1) and the
other one is the BSM (H2) Higgs. Because of different
general Uð1ÞX charge assignments, H1 does not couple
with the BSM fermions. We introduce three SM-singlet
scalar fields ðΦ1;2;3Þ that are differently charged under the
general Uð1ÞX gauge group. Because of the general Uð1ÞX
gauge symmetry, the first two generations of the RHNs
have charge −4 each and the third generation RHN hasþ5
charge under the general Uð1ÞX gauge group [112].
The RHNs with semi-non-universal Uð1Þ charges in this
model help to cancel gauge and mixed gauge-gravity
anomalies. As a result, we call this model an alterna-
tive general Uð1ÞX scenario. Following the gauge and
mixed gauge-gravity anomaly cancellation conditions,
we relate the general Uð1ÞX charges of the charged
fermions as

Uð1ÞX ⊗ ½SUð3ÞC�2∶ 2x̃q − x̃u − x̃d ¼ 0;

Uð1ÞX ⊗ ½SUð2ÞL�2∶ 3x̃q þ x̃l ¼ 0;

Uð1ÞX ⊗ ½Uð1ÞY �2∶ x̃q − 8x̃u − 2x̃d þ 3 exl − 6exe ¼ 0;

½Uð1ÞX�2 ⊗ Uð1ÞY∶ x̃2q − 2x̃u2 þ x̃2d − x̃2l þ x̃2e ¼ 0;

½Uð1ÞX�3∶ 3ð6x̃q3 − 3x̃u3 − 3x̃d3 þ 2x̃l3 − x̃3eÞ
− 2x̃3ν − x̃03ν ¼ 0;

Uð1ÞX ⊗ ½grav�2∶ 3ð6x̃q − 3x̃u − 3x̃d þ 2x̃l − x̃eÞ
− 2x̃ν − x̃0ν ¼ 0: ð7Þ

We find that due to general Uð1ÞX charges the SM charged
fermions interact differently with the Z0, manifesting the
chiral nature of the model. The second Higgs doublet H2

interacts with the SM lepton doublet ðlα
LÞ and the first two

generations of the RHNs ðN1;2
R Þ due to the general Uð1ÞX

symmetry. Hence, the Dirac Yukawa mass term for N1;2
R

can be generated. On the other hand, the corresponding
Majorana mass term for N1;2

R can be generated from the
Dirac Yukawa coupling with Φ1 followed by the general
Uð1ÞX symmetry breaking. The third generation of the
RHN, N3

R, has no Dirac Yukawa coupling involving any of
the doublet Higgs fields being prohibited by the general
Uð1ÞX charge assignments. Therefore, it does not partici-
pate in the neutrino mass generation mechanism at the tree
level; however, it can have Yukawa interaction with the
Φ2, which further generates a Majorana mass term for N3

R
after the general Uð1ÞX symmetry breaking. Finally, we
write the Yukawa interaction among the BSM sector as

−Lint ⊃
X3
α¼1

X2
β¼1

Yαβ
1 lα

LH2N
β
R þ 1

2

X2
α¼1

Yα
2Φ1ðNα

RÞcNα
R

þ 1

2
Y3Φ2ðN3

RÞcN3
R þ H:c:; ð8Þ

taking Y2 as being diagonal without the loss of generality.
As in the previous case, we can solve the gauge and mixed
gauge-gravity anomalies to estimate the charges of the SM
particles in Table II.
The scalar potential of this scenario can be given by

TABLE II. Field content of the general Uð1ÞX extension of the SM in the minimal form with the charges of the particles before and
after anomaly cancellation considering different benchmark values of xH . Here, xH ¼ 0 is an alternative B − L case, which is purely
vectorlike structure given as a reference in this article.

SUð3ÞC SUð2ÞL Uð1ÞY Uð1ÞX −2 Uð1ÞR −1 −0.5 0 B − L 0.5 1 2

qαL 3 2 1
6

x̃q ¼ 1
6
xH þ 1

3
0 1

6
1
4

1
3

5
12

1
2

1
3

uαR 3 1 2
3

x̃u ¼ 2
3
xH þ 1

3
−1 − 1

3
0 1

3
1
2

1 5
3

dαR 3 1 − 1
3

x̃d ¼ − 1
3
xH þ 1

3
1 2

3
1
2

1
3

1
6

0 − 1
3

lα
L 1 2 − 1

2
x̃l ¼ − 1

2
xH − 1 0 − 1

2
− 3

4
−1 5

4
− 3

2
−2

eαR 1 1 −1 x̃e ¼ −xH − 1 1 0 − 1
2

−1 − 3
2

−2 −3

N1;2
R

1 1 0 x̃ν ¼ −4 −4 −4 −4 −4 −4 −4 −4
N3

R 1 1 0 x̃0ν ¼ 5 5 5 5 5 5 5 5

H1 1 2 − 1
2

x̃H1
¼ − xH

2
1 1

2
1
4

0 − 1
4

− 1
2

−1
H2 1 2 − 1

2
x̃H2

¼ − 1
2
xH þ 3 4 7

2
13
2

3 11
4

5
2

2
Φ1 1 1 0 x̃Φ1

¼ þ8 þ8 þ8 þ8 þ8 þ8 þ8 þ8

Φ2 1 1 0 x̃Φ2
¼ −10 −10 −10 −10 −10 −10 −10 −10

Φ3 1 1 0 x̃Φ3
¼ −3 −3 −3 −3 −3 −3 −3 −3
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V ¼ m2
H1
ðH†

1H1Þ þ λH1
ðH†

1H1Þ2 þm2
H2
ðH†

2H2Þ þ λH2
ðH†

2H2Þ2
þm2

Φ1
ðΦ†

1Φ1Þ þ λ1ðΦ†
1Φ1Þ2 þm2

Φ2
ðΦ†

2Φ2Þ þ λ2ðΦ†
2Φ2Þ2

þm2
Φ3
ðΦ†

3Φ3Þ þ λ3ðΦ†
3Φ3Þ2 þ ðμΦ3ðH†

1H2Þ þ H:c:Þ
þ λ4ðH†

1H1ÞðH†
2H2Þ þ λ5ðH†

1H2ÞðH†
2H1Þ þ λ6ðH†

1H1ÞðΦ†
1Φ1Þ

þ λ7ðH†
1H1ÞðΦ†

2Φ2Þ þ λ8ðH†
1H2ÞðΦ†

3Φ3Þ þ λ9ðH†
2H2ÞðΦ†

1Φ1Þ
þ λ10ðH†

1H1ÞðΦ†
2Φ2Þ þ λ11ðH†

1H2ÞðΦ†
3Φ3Þ þ λ12ðΦ†

1Φ1ÞðΦ†
2Φ2Þ

þ λ13ðΦ†
2Φ2ÞðΦ†

3Φ3Þ þ λ14ðΦ†
3Φ3ÞðΦ†

1Φ1Þ: ð9Þ

Choosing suitable parametrization for the scalar fields in this scenario to develop their respective VEVs, we can write

hH1i ¼
1ffiffiffi
2

p
�
vh1
0

�
; hH2i ¼

1ffiffiffi
2

p
�
vh2
0

�
; hΦ1i ¼

v1ffiffiffi
2

p ; hΦ2i ¼
v2ffiffiffi
2

p ; hΦ3i ¼
v3ffiffiffi
2

p ; ð10Þ

with the condition,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2h1 þv2h2

q
¼246GeV. In this alternative

general Uð1ÞX extension of the SM, we consider negligibly
small scalar quartic couplings among SM scalar doublet
fields H1;2 and SM-singlet scalar fields Φ1;2;3. As a result,
this ensures higher-order mixing between the RHNs after the
general Uð1ÞX breaking to be very strongly suppressed. In
Eq. (9), we may consider 0 < m2

mix ¼ μv3=
ffiffiffi
2

p
≪ m2

Φ3
,

which further leads to vh2 ∼m2
mixvh1=m

2
Φ3

≪ vh1 [113].
Because of the presence of the generalUð1ÞX gauge sym-

metry, the doublet scalar sectorH1;2 and singlet scalar sector
Φ1;2;3 interact only through the couplingΦ3ðH†

1H2Þ þ H:c:;
however, this coupling has no significant effect to determine
the VEVs ðv1;2;3Þ of the singlet scalar fields ðΦ1;2;3Þ because
there is already one collider constraint present in the form of
v21 þ v22 þ v23 ≫ v2h1 þ v2h2 . One finds that

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22 þ v23

p
should be typically larger than around 1 TeV from various
constraints in the light Z0 case [11] and the constraint from
dilepton resonance in the heavy Z0 case [114,115], since the

value is related to the Z0 boson mass and new gauge
coupling. Therefore, we arrange the parameters of the scalar
potential in a way so that the VEVs of Φ1;2;3 will be almost
the same following μ < v1, whereasΦ3 can be considered as
a spurion field that generates the mixing between H1;2 in
Eq. (9). Once the Φ3 acquires the VEV, we get the mixing
mass term betweenH1;2 asmmix ¼ μv3ffiffi

2
p , which resembles the

potential of the two Higgs doublet model; however, due to
the presence of the generalUð1ÞX symmetry, the SM-singlet
fields Φ1;2;3 do not mix. As a result there are two existing
physical Nambu-Goldstone (NG) bosons originating
from the SM-singlet scalars. Because of the tiny quartic
couplings and gauge couplings, the SM-singlet scalars
become decoupled from the SM thermal bath in the early
Universe. Additionally, we consider that the singlet scalars
are heavier than the neutral BSM gauge bosonZ0 preventing
its decay into the NG bosons. The breaking of general U(1)
gauge symmetry helpsZ0 to acquire themasswhich could be
given by

MZ0 ¼ gX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
64v21 þ 100v22 þ 9v23 þ

1

4
x2Hv

2
h1
þ
�
−
1

2
xH þ 3

�
2

v2h2

s
≃ gX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
64v21 þ 100v22 þ 9v23

q
; ð11Þ

which is a free parameter and the general Uð1ÞX gauge
coupling gX is also a free parameter. Because of the general
Uð1ÞX gauge structure, H2 only couples with N1;2

R , making
this case a neutrinophilic two Higgs doublet model frame-
work [113,116–119].

C. Z0 interactions with the fermions

After the anomaly cancellation conditions are imposed,
we notice that Z0 in the above models can interact with the

left- and right-handed SM fermions differently, manifesting
the chiral nature of the models. Fixing xΦ ¼ 1 in case I,
we find that the chiral nature is the same as in case II.
Therefore, we write the interactions between the fermions
with the Z0 in the following as

Lint ¼ −gXðf̄γμqfLPLf þ f̄γμqfRPRfÞZ0
μ; ð12Þ

where PLðRÞ ¼ ð1� γ5Þ=2, and qfL and qfR are the corre-
sponding general U(1) charges of the left-handed ðfLÞ and
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right-handed ðfRÞ fermions.Hence,wewritevector coupling

ðcV ¼ qfLþqfR
2

Þ and axial vector coupling ðcA ¼ qfL−qfR
2

Þ for
the SM fermions following the charge assignments of cases I
and II in Table III, fixing xΦ ¼ 1. Hence, we notice that
interactions between SM fermions and Z0 are chiral in nature
in the generalUð1ÞX extension of the SM. The partial decay
width of Z0 into different fermions can be calculated using
Eq. (12) and we write down the expression as

ΓðZ0 → f̄fÞ ¼ NC
MZ0g2X
24π

�
ðq2fL þ q2fRÞ

�
1 −

m2
f

M2
Z0

�
þ 6qfLqfR

m2
f

M2
Z0

�
; ð13Þ

wheremf is the mass of different SM fermions and qL;R are
the functions of xH. Here, NC is the color factor being 1 for
the SM leptons and 3 for the SM quarks. The light neutrinos
ðνLÞ are considered to bemassless due to their tinymass, and
puttingqfR ¼ 0 in Eq. (13), we obtain the partial decaywidth
of Z0 into a pair of one generation light neutrinos as

ΓðZ0 → ννÞ ¼ MZ0g2X
24π

q2fL ; ð14Þ

where qfL is a function of xH. The Z
0 gauge boson can decay

into a pair of heavy Majorana neutrinos if Z0 is heavier than
twice the mass of the heavy neutrinos. The corresponding
partial decaywidth into a single generation of heavy neutrino
pairs can be written as

ΓðZ0 → Nα
RN

α
RÞ ¼

mZ0g2X
24π

q2NR

�
1 − 4

m2
N

M2
Z0

�3
2

; ð15Þ

with qNR
as the generalUð1ÞX charge of the heavy neutrinos,

which can be found fromTables I and II, respectively, andmN
is the mass of the heavy neutrinos. If we consider that the
RHNs are heavier than half of theMZ0 , then the decay of Z0
into a pair of RHNs is kinematically forbidden. We find that
theUð1ÞX charges of the fermions in case II are same as those
in case I with xΦ ¼ 1. As a result, we can utilize the same
bounds for both the cases.

D. Neutrino mass

The Yukawa interactions given in Eqs. (2) and (8) lead
us to the generation of the neutrino mass mechanism. The
general Uð1ÞX symmetry breaking generates the Majorana
mass term for the three (first two) generations of the
RHNs in case I (II), where the BSM scalar Φð1Þ is
involved. The Dirac mass term is generated after the
electroweak symmetry breaking, where the SM Higgs
doublet H1ð2Þ is involved in case I (II). The corresponding
Dirac and Majorana mass terms are written in Table IV.
Finally, the light neutrino mass is generated by the seesaw
mechanism to explain the origin of the tiny neutrino mass
term and flavor mixing. Following Table IV, the generic
formula for the neutrino mass matrix can be written as

mν ¼
�

0 mD

mT
D mN

�
: ð16Þ

Diagonalizing the neutrino mass matrix, we find the light
neutrino mass eigenvalues to be −mDm−1

N mT
D. In case II,

N1;2
R will generate the neutrino mass; on the other hand, at

the tree level N3
R will not participate in the neutrino

mass generation and it can be considered as a potential
dark matter candidate in some scenarios. The neutrino
mass generation mechanism and dark matter physics are
not the main motivations of this work, however, we
provide a simple outline in this paper for completeness
because these general Uð1ÞX scenarios can generate
neutrino mass at the tree level from the so-called seesaw
mechanism, which is an important aspect for studying
such scenarios.

TABLE IV. Dirac and Majorana masses in the neutrino sector.
In case II we use the collider constraints to set ðv21 þ v22 þ v23Þ ≫
ðv2h1 þ v2h2Þ and in this case the first two generations are
participating in the neutrino mass generation mechanism.

Models Majorana mass ðmNÞ Dirac mass ðmDÞ
Case I mNα

R
¼ Yα

Nffiffi
2

p vΦ mαβ
D ¼ Yνffiffi

2
p v1

Case II mN1;2
R

¼ Y1;2
2ffiffi
2

p v1 m1;2
D ¼ Y1;2

1ffiffi
2

p vh2

TABLE III. Vector and axial vector couplings in general Uð1ÞX scenarios for the couplings between SM fermions and Z0. In the B − L
case considering xH ¼ 0 and xΦ ¼ 1, the axial vector couplings for the charged fermions vanish.

Vector coupling ðcVÞ Axial-vector coupling ðcAÞ
SM fermions xH ¼ −2 −1 −0.5 0 0.5 1 2 xH ¼ −2 −1 −0.5 0 0.5 1 2
Charged lepton ðlαÞ − 3

4
xH − 1 ¼ 1

2
− 1

4
− 5

8
−1 − 11

8
− 7

4 − 5
2

1
4
xH ¼ − 1

2
− 1

4
− 1

8
0 1

8
1
4

1
2

SM-like neutrino ðναLÞ 1
4
xH þ 1

2
¼ 0 1

4
3
8

1
2

5
8

3
4

1 1
4
xH þ 1

2
¼ 0 1

4
3
8

1
2

5
8

3
4

1

Up-type quarks ðqαuÞ 5
12
xH þ 1

3
¼ − 1

2
− 1

12
1
8

1
3

13
24

3
4

7
6

− 1
4
xH ¼ − 1

2
− 1

4
− 1

8
0 1

8
1
4

1
2

Down-type quarks ðqαdÞ − 1
12
xH þ 1

3
¼ − 1

2
− 1

4
− 1

8
1
3

7
24

1
4

1
6

− 1
4
xH ¼ − 1

2
− 1

4
− 1

8
0 1

8
1
4

1
2
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III. CALCULATION OF THE CONSTRAINTS
ON THE CHIRAL GAUGE COUPLINGS

The chiral Z0 gauge boson interacts with the SM
fermions, and the couplings depend on the Uð1ÞX charge
of the SM Higgs doublet. Therefore, experiments for
scattering measurements of the SM particles can search
the chiral Z0 gauge boson by measuring deviations of the
scattering cross section from the SM value. In this section,
we show the scattering cross sections contributed by the
chiral Z0 gauge boson and methods to calculate constraints
on the Uð1ÞX gauge coupling. In this work, we consider
FASERνð2Þ, SND@LHC, NA64, and MUonE as the
experiments for scattering measurement. In addition, we
estimate the constraints from ν-electron, ν-nucleon, elec-
tron and proton beam-dump, and long-lived gauge boson
searches, respectively.

A. Scattering cross section contributed by chiral Z0
at FASERνð2Þ, SND@LHC, NA64, and MUonE

In this subsection, we summarize scattering cross sec-
tions via chiral Z0 interactions at FASERνð2Þ, SND@LHC,
NA64, and MUonE experiments.

1. Prospects for FASERνð2Þ and SND@LHC

The existence of a light Z0 affects the neutral-current
deep-inelastic scattering at the LHC far-forward detectors.
We study the constraints from the FASERν, FASERν2,
and SND@LHC experiments in this subsection. The
numbers of neutrinos that pass through the FASERν
and SND@LHC detectors have been simulated in
Refs. [47,120]. It has been found that the muon neutrino
from pion and kaon decay is most abundant, the energy
distributions of which are shown in Fig. 1. The correspond-
ing neutrino flux at the FASERν2 detector can be obtained
by rescaling the flux at the FASERν, assuming the neutrino
distributes uniformly on the detector surface.

The MG5_aMC@NLO package is used to calculate the fixed
target deep-inelastic neutrino-proton scattering cross sec-
tion at the leading order. Assuming a benchmark detector
made of tungsten target, the nCTEQ15FullNuc_184_74 set
[121] as implemented in LHAPDF6 [122] is employed as
the proton parton distribution function. The partonic
collision energy is taken as the factorization and renorm-
alization scales in our simulation. The neutrino-proton
scattering cross section σνp is related to gX, xH, Z0 mass
as well as the incoming neutrino energy Eν. In Fig. 2, we
present the relation between Eν and σνp=Eν for a few sets of
xH andMZ0 . The gX is fixed to unity, since the change of gX
can only lead to a total rescaling. The Z0 contribution is
slightly increased with increasing xH from −1 to 1. The
dependence on the MZ0 is more complicated due to the
interference effects between the Z and Z0 bosons. The Z0
contribution is negligible forMZ0 ≳ 100 GeV, and the cross
section becomes identical to the SM one in this region.
Given the neutrino-nucleus cross section (σνN , which is
184 × σνp, the mass number of Tungsten is approximately
184), one can estimate the probability of a neutrino
interacting with the detector as

P ¼ σνN × Number of Nuclei
Detector Area

¼ σνN
A

mdet

mN
; ð17Þ

whereN is the target nucleus, A is the detector area, andmN
is the mass of the target nucleus. The relevant detector
configurations are listed in Table V.
For given gX, xH, and MZ0 , the number of interacting

neutrinos in each Eν bin can be calculated by the pro-
ducts of the number of neutrinos passing through the detector
and the interaction probability. For illustration, energy
spectra for the interacting muon neutrino at the FASERν,
FASERν2, and SND@LHC detectors are shown in Fig. 3.
The gX is taken to be the unity. Three different values of xH
and six different values of MZ0 are used. The number of

FIG. 1. Number of muon neutrinos pass through the FASERν (left) and SND@LHC (right) detectors. Thirty energy bins are defined
uniformly on the logarithmic scale in ½10; 104� GeV.
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interacting neutrinos is increased with increasing xH and
decreasingMZ0 .Moreover,we can observe that the number at
the FASERν detector is around 1 order of magnitude larger
than that at the SND@LHC detector, while it is around 2
orders of magnitude below that at the FASERν2 detector.

We follow a similar strategy as proposed in Ref. [33]
to estimate the sensitivity reach in the parameter space
of gX and MZ0 for our model. Only the total numbers of
interacting neutrinos are used in defining the χ2 measure
(i.e., the shape of Eν spectra are not of concern),

χ2 ¼ min
α

�
Nνe

BSM − ð1þ αÞNνe
SM

Nνe
BSM

þ N
νμ
BSM − ð1þ αÞNνμ

SM

N
νμ
BSM

þ Nντ
BSM − ð1þ αÞNντ

SM

Nντ
BSM

þ
�

α

σnorm

�
2
�
; ð18Þ

where NBSM and NSM are the number of interacting
neutrinos of each flavor in our model and in the SM
model. The systematic uncertainties (σnorm) in each neu-
trino flavor are assumed to be the same and only one

nuisance parameter α is used. The χ2 value is obtained by
minimizing over the α. The 95% confidence level sensi-
tivity reach corresponds to χ2 ¼ 3.84.

2. Constraints from the NA64

The fixed-target experiment NA64 at the CERN Super
Proton Synchrotron [57,58] aims to search for the Z0 that is
produced through the bremsstrahlung process in the high-
energy electron beam colliding with heavy nuclei,

e−Z → e−ZZ0; Z0 → νν; ð19Þ

FIG. 2. Theneutrino-proton scattering cross section σνp divided by the incoming neutrino energyEν. Thegauge couplinggX is set to unity.

TABLE V. Detector configurations.

Detector A (cm) mdet (ton) Integrated luminosity (fb−1)

FASERν 25 × 25 1.2 150
FASERν2 50 × 50 10 3000
SND@LHC 39 × 39 0.8 150

ASAI, DAS, LI, NOMURA, and SETO PHYS. REV. D 109, 075026 (2024)

075026-8



where the Z0 is decaying invisibly. The partial width of
each Z0 decay channel is calculated by the DarkCast pack-
age [12,14], assuming that only vector interactions exist.
The results are translated into those in our chiral model by
using the same method as we proposed in Ref. [10].
The production cross section and the energy spectrum of

the Z0 is simulated by the MG5_aMC@NLO package. Since
the target nucleus is led at the NA64 experiment, the
nCTEQ15_208_82 set in LHAPDF6 is employed as the
proton PDF. The total cross section is proportional to g2X.
Taking gX ¼ 0.2 and incoming electron beam energy
E0 ¼ 100 GeV, we present the electron-proton scattering
cross sections with respect to varying xH andMZ0 in the left
panel of Fig. 4. It can be observed that the cross section is
increased with increasing xH and decreasing MZ0 . In the
right panel of Fig. 4, the normalized bremsstrahlung Z0
spectra are shown. The shape of the Z0 spectrum is highly
dependent on the Z0 mass, while it is almost irrelevant to the
xH value. Some analytic discussions about the feature of the
spectrum are conducted in Ref. [123].

Having calculated the differential bremsstrahlung Z0
production cross section (dσZ0=dEZ0) as well as the Z0
decay branching ratios for all of the channels, we are able
to calculate the number of signal events at the NA64
experiment as follows [56]:

nZ0 ðgX; xH;MZ0 Þ ¼
Z

Ee

0.5Ee

C
dσZ0

dEZ0

�
BrðZ0 → ννÞ

þ
X
l

BrðZ0 → lþl−Þ

× exp

�
−
LECAL þ LHCAL

LZ0

��
; ð20Þ

where C is related to the detector parameters. The LZ0 ¼
cτZ0EZ0=MZ0 , LECAL, and LHCAL are the Z0 decay length,
electromagnetic calorimeter length, and hadronic calorim-
eter length, respectively. Reference [56] uses data with
3.22 × 1011 electrons on target collected during 2016–2021
runs at the NA64 experiment and obtains the 90% C.L.
exclusion limits for the Uð1ÞB−L model. The corresponding

FIG. 3. The muon neutrino spectra at the FASERν (top), FASERν2 (middle) and SND@LHC (bottom) detectors.
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bounds for our chiralmodelwith different xH can be obtained
by requiring the number of signal events nZ0 ðgX; xH;MZ0 Þ in
Eq. (20) to be the same as that in the B − L case.

3. Constraints from the MUonE

MUonE [124,125] is an experiment at CERN aiming
to measure elastic scatterings between the 150 GeV μþ
beam and target being electrons in beryllium atoms and
determining a contribution of hadronic vacuum polariza-
tion to the muon anomalous magnetic moment with a
method [126]. The existence of the chiral Z0 changes the
cross section of the elastic scattering between the positive
muon and electron, and therefore, the chiral Z0 can be

searched by estimating a deviation of the scattering cross
section from the SM prediction.
The elastic scattering cross section between the positive

muon and electron is given by

dσðμþe−Þ
dT

¼ dσðμþe−Þ
dT

����
SM

þ dσðμþe−Þ
dT

����
Z0
þ dσðμþe−Þ

dT

����
Int
;

ð21Þ
where T denotes the electron recoil energy, and the first,
second, and third terms on the right-hand side (rhs) corre-
spond to the contributions fromonly the SM interaction, only
the Z0 one, and the interference between the SM andZ0 ones.
The purely SM contribution can be given by

dσðμþe−Þ
dT

����
SM

¼ πα2EM
ðE2

μ −m2
μÞm2

eðT −meÞ2
f2EμmeðEμ − T þmeÞ − ðT −meÞð2m2

e þm2
μ −meTÞg; ð22Þ

where αEM denotes the fine-structure constant, and Eμ stands for the energy of the positive muon. The contributions from Z0

exchanging diagram and interference between the SM and Z0 are estimated by

dσðμþe−Þ
dT

����
Z0
¼ g4Xme

128πM4
Z0 ðE2

μ −m2
μÞðM2

Z0 þ 2meT −m2
eÞ2

× ½ðx̃e þ x̃lÞ4fM4
Z0 ð2EμðEμ − T þmeÞ þ T2 − 3meT −m2

μ þ 2m2
eÞg

þ 2ðx̃e þ x̃lÞ3ðx̃e − x̃lÞfM4
Z0 ð2E2

μ −meT −m2
μ þm2

eÞg þ 2ðx̃e þ x̃lÞ2ðx̃e − x̃lÞ2
× fM4

Z0 ð2EμðEμ þ T −meÞ − ðT −meÞ2Þ þ 2mem2
μM2

Z0 ðT −meÞ þ 2m2
em2

μðT −meÞ2g
þ 2ðx̃e þ x̃lÞðx̃e − x̃lÞ3fM4

Z0 ð2E2
μ þmeT þm2

μ −m2
eÞ þ 4mem2

μM2
Z0 ðT −meÞ þ 4m2

em2
μðT −meÞ2g

þ ðx̃e − x̃lÞ4fM4
Z0 ð2EμðEμ − T þmeÞ þ T2 −meT þm2

μÞ þ 4mem2
μM2

Z0 ðT −meÞ þ 4m2
em2

μðT −meÞ2g�;
ð23Þ

dσðμþe−Þ
dT

����
Int

¼ αEMg2X
8ðE2

μ −m2
μÞðT −meÞðM2

Z0 þ 2meT −m2
eÞ
½ðx̃e þ x̃lÞ2f2EμðEμ − T þmeÞ þ T2 − 3meT −m2

μ þ 2m2
eg

þ ðx̃e þ x̃lÞðx̃e − x̃lÞð2E2
μ −meT −m2

μ þm2
eÞ þ ðx̃e − x̃lÞ2ðT −meÞð2Eμ − T þmeÞ�: ð24Þ

FIG. 4. Left: the total cross section for the bremsstrahlung Z0 production. Right: normalized EZ0=E0 distribution for different Z0
masses. E0 ¼ 100 GeV is the electron beam energy.
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The number of elastic scattering signals in the ith bin of
the electron recoil energy (Ti < T < Ti þ ΔT) is evaluated
by [35]

Ni ¼ L
Z

TiþΔT

Ti

dT
dσðμþe−Þ

dT
ΘðTÞΘðTmaxðEμÞ − TÞ;

ð25Þ

where L is the integrated luminosity, and L ¼ 150 fb−1 for
MUonE. In Eq. (25);ΘðTÞ is the Heaviside step function,
and TmaxðEμÞ stands for the maximal value of the electron
recoil energy determined by

TmaxðEμÞ ¼
2meðE2

μ −m2
μÞ

2Eμme þm2
e þm2

μ
: ð26Þ

In Fig. 5, the number of events contributed only by the SM
particles and the deviation of the number of events in the
chiral Z0 model from that in the SM are shown.
In this paper, we evaluate the sensitivity of MUonE to

the chiral Z0 gauge boson by the χ2 function, following
Ref. [35]. The χ2 function is calculated by

χ2 ¼
X100
i¼1

ðNi − NSM
i Þ2

σ2stat;i þ σ2sys;i
; ð27Þ

where σstat;i ¼
ffiffiffiffiffi
Ni

p
stands for the statistical uncertainty,

and σsys;i ¼ 10−5Ni stands for the systematic uncertainty at
the level of 10 ppm [124]. The 95% confidence level
sensitivity is obtained by solving χ2 ¼ 3.84.

B. Constraints from proton/electron
beam-dump experiments

For constraints from proton beam-dump experiments
NOMADandCHARM,weobtain bound curves by rescaling
the bounds of theUð1ÞB−L case given in Ref. [11]. The upper
bound on the fmZ0 ; gXg plane is approximately derived
applying scaling [12,29]

τZ0 ðgmax
B−LÞ ∼ τZ0 ðgmax

X ; xH; xΦÞ; ð28Þ

where gB−L denotes the gauge coupling in theUð1ÞB−L case,
and τZ0 is the lifetimeof theZ0. The lower bound is also scaled
by applying
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FIG. 5. Top-left: the distribution of the number of events contributed only by the SM particles in MUonE. Top-right, bottom-left, and
bottom-right panels: the distributions of the deviation of the number of events in MUonE from that contributed only by the SM particles:
δNi=NSM

i ≡ ðNSMþZ0
i − NSM

i Þ=NSM
i for ðMZ0=GeV; gXÞ ¼ ð10−3; 10−3Þ; ð10−1; 10−3Þ; ð10; 10−3Þ, respectively.
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glowX ∼ glowB−L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðM → Z0

B−LγÞBrðZ0
B−L → eþe−Þτ̃Z0

BrðM → Z0γÞBrðZ0 → eþe−Þτ̃Z0
B−L

s
;

ð29Þ

where τ̃ is lifetimewith gauge coupling being unity, andZ0 is
produced via meson decay with M ¼ π0 for MONAD and
M ¼ η for CHARM dominantly. The ratio of meson decay
branching ratio thus represents the ratio of Z0 production
cross sections. Here, the meson decay branching ratio is
estimated using the method given in Ref. [12]. In addition to
that, we use the same rescaling technique to estimate the
constraints on the fMZ0 ; gXg plane from the FASER [127]
and NA62 [128] experiments for different Uð1ÞX charges,
where the ratio of Z0 production cross section between dark
photon and Uð1ÞX cases is estimated by calculating the
bremsstrahlung process as a good approximation using the
method in Ref. [10].
For the proton beam-dump experiment ν-cal, the brems-

strahlung process dominantly produces the Z0 boson. In
this work, we use the excluded region given in Ref. [10]
on fMZ0 ; gXg space, where we take into account chiral
structure of the Z0 interactions in estimating the Z0
production cross section.
For electron beam-dump constraints from Orsay and

KEK, The bound curves are obtained by rescaling the
bounds of the Uð1ÞB−L case as for the proton beam-dump
one. We derive the constraint on the upper region on the
fMZ0 ; gXg plane approximately by scaling with Eq. (28),
which is the same as the proton beam-dump case. On the
other hand, the constraint on the lower region is estimated
by [29]

glowX ∼ glowB−L

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2BrðZ0

B−L → eþe−Þτ̃Z0

ð5x2H=4þ 3xHxΦ þ 2x2ΦÞBrðZ0 → eþe−Þτ̃Z0
B−L

s
;

ð30Þ

where Z0 is considered to be produced via bremsstrahlung
process.
For electron beam-dump constraints from E137 and

E141 experiments, we use the results in Ref. [10] for
the excluded region on fMZ0 ; gXg in which the chiral
structure of the Z0 interactions is taken into account in
estimating the Z0 production cross section via bremsstrah-
lung process.

C. Constraints from electron-(anti)neutrino scattering
in neutrino experiments

Here we discuss constraints on fMZ0 ; gXg from electron-
(anti)neutrino scattering processes that are tested by neu-
trino experiments: BOREXINO, TEXONO, GEMMA,
CHARM-II, and the J-PARC Sterile Neutrino Search at
the J-PARC Spallation Neutron Source (JSNS2). To obtain
the constraints, we estimate the electron-(anti)neutrino
scattering cross sections under the existence of Z0 inter-
actions. The differential cross section can be expressed as

dσðνeÞ
dT

¼ dσðνeÞ
dT

����
SM

þ dσðνeÞ
dT

����
Z0
þ dσðνeÞ

dT

����
Int
; ð31Þ

where T denotes the electron recoil energy and the first,
second, and third terms on the rhs correspond to the con-
tributions from the only SM interactions, the only Z0 inter-
actions, and interference between the SMandZ0 interactions.
The terms on the rhs are given as follows [29]. Thepurely SM
contribution can be written by

dσðνeÞ
dT

����
SM

¼ 2G2
Fme

πE2
ν

ða21E2
ν þ a22ðEν − TÞ2 − a1a2meTÞ;

ð32Þ

whereEν is the energy of the initial neutrino. Here a1 and a2
are given by

a1 ¼
�
sin2θW þ 1

2
; sin2θW; sin2θW −

1

2
; sin2θW

	
for fνee; ν̄ee; νβe; ν̄βeg; ð33Þ

a2 ¼
�
sin2θW; sin2θW þ 1

2
; sin2θW; sin2θW −

1

2

	
for fνee; ν̄ee; νβe; ν̄βeg; ð34Þ

where β ¼ fμ; τg. The contribution from the Z0 exchanging diagram is estimated by

dσðð−Þ
ν

αeÞ
dT

����
Z0
¼ g4Xðx̃lÞ2me

4πE2
νð2meT þM2

Z0 Þ ½ð2E
2
ν − 2EνT þ T2Þðb21 þ b22Þ � 2b1b2ð2Eν − TÞT −meTðb21 − b22Þ�; ð35Þ

where b1 ¼ x̃lþx̃e
2

and b2 ¼ x̃l−x̃e
2

with x̃l;e from Table I, and the negative sign of� is for the process of the antineutrino. The
contributions from interference between the SM and Z0 are also written, depending on the process, as follows:
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dσðνeeÞ
dT

����
int

¼ GFg2Xx̃lmeffiffiffi
2

p
πE2

νð2meT þM2
Z0 Þ

½2E2
νðb1 þ b2Þ þ ð2E2

ν − 2EνT þ T2Þðb1c1 þ b2c2Þ�

þ Tð2Eν − TÞðb1c2 þ b2c1Þ −meTðb1 − b2 þ b1c1 − b2c2Þ�; ð36Þ

dσðν̄eeÞ
dT

����
int

¼ GFg2Xx̃lmeffiffiffi
2

p
πE2

νð2meT þM2
Z0 Þ

½2ðEν − TÞ2ðb1 þ b2Þ þ ð2E2
ν − 2EνT þ T2Þðb1c1 þ b2c2Þ�

− Tð2Eν − TÞðb1c2 þ b2c1Þ −meTðb1 − b2 þ b1c1 − b2c2Þ�; ð37Þ

dσðð−Þ
ν

βeÞ
dT

����
int

¼ GFg2Xx̃lmeffiffiffi
2

p
πE2

νð2meT þM2
Z0 Þ

½ð2E2
ν − 2EνT − T2Þ2ðb1c1 þ b2c1Þ � Tð2Eν − TÞðb1c2 þ b2c1Þ�

−meTðb1c1 − b2c2Þ�; ð38Þ

where c1 ¼ −1=2þ 2 sin2 θW and c2 ¼ −1=2. We then
estimate the differential cross sections and derive the
constraints for each experiment in the following way.
BOREXINO: The cross section of the νe − e scattering

process is estimated by the experiment, where hEνi ¼
862 keV and T ≃ ½270; 665� keV for the 7Be solar neutrino.
We require that the cross section with Z0 interaction should
not be more than 8% above that of the SM prediction [74]
to obtain the constraint on fMZ0 ; gXg.
TEXONO: ν̄e-e scattering process is measured by the

experiment using 187 kg of CsI(Tl) scintillating crystal
array with 29882=7369 kg-day of reactor ON/OFF data
with electron recoil energy of T ≃ ½3; 8� MeV. The χ2 value
is estimated as

χ2 ¼
X
bin

ðRdata − RthÞ2
ΔR2

; ð39Þ

where Rdata and Rth are the event ratios measured by the
experiment and predicted by the cross section in Eq. (31),
and ΔR is the experimental uncertainty, for each recoil
energy bin taken from data in Ref. [70]. Here we also
applied antineutrino flux in the reference. The constraint
on the fMZ0 ; gXg plane is then obtained by χ2 analysis
with 90% C.L.
GEMMA: ν̄e-e scattering is observed with 1.5 kg high-

purity germanium detector where energy of the neutrino is
hEνi ∼ 1–2 MeV and flux is 2.7 × 1013 cm−2 s−1. The χ2

value is estimated applying the formula (39) for the data
given in Ref. [129] with 13000 on hours and 3000 off
hours, and we derive the upper limit curve on fMZ0 ; gXg
with 90% C.L.
CHARM-II: νμðν̄μÞ-electron scattering is observed

where 2677� 82 and 2752� 88 events are, respectively,
obtained for νμ and ν̄μ cases. The mean neutrino energies
for νμ and ν̄μ are, respectively, hEνμi ¼ 23.7 and hEν̄μi ¼
19.1 GeV, and the range of the observed recoil energy is
3–24 GeV. The χ2 value is estimated using the formula (39)

for the data given in Refs. [82,83], and we derive the upper
curve on fMZ0 ; gXg with 90% C.L.
JSNS2: In the experiment, a 3 GeV proton collides with

the mercury target producing pions giving neutrino beams.
We consider νe − e and ν̄μ − e scattering processes to
obtain the constraint. We estimate the number of scattering
events applying 3.8 × 1022 protons on target per year,
17 tons of a gadolinium-loaded liquid-scintillator detector,
and neutrino fluxes given in Ref. [79]. The corresponding
χ2 is estimated by

χ2 ¼ min
α

�ðNth − ð1þ αÞNSMÞ2
Nth

þ
�

α

σnorm

�
2
�
; ð40Þ

where Nth and NSM are the expected number of events in
our models and in the SM for 1 yr, σnorm is the systematic
uncertainty in the neutrino flux normalization, and α is a
nuisance parameter. Here σnorm is assumed to be 5% as
the reference value. Then the future sensitivity on the
fMZ0 ; gXg plane is estimated by requiring the χ2 value to be
less than that of 90% C.L.

D. Limits from coherent neutrino-nucleus scattering

An upper limit curve on fMZ0 ; gXg is also obtained
from coherent elastic neutrino-nucleus scattering (CEνNS)
that is measured by the COHERENT experiment with CsI
and Ar targets [87,130,131]. Here we derive the curve
by rescaling the limit curve for the Uð1ÞB−L case given
in Refs. [43,86] by comparing the number of events in
Uð1ÞB−L and other cases. We estimate the number of events
at the COHERENT experiment adopting formulas in the
reference, as discussed below.
First, the differential cross section for the CEνNS process

is estimated by [132,133]

dσν−N
dT

ðE; TÞ ¼ G2
FM
π

�
1 −

MT
2E2

�
Q2

SMþZ0 ; ð41Þ
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where E is the initial neutrino energy, T is the recoil energy,
M is the mass of the target nucleus, andQSMþZ0 is the factor
coming from interactions including SM and Z0 gauge
bosons. In our models, QSMþZ0 is given by

QSMþZ0 ¼ ðgpVðνlÞ þ 2ϵuVll þ ϵdVllÞZFZðjq2jÞ
þ ðgnVðνlÞ þ ϵuVll þ 2ϵdVllÞNFNðjq2jÞ; ð42Þ

where gpðnÞV is the neutrino-proton (neutron) coupling in the
SM, Z (N) is the number of protons (neutrons) in the target
nucleus, and FZðNÞðjq2jÞ are the form factors of the proton

(neutron) for the target nucleus. The ϵqVll is the effective
coupling explicitly given by

ϵqVll ¼ g2Xx̃lx̃qffiffiffi
2

p
GFðq2 þM2

Z0 Þ
: ð43Þ

We adopt the values of gpVðνeÞ ¼ 0.0401, gpV ¼ 0.0318, and
gnV ¼ −0.5094 for the neutrino-proton (neutron) coupling
in the SM [134,135]. The Helm parametrization [136] is
applied for the form factors FZðNÞðjq2jÞ using proton rms
radii fRpðCsÞ;RpðIÞ;RpðArÞg¼f4.804;4.749;3.448g (fm)
and neutron rms radii fRnðCsÞ; RnðIÞ; RnðArÞg ¼ f5.01;
4.94; 3.55g (fm) [137–139].
Then we adopt the neutrino fluxes for the CEνNS event

rate in the experiment which depend on the neutrino fluxes
produced from the Spallation Neutron Source at the Oak
Ridge National Laboratory. They are given by [87,131]

dNνμ

dE
¼ ηδ

�
E −

m2
π −m2

μ

2mπ

�
; ð44Þ

dNνμ̄

dE
¼ η

64E2

m3
μ

�
3

4
−

E
mμ

�
; ð45Þ

dNνe

dE
¼ η

192E2

m3
μ

�
1

2
−

E
mμ

�
; ð46Þ

where η ¼ rNPOT=ð4πL2Þ with L, NPOT, and r being, res-
pectively, the distance between the source and the detector,
the number of protons-on-target (POT), and the number of
neutrinos per flavor that are produced for each POT. For
these values, we use r ¼ 9 × 10−2, NPOT ¼ 13.7 × 1022,
and L ¼ 27.5 m for the Ar detector and r ¼ 0.08,
NPOT ¼ 17.6 × 1022, and L ¼ 19.5 m for the CsI detector,
respectively.
Finally, the theoretical number of events for each energy

bin in the experiment is derived from

Ni ¼ NðN Þ
Z

Tiþ1

Ti

dTAðTÞ
Z

Emax

Emin

dE
X

ν¼νe;νμ;νμ̄

dNν

dE
dσν−N
dT

× ðE; TÞ; ð47Þ
where i corresponds to each recoil energy bin, EminðmaxÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffi
MT=2

p ðmμ=2Þ, and AðTÞ is the energy-dependent

reconstruction efficiency. We estimate the upper limit of
the coupling gX for each Z0 mass for different models
by rescaling that of the Uð1ÞB−L case in Ref. [86] by
comparing the number of events for the upper limit of gX in
Uð1ÞB−L with the number of events in each model.

E. Limits from collider experiments:
LEP-II, CMS, LHCb, and BABAR

Here we briefly summarize our estimation of limit on
fMZ0 ; gXg from results of several collider experiments:

(i) The limit from LEP-II: We estimate the upper limit
curve on fMZ0 ; gXg from the results of LEP-II
[100,140] that measure eþe− → f̄f scattering cross
sections at the Z peak with f being the SM fermions.
The scattering cross sections are estimated including
the Z0 exchanging diagram in addition to the SM
processes. Then the value of the cross section is
compared with the observed value. As a result, we
consider constraints coming from the cross section
of the eþe− → qq̄ process, giving the hadronic final
state whose value is σ ¼ 41.544� 0.037 nb, and
the eþe− → lþl− process with Rl ¼ Γhad=Γl ¼
20.768� 0.024. We thus obtain the upper limit of gX
as a function of mZ0 when we require the total
cross section to be within the 90% C.L. of the
observed value.

(ii) The limit from dark photon search at the LHC
experiments: The bounds on fMZ0 ; gXg are also
obtained from the results of CMS [90] and LHCb
[141] experiments searching for dark photonA0which
decays into the μþμ− pair. They provide us the bounds
on the mass of dark photon mA0 and kinetic mixing
parameter ϵ. The upper limit ongX as a function ofMZ0

can be estimated using the following rescaling:

gmax
X ðMZ0 ¼mA0 Þ

¼ ϵmaxðmA0 Þe
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σðpp→ A0ÞBrðA0 → μþμ−Þ
σðpp→ Z0ÞBrðZ0 → μþμ−Þ

s
; ð48Þ

where σðpp → A0ðZ0ÞÞ is the dark photon (Z0) pro-
duction cross section estimated by CalcHEP3.5 [142]
implementing relevant interactions, and ϵmaxðmA0 Þ is
the upper limit of the kinetic mixing parameter as a
function of dark photon mass.

(iii) The limit from the BABAR experiment: At the
BABAR experiment, the dark photon is searched
for via the process eþe− → A0γ [91,92]. They con-
sider visible A0 which decays into feþe−; μþμ−;
light mesonsg final states and invisible A0 which
decays into an invisible final state such as neutrinos.
To estimate the bounds on gX, we rescale the upper
limit of gauge coupling in the Uð1ÞB−L case given in
Ref. [11] as a function of Z0 mass. The rescaling
formula for the visible Z0 decay mode is
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gmax
X ðMZ0 Þ ¼ gmax

B−LðMZ0 Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σðeþe− → γZ0

B−LÞBrðZ0
B−L → visible statesÞ

σðeþe− → γZ0ÞBrðZ0 → visible statesÞ

s
; ð49Þ

where Z0
B−L indicate Z0 boson in the case of Uð1ÞB−L. The rescaling formula for the invisible Z0 decay mode is

gmax
X ðMZ0 Þ ¼ gmax

B−LðMZ0 Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σðeþe− → γZ0

B−LÞBrðZ0
B−L → ν̄νÞ

σðeþe− → γZ0ÞBrðZ0 → ν̄νÞ

s
; ð50Þ

where all neutrino modes are taken into account.

F. Limits from electron and muon (g− 2)
The Z0 boson contributes to electron and muon (g − 2), Δaμ;e, at one-loop level. Calculating the one-loop diagram, we

obtain the formula as [143]

Δal ¼ g2X
8π2

m2
l

M2
Z0

Z
1

0

dx
ðx̃l þ x̃eÞ22x2ð1 − xÞ þ ðx̃l − x̃eÞ2ð2xð1 − xÞðx − 4Þ − 4x3

m2
l

M2

Z0
Þ

ð1 − xÞð1 − x
m2

l
M2

Z0
Þ þ x

m2
l

M2

Z0

; ð51Þ

where l ¼ fe; μg. As a reference, we derive the region that
accommodates experimental values of electron and muon
(g − 2) in the models. For electron (g − 2), the experimen-
tally obtained ranges are

Δaeð133CsÞ ¼ −ð8.8� 3.6Þ × 10−13;

Δaeð87RbÞ ¼ ð4.8� 3.0Þ × 10−13; ð52Þ

where the corresponding deviations from the SM are 2.4σ
and 1.6σ, respectively [144,145]. We consider the Δae
constraint on Z0 interaction to satisfy either range of Δae
depending on the charge assignment. For muon (g − 2) we
apply the experimentally obtained range of [146]

Δaμ ¼ ð25.1� 5.9Þ × 10−10; ð53Þ

which corresponds to 4.2σ deviation from the SM pre-
diction. We show the parameter region that satisfies theΔaμ
range in the models.

IV. RESULTS AND DISCUSSIONS

We calculate the exclusion and future sensitivity regions
for the chiral Z0 gauge boson from neutrino-nucleon
scattering measurements [FASERνð2Þ, SND@LHC], miss-
ing energy search (NA64), muon-electron scattering mea-
surements (MUonE), proton and electron beam-dump
experiments (Orsay, KEK, E137, CHARM, NOMAD,
ν-cal, E141, E774, NA64), electron-neutrino scattering
measurements (BOREXINO, TEXONO, JSNS2), coherent
neutrino-nucleus scattering (COHERENT), and collider
experiments (LEP-II, CMS, LHCb, BABAR). In Figs. 6–9,
we show the exclusion and future sensitivity regions for

xH ¼ −2;−1;−0.5, 0, 0.5, 1, and 2 considering xΦ ¼ 1
where the horizontal and vertical axes are Z0 mass within the
range 10−3 ≤ MZ0 ≤ 150 GeV and gauge coupling constant
gX, respectively. The shaded regions have already been
excluded, and on the other hand, the curves without shaded
regions are sensitivity curves by future experiments. Along
this line we compare the sensitivity lines from supernova
(only in case of xH ¼ −2; bounds for other xH can be found
in [10]) and beam-dump experiments at FASER(2), DUNE,
and ILC (ILC-BD) from [10]. The shaded regions in the
figures are ruled out by respective experiments.
We show the prospective sensitivity in the gX–MZ0 plane

obtained from the elastic μþ − e− scattering at the MUonE
experiment in the upper panel of Fig. 6 for xH ¼ −2 where
left-handed fermions do not interact with the Z0. Bounds
obtained from the MUonE experiment vary as 6 × 10−4 ≤
gX ≤ 0.4 for 10−3 ≤ MZ0 ≤ 150 GeV. It is found that
MUonE bounds for MZ0 ≤ 0.03 GeV are ruled out by
beam-dump searches from NA64 and E774, respectively,
whereas these bounds for MZ0 ≥ 0.175 GeV are ruled out
by estimated limits obtained from the dark photon searches
at BABAR, LHCb, CMS (CMS Dark), except for a narrow
window from the LHCb experiment around MZ0 ≃ 1 GeV.
Limits obtained from the electron magnetic dipole moment
for Cesium-133 is stronger than the limits obtained from
μ − e scattering at MUonE for 0.0174≤MZ0 ≤ 0.0894 GeV
with 1.4 × 10−4 ≤ gX ≤ 7.16 × 10−4. Following the analy-
sis given in [10], we find that prospective sensitivity from
the beam-dump experiments at FASER(2) can reach up to
5 × 10−3 atMZ0 ¼ 10−3 GeV, whereas ILC-BD reaches up
to 2.5 × 10−3 at that MZ0 . However, these bounds are ruled
out by the results from different beam-dump searches from
NA64, E774, and E141, whereas the prospective reach
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from FASER(2) and ILC-BD can be improved for
MZ0 ≃ 0.3 GeV. Following the analysis in [10], we find
that supernova bounds can be slightly stronger than the
ν-cal bounds aroundMZ0 ≃ 0.1 GeV.Within 10−3 ≤ MZ0 ≤
0.18 GeV the prospective bounds from DUNE (prospec-
tive DUNE sensitivity plots can be found in [10] for
0.1 ≤ MZ0 ≤ 3 GeV) are weaker than ν-cal. We find that
recent experimental observations from FASER (FASER-
exp) [127] and NA62 [128] are represented by gray solid
and dot-dashed lines and the corresponding excluded
regions are shaded in gray. Most of these limits are well
within the ν-cal bounds, however, the rest of them are just
above the ν-cal contour, offering stronger constraints

around 0.04 ≤ MZ0 ≤ 0.07 GeV from FASER-exp and
0.25 ≤ MZ0 ≤ 0.55 GeV from the NA62 experiment. The
experimental limits from the FASER experiment (FASER-
exp) are weaker than the theoretically estimated lines for
the FASER experiment represented by blue dotted contour
for MZ0 > 0.04 GeV. Recasting BABAR(vis) data for
dark photon searches, we obtain a stringent bound for
MZ0 ≤ 0.175 GeV. Recasting the dark photon searches at
the LHCb and CMS experiments, we find that stringent
bounds can be calculated for 0.175 ≤ MZ0 ≤ 70 and
1 ≤ MZ0 ≤ 8 GeV, respectively. Except for small windows
in these ranges whereMZ0 ≃ 10 GeV, stringent bounds can
be obtained from the visible final state in the BABAR(vis)

FIG. 6. Limits on gX–MZ0 plane for xH ¼ −2 [upper, Uð1ÞR case] and xH ¼ −1 (lower) taking xΦ ¼ 1 considering
10−3 ≤ MZ0 ≤ 150 GeV. For xH ¼ −2 we show the region sensitive to the MUonE experiment. Recasting the data we compare
the parameter region with those we estimated from LEP, dark photon searches at BABAR, LHCb, and CMS (CMS Dark), and different
beam-dump experiments at Orsay, KEK, E137, CHARM, NOMAD, ν-cal, E141, E774, NA64, NA62, FASER, and involving
prospective bounds from FASER(2), DUNE, and ILC-BD, respectively, from theoretical analyses. For xH ¼ −1 we show the regions
sensitive to FASERν, FASERν2, SND@LHC, NA64ðeNÞ, and JSNS2 experiments. We compare our results recasting limits from LEP,
CHARM-II, GEMMA, BOREXINO, COHERENT, TEXONO, dark photon search at BABAR [visible (vis) and invisible (invis)], LHCb,
and CMS (CMS Dark), and different beam-dump experiments at Orsay, KEK, E137, CHARM, NOMAD, ν-cal, E141, E774, NA64, and
involving prospective bounds from FASER(2), DUNE, and ILC, respectively. In this case, the MUonE bound cannot be calculated
because eR does not interact with the Z0.
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experiment. For MZ0 ≤ 0.19 GeV, we compare our results
recasting the limits from different beam-dump experiments
including NOMAD, CHARM, KEK, E774, E141, E137,
and ν-cal experiments with the prospective limits obtained
from FASER(2), DUNE, and ILC-BD. Furthermore, dilep-
ton and dijet searches also rule out the bounds for
MZ0 ≥ 70 GeV. We also show the dilepton and dijet limits
when MZ0 is at the Z pole giving a bound about 3 × 10−3

when xH ¼ −2. Because of the structure of the Uð1ÞR
scenario where left-handed fermions do not interact with
the Z0, we find no other constraints in this scenario from
experiments like ν-electron, ν-nucleon, etc., where we
cannot explore the coupling between νL and Z0.
Limits for xH ¼ −1 are shown in the lower panel of

Fig. 6. For this charge, there is no coupling between eR and
Z0 resulting in no direct bound from μþ − e− scattering at
the MUonE experiment. However, for this value of xH, we
obtain prospective limits from FASERνð2Þ, SND@LHC,
and ν-nucleus scattering at NA64 [NA64ðeNÞ] where we
compare recasting the bounds from the existing scattering
experiments like GEMMA, BOREXINO, CHARM-II,
TEXONO, and COHERENT. Bounds obtained from the
TEXONO and COHERENT experiments are stronger than
the other bounds obtained from the existing scattering experi-
ments for the Z0 roughly within 0.03 ≤ MZ0 ≤ 0.1 GeV.
The prospective bounds on the Uð1ÞX gauge coupling
varies within 7 × 10−6 ≤ gX ≤ 1 from the electron-nucleon
scattering process in the NA64ðeNÞ experiment for
10−3 ≤ MZ0 ≤ 10 GeV. However, the bound is comparable
with the bounds obtained from the TEXONO and
COHERENT experiments for the Z0 mass within
0.03 ≤ MZ0 ≤ 0.1 GeV; whereas bounds obtained from
the NA64ðeNÞ experiment are weak compared to the
beam-dump experiments for MZ0 ≤ 0.028 GeV. Here we
recast existing results from different beam-dump experi-
ments like Orsay, KEK, E137, CHARM, NOMAD, ν-cal,
E141, E774, and NA64 for xH ¼ −1 to show complemen-
tarity with the other experiments. Prospective bounds on
the Uð1ÞX gauge coupling obtained from the beam-dump
experiments like FASER(2) and ILC-BD could be stringent
compared to the estimated bounds from the existing
beam-dump experiments for MZ0 ≥ 0.2 GeV. Interestingly
the NA64ðeNÞ line crosses ILC-BD and FASER2 lines at
thismass point.With prospective limits obtained by perform-
ing the beam-dump study at DUNE, we obtain that those
limits are weaker than the limits obtained by recasting the
existing results from the ν-cal experiment.We find that recent
experimental observations from FASER (FASER-exp) [127]
and NA62 [128] are represented by gray solid and dot-
dashed lines and the corresponding excluded regions
are shaded in gray. Most of these limits are well within
the ν-cal bounds, however, the rest of them are just above
the ν-cal contour, offering stronger constraints around
0.0225 ≤ MZ0 ≤ 0.08 GeV from FASER-exp and 0.25 ≤
MZ0 ≤ 0.55 GeV from the NA62 experiment, respectively.
The FASER-exp contour almost covers the theoretical

region shown by the blue dotted line for the FASER
experiment for MZ0 > 0.07 GeV. Estimated prospective
bounds obtained from ν-nucleon scattering at FASERν
and SND@LHC vary as 6.69 × 10−4 ≤ gX ≤ 0.29 and those
in the case of FASERν2 vary as 2.8 × 10−4 ≤ gX ≤ 0.14 for
0.01 ≤ MZ0 ≤ 150 GeV, respectively, showing stronger pro-
spective bounds for 91.2 ≤ MZ0 ≤ 150 GeV. We recast
dilepton and dijet results from LEP, which provide the most
stringent limit as gX ≃ 5 × 10−3 at the Z pole. We recast
recent results of dark photon searches at the LHCb and
CMS providing constraints for 0.2 ≤ MZ0 ≤ 70 and
1 ≤ MZ0 ≤ 8 GeV, respectively. Constraints on gX from
LHCb vary as 3.12 × 10−5 ≤ gX ≤ 1.09 × 10−3 and those
from CMS Dark vary as 4.0 × 10−4 ≤ gX ≤ 1.1 × 10−3,
leaving some narrow windows where BABAR(vis) pro-
vides the strongest bound around MZ0 ≃ 10 GeV as
gX ≃ 7 × 10−4. Studying ν-electron scattering at JSNS2,
we find that a prospective sensitivity for gX could reach as
low as 2.78 × 10−5 and as high as 3 × 10−3 forMZ0 ¼ 0.022
and 0.22 GeV, respectively, which could be probed in the
future. JSNS2 provides stronger bounds forMZ0 above the Z
pole. Recasting the data from the different beam-dump
experiments, we find that prospective bounds obtained from
JSNS2 could be weaker than some of these bounds for
MZ0 ≤ 0.025 GeV. In addition to that, we estimate bounds
on the Uð1ÞX coupling analyzing the electron g − 2 data,
which belong to the shaded region being ruled out by the
scattering, dark photon search, and beam-dump experiments.
Limits for xH ¼ −0.5 are shown in the upper panel of

Fig. 7. In this case, uR does not interact with the Z0. We
obtain the prospective sensitivity on gX by estimating the
μ− − eþ scattering process involving the Z0 contribution at
theMUonE experiment. Estimated limits areweaker than the
projected sensitivities obtained from the ν-nucleon scattering
at the experiments like FASERν and SND@LHC except for
MZ0 ≤ 0.73 GeV. Studying ν-nucleon scattering for the
FASERν2 experiment, we find that the prospective sensi-
tivities could be stronger than the projections of FASERν,
SND@LHC, and MUonE experiments. The prospective
limit obtained from the FASERν2 experiment could reach
gX ≃ 0.15 for MZ0 going beyond the Z pole. At the Z pole,
we recast dilepton and dijet bounds from the LEP experi-
ment and find that the exclusion limit on the coupling
could reach gX ≃ 3 × 10−3. Limits estimated by recasting
the COHERENT ν-nucleus scattering are obtained to be
strong for 0.066 ≤ MZ0 ≤ 0.213 GeV, where coupling
varies as 9.0 × 10−5 ≤ gX ≤ 2.36 × 10−4. We find that
COHERENT limits are weaker than the limits obtained
by the e-nucleus scattering at the NA64 experiment
[NA64ðeNÞ] for MZ0 ≤ 0.07 GeV, while NA64ðeNÞ limits
areweaker than the those fromCOHERENT, TEXONO, and
BOREXINO experiments beyond this MZ0 . Recasting the
dark photon searches at the experiments likeBABAR, LHCb,
and CMS, we find that stringent limits come from LHCb
within 0.21 ≤ MZ0 ≤ 70 GeV, whereas those from BABAR
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(vis) could have severe bounds around MZ0 ≃ 10 GeV and
CMS Dark could have severe bounds around MZ0 ≃ 1 and
3 GeV. We obtain prospective sensitivity from the JSNS2
experiment studying ν-electron scattering where the most
stringent bound comes within the range 0.024 ≤ MZ0 ≤
0.215 GeV, where the Uð1ÞX gauge coupling varies within
2.46 × 10−5 ≤ gX ≤ 1.97 × 10−4. JSNS2 could also pro-
duce a stringent prospective bound on gX for MZ0 beyond
the Z pole that is close to the prospective limit from
FASERν2 for MZ0 ≃ 150 GeV. The prospective sensitivity
line from JSNS2 crosses over the bounds obtained from
the prospective limits from the beam-dump scenarios like
FASER at MZ0 ¼ 0.0287 GeV, whereas FASER2 and
ILC-BD lines atMZ0 ¼ 0.0326 GeV and the corresponding
couplings are 2.8 × 10−5 and 3.21 × 10−5, respectively. We
find that recent experimental observations from FASER
(FASER-exp) [127] and NA62 [128] are represented by

gray solid and dot-dashed lines and the corresponding
excluded regions are shaded in gray. Some parts of these
limits are well within the ν-cal bounds; however, the rest of
them are above the ν-cal contour, offering stronger con-
straints around 0.03 ≤ MZ0 ≤ 0.09 GeV from FASER-exp
and 0.225 ≤ MZ0 ≤ 0.5 GeV from the NA62 experiment,
respectively. The FASER-exp contour almost covers the
theoretical region shown by the blue dotted line for
xH ¼ −0.5. Recasting the data obtained from the existing
results of E774, E137, E141, NA64, Orsay, KEK, NOMAD,
and ν-cal, we find that prospective bounds obtained from
DUNE for MZ0 ≤ 0.15 GeV are weaker than the bounds
obtained from recasting the data of the ν-cal experiment.
We estimated bounds on gX from the electron and muon
g − 2 data. However, the limits are weaker compared to
different existing and prospective scattering and dark photon
experiments mentioned for this charge. Similar behavior is

FIG. 7. Limits on gX–MZ0 plane for xH ¼ −0.5 (upper) and xH ¼ 0 (lower, B − L case) taking xΦ ¼ 1 considering
10−3 ≤ MZ0 ≤ 150 GeV, showing the regions sensitive to FASERν, FASERν2, SND@LHC, NA64ðeNÞ, and JSNS2 experiments.
Recasting the existing results in our case, we compare parameter regions obtained from LEP, dark photon searches at BABAR (vis and
invis), LHCb, and CMS(CMS Dark), scattering experiments CHARM-II, GEMMA, BOREXINO, COHERENT, TEXONO, and
different beam-dump experiments from Orsay, KEK, E137, CHARM, NOMAD, ν-cal, E141, E774, NA64, NA62, FASER involving
prospective bounds from FASER(2), DUNE, and ILC(ILC-BD), respectively, from theoretical analyses.
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seen for the sensitivity line obtained after recasting the data
from the GEMMA experiment, which is weak compared to
existing beam-dump, scattering, and dark photon searches.
We estimate limits on gX for xH ¼ 0 depending on MZ0

in the lower panel of Fig. 7. We mention that xH ¼ 0 is the
well-known B − L scenario. We estimate prospective limits
at experiments like MUonE, FASERνð2Þ, and SND@LHC
and find that these sensitivities belong to the shaded
region below the Z pole. However, above the Z pole,
the prospective limits from FASERν2 become stringent for
MZ0 ≤ 150 GeV, the range of Z0 mass under consideration.
Recasting the dilepton and dijet search results from LEP,
we find the strongest bound at the Z pole to be 0.0018.
Recasting available data, we find that limits obtained from
GEMMA, CHARM-II, and COHERENTalso belong to the
shaded region, being weak compared to the bounds from
different scattering experiments involving TEXONO and
BOREXINO, beam-dump experiments involving E774,
E131, E141, NA64, Orsay, KEK, NOMAD, and ν-cal,
CHARM and dark photon search experiments involving
BABAR (visible and invisible modes), LHCb, and CMS
after we recast the available data from these experiments.
We calculate prospective limits from e-nucleon scattering
at the NA64 experiment that are slightly stronger than
existing bounds obtained from the TEXONO experiment
for 0.02 ≤ MZ0 ≤ 0.164 GeV, where limits on the Uð1ÞX
coupling can reach up to 2.0 × 10−5 ≤ gX ≤ 7.2 × 10−4.
We show bounds obtained from the dark photon search
experiments at BABAR (visible and invisible), LHCb, and
CMS and found that LHCb provides a strong bound on the
Uð1ÞX gauge coupling for 0.21 ≤ MZ0 ≤ 70 GeV, whereas
for narrow windows aroundMZ0 ≃ 10 GeV, limits obtained
from BABAR are stringent and limits on gX are stringent
around MZ0 ≃ 1 and 3 GeV from CMS Dark, respectively.
Prospective bounds from the JSNS2 experiment could
be stronger than the other scattering experiments for
0.028≤MZ0 ≤ 0.21 GeV, where constraints on the Uð1ÞX
coupling constant could be as strong as 1.7 × 10−5 ≤ gX ≤
1.3 × 10−4. Starting from beyond the Z pole, the prospec-
tive search reach from JSNS2 could be around gX ¼ 0.02
for MZ0 ≤ 150 GeV. We compare our results with different
prospective beam-dump scenarios at DUNE, FASER (2),
and ILC-BD.Doing that, we find that prospective reach from
JSNS2 could intersect the prospective beam-dump lines from
FASER(2) and ILC-BD at fMZ0 ;gXg¼f0.025GeV;1.55×
10−5g;f0.032GeV;1.92×10−5g;f0.035GeV;2.13×10−5g,
respectively, which could be probed in the near future.
Prospective limits obtained from DUNE are weaker than
the ν-cal bounds for MZ0 ≤ 0.08 GeV. We find that recent
experimental observations from FASER (FASER-exp) [127]
and NA62 [128] are represented by gray solid and dot-
dashed lines and the corresponding excluded regions are
shaded in gray. Some parts of these limits are well within
the ν-cal bounds, however, the rest of them are above
the ν-cal contour, offering stronger constraints around

0.03 ≤ MZ0 ≤ 0.08 GeV from FASER-exp and 0.225 ≤
MZ0 ≤ 0.5 GeV from the NA62 experiment, respectively.
The FASER-exp contour covers the theoretical region shown
by the blue dotted line for 0.01 ≤ MZ0 ≤ 0.085 GeV, how-
ever, these are stronger than the theoretical limits.
The limits on the gX–MZ0 plane for xH ¼ 0.5 has been

shown in the upper panel of Fig. 8, where all the fermions
interact with the Z0, however, left- and right-handed
interactions with the Z0 are different. We estimate pro-
spective limits from the μþ − e− scattering at the MUonE
experiment and compare it with the bounds recasting the
data from other scattering experiment involving GEMMA,
TEXONO, BOREXINO, CHARM-II, and COHERENT.
We find that bounds from TEXONO rule out the other
results. We also estimate the bounds from the prospective
search reaches at the experiments involving SND@LHC
and FASERνð2Þ. We find that FASERν2 could provide a
stringent limit beyond the Z pole up to MZ0 ≤ 150 GeV,
where constraints on gX could reach around 0.1. Using the
dilepton and dijet searches from LEP, we recast those
data in our scenario to obtain a strong limit onMZ0 at the Z
pole as gX ¼ 0.0012. We find that electron-nucleon scatter-
ing in NA64ðeNÞ gives a strong bound on the Uð1ÞX
coupling as 2.22 × 10−5 ≤ gX ≤ 1.17 × 10−4 for the Z0
within 0.028 ≤ MZ0 ≤ 0.14 GeV, which is slightly stronger
than the bounds obtained from TEXONO and COHERENT
within that range of MZ0 . We calculate bounds on gX
recasting the data obtained from the dark photon searches at
BABAR, LHCb, and CMS, respectively. Hence we find
that LHCb provides a stringent bound for the Z0 mass
within 0.21 ≤ MZ0 ≤ 70 GeV, where limits on gX vary
within 10−5 ≤ gX ≤ 2 × 10−4, and around MZ0 ≃ 10 GeV
BABAR provides stringent constraints, whereas around
MZ0 ≃ 1 and 3 GeV CMS Dark provides stringent con-
straints on the Uð1ÞX gauge coupling. We study ν − e
scattering for the JSNS2 experiment. JSNS2 shows pro-
spective strongest bounds compared to other scattering
experiments and dark photon searches within 0.031 ≤
MZ0 ≤ 0.21 GeV where limits on the coupling vary as
1.32 × 10−5 ≤ gX ≤ 9.1 × 10−5. Following the JSNS2
line, we find that it may provide a strong bound on gX
beyond the Z pole which might reach up to gX ≃ 0.06 for
MZ0 ≤ 150 GeV. Limits on gX calculating electron and
muon g − 2 scenarios are found to be weak compared to the
existing scattering, beam-dump, and dark photon search
experiments. Recasting the data from the beam-dump
experiments involving NA64, E141, E137, CHARM,
NOMAD, ν-cal, and KEK, we find the limits on the
gX–MZ0 plane shown by the shaded areas. We find that
recent experimental observations from FASER (FASER-
exp) [127] and NA62 [128] are represented by gray solid
and dot-dashed lines and the corresponding excluded
regions are shaded in gray. Some parts of these limits
are well within the ν-cal bounds, however, the rest of them
are above the ν-cal contour offering stronger constraints
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around 0.035 ≤ MZ0 ≤ 0.09 GeV from FASER-exp and
0.225 ≤ MZ0 ≤ 0.525 GeV from the NA62 experiment.
We also show the prospective sensitivities from FASER
(2), DUNE, and ILC-BD, where sensitivity from DUNE is
weaker compared to ν-cal for MZ0 ≤ 0.08 GeV. The pro-
spective sensitivity line from JSNS2 crosses the prospec-
tive FASER, FASER2, and ILC-BD lines at fMZ0 ; gXg ¼
f0.0305 GeV; 1.29 × 10−5g; f0.035 GeV; 1.54 × 10−5g;
f0.0374 GeV; 1.65 × 10−5g, respectively. These limits
could be probed by the scattering and beam-dump experi-
ments in the future.
In the lower panel of Fig. 8, we show the constraints

on the general Uð1ÞX coupling for different MZ0 using
xH ¼ 1, where dR does not interact with the Z0. We estimate
prospective limits from μþ − e− scattering at the MUonE
experiment and compare it with the bounds recasting
the results from CHARM-II, TEXONO, BOREXINO,

GEMMA, and COHERENT experiments. We find that
comparing with all these limits MUonE is weak, staying in
the shaded region for 10−3 ≤ MZ0 ≤ 150 GeV. Prospective
sensitivity obtained from the electron-nucleon scattering
at the NA64 experiment is denoted by the NA64ðeNÞ
line. This provides the strongest prospective limit within
0.0257≤MZ0 ≤ 0.0085 GeV, where Uð1ÞX coupling could
reach down to 1.423 × 10−5 ≤ gX ≤ 10−5. Recasting the
TEXONO data, we find that in this context strong con-
straints come for 0.0254 ≤ MZ0 ≤ 0.072 GeV, where limits
on the gauge coupling vary within 1.72 × 10−5 ≤ gX ≤
4.64 × 10−5. We find that bounds obtained from TEXONO
can be stronger than the limits obtained from recasting
the dilepton and dijet searches at the LEP experiment beyond
the Z pole but MZ0 ≤ 150 GeV where limits on the
gauge coupling could vary within 0.031 ≤ gX ≤ 0.051. In
addition,weobtain that LEPbounds at theZ pole could reach

FIG. 8. Limits on gX–MZ0 plane for xH ¼ 0.5 (upper) and xH ¼ 1(lower) taking xΦ ¼ 1 considering 10−3 ≤ MZ0 ≤ 150 GeV showing
the regions sensitive to FASERν, FASERν2, SND@LHC, NA64ðeNÞ, and JSNS2 experiments. Recasting the existing results in our
case, we compare parameter regions obtained from scattering experiments at LEP, CHARM-II, GEMMA, BOREXINO, COHERENT,
TEXONO, dark photon searches at BABAR (vis and invis), LHCb, and CMS(CMS Dark) experiments, and different beam-dump
experiments at Orsay, KEK, E137, CHARM, NOMAD, ν-cal, E141, E774, NA64, NA62, FASER involving prospective theoretical
bounds from FASER(2), DUNE, and ILC(ILC-BD), respectively.
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gX ≃ 0.0019 from the dilepton and dijet searches. FASERν2
provides a prospective sensitivity beyond the Z pole and
below 150 GeV, where limits could vary within
0.03 ≤ gX ≤ 0.05. The fermions in the Uð1ÞX scenario
under consideration interact equally with the Z0, making
a generation-independent nature of the model irrespective
of xH, which affects bounds from the g − 2 analysis. This is
true for any value of xH. We find that limits obtained from
the dark photon searches at LHCb show the strongest
bounds on theUð1ÞX gauge coupling within 8.41 × 10−6 ≤
gX ≤ 1.637 × 10−4 for 0.21 ≤ MZ0 ≤ 70 GeV.We find that
the dark photon search at CMS provides the strongest
bounds on the gauge coupling forMZ0 around 1 and 3 GeV,
whereas the same scenario appears from the BABAR
experiment for MZ0 around 10 GeV. Prospective limits
estimated in the context of the JSNS2 experiment are
found to reach 1.85× 10−4 ≤ gX ≤ 1.95× 10−4 for 0.517 ≤
MZ0 ≤ 0.56 GeV, and beyond the Z pole, the bounds are
comparable with the prospective ones from FASERν2. We
find that recent experimental observations from FASER
(FASER-exp) [127] and NA62 [128] are represented by
gray solid and dot-dashed lines and the corresponding
excluded regions are shaded in gray. Some parts of these
limits are well within the ν-cal bounds, however, the rest of
them are above the ν-cal contour, offering stronger con-
straints around 0.035 ≤ MZ0 ≤ 0.09 GeV from FASER-exp
and 0.225 ≤ MZ0 ≤ 0.525 GeV from the NA62 experi-
ment. Prospective limits from JSNS2 cross the pros-
pective sensitivity lines at the beam-dump experiments
involving FASER, FASER2, and ILC-BD at fMZ0 ; gXg ¼
f0.033 GeV; 1.05 × 10−5g; f0.036 GeV; 1.21 × 10−5g;
f0.0375 GeV; 1.30 × 10−5g, respectively, which could

be probed in the future. We compare these bounds by
recasting the data from different beam-dump experiments
like E141, NA64, KEK, Orsay, CHARM, E137, and ν-cal,
which are shown by different shaded regions. We find that
prospective bounds obtained from DUNE are weaker than
ν-cal for MZ0 ≤ 0.06 GeV.
We show the bounds from different experiments for

xH ¼ 2 in Fig. 9. This charge is another example where all
fermions interact with the Z0, however, their left- and right-
handed counterparts interact differently with the Z0. Being
influenced by the charge assignment, we find that pro-
spective bounds on gX for different MZ0 obtained from the
MUonE experiment are weaker compared to the bounds
after recasting the data from the TEXONO, BOREXINO,
CHARM-II, and COHERENT experiments. We estimate
prospective bounds on gX for different prospective experi-
ments like SND@LHC and FASERνð2Þ. We find that
prospective searches from FASERν2 are strong only
beyond the Z pole and up to MZ0 ≤ 150 GeV. In this mass
range, the limits on gX vary within 0.014 ≤ gX ≤ 0.025.
Recasting the dilepton and dijet searches from the LEP
experiment, we find that the limit on gX at the Z pole could
be as stringent as 6.8 × 10−4. We also find that electron-
nucleon scattering in the NA64 experiment shown by the
line NA64ðeNÞ provides a strong bound on the gauge
coupling around 1.1× 10−5 ≤ gX ≤ 1.1× 10−4 for 0.0261 ≤
MZ0 ≤ 0.21 GeV. Studying ν-electron scattering in the
context of the JSNS2 experiment, we estimate the pro-
spective bounds on gX with respect to MZ0 . The strongest
future limits on gX can be estimated for Z0 within 0.032 ≤
MZ0 ≤ 0.212 GeV as 7.735 × 10−6 ≤ gX ≤ 5.13 × 10−5,
which crosses respective future sensitivity lines obtained

FIG. 9. Limits on gX–MZ0 plane for xH ¼ 2 taking xΦ ¼ 1 considering 10−3 ≤ MZ0 ≤ 150 GeV, showing the regions sensitive to
FASERν, FASERν2, SND@LHC, NA64ðeNÞ, and JSNS2 experiments. Recasting the existing results in our case, we compare
parameter regions obtained from the scattering experiments at LEP, CHARM-II, GEMMA, BOREXINO, COHERENT, TEXONO, dark
photon searches at BABAR (vis and invis), LHCb, and CMS(CMS Dark), and different beam-dump experiments at Orsay, KEK, E137,
CHARM, NOMAD, ν-cal, E141, E774, NA64, NA62, and FASER, and involving prospective bounds from FASER(2), DUNE, and ILC
(ILC-BD), respectively.
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from the beam-dump experiments like FASER, FASER2,
and ILC-BD at fMZ0 ;gXg¼f0.033GeV;7.855×10−6g;
f0.0371GeV;8.57×10−6g, and f0.0386GeV;9.07×10−6g
that could be probed in the future. We compare our results
for xH ¼ 2, recasting the bounds obtained from the existing
results from the beam-dump experiments like E141, NA64,
KEK, Orsay, CHARM, E137, and ν-cal. The excluded
regions are shown by different shades. We find that recent
experimental observations from FASER (FASER-exp) [127]
and NA62 [128] are represented by gray solid and dot-
dashed lines and the corresponding excluded regions are
shaded in gray. Some parts of these limits are well within
the ν-cal bounds, however, the rest of them are above
the ν-cal contour, offering stronger constraints around
0.035 ≤ MZ0 ≤ 0.095 GeV from FASER-exp and 0.225 ≤
MZ0 ≤ 0.525 GeV from the NA62 experiment. We find that
prospective bounds obtained from the beam-dump scenario
at DUNE for MZ0 ≤ 0.04 GeV are weaker than those
obtained from ν-cal experiment recasting the existing data.
Dark photon searches from LHCb provide stronger limits
for 0.21 ≤ MZ0 ≤ 70 GeV and beyond the Z pole up to
MZ0 ¼ 150 GeV. We find that LHCb limits below the Z
pole vary within 3.5 × 10−6 ≤ gX ≤ 10−4. Stringent limits
can be obtained from the dark photon search experiments at
BABAR and CMS Dark around MZ0 ≃ 10 and MZ0 ≃ 1 and
3 GeV within narrow windows from the LHCb experiment.
Finally, we comment that limits obtained from muon and
electron g − 2 studies are weaker than the scattering and
beam-dump experiments due to the generation-independent
nature of the fermionic couplings with Z0.

V. CONCLUSIONS

In this paper, we consider chiral scenarios where Z0
interacts with the left- and right-handed fermions differ-
ently. We obtain that, depending on Uð1ÞX charges, the
interactions of the fermions with the Z0 get modified by
manifesting the chiral nature of the scenarios under con-
sideration. Such interactions affect Z0 mediated neutrino-
electron, electron-nucleon, and electron-muon scattering
processes that could be probed at experiments like
FASERνð2Þ, SND@LHC, NA64ðeNÞ, MUonE, JSNS2
and dark photon searches at BABAR, LHCb, and CMS
experiments, respectively. Furthermore, we compare our
results with dilepton, dijet searches from LEP, neutrino-
nucleus coherent scattering at the COHERENT experi-
ment, and electron-neutrino scattering experiments like
BOREXINO, TEXONO, GEMMA, and CHARM-II. We
compare our results studying visible and invisible final
states at the BABAR experiment. Finally, we show com-
plementarity with different beam-dump experiments like
ν-cal, E137, E141, NA64, E774, Orsay, CHARM, KEK,
NOMAD, and future experiments like FASER, FASER2,
and ILC-BD. We find that the experimental results from

FASER matches the theoretical limits estimated for general
Uð1ÞX charges having some bounds stronger than our
estimated ones for increasingMZ0 . We have also shown the
NA62 regions that cover some prospective regions that
could be probed by the FASER2 experiment in the future.
Analyzing different interactions, we find that some

prospective bounds at NA64ðeNÞ, FASERν2, and JSNS2
could be probed in the future. Some of the existing
experimental limits from LEP, TEXONO, BABAR (visible),
and dark photon searches at LHCb and CMS show
stringent upper limits on gX for the respective Z0 mass.
JSNS2 bounds cross the future sensitivities estimated from
FASER, FASER2, and ILC-BD, which could also be
verified in the future; however, their crossovers depend
on xH, which could be checked after the realistic exper-
imental results are available. Depending on the Uð1ÞX
charge, we find that beam-dump experiments like
ν-cal, E137, E141, NA64, E774, Orsay, CHARM, KEK,
and NOMAD rule out the values of Uð1ÞX coupling
within 10−6 ≤ gX ≤ 0.01 depending on the Z0 mass for
MZ0 ≤ 0.08 GeV. Within the mass range of Z0, we find that
DUNE will provide a weaker bound from the beam-dump
scenario. We find that weaker limits are obtained when
analyzing the g − 2 data because, in our model, three
generations of the fermions are equally coupled with the Z0.
We point out that limits from SND@LHC and FASERν are
weak compared to the other scattering experiments below
the Z pole. Finally, from our analysis it has been found
that scattering experiments could probe lighter Z0 within
0.02 ≤ MZ0 ≤ 0.2 GeV, which could be simultaneously
probed by proposed beam-dump experiments involving
FASER, FASER2, and ILC-BD. We find that in the case of
the Uð1ÞR scenario, MUonE could provide a stringent
bound for 0.02 ≤ MZ0 ≤ 0.175 GeV. On the other hand, Z0
above the Z pole but MZ0 ≤ 150 GeV which could be
probed by high-energy colliders experiments in the future
for the cases we considered except xH ¼ −2. Hence we
conclude that studying Z0 mediated interactions in addition
to the SM processes, limits on general Uð1ÞX couplings
could be interesting to probe the GSM ⊗ Uð1ÞX scenario in
the future.
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