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We investigate the prospects for detecting axionlike particles (dubbed as “a”) via the decay Z → aff̄ at
future Z factories. Considering the decay channels a → μþμ− and a → bb̄, four types of signals μþμ−=E,
bb=E, eþe−μþμ−, and eþe−bb are explored. We demonstrate that these channels are promising for detecting
axionlike particles at Z factories and obtain the sensitivity bounds on the couplings gaZZ and gaγZ.
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I. INTRODUCTION

Many new physics scenarios beyond the standard model
(SM) predict the existence of axionlike particles (ALPs,
dubbed as “a”), which are generalizations of QCD axions
proposed as a solution to the strong CP problem [1] and are
neutral pseudoscalar particles of the broken global symmetry
at high scale [2]. Their masses are naturally small compared
to the broken scale Λ. Unlike the QCD axion, the mass and
the couplings of ALP might be independent free parameters
to be probed experimentally. This property makes ALPs
have a much wider parameter space and hence generate rich
phenomenology at low-energy and high-energy experiments
[3–30]. Thus, there are many experimental prospects to
search for ALPs; for recent reviews see [31], which is the
primary coverage of searching for new physics.
As ALPs coming from the breaking of a global symmetry

at high-energy scale, their interactions with ordinary particles
can be suitably described via an effective Lagrangian and
studied in effective field theory (EFT) framework [3,4,32].
The constraints on the effective couplings of ALPs to the SM
fermions or bosons have been widely studied [3–19] using
various experimental data from particle physics, astroparticle
physics, and cosmology. The severity of the constraints
depends on the ALP mass range considered. Generally
speaking, the most stringent limits on ALP couplings arise
from cosmological and astrophysical bounds for very light

ALPswithmass below theMeV [3,4]. ForALPswithMeV to
hundreds of GeV scale masses, collider experiments become
relevant and the constraints are alleviated. If the light ALP is
long lived, it would leave a missing energy signature in the
detector and themono-X (X ¼ γ; Z;W�) searches at colliders
are targeted for it [3]. ALPs with larger masses or larger
couplings become short lived and can decay inside the
detector. For example, the electroweak gauge boson Z
decaying into two or three photons at eþe− colliders and
hadron colliders can generate constrains on the coupling of
ALP to photons [5]. The current limits provide valuable
information for directly searching ALPs in running or future
high- and low-energy experiments.
It is well known that the electroweak gauge boson Z can

be copiously produced at high-energy collider experiments.
Two proposed Z factories, the Circular Electron-Positron
Collider (CEPC) [33,34] and the Future Circular Collider
(FCC-ee) [35–37], are assumed to produce up to 1012 Z
bosons. It is possible for the high-precision measurements
and the observations of rare processes by these large data
samples, which will open opportunities for ALPs detecting.
References [20,21,38] find that the future Z factories will
play an important role in uncovering some extensions of the
SM. Previous studies on searching for ALPs in the exotic
decay of Z are mainly focused on the Z → aγ channel and
the following decay a → γγ [3–5,20]. In this paper, the
possibilities of detecting ALPs via the exotic decay
Z → aff̄ followed by a decaying into fermions are inves-
tigated. The mass range of ALPs from 5 to 70 GeV is
considered.
The structure of this paper is as follows. After summa-

rizing the effective description of ALP interactions and
experimental constraints in Sec. II, we perform a detailed
analysis on the probability of detecting ALP via the process
Z → aff̄ with a decaying into μþμ− and bb̄ at future Z
factories. Finally, summaries and discussions are given
in Sec. IV.
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II. EFFECTIVE INTERACTIONS OF ALP

The ALP a is regarded as a CP-odd boson, which is a
singlet under the SM gauge group. The effective inter-
actions of ALP with the SM particles can be described by
the effective Lagrangian. The most general effective
Lagrangian including operators of dimension up to 5 in
the electroweak sector is given by [3,4,32]

LD≤5
eff ¼ 1

2
ð∂μaÞð∂μaÞ −m2

aa2

2
þ ∂μa

fa

X

ψ¼QL;QR;
LL;LR

ψ̄ γμXψψ

− cW̃W
a
μνW̃aμν a

fa
− cB̃BμνB̃μν a

fa
; ð1Þ

where Wa
μν and Bμν are the field strength tensors of SUð2ÞL

and Uð1ÞY . The cW̃ and cB̃ denote the corresponding
coupling constants and Xψ are Hermitian matrices in flavor
space. After electroweak symmetry breaking, the Lagrangian
can be redescribed as [3]

LD≤5
eff ¼ 1

2
ð∂μaÞð∂μaÞ −m2

aa2

2
þ iagaψ

X

ψ¼Q;L

mdiag
ψ ψ̄γ5ψ ;

−
1

4
gaγγaFμνF̃μν −

1

4
gaγZaFμνZ̃μν −

1

4
gaZZaZμνZ̃μν

−
1

4
gaWWaWμνW̃μν; ð2Þ

where

gaγγ ¼
4

fa
ðc2θcB̃ þ s2θcW̃Þ;

gaZZ ¼ 4

fa
ðs2θcB̃ þ c2θcW̃Þ;

gaγZ ¼ 4

fa
s2θðcW̃ − cB̃Þ;

gaWW ¼ 4cW̃
fa

: ð3Þ

Here, all the couplings gaγγ, gaγZ, gaZZ, gaWW , and gaψ
1 are

governed by the characteristic scale fa. Fμν, Zμν, and Wμν

are the photon, Z boson, and W boson field strength
tensors, respectively, and their duals are defined as X̃μν ¼
1
2
εμναβXαβ with ε0123 ¼ þ1. The matrix mdiag

ψ represents
the diagonalizable fermion mass matrix. Additionally, sθ
and cθ are the sine and cosine of the weak mixing angle θ,
respectively.
The bounds on the couplings of ALPs to gluons, photons,

fermions, and massive gauge bosons have been extensively
studied [3–19]. Generally, the bounds depend on the ALP

mass range considered. The most stringent limits on ALP
couplings arise from cosmological and astrophysical bounds,
which are valid for very light ALPs with masses below the
MeV. For ALPs with mass higher than MeV, the constrains
are weaker. Significant constraints mainly come from the
CDF Collaboration, LEP, and LHC experiments for ALPs in
the MeV to several tens GeV range [3–6]. Especially, the
LEP data on Z → γγ decay provides significant constraints
on aγγ and aγZ couplings in the range 1 MeV < ma <
10 GeV [5]. The couplings of ALPs to the massive gauge
bosons are constrained mainly due to loop induced ALP
decaying into two photons [3,6] and flavor-changing neutral
current meson decays [10]. Focusing on nonresonant ALP-
mediated vector boson scattering processes, constraints on
ALP-boson couplings are obtained from the analysis of LHC
RUN 2 data in a recent study [19], which includes an upper
bound gaZZ < 2.84 TeV−1. Other limits come from LHC
mono-W and mono-Z searches [3] and nonresonant searches
of two bosons via the gluon-gluon fusion [18]. Furthermore,
a nonzero aγZ coupling induces an exotic decay Z → γa.
The Z-boson total width measurement performed at LEP
[39] can put a severe constraint on the coupling gaγZ.
Neglecting the ALP mass, it is found that [3]

gaγZ < 1.8 TeV−1ð95% C:L:Þ: ð4Þ

It is notable that this bound gets weaker asma increases. For
example, it is found that gaγZ < 6.8 TeV−1 (95% C.L.)
when ma ¼ 70 GeV. Focusing on the lepton sector, inter-
esting bounds on ALP-fermion interactions can be obtained
from several experimental data including the search for light
Z0 bosons performed by BABAR [40], and the measurement
of the lepton anomalous magnetic moment al [41,42].
Actually, the most stringent constraint on the ALP-fermion
coupling gaψ for ALPs below 10 GeV comes from the beam
dump experiments (CHARM) by testing rare meson decays
[12,43], as pointed out in Ref. [3]:

gaψ < 3.4 × 10−5 − 2.9 × 10−3 TeV−1ð90% C:L:Þ
for 1 MeV≲ma ≲ 3 GeV: ð5Þ

In order to accommodate to experimental constraints,
the mass of ALP is assumed in the range 5 GeV < ma <
70 GeV and the values of the couplings gaZZ and gaγZ

2 are
assumed to be less than 2.8 TeV−1 and 1.8 TeV−1,
respectively. The ALP-fermion coupling gaψ ¼ 1 TeV−1

is adopted.

1The definition of gaψ is different from that in Ref [3] by a
factor of 1

fa
.

2For ALPs with masses approaching mZ, a small parameter
region with larger couplings is also shown in Fig. 4.
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III. SEARCHING FOR ALP VIA EXOTIC Z DECAY
AT FUTURE Z FACTORIES

The CEPC [33,34] and FCC-ee [35–37] are the two
options for next generation e−eþ colliders, which will first
operate around the Z pole for 2–4 years and are thus called Z
factories. More than 1012 Z-boson events will be produced
during this period. Such a large number of Z-boson events at
the CEPC and FCC-ee would open up a new avenue to
directly probe the light particles produced from rare Z
decays [21,22,38]. Previous studies also found that the
future e−eþ colliders have the potential to probe ALPs
via ALP strahlung [7], light-by-light scattering [22], and
vector boson fusion processes [26]. For an ALP with mass
ma < mZ, there exits the rare decay channel Z → aff̄,
where f can be neutrinos, charged leptons, or quarks. The
relevant Feynman diagrams are shown in Fig. 1. It is
expected that future Z factories will have the potential to
directly detect the ALP in these channels. In the absence of
the aνν̄ interaction, the decay Z → aνν̄ is only induced via
ALPs emitted from the Z boson. The relevant measurements
of this channel could be used to extract the aZZ coupling
directly. Unlike the decay Z → aνν̄, all of the couplings
aZZ, aγZ, and aff̄ can contribute to the decay Z → aff̄
with f being charged leptons or quarks. However, this
channel is more sensitive to the coupling aγZ. This is
partially because the coupling of ALPs to fermions is
suppressed by the fermion mass. Additionally, the Feynman
amplitude involving the parameter gaZZ is suppressed in the
ma range described in detail in Sec. III C.
In this paper, we will focus on the decay channels a →

μþμ− and a → bb̄ due to relative large Yukawa couplings
and a good performance of muon identification and b
tagging. Four types of exotic Z-decay signals Z → μþμ−=E,
bb=E, eþe−μþμ−, and eþe−bb are studied, respectively, in
the following subsections.
In the simulation, we use FeynRules [44] to generate the

model file for the effective Lagrangian. The signal and
background events are generated by MadGraph5-aMC@NLO

[45] and then fed to PYTHIA8 [46] to simulate initial state
radiation, final state radiation, and hadronization. Finally, a
fast detector simulation is carried out by DELPHES3 and the
FCC-ee delphes card is used [47]. The package MadAnalysis5

[48] is adopted for event analysis. The collision energy
ECM ¼ 91.2 GeV is chosen. To simulate the detector
acceptance and preselect events, we employ the basic cuts

for signals and backgrounds. We require that the transverse
momentum PT of the lepton and jet (including b jet) is larger
than 10 GeV. For the events with missing energy, we require
=E > 10 GeV as well.3 We also require that the pseudor-
apidity of all visible particles satisfy jηðl; jÞj < 2.5. In
addition, the separation requirements are θijðl; lÞ > 0.2,
θijðj; jðlÞÞ > 0.4 for leptons and jets, respectively. The
basic cuts are summarized as

PTðl; jÞ> 10 GeV; =E > 10 GeV; jηðl; jÞj< 2.5;

θijðl; lÞ> 0.2; θijðj; jðlÞÞ> 0.4; ð6Þ

where l ¼ e, μ, and j includes both the light flavor jets and
b jets.

A. Z → μ+ μ−=E
Let us begin with the exotic decay Z → νν̄a followed by

a → μþμ−. For the signal μþμ−=E, the background comes
from μþμ−ν̄ν mediated by the off-shell gauge boson γ�, Z�,
and W�. The normalized distributions for the transverse
momentum of μ− and missing energy for both the signal
and background events are shown in Fig. 2. For the signal
event, the muons coming from ALPs with heavier mass
tend to be harder. A large fraction of the SM background
events have softer muons, which have been filtered out by
the basic cuts. When the ALP is light, the missing energy is
large and it has a wide distribution due to the relatively
large phase space. Considering only two visible particles in
the final states, the invariant mass cut of a pair of muons
mμþμ− is adopted as jmμþμ− −maj < 3 GeV (Cut 1-A).
The comparison of the cut efficiencies between the signal

and background is shown in Table I. Here, gaZZ ¼
0.5 TeV−1 are assumed and five cases, ma ¼ 5, 10, 30,
50, and 60 GeV, are presented, respectively, for the para-
digm. Generally, if both the decays a → μþμ− and a → bb̄
are opened, the branching ratio Br(a → μþμ−Þ is suppressed
by its relative small Yukawa coupling. However, there exist
some leptonphilic ALP models with rich phenomenology
[49]. For simplicity, we have taken Brða → μþμ−Þ ¼ 100%.
After imposing a mass window cut, the background has been
significantly rejected. Taking an integrated luminosity of
1 ab−1, a significance SS ¼ S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p ¼ 18.29 (5.59) for
ma ¼ 5 GeV (50 GeV) can be achieved. For heavier ALPs,
a larger integrated luminosity is needed for exclusion or
discovery.

B. Z → bb=E

If ma > 2mb, the dominant decay channel of ALP is
a → bb̄ due to the large Yukawa coupling of bottom

FIG. 1. The Feynman diagrams for the exotic Z decay Z → aff̄
where f represents fermions except top quark.

3Unlike the missing transverse energy =ET at the large hadron
collider, the missing energy =E is reconstructed here due to the full
4-momentum information of the initial state and clean environ-
ment at electron colliders.
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quarks. In this subsection, we discuss the signal bb=E. For
this signal, the SM backgrounds are dominantly from bb̄νν̄
and jjνν̄ mediated by off-shell gauge bosons γ�, Z�, and
W�. The kinematic distributions for the signal and back-
ground are similar to the case of μþμ−=E. So we employ a
similar cut in the bb=E case. While the reconstructed b pairs
are required in the mass window jmbb −maj < 5 GeV
(Cut1-B).
The cut efficiencies are shown in Table II. In the basic

cuts, we include the requirement of two tagged b jets. We
assume a b-tagging efficiency of 80% and a mistagging rate
of 10% for c jet and 1% from light flavor ðu; d; s; or gÞ jet.
The SM background jjνν̄ is significantly suppressed by
two b taggings. After these cuts, the SM background is
reduced to a controlled level and a 5.92σ (2.64σ) signifi-
cance can be achieved when ma ¼ 15 GeV (30 GeV). For
heavier ALPs, a higher luminosity is needed for detecting.

C. Z → e+ e − μ+ μ−
In this subsection, we explore the prospects for detecting

ALP particles via the decay Z → eþe−μþμ−. The dominant
SM background for the final state of eþe−μþμ− is mainly
coming from Z�Z�, Z�γ�, γ�γ� production. Normalized
distributions for transverse momentum of electron and
muon, as well as the invariant mass of electron pairs for
signal and background events, are shown in Fig. 3. For the
signal events, the PT of μ− tends to have a wide distribution

due to the kinematics of three-body decay. While for the
background events, the muons are always soft. One can
also see that the pair of muons from light ALPs tends to be
collimated and that from heavy ALPs tends to be back-to-
back. For the background, there is a relatively large fraction
of events that have the pair of muons with a small
separation which come from a boosted γ�.
According to three-body decay kinematics in the

Z → eþe−a channel, the reconstructed invariant mass of
the electron pair mðeþe−Þ in the Z rest frame can be
described as

m2
eþe− ¼ ½PZ − Pa�2 ¼ m2

Z þm2
a − 2mZEa: ð7Þ

Generally, the distribution of meþe− possesses a maximum
value at meþe− ¼ mZ −ma as shown in Fig. 3(c). For a
light ALP, a nonzero momentum is needed to generate two
muons passing the basic PT cut, which shifts the maxi-
mum. The meþe− distribution is inclined to have a small
value. So the amplitude from the gaZZ contribution is
approximately suppressed by 1=m2

Z. In addition, the
coupling of ALP to fermions is suppressed by a small
mass factor. Hence, the signals eþe−μþμ− and eþe−bb are
more sensitive to the coupling gaγZ. Whereas, for the
background, there is a large fraction of events with a
harder eþe− mass spectrum which originates from Z�. In
this subsection and the following subsection, we will take
gaZZ ¼ 0 for simplicity.
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FIG. 2. The normalized distributions for the transverse momentum PTðμ−Þ (a) and missing energy =E (b) for the signal μþμ−=E and the
corresponding SM background.

TABLE I. Signal and background cross sections for the signal μþμ−=E after cuts applied for gaZZ ¼ 0.5 TeV−1. The statistical
significance (SS) is calculated for an integrated luminosity of 1 ab−1.

Cross sections for signal (Background) (fb)

Cuts ma ¼ 5 GeV ma ¼ 10 GeV ma ¼ 30 GeV ma ¼ 50 GeV ma ¼ 60 GeV

Basic cuts 0.3406(0.2602) 0.3177(0.2602) 0.2368(0.2602) 0.0358(0.2602) 0.0062(0.2602)

Cut 1-A 0.3404(0.0059) 0.3175(0.0072) 0.2335(0.0300) 0.0343(0.0342) 0.0058(0.0195)

S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
18.29 17.62 14.38 5.59 1.16
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According to above analysis, we employ a cut on meþe−

to suppress the background. Furthermore, a mass window
cut on the reconstructed muon pair with hypothesis ma
mass can improve the significance. The optimized cuts are
summarized as follows:
(1) Cut1-C: the invariant mass of electron pairs

satisfies meþe− < 30 GeV.
(2) Cut2-C: the mass window cut jmμþμ− −maj

< 3 GeV.
We take basic cuts and optimized cuts step by step and

show the statistical significance for an integrated lumi-
nosity of 1 ab−1 in Table III. It can be seen that large
values of SS can be achieved in a wide range of the
parameter space.

D. Z → e + e− bb
In this subsection, we focus on the decay channel

Z → eþe−bb. The relevant SM backgrounds are eþe−jj
and eþe−bb. The event topologies for the signal are the
same as that of Z → eþe−μþμ−, so we propose a set
of similar cuts as above. Besides basic cuts including two
b-taggings requirement, the optimized cuts are summarized
as meþe− < 30 GeV (Cut 1-D) and jmbb −maj < 5 GeV
(Cut 2-D).
As shown in Table IV, the backgrounds are suppressed

by selection cuts. After step-by-step cuts, a significance
larger than 5σ can be achieved for ma < 40 GeV with an
integrated luminosity of 1 ab−1. For a heavier ALP, the

TABLE II. Same as Table I but for the signal bb=E.

Cross sections for signal (Background) (fb)

Cuts ma ¼ 15 GeV ma ¼ 30 GeV ma ¼ 40 GeV ma ¼ 50 GeV ma ¼ 60 GeV

Basic cuts 0.0460(0.7172) 0.03345(0.7172) 0.0284(0.7172) 0.0142(0.7172) 0.0134(0.7172)

Cut 1-B 0.0449(0.0126) 0.0279(0.08387) 0.0199(0.1832) 0.0078(0.2115) 0.0015(0.1364)

S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
5.92 2.64 1.39 0.53 0.12
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FIG. 3. The normalized event distributions for kinematic variables for PTðe−Þ (a), PTðμ−Þ (b),meþ;e− (c), and θijðμþ; μ−Þ (d) for signal
eþe−μþμ− and the background.
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production rate is suppressed by phase space and hence it
has a small significance.
In this section, we have explored four types of signals

μþμ−=E, bb=E, eþe−μþμ−, and eþe−bb at future Z factories.
It is notably that the signals μþμ−=E and bb̄=E can be used to
extract the coupling gaZZ, whereas the signals eþe−μþμ−
and eþe−bb are sensitive to the coupling gaγZ.
In Fig. 4, we plot the 3σ and 5σ curves for the Z factory

with 1 ab−1 integrated luminosity in the planes ðma; gaZZÞ
and ðma; gaγZÞ, respectively. As shown in Fig 4, the future
Z factories have the potential for discovering ALPs in most
of the mass range considered in this paper. For the ALP

mass ma approaching 70 GeV, it becomes tough to detect
ALPs, especially for the signals bb=E and eþe−bb.
For 5 GeV ≤ ma ≤ 20 GeV, the μþμ−=E and eþe−μþμ−

signals can probe the couplings gaZZ and gaγZ down to
0.1 TeV−1. The most sensitive area for the bb=E signal is
around ma ¼ 15 GeV. For ALPs with mass smaller than
13 GeV, it is difficult to select two separated tagged b jets in
the detector. Developing jet substructure techniques or
optimized b-tagging algorithms could be helpful to
improve the significance in this case, which is beyond
the scope of this paper. For the signal eþe−bb, it is similar
to that for the signal bb=E.

TABLE III. Same as Table I but for the signal eþe−μþμ− and gaγZ ¼ 0.5 TeV−1.

Cross sections for signal (Background) (fb)

Cuts ma ¼ 5 GeV ma ¼ 10 GeV ma ¼ 30 GeV ma ¼ 50 GeV ma ¼ 60 GeV

Basic cuts 1.5314(8.0284) 1.4735(8.0284) 1.1559(8.0284) 0.4615(8.0284) 0.1067(8.0284)

Cut 1-C 1.2659(3.4300) 1.2231(3.4300) 0.9318(3.4300) 0.4258(3.4300) 0.1065(3.4300)

Cut 2-C 1.2659(0.1743) 1.2215(0.1623) 0.9143(0.1689) 0.4066(0.6499) 0.1005(0.5635)

S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
33.36 32.83 27.78 12.51 3.90

TABLE IV. Same as Table I but for the signal eþe−bb and gaγZ ¼ 0.5 TeV−1.

Cross sections for signal (Background) (fb)

Cuts ma ¼ 15 GeV ma ¼ 30 GeV ma ¼ 40 GeV ma ¼ 50 GeV ma ¼ 60 GeV

Basic cuts 0.2058(2.7076) 0.2497(2.7076) 0.1874(2.7076) 0.1191(2.7076) 0.0354(2.7076)

Cut 1-D 0.1711(1.8332) 0.2251(1.8332) 0.1658(1.8332) 0.1103(1.8332) 0.0353(1.8332)

Cut 2-D 0.1694(0.1417) 0.1763(0.2081) 0.1106(0.3301) 0.0617(0.5102) 0.0160(0.4212)

S=
ffiffiffiffiffiffiffiffiffiffiffiffi
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FIG. 4. 3σ and 5σ discovery curves for the Z factory with 1ab−1 integrated luminosity in the planes ðma; gaZZÞ and ðma; gaγZÞ,
respectively. Here, the red (blue) curves are for the signal μþμ−=E (bb=E) (a) and the red (blue) curves are for the signal eþe−μþμ−

(eþe−bb) (b).
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IV. CONCLUSIONS AND DISCUSSIONS

Many extensions of the SM feature one or several
spontaneously broken global Uð1Þ symmetries, thus
predicting the existence of ALPs. The future Z factories
provide a clean environment and high luminosity to
detect ALPs via exotic Z decays. In this paper, we have
studied the possibility of probing ALP particles in future
Z factories. Focusing on the signals μþμ−=E, bb=E,
eþe−μþμ−, and eþe−bb, we have found that these four
types of signals are promising to detect ALPs in a large
range of the parameter space.
In Fig. 5, we present the sensitivity bounds on the

couplings gaZZ and gaγZ obtained in this paper and the
constraints from other studies. Most of the constraints are
taken from Refs. [8,18]. The constraints labeled “Photons”
are based on the constraints on gaγγ from supernova
SN1987a observations, beam dump experiments, as well
as LHC results. Because of the radiative corrections of the
ALP-boson couplings to the ALP-photon couplings, these
results can be translated into constraints on gaZZ and gaγZ
[8]. For light ALPs, the mono-Z and γ þ inv searches at
colliders can put strong constraints on the ALP-boson
couplings [3,50]. For large ALP masses ma > mZ, Ref. [9]
placed bounds on the couplings to massive gauge bosons
focusing on triboson final states at the LHC. Furthermore,
LEP provides a good environment to directly test the
coupling gaγZ for ALP masses less than mZ, as shown in
Fig. 5(b). The first constraint was placed in Ref. [3] by
exploiting the limit on the uncertainty of the total Z width.

Another constraint on gaγZ forma in the range from 10 GeV
up to the Z mass, labeled “Z → γ þ had,” was obtained in
Ref. [8]. However, this strong constraint is based on an
assumption gagg ≫ gaγZ, which will be released for a tiny
gluonic coupling gagg. Additionally, nonresonant produc-
tion of two bosons via the gluon-gluon fusion (“nonreso-
nant gluon-gluon fusion”) [18] and “nonresonant vector
boson scattering” [19] can provide important constraints on
gaZZ and gaγZ. However, the nonresonant gluon-gluon
fusion constraints can be lifted completely for gagg → 0.
In conclusion, the future Z factories can provide a very

good environment to test the couplings gaZZ and gaγZ by
exploring four signal channels. Compared to the LHC,
the future Z factories are more sensitive to gaγZ (gaZZ) via
the Z → eþe−μþμ− and Z → eþe−bb (Z → μþμ−=E and
Z → bb=E) channels for ma in the range from 5 GeV to tens
of GeV. It is important to note that the four channels probe
the ALP interactions with EW bosons directly and inde-
pendently of the coupling to gluons as nonresonant vector
boson scattering limits. It is expected that the future Z
factories could discovery or exclude ALPs with ma in the
range of 5–70 GeV.
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