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We study how the recent experimental results constrain the gauge sectors of Uð1Þ extensions of the
standard model using a novel representation of the parameter space. We determine the bounds on the
mixing angle between the massive gauge bosons or, equivalently, the new gauge coupling as a function of
the mass MZ0 of the new neutral gauge boson Z0 in the approximate range ð10−2; 104Þ GeV=c2. We
consider the most stringent bounds obtained from direct searches for the Z0. We also exhibit the allowed
parameter space by comparing the predicted and measured values of the ρ parameter and those of the mass
of the W boson. Finally, we discuss the prospects of Z0 searches at future colliders.
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I. INTRODUCTION

The standard model of particle interactions (SM) has
been tested to high precision both in low-energy experi-
ments and at high-energy colliders [1]. Most recently, the
large LHC experiments have found spectacular agreement
between their experimental results and the SM predictions
[2,3], which leaves very little room for new physics.
Nevertheless, we do not have doubt that the SM cannot
describe all observations in the microworld. Most notably,
the masses of neutrinos, the baryon asymmetry and the
origin of dark matter in the Universe are clear indications of
the need for physics beyond the standard model (BSM).
The nature of this new physics however, remains elusive.
There is also a 5σ tension between the measured value of

the muon anomalous magnetic moment aμ [4] and the SM
prediction when the hadronic vacuum polarization to the
photon is extracted from the measured total hadronic cross
section in electron-positron annihilation at low energies [5].
A natural explanation for such a difference is the contri-
bution of a new heavy neutral gauge boson Z0 [6–8].
Presently, however, the size of the deviation between the

SM prediction and the measurement is heavily debated.
The Budapest-Marseille-Wuppertal Collaboration com-
puted the hadronic vacuum polarization of the photon
from first principles [9] and found a much less significant
(<2σ) tension for aμ between theory and experiment.
Nevertheless, the exploration of the effects of a Z0 on
measurements is interesting because Uð1Þz extensions
provide the simplest possible way to explain a potential
fifth fundamental force.
Because of their simplicity, Uð1Þz extensions have a

more than 40 year old history [10] and remain popular [1] at
present. They have been investigated since the operation of
the experiments of the Large Electron Positron collider in
various forms, like gauged extra Uð1Þ symmetry [11],
which can also be broken by a new scalar [12], giving rise
to a new massive gauge boson, often called a dark photon
[13], A0. Lately, more complete Uð1Þ extensions of the SM
have been studied with the goal of explaining several
beyond the standard model phenomena simultaneously,
such as the superweak extension of the standard model
(SWSM) [14]. Even the complete one-loop renormalization
of the Dark Abelian Sector Model with identical gauge and
scalar sectors as in the SWSM, but with somewhat different
fermion content, has been carried out in Ref. [15].
The continuing theoretical interest is met with similarly

ubiquitous experimental searches for dark photons or, more
generally, newneutral gauge bosons. The experimental limits
are typically presented in the parameter space of the dark
photons, which provide serendipitous discovery potential for
other types of vector particles [16]. Constraints have been
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placed on visible A0 decays by beam-dump, collider, fixed-
target, and rare-meson-decay experiments, as well as on
invisible A0 decays. New experiments have also been
proposed to explore further the parameter space in the
future [17,18].
In this work, we discuss the presently most constraining

experimental limits in some part of the parameter space of
general Uð1Þ extensions that contain right-handed neutri-
nos, not charged under the SM interactions, in the particle
spectrum. We focus on two regions: the case of light and
heavy Z0, ξ ¼ MZ0=MZ ≪ 1 and ξ ≫ 1, or quantitatively
MZ0 ∈ ½0.02; 10� GeV and MZ0 ∈ ½0.2; 5� TeV [19]. The
most stringent limits for a heavy Z0 are provided by direct
searches at the LHC in Drell-Yan pair production pp →
Z0 þ X → lþl− þ X [20,21]. A complement study of
constraining SUð2ÞL singlet and triplet neutral gauge
bosons in the context of standard model effective field
theory operators was published recently [22]. We also
present projections of the expected sensitivities to heavy Z0

bosons at the planned future high-energy colliders.
For a light Z0 in our mass range, the best limits have been

obtained in direct searches for an invisibly decaying dark
photon in the NA64 [23] and BABAR [24] experiments as
well as for a dark photon decaying into an electron-positron
pair in the FASER detector [25]. Similar studies have
already been published. For instance, Refs. [26,27] focus
on Uð1Þz extensions with a selection of benchmark z
charges in the light MZ0 region. In the present work, we
use a parametrization of the z charges valid for any charge
assignments that satisfy the conditions of anomaly can-
cellations and gauge invariance. The exclusion limits
depend on a specific single combination of the free z
charges such that we also take into account the uncertainty
due to the choice of the renormalization scale where the z
charges are set, neglected in Refs. [26,27]. A model with
flavor-dependent z charges has also been investigated in
Ref. [28], focusing on Z0 mediated nonstandard interactions
of neutrinos.
We also considered the Z0 searches at the Belle II

experiment presented in Refs. [29,30]. The limit set by
the Belle experiment [29] is comparable to the constraint
obtained from the measurement of the ρ parameter but not
as severe as those obtained from the NA64 and BABAR
experiments for any value of the z charges. Reference [30]
presents results of a search for the production of a Z0 boson
in association with a dark scalar boson. In the models we
discuss here, including the dark scalar in the analysis would
introduce dependence on the free parameters of the
extended scalar sector. As our aim is to present bounds
purely on the Z0 boson with as little reference to additional
free parameters as possible, we postpone the investigation
of the simultaneous bounds on a Z0 boson with a dark scalar
s to a future study.
It is worth mentioning that bounds on the parameter

space of a new Z0 can also be obtained from cosmological

observations, leading to exclusion limits for significantly
lower values of the new gauge coupling. Hence, these are
useful in a complementary region of the parameter space
[31,32]. In the case of cosmological bounds, the translation
rules from one Uð1Þ model to another cannot be derived as
simply as in the case of laboratory experiments as shown in
Appendix D; hence, we do not consider those here.
As one might expect, in the regions far away from the

mass of the Z boson, the mixing angle θZ between the
massive neutral gauge bosons is small experimentally
(around or below 10−3), so one can use expansions around
θZ ¼ 0. In this limit, the couplings of the Z0 to chiral
fermions are approximately vectorlike and universal in the
sense that they all depend on a unique combination of the z
charge of the right-handed neutrinos and Brout-Englert-
Higgs (BEH) field. We also discuss how results of
electroweak precision measurements constrain the param-
eter space.

II. MODEL DEFINITION

We consider the extensions of the standard model by a
Uð1Þz gauge group with a complex scalar field χ and three
generations of right-handed neutrinos. The new fields are
neutral under the standard model gauge interactions. An
example for such a model is the SWSM [14]. However, in
the present work, we require only gauge and gravity
anomaly cancellation and otherwise leave the z charges
arbitrary. In this section, we collect the details of the model
only to the extent used in the present analyses.

A. Scalar sector

In the scalar sector, in addition to the SUð2ÞL-doublet
Brout-Englert-Higgs field

ϕ ¼
�
ϕþ

ϕ0

�
¼ 1ffiffiffi

2
p
�
ϕ1 þ iϕ2

ϕ3 þ iϕ4

�
; ð1Þ

the model contains a complex scalar SM singlet χ. The
Lagrangian of the scalar fields contains the potential energy

Vðϕ;χÞ ¼−μ2ϕjϕj2−μ2χ jχj2þðjϕj2; jχj2Þ
 
λϕ

λ
2

λ
2

λχ

!� jϕj2
jχj2

�

⊂−L; ð2Þ

where jϕj2 ¼ jϕþj2 þ jϕ0j2. After spontaneous symmetry
breaking, we parametrize the scalar fields as

ϕ¼ 1ffiffiffi
2

p
�

−i
ffiffiffi
2

p
σþ

vþ h0 þ iσϕ

�
; χ ¼ 1ffiffiffi

2
p ðwþ s0 þ iσχÞ; ð3Þ

where v and w are the vacuum expectation values (VEVs)
of ϕ and χ. The fields h0 and s0 are real scalars, σþ is a
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charged, and σϕ and σχ are neutral Goldstone bosons that
are gauge eigenstates.
The gauge and mass eigenstates are related by the

rotations

�
h
s

�
¼ ZS

�
h0

s0

�
;

�
σZ
σZ0

�
¼ ZG

�
σϕ
σχ

�
; ð4Þ

with

ZX ¼
�
cos θX − sin θX
sin θX cos θX

�
ð5Þ

where we denoted the mass eigenstates with h, s and σZ,
σZ0 . The angles θS and θG are the scalar and Goldstone
mixing angles that can be determined by the diagonaliza-
tion of the mass matrix of the real scalars and that of the
neutral Goldstone bosons. In the following, we are going to
use the abbreviations cX ¼ cos θX and sX ¼ sin θX for
mixing angles.

B. Gauge sector

The field strength tensors of the Uð1Þ gauge groups are
gauge invariant, and kinetic mixing is allowed between
the gauge fields belonging to the hypercharge Uð1ÞY and
the new Uð1Þz gauge symmetries. Equivalently, one can
choose a basis in which the gauge-field strengths do not
mix [33], such that the covariant derivative corresponding
to the Uð1Þ gauge groups can be parametrized as

DUð1Þ
μ ¼ −iðy z Þ

�
gy −gyz
0 gz

��
cosα − sinα

sinα cosα

��
Bμ

B0
μ

�
;

ð6Þ

where Bμ and B0
μ are the Uð1Þy and Uð1Þz gauge fields,

while y and z are the corresponding charges. The rotation
angle α is not physical as it can be absorbed into the
definition of the gauge fields [31]. The y charges are the
eigenvalues of one-half times the hypercharge operator Y.
The z charges are assigned such that Yukawa terms
including the neutrinos and the scalar fields exist, and
the gauge and gravity anomalies cancel in each family.
Such a charge assignment can be paramterized with two
numbers, usually chosen to be the charge of the left-handed
quark doublet zq and that of the right-handed u-type quarks
zu [34]. The z charge of the field χ can be fixed without the
loss of generality as its normalization can be absorbed into
the rescaling of gz. In this work, we use zχ ¼ −1.
In general, the zi charges of the right-handed neutrinos

have to satisfy

1

3

Xn
i¼1

zi ¼ zu − 4zq ≡ zN; and

�Xn
i¼1

zi

�
3

¼ 9
Xn
i¼1

z3i :

ð7Þ

A simple and natural choice is to have n ¼ 3 generations of
sterile neutrinos and generation independent z charges, i.e.,
zi ¼ zN for any i ¼ 1, 2, 3. We find that for phenomenol-
ogy it is more convenient to choose zN and the z charge of
the SM scalar field zϕ as independent charges. We exhibit
the corresponding z charge assignment in Table I.
A D ¼ 4 operator corresponding to a Majorana mass

term for the sterile neutrinos is allowed only for
zχ þ 2zN ¼ 0, which implies zN ¼ 1=2 with our normali-
zation zχ ¼ −1. For example, in the B − L Uð1Þ extension,
zN ¼ 1=2 and zϕ ¼ 0, while in the SWSM, zN ¼ 1=2
and zϕ ¼ 1.
The neutral gauge fields are related to their mass

eigenstates Aμ, Zμ, and Z0
μ via two rotations [35],

0
B@

Bμ

W3
μ

B0
μ

1
CA¼

0
B@
cW −sW 0

sW cW 0

0 0 1

1
CA
0
B@
1 0 0

0 cZ −sZ
0 sZ cZ

1
CA
0
B@
Aμ

Zμ

Z0
μ

1
CA: ð8Þ

The two mixing angles are (i) the weak mixing angle θW
and (ii) the Z − Z0 mixing angle θZ ∈ ½−π=4; π=4�. The
former is defined as sW ¼ gy

gZ0
, with gZ0

2 ¼ g2y þ gL2, so

e ¼ gLsW where gL is the SU(2) gauge coupling and e is the
elementary charge. The new mixing angle is defined as

tanð2θZÞ ¼ −
2κ

1 − κ2 − τ2
ð9Þ

in terms of effective couplings

κ ¼ 2
gz
gZ0

zϕðμÞ and τ ¼ 2
gz
gZ0

tan β; ð10Þ

TABLE I. Field content and charge assignment of a generic
Uð1Þz extension of the SM. The field ϕ is the Higgs doublet, and
χ is a complex scalar field; the rest are Weyl fermions. We show
the representations for SUð3Þc ⊗ SUð2ÞL and the charges y and z
for Uð1ÞY ⊗ Uð1Þz.
Field SUð3Þc SUð2ÞL y z

QL 3 2 1
6

zq ¼ 1
3
ðzϕ − zNÞ

UR 3 1 2
3

zu ¼ 1
3
ð4zϕ − zNÞ

DR 3 1 − 1
3

zd ¼ − 1
3
ð2zϕ þ zNÞ

lL 1 2 − 1
2

zl ¼ zN − zϕ
NR 1 1 0 zN
eR 1 1 −1 ze ¼ zN − 2zϕ
ϕ 1 2 1

2
zϕ

χ 1 1 0 zχ ¼ −1
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where tan β ¼ w
v, and we introduced the effective charge

zϕðμÞ ¼ zϕ −
gyz
2gz

ð11Þ

as the charge zϕ appears always together with this ratio
of the new couplings throughout our computations. In
Eq. (11), we indicated the dependence of the couplings on
the renormalization scale μ to emphasize the scale depend-
ence of the effective charge defined as abbreviation. It is
possible to choose a basis of the fundamental gauge fields
such that gyzðμ0Þ ¼ 0 at a fixed, but arbitrary renormaliza-
tion scale μ0. Clearly, zϕðμ0Þ ¼ zϕ at this scale; i.e., μ0 is
the scale where all z charges are set. The scale μ0 can be
chosen at will, but the running of zϕðμÞ introduces
some theoretical uncertainty to our predictions, whose size
depends on the actual choice of μ0. To assess this
uncertainty, we discuss the one-loop running of the ratio
η ¼ gyz=gz in Appendix A.
In terms of the mixing angles and effective couplings, the

masses of the gauge bosons are MW ¼ 1
2
gLv,

MZ ¼ MW

cW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RðcZ; sZÞ

p
; MZ0 ¼ MW

cW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RðsZ;−cZÞ

p
;

ð12Þ

with Rðx; yÞ ¼ ðx − κyÞ2 þ ðτyÞ2. The coupling parameters
κ and τ can be expressed in terms of the experimentally
more accessible parameters MZ0 and θZ as

κ ¼ −cZsZ
M2

Z −M2
Z0

c2ZM
2
Z þ s2ZM

2
Z0

and τ ¼ MZMZ0

c2ZM
2
Z þ s2ZM

2
Z0
:

ð13Þ

Taking the ratio κ=τ, Eqs. (10) and (13) imply

−sZcZð1 − ξ2Þ ¼ ξzϕðμÞ
tan β

; ð14Þ

where we remind the reader that ξ ¼ MZ0=MZ.

C. Modified ρ parameter

The well-known SM tree-level relationship between the
masses of the W and Z bosons is usually expressed as
ρ ¼ 1, where

ρ ¼ M2
W

c2WM
2
Z
: ð15Þ

In the extended model, it is no longer equal to 1 at the tree
level as it is modified [36] to

ρ ¼ 1 − sZ2ð1 − ξ2Þ; ð16Þ

also used for a Z0 exclusion study in Ref. [37].
Experimentally, from global fits [1], one has

ρ ¼ 1.00038� 0.00020; ð17Þ

which implies that sZ2 ≪ 1 for either a light or a heavy Z0
boson. Utilizing the smallness of sZ, we can also express
the ρ parameter in terms of the effective couplings,
ρ ¼ 1 − κ2=ð1 − τ2Þ þOðsZ4Þ, or using the Lagrangian
couplings and MZ0 as

ρ ¼ 1 −
v2

M2
Z −M2

Z0
ðzϕðμÞgzÞ2 þOðsZ4Þ; ð18Þ

which we use below. Equivalently, we can express ρ
using tan β. In the limit of a heavy Z0, we have ρ ≃ 1þ
ðzϕðμÞ= tan βÞ2, whereas a light Z0 implies ρ ≃ 1−
ðzϕðμÞξ= tan βÞ2.

D. Vector-axial vector couplings of the Z-prime boson

Direct Z0 searches at colliders are most often based on
the Drell-Yan process, hence on decays of the Z0 into
fermion pairs. The relevant theoretical predictions, dis-
cussed in detail in the following sections, rely on the
interaction of the Z0 boson and the fermions, which in
the Dirac basis reads as (neglecting the mixing among the
neutrinos)

LðZ0Þ
NC ¼ −

e
2sWcW

Z0
μ

X
f

f̄ γμðvZ0;f − aZ0;fγ5Þf: ð19Þ

We recall the vector and axial (V-A) vector couplings vZ0;f
and aZ0;f using a parametrization convenient to our analysis
in Table II, obtained using the chiral couplings presented in
Appendix B. Expanding these couplings in terms of the
small parameter sZ, one obtains the following expressions
(recall that ξ ¼ MZ0=MZ):

TABLE II. The vector and axial-vector couplings of the Z0
boson to fermions in Uð1Þz extensions of the SM. The corre-
sponding couplings of the Z boson vZ;f and aZ;f are obtained by
the replacement ðcZ; sZÞ → ðsZ;−cZÞ in vZ0;f and aZ0;f.

f vZ0;f aZ0;f

ν − 1
2
sZ þ 1

2
ð−κ þ 2 τ

tan β zNÞcZ − 1
2
ðsZ þ κcZÞ

l −ð− 1
2
þ 2sW2ÞsZ þ 1

2
ð−3κ þ 2 τ

tan β zNÞcZ 1
2
ðsZ þ κcZÞ

u −ð1
2
− 4

3
sW2ÞsZ þ 1

6
ð5κ − 2 τ

tan β zNÞcZ − 1
2
ðsZ þ κcZÞ

d −ð− 1
2
þ 2

3
sW2ÞsZ − 1

6
ðκ þ 2 τ

tan β zNÞcZ 1
2
ðsZ þ κcZÞ
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vZ0;ν≃
zNξ
tanβ

−
1

2
sZξ2; aZ0;ν≃−

1

2
sZξ2;

vZ0;l ≃
zNξ
tanβ

þ 1

2
sZð4cW2− 3ξ2Þ; aZ0;l ≃

1

2
sZξ2;

vZ0;u ≃−
zNξ

3 tanβ
þ 1

6
sZð−8cW2þ 5ξ2Þ; aZ0;u ≃−

1

2
sZξ2;

vZ0;d ≃−
zNξ

3 tanβ
þ 1

6
sZð4cW2 − ξ2Þ; aZ0;d ≃

1

2
sZξ2: ð20Þ

It is useful to distinguish the cases of ξ → ∞ (heavy Z0) and
ξ → 0 (light Z0). In the case of a heavy Z0 boson, Eq. (14)
implies that

ξ

tan β
≃

sZξ2

zNZ
ð21Þ

for small values of jsZj. In Eq. (21), we introduced the
effective charge ratio

Z ðμÞ ¼ zϕðμÞ
zN

ð22Þ

that contains all dependence on the specific Uð1Þ exten-
sion. Of course, this Z ðμÞ cannot be defined for models
with vanishing sterile neutrino z charge, in which case the
phenomenology would be quite different from ours, and we
do not consider it further. As the effective charge of
the BEH field depends on the renormalization scale, so
does Z , which we suppress in the following but take into
account as theoretical uncertainty of our predictions as
discussed in Appendix A.
Then, in the limit of small neutral gauge mixing and

heavy Z0, the V-A couplings simplify to

vZ0;ν ≃ sZξ2
�
1

Z
−
1

2

�
; aZ0;ν ≃ −

1

2
sZξ2;

vZ0;l ≃ sZξ2
�
1

Z
−
3

2

�
; aZ0;l ≃

1

2
sZξ2;

vZ0;u ≃ −
sZξ2

3

�
1

Z
−
5

2

�
; aZ0;u ≃ −

1

2
sZξ2;

vZ0;d ≃ −
sZξ2

3

�
1

Z
þ 1

2

�
; aZ0;d ≃

1

2
sZξ2: ð23Þ

As for a light Z0, Eq. (14) implies

ξ

tan β
≃ −

sZ
zNZ

; ð24Þ

and for the V-A couplings, one has negligible aZ0;f, and

vZ0;ν ≃ −
sZ
Z

; vZ0;l ≃ sZ

�
−

1

Z
þ 2cW2

�
;

vZ0;u ≃
sZ
3

�
1

Z
− 4cW2

�
; vZ0;d ≃

sZ
3

�
1

Z
þ 2cW2

�
:

ð25Þ

We may also use the new gauge couplings as input
parameters. To write the V-A couplings as functions of gz,
we first observe that Eq. (13) implies

κ ≃ −sZ for ξ → 0;

κ ≃ sZξ2 for ξ → ∞: ð26Þ

Then, for a heavy Z0, the axial couplings are aZ0;f ≃

zN
2gz
gZ0

aðhÞf and vZ0;f ≃ zN
2gz
gZ0

vðhÞf . Using the definition of

κ in Eq. (10), we obtain

aðhÞν ¼ aðhÞu ¼ −
1

4
; aðhÞl ¼ aðhÞd ¼ þ 1

4
; ð27Þ

while from Eq. (23)

vðhÞν ¼ 1 −
1

2
Z ; vðhÞl ¼ 1 −

3

2
Z ;

vðhÞu ¼ −
1

3
þ 5

6
Z ; vðhÞd ¼ −

1

3
−
1

6
Z : ð28Þ

A light Z0 boson implies aZ0;f ≃ 0 and vZ0;f ≃ zN
2gz
gZ0

vðlÞf ,

where

vðlÞν ¼ 1; vðlÞl ¼ 1 − 2cW2Z ;

vðlÞu ¼ −
1

3
þ 4

3
cW2Z ; vðlÞd ¼ −

1

3
−
2

3
cW2Z : ð29Þ

III. DIRECT Z0 BOSON SEARCHES

Collider experiments such as LEP, Tevatron, and the
LHC performed direct searches for a Z0 boson. The
nonobservation of such a particle can be and was translated
into exclusion bands for the parameters of certain models
predicting a Z0 boson.
According toRef. [34], the results of the LEPII experiment

show that Z0 is either heavier than the largest center-of-mass
energy (209 GeV) or jzlgzj≲ 10−3. Tevatron searched for a
Z0 in the range 200 GeV < MZ0 < 800 GeV [38]. Finally,
ATLAS [20] and CMS [21] at the LHC performed the most
recent searches up to MZ0 < 5500 GeV. Below MZ, the
NA64 and BABAR experiments together with FASER below
the mass of the pion provide strong bounds for a light Z0
boson [23,24]. In this study, we focus on the exclusion
bounds obtained from ATLAS and CMS for a heavy Z0 and
NA64, BABAR, and FASER for a light Z0.
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To compare model predictions to experimental results
at proton-proton (pp) colliders, one has to compute the
cross section for the process pp → Z0 þ X → lþl− þ X,
which is usually performed in the narrow width approxi-
mation

σðpp → Z0 þ X → lþl− þ XÞ
¼ σðpp → Z0XÞBrðZ0 → lþl−Þ; ð30Þ

assuming that the total width of the Z0 boson ΓZ0 is much
smaller than its mass, γZ0 ¼ ΓZ0=MZ0 ≪ 1. Equation (30) is
usually presented as

σðpp → Z0 þ X → lþl− þ XÞ
¼ π

6s
ðcUwUðs;MZ0 Þ þ cDwDðs;MZ0 ÞÞ; ð31Þ

where and U∈ fu; c; tg, D∈ fd; s; bg and the coefficients
cq collect model-dependent contributions to the cross
section

cq ¼ ð2
ffiffiffi
2

p
GFM2

ZρÞBrðZ0 → lþl−Þða2Z0;q þ v2Z0;qÞ: ð32Þ

The hadronic structure functions wU=D (cf. Ref. [38])
collect the QCD corrections. For the production of a heavy
neutral gauge boson, they depend only on the M of the
gauge boson and the center-of-mass energy squared s,

wU=D ¼
X

q∈U=D

Z
1

0

dx1

Z
1

0

dx2

Z
1

0

dzδ

�
M2

s
− zx1x2

�

× ½fgðx1;MÞðfqðx2;MÞ þ fq̄ðx2;MÞÞΔgqðz;M2Þ
þ ðfqðx1;MÞfq̄ðx2;MÞÞΔqqðz;M2Þ þ ðx1 ↔ x2Þ�;

ð33Þ

where the functions fiðx; μFÞ are the parton distribution
functions inside the proton for parton i at factorization scale
μF. We use the NNPDF3.0 next-to-learding-order (NLO) PDF
set in our numerical computations. At the NLO accuracy,
the coefficient functions Δab for vector boson production
are known [39]. One also needs to compute the total decay
width of the Z0 to obtain the cross section (30). We collect
the coefficient functions and the decay width formulas
of the Z0 boson, needed to compute the cross section in
Eq. (31) in Appendix C.

IV. NUMERICAL ANALYSIS

A. Parameter scanning

The model predictions can be expressed as functions of
the free parameters of the theory. At the most fundamental
level, these are the free z charges, new couplings, and the
VEV ratio,

zϕ; zN; gz; gyz; tan β; ð34Þ

which are not independent, and a certain combination of
them appears in the model predictions. For instance, the
tree-level ρ parameter estimates the constraints from the
electroweak precision observables, and it depends only on

ðsZ;MZ0 Þ or ðzNgz;MZ0 ;Z Þ: ð35Þ

The NA64 experiment presents exclusion bounds for a dark
photon in the ðϵ;MA0 Þ plane. Those constraints can be
translated to our model parameters using the relation
derived in Appendix D. This shows one that exclusion
bounds depend on either

ðsZ;MZ0 ;Z Þ or ðzNgz;MZ0 ;Z Þ: ð36Þ

Presently, the most stringent bounds on the parameter space
for heavy Z0 bosons can be obtained from direct searches
using the Drell-Yan pair production process

pþ p → Z0 þ X → lþ þ l− þ X; ð37Þ

described in Sec. III. The corresponding cross section (31)
can be rewritten as

σ ¼ 4π2

3s
ΓZ0

MZ0
BrðZ0 → lþl−ÞðBrðZ0 → UŪÞwUðs;MZ0 Þ

þ BrðZ0 → DD̄ÞwDðs;MZ0 ÞÞ; ð38Þ

where the branching fractions are listed in Appendix C,
while wU=D are given by Eq. (33). In this case as well, the
predictions depend on the parameter set (36) or equiv-
alently on

ðγZ0 ;MZ0 ;Z Þ; ð39Þ

where γZ0 ¼ ΓZ0=MZ0 .

B. Constraints on a light neutral gauge boson

Light vector-type particles, usually called dark photons
ðA0Þ, are often considered as a portal to a secluded sector in
particle physics or downright as dark matter candidates.
Presently, the most stringent, 90% C.L. exclusion bound in
the dark photon mass range MA0 ∈ ð1 MeV; 8 GeVÞ comes
from the combined results of the NA64 [23], BABAR [24],
and more recently the FASER [25] experiments. The dark
photon model probed in these experiments has a single
vector type coupling ϵe to the electromagnetic current. The
parameters ðϵ;MA0 Þ can be matched to a generic Uð1Þz as
detailed in Appendix D. We scanned the parameter planes
ðsZ;MZ0 Þ and ðjzNgzj;MZ0 Þ for several benchmark values of
Z . Using the value for the ρ parameter given in Eq. (17),
we set upper bounds
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jsZj≲ 4.5 × 10−3 and jzNgzj≲ 1.7 × 10−3

jZ j ð40Þ

for MZ0 ≪ MZ.
The experimental bounds obtained from NA64, BABAR,

and FASER all depend on vll given in Eq. (29). The former
two experiments searched for invisible decay products of
dark photons, whereas the latter one searches for decays
A0 → eþe−, which introduces further dependence on the
corresponding branching fractions. Themapping of ϵ onto sZ
or jzNgzj and MZ0 thus leads to a dependence on Z in the
exclusion bands. For instance, as Z approaches 1=ð2cW2Þ,
the reduced vector coupling tends to zero, vll → 0, which
renders jsZj and jzNgzj unconstrained. The exclusion band
obtained from the FASER experiment is even more sensitive
as thebranching fractionBrðZ0 → eþe−Þ also depends onvll.
The Z0 search at the Belle II experiment presented in

Ref. [29] sets stringent bounds on the Lμ − Lτ model [11]
via the process

eþ þ e− → μþ þ μ− þ Z0 → μþ þ μ− þ invisible: ð41Þ

We computed the corresponding cross section in the Uð1Þz
models considered here and found that Belle II bounds on
sZ and jzNgzj are comparable to the limits obtained from the
ρ parameter, but not as severe as the ones from NA64
or BABAR.

Our findings for selected benchmark values of Z are
summarized in Fig. 1. The regions in the parameter planes
above the dashed line and gray bands are excluded at
90% C.L. The dashed lines correspond to the experimental
value of the ρ parameter in Eq. (17), whereas the regions
above the gray bands correspond to the exclusions by direct
searches at fixed values of the effective charge ratioZ . The
width of the gray bands is the uncertainty due to the number
of right-handed neutrinos lighter than MZ0=2. A light Z0
boson may always decay into the three families of active
neutrinos, but decays into right-handed neutrinos may be
kinematically forbidden depending on the specific values
of MZ0 .

C. Constraints on a heavy neutral gauge boson

Direct searches for heavy Z0 bosons were performed at
the LEPII, Tevatron, and LHC as well and are of continued
interest for future colliders [17,40]. We perform the scan in
the parameter sets given in Eq. (36) using the 95% C.L.
exclusion bands presented by the ATLAS [20] and CMS
[21] experiments. Our findings are summarized in Fig. 2.
The exclusion limit by the ρ parameter is represented
again with a dashed line: the region above it is excluded.
Analytically, this corresponds to

jsZj≲0.0025

�
1 TeV
MZ0

�
and jgzzN j≲0.11

Z

�
MZ0

1 TeV

�
: ð42Þ

FIG. 1. 90% C.L. exclusion bounds for light Z0 bosons obtained from the NA64, BABAR, and FASER experiments. The width of the
band corresponds to the uncertainty in the number of sterile neutrino families where the decay Z → N þ N is kinematically allowed. The
region above the dashed line is excluded due to the ρ parameter, and the area above the gray bands is also excluded for a selected
value of Z .
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The collider searches by ATLAS and CMS are per-
formed for fixed values of the ratio γZ0 . We chose the
datasets corresponding to the largest ðγZ0 ¼ 10%Þ and
smallest ðγZ0 ¼ 0.5%Þ presented values. It is possible that
the cross section (38) is large enough that the process is
excluded experimentally for given values of the input
parameters (36), but the corresponding ratio γZ0 is larger
than that searched for in the experiment in a region whose
lower boundary is denoted by a solid curve in Fig. 2. The
hatched region corresponds to this exact case, i.e., where no
strict exclusion applies. The region shaded in red in the
parameter plane presented in Fig. 2 is excluded at 95% C.L.
The branching fractions and the ratio γZ0 in Eq. (38) depend
on the charge ratio Z , and hence so do the exclusion
bounds. We find that there exist a value of Z both for sZ
and zNgz which corresponds to a loosest, i.e., the most
conservative, bound on these parameters. For the mixing
sZ, this value isZ ≃ 0.6. Any other fixedZ value presents
a more severe bound than that shown in Fig. 2. It is
interesting that the cross section in Eq. (38) diverges as
jZ j → 0 (vanishing zN charge), which means that only
zero mixing sZ ¼ 0 is allowed for small Z . Conversely,
Eq. (38) saturates at a finite value for jZ j → ∞; the
corresponding exclusion bands are shown on the left-hand
side plots of Fig. 2.
As for zNgz, the most conservative bound corresponds to

Z ≃ 0.54 as can be seen in the plots on the right-hand side
of Fig. 2. As opposed to the exclusion bound on sZ, in this

case, the cross section is finite atZ ¼ 0, and hence one has
a well-defined exclusion bound on zNgz for Z ¼ 0.

D. Constraints on the parameter space
of specific Uð1Þ extensions

We showcase the exclusion bounds on two specific
Uð1Þz extensions, one with a light Z0 boson and one with
a heavy Z0 boson. We consider here the uncertainty due to
the renormalization group equation (RGE) running of η,
and we also use the mass of the W boson as a constraint.
The tree-level ρ parameter discussed in Sec. II C is a

useful quantity to gauge the exclusion from electroweak
precision observables in a model-independent manner. The
effect of one-loop BSM corrections might become impor-
tant for a given region in the parameter space, and thus the
use of a precise prediction is warranted. The drawback is
that the radiative BSM corrections are in general compli-
cated functions of the free parameters and the z charges.
Once the z charges are set and η is considered as an
uncertainty, there are two free parameters from the gauge
sector (MZ0 and either sZ or gz) and two from the scalar
sector (MS and sS). Using these four parameters, we
compute the complete one-loop corrections to MW in
Uð1Þz extensions presented in Ref. [36] based on the
computational method of Ref. [41]; consult also
Ref. [42] for the renormalization of sZ. Our input param-
eters are

FIG. 2. 95% C.L. exclusion bounds for heavy Z0 bosons obtained from the CMS and ATLAS experiments at the LHC for fixed ratios
γZ0 . The region above the dashed line is excluded due to the ρ parameter, and the area above the gray line is also excluded for a select
value of Z .
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MSM
W ¼ 80.353 GeV; Mexp

W ¼ 80.377 GeV; ð43Þ

with a combined experimental and theoretical uncertainty
of σ ¼ 15 MeV.
The BSM corrections can amount to either a positive or

negative contribution to MW . A heavy Z0 boson and a light
S scalar (MS < MH) increase, while a light Z0 boson and a
heavy S scalar (MS > MH) decrease the predicted value of
MW . In this work, we focus on the effect of the gauge
sector, and thus we present exclusion bounds obtained from
MW at sS ¼ 0, i.e., when the extended scalar sector does not
affect the mass of the W boson.
Our case study for aUð1Þz extension with a light Z0 boson

is the SWSM (recall that zN ¼ 1=2 and zϕ ¼ 1). This model
can explain the observed dark matter abundance in the
Universe with freeze-out scenario if 10 MeV≲MZ0 ≲
mπ ≪ MZ and the darkmatter candidate is the lightest sterile
neutrino, which is considered to be lighter thanMZ0=2, while
the other sterile neutrinos are much heavier [31].
Our findings are summarized in Fig. 3. The region in red is

excluded at 90%C.L. The gray band is the lower boundary of
the exclusion region from the NA64, BABAR, and FASER
experiments, and the width of the gray band corresponds to

the combined uncertainty from decays of the Z0 boson and
the running of η. Solving the RGEs of Appendix A, we find
that the largest possible value of η is 0.4; hence,Z can take
values in the range (1.6, 2.0). The dashed lines correspond to
the bound fromMW computed with sS ¼ 0 and to the bound
from the tree-level ρ parameter as a reference. The scalar
sector has the potential to significantly affect the bound
obtained from MW . In fact, for a heavy scalar (MS ≫ Mh)
and a light Z0 boson, one may write the BSM correction
δMBSM

W to the mass of the W boson as

δMBSM
W ≃ −

�
5.6ð100sZÞ2 þ 1.5ð10sSÞ2

×

�
1þ 0.57 log

�
MS

1 TeV

���
MeV; ð44Þ

which is independent of the z charges. For instance, a scalar
with a mass MS ≃ 1 TeV and a mixing of sS ≃ 0.2 would
increase the difference jMW −Mexp

W j above 2σ, excluding
any nonzero value of sZ.
As for a Uð1Þz extension with a heavy Z0 boson,

MZ ≪ MZ0 , we choose to investigate the B − L extension

FIG. 3. Exclusion bounds for models with a light MZ0 and zN ¼ 1=2 and zϕ ¼ 1. The red region is excluded at 90% C.L. The green
region is the preferred parameter space of the SWSM. The widths of the lines take into account the uncertainty in the η parameter. The
gray line corresponds to the NA64, BABAR, and FASER experiments whereas the dashed ones correspond to the bounds from
MW and ρ.

FIG. 4. Exclusion bounds for the B − L extension of the SM where one has zN ¼ 1=2 and zϕ ¼ 0. The red region is excluded at
95% C.L. The green region is the preferred parameter space of the B − Lmodel. The widths of the lines take into account the uncertainty
in the η parameter. The gray line corresponds to the CMS and ATLAS direct searches at γZ0 ¼ 0.1 and at 0.005. The dashed line in the
top left corner corresponds to the exclusion from MW at sS ¼ 0.
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of the SM, which has zN ¼ 1=2 and zϕ ¼ 0. It is interesting
to note that in this case Z ¼ 0 at the default scale μ0, and
the uncertainty from the RG running of η is also essentially
negligible, at most about 0.1. Hence, there is effectively no
mixing between the Z and Z0 bosons, sZ ≃ 0, and con-
sequently, there is no bound from the tree-level ρ parameter.
Our findings are summarized in Fig. 4. The region in red is
excluded at 95% C.L. The dashed line corresponds to the
exclusion from MW at sS ¼ 0. Since the tree-level ρ
parameter equals 1, this corresponds purely to one-loop
BSM corrections to MW . The hatched region is not
excluded by MW, and the width-to-mass ratio γZ0 of the
Z0 boson is larger than the one considered experimentally.
The green region displays the presently allowed parameter
space of the B − L model.

E. Projections for future proton-proton
collider experiments

The High-Energy LHC (HE-LHC) experiment is
planned to operate at

ffiffiffi
s

p ¼ 27 TeV center-of-mass energy,
while the Future Circular Collider will collide hadrons
(FCC-hh) at

ffiffiffi
s

p ¼ 100 TeV. The experimental programs
of both machines include direct searches for Z0 bosons. The

cross section (38) for the process pþ p → Z0 þ X →
lþ þ l− þ X, which is the main search channel for Z0

bosons, is shown on Fig. 5 for relevant values of
ffiffiffi
s

p
. The

cross sections are inside of the gray band in Fig. 5 for any
value of Z for γZ0 ¼ 0.1. Note that the gray band for a
different value of γZ0 can be obtained by the linear rescaling
of those on Fig. 5.
Detector simulations are already available both for the

HE-LHC and the FCC-hh. We compute projected 95% C.L.
exclusion bands both for jsZj and jgzzN j using the simu-
lations for the HE-LHC at 15 ab−1 integrated luminosity
[17] and for the FCC-hh at 30 ab−1 [43]. Our predictions
are shown in Fig. 6. The widths of the gray bands
correspond to the 2σ uncertainty of the simulation in the
location of the exclusion band.
It is noteworthy that for large ð≳10 TeVÞ masses of the

Z0 boson the cross section

σðpþ p → Z0 þ X → Z þWþ þW− þ XÞ ð45Þ

may become comparable to or larger than the Drell-Yan
pair production cross section in Eq. (38) as the ratio of the
two cross sections is

FIG. 5. Production cross sections σðpp → Z0Þ times the leptonic branching fraction BrðZ0 → lþ þ l−Þ as the function of M0
Z for

center-of-mass energies
ffiffiffi
s

p ¼ 27 TeV (left, for the HE-LHC) and 100 TeV (right, for FCC-hh) and fixed ratio γZ0 ¼ 0.1. The cross
section for any value of Z is inside of the gray band.

FIG. 6. Projected exclusion bounds on jsZj atZ ¼ 0.6 and on jzNgzj atZ ¼ 0.54 for the HE-LHC and FCC-hh experiments using the
simulated exclusion bands obtained in Refs. [17] and [43]. The dark gray line is the expected median exclusion limit and the width of the
gray bands correspond to the 95% C.L. expected limit. The dashed line represents the exclusion by the ρ parameter, and the red shaded
area is already excluded at 95% C.L.
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BrðZ0 → ZWþW−Þ
BrðZ0 → lþl−Þ ¼ Z 2

2 − 6Z þ 5Z 2

�
Cff

7c4W
160π

�
M2

Z0

M2
Z

≃ 0.368
Z 2

2 − 6Z þ 5Z 2

�
MZ0

10 TeV

�
2

:

ð46Þ

V. CONCLUSIONS

In this paper, we studied the parameter space of Uð1Þz
extensions of the standard model with an additional complex
scalar field and three families of right-handed neutrinos with
generation-independent z charges and no exotic fermions.
Anomaly cancellation constrains the z charges such that
two z charges remain arbitrary. The vector–axial vector
couplings, which are critical in the analysis presented in
this work, depend on a special combination Z of zϕ the z
charge of the BEH field and zN as given in Eq. (22). We
presented our predictions using Z , the mass MZ0 of the Z0
boson, and either themixing sZ betweenZ andZ0 or the right-
handed neutrino z charge times the new gauge coupling,
zNgz. Our exclusion bounds on these parameters used the
results of the NA64, BABAR, and FASER experiments for a
lightZ0 bosonand those of theATLASandCMSexperiments
for a heavy Z0 boson as constraints from direct searches. We
also studied the limits obtained from the measured values of
the ρ parameter and the mass of the W boson as constraints
from indirect sources.
For a light Z0 boson, the ρ parameter provides a bound on

jsZj, independent ofZ , and a bound on jzNgzj, proportional
to 1=Z as given inEq. (40). The bound on jsZj obtained from
the NA64, BABAR, and FASER experiments is in general
more severe, and it is proportional to 1=Z . The constraint on
jzNgzj from such direct searches depends weekly on Z
unless Z is fine tuned to Z ¼ 1=ð2cW2Þ [see Eq. (D7)].
In the case of a heavy Z0 boson, the value Z ≃ 0.6

corresponds to the loosest bound on jsZj (or≃0.54 on jzNgzj)
obtained from the ATLAS and CMS experiments, which
means that one has amodel-independentway to constrain the
parameter space of Uð1Þz extensions with different charge
assignments. In this region, the ρ parameter excludes a decent
portion of the parameter space, but it is never as severe as the
exclusion bound obtained from direct searches.
We also used detector simulations for the HE-LHC and

FCC experiments to provide projected exclusion bounds on
the parameter space. We found that the minimum of the
excluded jsZj values will improve by 1 order of magnitude
in HE-LHC compared to LHC and an additional 1 order of
magnitude in FCC-hh compared to HE-LHC. As for jgzzN j,
we find no such improvement. The exclusion bound
obtained from the LHC and the projected ones are based
on leptonic final states. We find that for very large values
of MZ0 ð> 10 TeVÞ the decay Z0 → Z þWþ þW− might
become dominant over Z0 → lþ þ l− depending on Z .

This means that we propose direct searches at FCC for
the final state Z þWþ þW− as it is well motivated
experimentally.
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APPENDIX A: RUNNING ETA PARAMETER

We defined the ratio of the mixing coupling gyz and the
new gauge coupling gz as

η ¼ gyz
gz

: ðA1Þ

It always appears as a correction to the z charge of the BEH
field as in Eq. (11). Like any other coupling, η depends on
the renormalization scale μ, as described by the RGEs

ġy ¼
gy

16π2

�
41

6
g2y þ

5

3
g2zηbη

�
;

ġz ¼
g3z

16π2

�
5

9
þ 4000

369
z2N þ 10

41
b2η

�
;

η̇ ¼ g2y
16π2

bη; ðA2Þ

where

bη ¼
16

3
zN −

41

3

�
zϕ −

η

2

�
¼ zN

3
ð16 − 41Z Þ ðA3Þ

is a linear function of η. The derivative ḟ ¼ ∂f=∂t is meant
with respect to t ¼ lnðμ=μ0Þ. We chose the z charge
assignment according to Table I at an arbitrarily chosen
fixed scale μ0 where ηðμ0Þ ¼ 0. Then, one can investigate
the uncertainty due to the choice of the unknown scale μ0.
The scale μ0 can be chosen arbitrarily. In our study, the

most reasonable choices are either μ0 ¼ mt or μ0 ¼ MZ0.
The values of MZ0 considered here are at maximum a few
tens of TeV; then, the running of η from μ0 ¼ MZ0 down to
the electroweak scale does not affect the value of Z in any
way relevant for the phenomenology considered in this
work. One may set μ0 as high as MPl, in which case
ηðmtÞ ¼ Oð1Þ, with the exact value depending on zN and
zϕ. For instance, in the SWSM, choosing ηðMPlÞ ¼ 0 at the
Planck scale, the renormalization group running implies
that η ≃ 0.67 at the electroweak scale [31]. Here, we choose
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μ0 ¼ mt. Then, one initial condition, gyðmtÞ ≃ 0.36, is
known, while the initial conditions for gz, η as well as
the z charges zN and zϕ are free parameters. One can show
that the coupling gzðμÞ has a Landau pole below the Planck
scaleMPl if gzðmtÞ is larger than a critical value. Assuming
a constant η, this value is

αzðmtÞ ¼
gzðmtÞ2
4π

≳ 11.95
41þ 800z2N þ 18b2η

: ðA4Þ

Taking the running of η into account, this formula is not
exact, and the actual upper bound on gzðmtÞ to avoid the
Landau pole below the Planck scale is about 15% lower. The
loosest constraint obtained from avoiding the Landau pole
corresponds to zN ¼ zϕ ¼ 0 with ηðmtÞ ¼ 0. Then, one has
the upper bound gzðmtÞ≲ 1.91. Any different z charge
assignment results in a considerablymore severe upper limit.
For instance, in the SWSM, it is gzðmtÞ≲ 0.22. Then, the
initial conditions ηðMPlÞ ¼ 0 and gzðmtÞ∈ ½0; 0.22� in the
one-loop RGEs of Eq. (A2) yield η at the electroweak scale
in the range ηðmtÞ∈ ½0.4; 0.375� [the larger gzðmtÞ, the
smaller ηðmtÞ].

APPENDIX B: CHRIAL COUPLINGS
OF THE Z AND Z0 BOSONS

We list here the chiral couplings of the Z0 bosons to
fermions in terms of the neutral mixing angle and effective
couplings κ and τ in Table III. The chiral couplings to the Z
boson can be obtained by the replacement ðcZ; sZÞ →
ðsZ;−cZÞ.
We recall here the chiral couplings of the neutrinos; for a

detailed discussion, see Ref. [44]. As the neutral currents
are written in terms of flavor eigenstates, the interactions
between the neutral gauge bosons and the propagating mass
eigenstate neutrinos include also the neutrino mixing
matrices,

Γμ
Vνiνj

¼ −ieγμðΓL
VννPL þ ΓR

VννPRÞij; ðB1Þ

where

ΓL
Vνν ¼ CL

VννU
†
LUL − CR

VννU
T
RU

�
R ðB2Þ

and

ΓR
Vνν ¼ −CL

VννU
T
LU

�
L þ CR

VννU
†
RUR ¼ −ðΓL

VννÞ� ðB3Þ

for both V ¼ Z and V ¼ Z0. To recover the SM vector and
axial vector couplings of the Z boson and the neutrinos, the
right-handed mixing matrices have to vanish, and

U†
LUL → 13 and UT

LU
�
L → 0: ðB4Þ

If one estimates the chiral couplings of the Z and Z0 bosons
in the presence of sterile neutrinos but with the mixing
neglected, then one needs to use the replacements

U†
LUL → 13 and UT

LU
�
L → 0;

U†
RUR → 13 and UT

RU
�
R → 0; ðB5Þ

which we adopted throughout.

APPENDIX C: COEFFICIENT FUNCTIONS FOR
HADROPRODUCTION AND DECAYS

OF THE Z0 BOSON

The theoretical input needed to compute the Drell-Yan
pair production cross section in Eq. (30) is the coefficient
functions and branching ratios, which we present here
explicitly. The coefficient functions for the production of a
neutral gauge boson at NLO accuracy in QCD read [39]

Δqqðz; μ2RÞ ¼ δð1 − zÞ þ αsðμ2RÞ
2π

CF

�
δð1 − zÞ

�
2π2

3
− 8

�
þ 4ð1þ z2Þ

�
lnð1 − zÞ
1 − z

�
þ
− 2

1þ z2

1 − z
lnðzÞ

�
;

Δgqðz; μ2RÞ ¼
αsðμ2RÞ
2π

TR

�
ð1 − 2zþ 2z2Þ ln

�ð1 − zÞ2
z

�
þ 1

2
þ 3z −

7

2
z2
�
; ðC1Þ

with color factors CF ¼ 4=3 and TR ¼ 1=2.

TABLE III. The chiral couplings of the Z0 boson to fermions in Uð1Þz extensions of the SM.

f CR
Z0;ff̄ CL

Z0;ff̄

ν τ
tan β zNcZ −sZ þ ð−κ þ τ

tan β zNÞcZ
l −2sW2sZ þ ð−2κ þ τ

tan β zNÞcZ ð1 − 2sW2ÞsZ þ ð−κ þ τ
tan β zNÞcZ

u 4
3
sW2sZ þ ð4

3
κ − 1

3
τ

tan β zNÞcZ ð−1þ 4
3
sW2ÞsZ þ 1

3
ðκ − τ

tan β zNÞcZ
d − 2

3
sW2sZ − ð2

3
κ þ 1

3
τ

tan β zNÞcZ ð1 − 2
3
sW2ÞsZ þ 1

3
ðκ − τ

tan β zNÞcZ
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The model considered here is defined in Sec. II. The SM
particle spectrum is extended with the Z0 boson, a new
scalar s, and three right-handed neutrinos Ni; i ¼ 1, 2, 3.
The mass of the new scalarMs has to be larger than half the
mass of the Higgs bosonMh; otherwise, the decay width of
the Higgs particle becomes too large as compared to the
experimental upper limit 3.2þ2.8

−2.2 MeV [45]. This means
that a light Z0 ðMZ0 < MZÞ can only decay into fermion
pairs,

ΓðZ0 → f þ f̄Þ ¼ NCρCffMZ0 ðv2Z0;f þ a2Z0;fÞ; ðC2Þ

whereρ is defined inEq. (16),Cff ¼ GFM2
Z

6
ffiffi
2

p
π
≃ 3.6383 × 10−3,

and the vector and axial-vector couplings are given in
Sec. II D. Equation (C2) is valid for Dirac fermions. The
formula for Majorana neutrinos can be obtained by the
replacement Cff → 1

2
Cff. The invisible branching fraction

of a light Z0 boson is

BrðZ0 → invÞ ¼ 3nN
3nN þ 3ð1 − 2c2WZ Þ2nl þ ð1þ 2c2WZ Þ2nd þ ð1 − 4c2WZ Þ2nu

; ðC3Þ

where nf counts the kinematically allowed decays into nf
families of fermion type f. The number nN counts the
Dirac-type neutrinos. The same formula applies for Major-
ana neutrinos with the replacement nN → nN=2. The
parameter Z is defined in Eq. (22) and cW ¼ cos θW .
The largerMZ0, the more decay channels are allowed. For

the case of a heavy Z0, MZ0 ≫ Mh, we neglect the finite
mass effects of the particles Z, W and h in the following
decay formulas. However, we keep the full dependence on
the unknownMs, as it is a free parameter of the model. The
decays into a pair of charged W bosons are [46]

ΓðZ0 → Wþ þW−Þ ¼ εMZ0
ξ2Cff

4ρ
;

ΓðZ0 → Z þWþ þW−Þ ¼ εMZ0
7ξ4C2

ff

320π
cW4;

ΓðZ0 → γ þWþ þW−Þ ¼ εMZ0
301ξ2C2

ff

800π
cW2sW2; ðC4Þ

where ε ¼ ðξsZÞ2. The decays into scalar particles also
include two- and three-body ones as

ΓðZ0 → Z þ SÞ ¼ εMZ0
ξ2Cff

4ρ2
jΓZ;Z0;Si j2ð1 − ζ2SÞ3;

ΓðZ0 → Z þ Sþ SÞ ¼ εMZ0
3ξ4C2

ff

64πρ2
jΓZ;Z0;Si;Si j2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4ζ2S

q
ð1þ 26

3
ζ2S −

62

3
ζ4S þ 20ζ6SÞ − 4ζ2Sð1 − 3ζ2S þ 6ζ4S − 5ζ6SÞ

× ln

�ð1 − 2ζ2SÞð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4ζ2S

p þ 1 − 2ζ2SÞ
2ζ4S

− 1

��
;

ΓðZ0 → Z þ sþ hÞ ¼ εMZ0
3ξ4C2

ff

32πρ2

�
sScS þ

sScS
tan β2

�
2
�
1þ 1

3
ζ2Sð10þ 12 lnðζ2SÞ − 18ζ2S þ 6ζ4S − ζ6SÞ

�
; ðC5Þ

where S ¼ h, s, ζS ¼ MS=MZ0 . For a heavy Z0, MZ0 ≳ 1 TeV, we neglected ζh ≲Oð10−1Þ. The triple and quartic vector-
scalar vertices are

ΓZ;Z0;h ¼ cS þ sS= tan β; ΓZ;Z0;s ¼ sS − cS= tan β;

ΓZ;Z0;h;h ¼ cS2 − ðsS= tan βÞ2; ΓZ;Z0;s;s ¼ sS2 − ðcS= tan βÞ2: ðC6Þ

The largest contribution from the scalar sector to the Z0 decay width is obtained by setting ζS ¼ 0. In that case, we find the
sum of partial decay widths with a scalar in the final state independent of the scalar mixing angle as

X
ΓðZ0 → Z þ scalarÞ≲ εMZ0

1

4ρ2

�
ξ2Cffð1þ tan−2βÞ þ 3

16π
ξ4C2

ffð1þ tan−4βÞ
�
: ðC7Þ

We use this upper limit (C7) in our numerical calculation to take into account the effect of the scalar sector in the total decay
width of Z0. Consulting Eq. (16), one can recognize that ε ≃ ρ − 1 is a small parameter for a heavy Z0.
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Wecomputed the fermionic branching fractions of a heavy
Z0 boson using the V-A couplings obtained in Sec. II D and
obtained

BrðZ0 → lþl−Þ ¼ 2− 6Z þ 5Z 2

16− 32Z þZ 2ð41þCw;sξ
2Þ ;

BrðZ0 → UŪÞ ¼ 2− 10Z þ 17Z 2

48− 96Z þ 3Z 2ð41þCw;sξ
2Þ ;

BrðZ0 →DD̄Þ ¼ 2þ 2Z þ 5Z 2

48− 96Z þ 3Z 2ð41þCw;sξ
2Þ ; ðC8Þ

where the coupling constant is

Cw;s ¼ Cff
15þ 7c4W
160π

≃ 1.4 × 10−4: ðC9Þ

We note that for MZ0 > 14 TeV the decays into scalars and
W bosons start to dominate and the fermionic branching
fractionsmay decrease significantly depending on the charge
assignment encoded in Z .

APPENDIX D: KINETIC MIXING FOR Uð1Þ
EXTENSIONS

Low-energy experiments, such as NA64, BABAR, and
FASER place a stringent constraints on models which are
extended by a Uð1Þ gauge group introducing a new gauge
boson coupled to the SM fermions, which can be inter-
preted as a dark photon A0 that has kinetic mixing with the
known photon. In the dark photon model, the interaction
term involving the A0 coupled to the electromagnetic
current JμEM can be written as

Lint ¼ −ϵeA0
μJ

μ
EM; ðD1Þ

where ϵ can be viewed as the kinetic mixing parameter. The
experimental exclusion bounds are placed on the parameter
plane ðϵ;MA0 Þ. To extend those constraints to the param-
eters of a more general Uð1Þ extension, one may set
MA0 ≡MZ0 , but relating ϵ to the free parameters discussed
Sec. IVA. involves some subtlety, discussed below.
The NA64 and BABAR experiments search for dark

photon brehmsstrahlung in the invisible decay channel of
the A0 [23]. Following Ref. [31] (see also Ref. [16]), we
have

σðe− þ Z ⟶ e− þ Z þ A0Þ
σðe− þ Z ⟶ e− þ Z þ Z0Þ ¼

BrðZ0 → invÞ
BrðA0 → invÞ ; ðD2Þ

where BrðZ0 → invÞ is given in Eq. (C3) and BrðA0 →
invÞ ¼ 1 in the NA64 experiment. Computing the cross
sections of the A0 and Z0 bremsstrahlung processes yields

σðeþ Z ⟶ eþ Z þ A0Þ
σðeþ Z ⟶ eþ Z þ Z0Þ

¼ ϵ2
ð4s2Wc2WÞ

v2Z0;l þ a2Z0;lð1þ fðMZ0 ÞÞ þO
�
m2

e

s

�
; ðD3Þ

where vZ0;l and aZ0;l are given in Table II,
ffiffiffi
s

p ¼ 100 GeV
in the NA64 experiment, and

fðMÞ ¼ 2

�
m2

e

M2

��
1 − log−1

�
M2

4s

��
þO

�
m4

e

M4

�
ðD4Þ

collects the finite mass effects of the electron and the Z0
boson. Assembling the pieces for Eq. (D2) gives the
matching relation

ϵ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2Z0;l þ a2Z0;lð1þ fðMZ0 ÞÞ

q
2sWcW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðZ0 → invÞ

p
: ðD5Þ

The axial-vector couplings can be neglected for a light Z0
boson, and hence the matching relation reduces to

ϵ ¼ jsZj
2sWcW

����2cW2 −
1

Z

����
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðZ0 → invÞ

p
; ðD6Þ

or in terms of gz, it is given as

ϵ ¼ jzNgzj
e

j2cW2Z − 1j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BrðZ0 → invÞ

p
; ðD7Þ

where BrðZ0 → invÞ is given in (C3). This formula repro-
duces the corresponding one given in Ref. [31] for MZ0 <
mπ ¼ 130 MeV and Z ¼ 2 (with zN ¼ 1=2 and zϕ ¼ 1),
which is the superweak extension of the SM.
In the FASER experiment, predominantly a light neutral

meson (m0 ¼ π0, η0, or ω0) decays into a neutral gauge
boson pair, which may include them0 → γ þ A0 production
channel, where the dark photon is assumed to subsequently
decay into an electron-positron pair. The partial rate of the
neutral pion into a photon and dark photon is then given as

Γðπ0→A0 þ γÞ¼ 2

�
1−

M2
A0

m2
π

�
3

ð2 trðgensÞÞ2Γðπ0→ γþ γÞ;

ðD8Þ

where the first factor of 2 is due to the symmetry factor
difference between the A0 þ γ and γ þ γ final states and the
factor containing MA0 is due to the polarization sum of a
massive vector boson times the phase-space factor. The
trace of the generators is

2trðgensÞ ¼ 2NCtrðτaQQÞϵ ¼ ϵ; ðD9Þ

with the matrices
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τa ¼
�
1=2 0

0 −1=2

�
; and Q ¼

�
2=3 0

0 −1=3

�
:

ðD10Þ

The trace of the generators in Uð1Þ extensions considered
in this paper is

2trðgensÞ ¼ 2NCtrðτaQvZ0;qÞ ¼
���� vZ0;l

2sWcW

����; ðD11Þ

where

vZ0;q ¼
�
vZ0;u 0

0 vZ0;d

�
¼ sZ

3

� 1
Z − 4c2W 0

0 1
Z þ 2c2W

�
:

ðD12Þ

To match the exclusion bounds of FASER, one has to solve
two equations for the two parameters ðMA0 ; ϵÞ. The first one
expresses the equality of the signal events in the two
models,

Γðπ0 → A0 þ γÞBrðA0 → eþe−Þ
¼ Γðπ0 → Z0 þ γÞBrðZ0 → eþe−Þ; ðD13Þ

where BrðA0 → eþe−Þ ¼ 1 in the FASER experiment. The
second equation,

MA0ΓA0 ¼ MZ0ΓZ0 ; ðD14Þ

ensures that the decay length of the dark photon A0 and
that of the Z0 boson are the same as those are required to
decay in the detector itself. For MA0 ≪ mπ, the matching
relations yield

MZ0 ¼ BrðZ0 → eþe−ÞMA0 ;

jzNgzj ¼
eϵffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

BrðZ0 → eþe−Þp 1

j1 − 2c2WZ j : ðD15Þ

In the B − L extension considered in Ref. [25], one has
Z ¼ 0, BrðZ0 → eþe−Þ ¼ 2=5 and zN ¼ 1 as they use a
different normalization for the z charges.

The Belle II Collaboration searched for Z0 bosons in the
process

eþe− → μþμ− þ Z0; ðD16Þ

where the Z0 subsequently decays into invisible particles
[29] at center-of-mass energies

ffiffiffi
s

p ¼ 10.58 GeV. The
collaboration investigates the Lμ − Lτ model, where the
Z0 boson does not couple to the first generation of charged
leptons and places exclusion limits on the cross section
times branching fraction σexp ¼ σðeþe− → μþμ− þ Z0Þ ×
BrðZ0 → invÞ as a function of MZ0 for MZ0 < 8.5 GeV
(cf. Fig. 2 of Ref. [29]). To incorporate the Belle2 results
into our bounds on sZ and gz, we compute the cross section
of the process (D16) in the Uð1Þ extensions considered
here. For these extensions—as opposed to the Lμ − Lτ

model—the Z0 can also be radiated off the initial-state
particles. We take into account four Feynman graphs,
which correspond to the process eþe− → γ → μþμ− com-
bined with the initial- and final-state radiation of a Z0 boson
from each fermion leg, denoted here as

eþe− → γ → μþμ− þ Z0: ðD17Þ

We neglect the process eþe− → Z=Z0 → μþμ− þ Z0 as
these give negligibly small contribution to the total cross
section compared to the process (D17). The Z0 mediation is
suppressed by an extra factor of sZ4 (or jzNgzj4), and sinceffiffiffi
s

p ¼ 10.58 GeV with MZ0 < 8.5 GeV, it does not receive
an enhancement from the resonance peak near MZ0 ≃

ffiffiffi
s

p
.

Consulting Sec. II D, one concludes that aZ0;l are negligible
for MZ0 < 8.5 GeV, in which case we obtain

σðeþe− → γ → μþμ− þ Z0Þ ¼ v2Z0;l × σtheo; ðD18Þ

where σtheo. depends only on M0
Z. Then, the matching

relation is simply

jvZ0;lj ¼
ffiffiffiffiffiffiffiffiffi
σexp
σtheo

r
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

BrðZ0 → invÞp : ðD19Þ
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