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We study the possibility of probing the existence of a light, invisible, axionlike particle (ALP) a in
leptonic decays of the Z boson at the proposed high-energy eþe− colliders, Circular Electron-Positron
Collider (CEPC) and Future Circular Collider (FCC-ee). Both projects plan to run at the Z pole, collecting
1012–1013 visible Z decays. We show that, searching for the emission of an invisible ALP from leptons in
leptonic Z decays, this enormous statistics could allow us to constrain the ALP couplings to leptons at an
unprecedented level for laboratory experiments. In particular, within a Monte Carlo simulation framework,
we estimate that CEPC/FCC-ee can be sensitive to the coupling of an invisible ALP to muons up to
fa=CA

μμ ≈ 1 TeV—where fa is the ALP decay constant—corresponding to BRðZ → μþμ−aÞ ≈ 3 × 10−11.
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I. INTRODUCTION

Despite the undeniable success of the Standard Model
(SM) and the absence at present of conclusive evidence for
new physics (NP) at the Large Hadron Collider (LHC) and
low-energy experiments, a number of experimental obser-
vations and open problems call for its extension—among
others: dark matter, neutrino masses, matter-antimatter
asymmetry, the flavor puzzle.
Interestingly, a wide class of models that have been

proposed to address these questions predicts the existence
of so-called axionlike particles (ALPs), light weakly
coupled pseudoscalar fields that are the pseudo-Nambu-
Goldstone bosons (PNGBs) of spontaneously broken
global symmetries. The prototypical example is the axion,
which arises from the breaking of the Peccei-Quinn Uð1Þ
symmetry that was introduced to solve the strong CP
problem [1–3]. Similarly, other well-motivated ALPs are
light remnants of high-energy global symmetries associ-
ated with further outstanding problems of the SM, such as
the lepton number within neutrino mass models [4–6], or
flavor symmetries [7–13], e.g., in theories addressing the
observed hierarchical pattern of fermion masses and
mixing and the strong CP problem at the same time
[14,15]. In these latter examples, ALP couplings to
charged leptons, which are the focus of the present work,
are unavoidable, although model-dependent—for more

instances of “leptonic” axion and ALP models, see [16].
As all ALP couplings, these are inversely proportional to
the scale fa at which the symmetry is broken and thus
suppressed if this occurs at energies much larger than the
lepton mass scale.
ALP interactions with charged leptons can be tested

at laboratory experiments either directly or indirectly via
the coupling to photons that they unavoidably induce at the
loop level. Such laboratory constraints come from measure-
ments of electric [17] and magnetic dipole moments—in
certain regions of the parameter space, ALP contributions
can be large enough as to account for the observed muon
g − 2 discrepancy, see, e.g., [18–22]—from beam dump
experiments [23,24], and from low-energy eþe− colliders
such asB factories [25].1However,most of these probes tend
to lose sensitivity if the ALP is light and weakly coupled
enough to be long-lived, that is, for large values of fa.

2

The latter situation is best constrained by astrophysical
observations. Emission of light particles would, in fact,
contribute to the energy loss of stellar systems altering their
evolution [30]. Consequently, very stringent bounds to
ALP-electron couplings can be derived from observations
of populations of stars such as white dwarfs (WD) and red
giants (RG) [31,32], as long as the ALPs are light enough to
be produced inside the star (ma ≲Oð10Þ keV) and weakly
coupled enough to avoid to be reabsorbed. Hence, these
limits do not apply to heavier ALPs and/or ALPs charac-
terized by medium-to-low values of the breaking scale fa,*Corresponding author.
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1In presence of flavor-violating couplings, severe constraints
are also provided by searches for lepton flavor violation
[16,26–28].

2An exception is provided by the search for light dark matter
particles in eþe− annihilations at the NA64 experiment [29],
which is also sensitive to an invisible ALP coupling to electrons.
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while still long-lived for what concerns laboratory experi-
ments. Similarly, the observation of the supernova explo-
sion SN1987A can be used to set limits on ALP couplings
to electrons [33] that are somewhat weaker than those from
WD and RG but extend to ma ≲Oð100Þ MeV given the
much hotter environment. Furthermore, the SN1987A data
were recently employed to set bounds to the coupling
to muons as well [34–36], the latter ones being sensitive
also to the low fa regime. These constraints are however
affected by our uncertainty about the supernova explosion
mechanism and could even disappear in certain scenarios
thereof [37].
The above discussion shows that it would be

desirable to have independent direct laboratory probes
of the ALP couplings to leptons, sensitive to the case of a
long-lived (and thus invisible) ALP. Recent proposals
along this direction have focused on the emission of
ALPs in meson decays, showing how charged pion [38]
and kaon [39] decays can be sensitive to, respectively, the
coupling to electrons and muons of a light invisible
particle.
The aim of the present note is to show that the proposed

high-energy eþe− accelerators, the Circular Electron-
Positron Collider (CEPC) [40,41] and the eþe− stage of
the Future Circular Collider (FCC-ee) [42,43], can provide
a unique opportunity to discover or constrain invisible
ALPs through their couplings to charged leptons. Both
proposals plan to run for several years at a centre of mass
energy around the Z pole,

ffiffiffi
s

p
≃ 91 GeV, hence operating

as “Tera Z” factories, that is, producing more than 1012

visible Z boson decays at two interaction points. As the Z
boson has a probability of about 10% of decaying into two
charged leptons, the CEPC and FCC-ee would produce
more than 1011 boosted lepton pairs, lþl− (l ¼ e, μ, τ),
thus offering the opportunity to test the emission of an ALP
a from the final state leptons in the process Z → lþl−a. In
this paper, we focus on the parameter space where a would
decay outside the detector hence appearing as missing
energy and we simulate the signal and background for
eþe− → Zð�Þ → lþl−a, in order to estimate the sensitivity
of CEPC/FCC-ee to the ALP couplings to leptons.
A number of recent works studied possible searches

for ALPs at future eþe− colliders [22,44–47], focusing
on other ALP-SM interactions and production modes and/
or on promptly decaying ALPs—which is a consequence
of the relatively strong couplings necessary, e.g., for an
explanation of the muon g − 2 anomaly. As mentioned
above, here we are instead concerned with lighter
and more weakly coupled ALPs that would escape the
detector unseen.
The rest of the paper is organized as follows. In Sec. II,

we set the notation, review the effective Lagrangian
describing ALP-lepton interactions, and discuss the ALP
decay modes and lifetime. In Sec. III, we discuss ALP
emission in leptonic Z decays and present an analytical

estimate of the number of ALP events to be expected at
future eþe− colliders. In Sec. IV, we show the result of our
simulation and its impact on the ALP parameter space.
Finally, in Sec. V, we summarize and conclude.

II. ALP COUPLINGS TO LEPTONS
AND DECAYS

In the following, we review the simplified model
approach to lepton-ALP couplings that we employ in
our analysis. The interactions we are interested in can be
written as a dimension-five operator involving a derivative
ALP coupling with a leptonic axial current:

Leff ⊃
X

l¼e;μ;τ

CA
ll

2fa
∂μaðlγμγ5lÞ; ð1Þ

where a represents the ALP field, l denotes charged
leptons (that is, l ¼ e, μ, τ), and CA

ll are model-dependent
dimensionless coefficients that we will be treating as free
parameters throughout the paper. The ALP decay constant
fa is a scale related to the spontaneous breaking of the
globalUð1Þ symmetry the ALP is associated to. Notice that
in this work we restrict the discussion to flavor-conserving
couplings to leptons. For the very tight constraints that arise
in presence of flavor-violating ALP-lepton interactions, in
particular from lepton-flavor-violating decays l → l0a into
an invisible ALP, see [16,28].
Upon integrating by parts and inserting the equations

of motion of the lepton fields, the above Lagrangian is
equivalent—up to a shift of the anomalous coupling to
photons—to the following dimension-four interaction
terms involving leptonic pseudoscalar currents, see,
e.g., [48]:

Leff ⊃ −i
X
l

glaðlγ5lÞ; gl ≡ CA
ll

ml

fa
; ð2Þ

which shows that the ALP-lepton couplings are propor-
tional to the lepton mass ml and thus larger for heavier
generations.
The above lepton-ALP interactions induce, when kine-

matically allowed, ALP decays into lepton pairs, whose
width reads:

Γða → lþl−Þ ¼ ma

8π
m2

l

�
CA
ll

fa

�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

m2
a

s
: ð3Þ

The same interactions unavoidably contribute to
the effective ALP coupling into photons Eeff , which we
define as:

Leff ⊃ Eeff
αem
4π

a
fa

FF̃: ð4Þ
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This quantity depends on a model-dependent UV contri-
bution and, through lepton loops, on the ALP couplings to
leptons in Eq. (1):

Eeff ¼ EUV þ
X
l

CA
llBðzÞ; ð5Þ

where z ¼ 4m2
l=m

2
a and the loop function can be written

as [49]:

BðzÞ¼ 1−zf2ðzÞ; fðzÞ¼
8<
:
arcsin 1ffiffi

z
p ; z≥ 1;

π
2
þ i

2
ln1þ ffiffiffiffiffiffi

1−z
p

1−
ffiffiffiffiffiffi
1−z

p ; z < 1:
ð6Þ

Notice that the latter contribution correctly decouples in
the limitma ≪ ml, as BðzÞ → 0 for z → ∞. In terms of the
above-defined effective coupling, the decay rate into
photons reads

Γða → γγÞ ¼ α2emE2
eff

64π3
m3

a

f2a
: ð7Þ

Finally, ALP decays into neutrinos a → νiν̄i are typically
suppressed by the small neutrino masses, hence we set
Γða → νiν̄iÞ ¼ 0 throughout the paper.3 Thus we use the
following expression for the total decay width of the ALP:

Γa¼Γða→ γγÞþ
X
l

θðma−2mlÞ×Γða→lþl−Þ: ð8Þ

The above expression enables us to assess under which
conditions the emitted ALPs preferably decay outside of

the detector, thus giving rise to the missing energy
signature that we are going to study in the following
sections. In Fig. 1, we highlight in grey the region of the
parameter space where the proper decay length cτa ≡ c=Γa

of a “purely muonic” ALP (CA
μμ ¼ 1, CA

ee ¼ 0, EUV ¼ 0)4

is of the order of the size of typical collider experiment
detectors or smaller, cτa < 10 m. Outside this region, the
ALP is typically long-lived. The figure also shows how
the boundary of the region varies for different choices of
the coupling to electrons CA

ee and the UV-dependent
coupling to photons EUV. As one can see, the ALP is
mostly long-lived as long as its mass is below the
kinematic threshold of the decay into a muon pair,
ma < 2mμ ≃ 210 MeV. This is also true even in presence
of ALP couplings to electrons and photons, at least if
they feature a certain hierarchical structure such that
CA
ee ≪ CA

μμ—otherwise the ALP would mostly decay as
a → eþe− for low values of the ALP decay constant,
fa ≲ 1 TeV, and ma > 2me. For reasons that we will be
discussed in the following sections, we will mostly focus
on ALPs coupling to muons and set CA

ee ¼ 0. For definite-
ness, we will also assume EUV ¼ 0, which corresponds to
the case of a PNGB of a Uð1Þ symmetry free of
electromagnetic anomalies, an example being provided
by the majoron, the PNGB associated to the spontaneous
breaking of the lepton number [4–6]. Furthermore, Fig. 1
shows that EUV ≠ 0 would not affect much the region we
are interested in where a is long-lived (unless jEUVj ≫ 1).
In Sec. IV, we will comment about the impact of relaxing
the above assumptions (CA

ee ¼ 0, EUV ¼ 0) on the pro-
spected CEPC/FCC-ee constraints on the ALP param-
eter space.

FIG. 1. ALP decay length in the (ma, fa) plane: in the gray region an ALP coupling only to muons mostly decays inside the
detector (cτa < 10 m). The colored lines show how the boundary of the region is modified for different choices of the couplings to
leptons and photons.

3Furthermore, ALPs decaying into neutrinos inside a collider
detector would still appear as missing energy. Hence, these decay
modes would not change the following discussion.

4Notice that the coupling to tau leptons CA
ττ has no effect on the

ALP lifetime as long as ma ≪ mτ.
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III. ALP EMISSION IN LEPTONIC Z DECAY

As we aim at estimating the sensitivity of CEPC/FCC-ee
on ALPs emitted by one of the final state leptons in leptonic
Z decays, we present here the analytical expression for the
decay width of Z → lþl−a. Following from the diagrams
in Fig. 2 and the interaction in the Lagrangian given in
Eq. (1), the partial Z decay width we are interested in reads

ΓðZ → lþl−aÞ ¼ GFm2
l

192
ffiffiffi
2

p
π3m3

Z

�
CA
ll

fa

�
2

dm2
13dm

2
23

×

�
m2

Zðm4
23 þm4

13Þ
m2

23m
2
13

ð2c22w − 2c2w þ 1Þ

− ð1 − 2c2wÞ2ðm2
13 þm2

23Þ
�
; ð9Þ

where mZ is the Z boson mass, GF is the Fermi constant,
c2w ≡ cos 2θw with θw denoting the weak mixing angle,
andm2

13≡ ðp1þpÞ2,m2
23≡ ðp2þpÞ2, with the 4-momenta

defined as in Fig. 2. The integration is performed over the
usual phase space available to a three-body decay, see,
e.g., [50].
Although the process we are going to simulate is

eþe− → Z� → lþl−a, the above analytical expression of
the width of on-shell Z decays already allows us to obtain a
first approximate assessment of the capability of future
colliders. Taking into account the total width of the Z
boson, ΓZ ≃ 2.5 GeV [50], Eq. (9) numerically gives for
ma ≪ ml:

BRðZ → eþe−aÞ ≈ 1.2 × 10−13
�
100 GeV
fa=CA

ee

�
2

; ð10Þ

BRðZ → μþμ−aÞ ≈ 2.5 × 10−9
�
100 GeV
fa=CA

μμ

�
2

; ð11Þ

BRðZ → τþτ−aÞ ≈ 3.3 × 10−7
�
100 GeV
fa=CA

ττ

�
2

: ð12Þ

The above values correspond to the largest possible
branching ratios that we can arguably expect within
viable UV completions of the effective Lagrangian in

Eq. (1), as it may be challenging to formulate such theories
for fa ≲ 100 GeV.
According to the CEPC conceptual design report (CDR)

[40,41], in the course of theZ-pole run, two detectors should
collect data amounting to an integrated luminosity of
L ¼ 50 ab−1, equivalent to approximately 2 × 1012 visible
Z decays. More recent assessments of the expected accel-
erator performance have updated this figure toL ¼ 96 ab−1,
that is, more than 4 × 1012 Z decays [51]. Similarly, the
FCC-ee CDR [42,43] estimates that the collider should
deliver in total L ¼ 150 ab−1 (≈7 × 1012Z decays) at two
interaction points. Comparing these planned luminosities
with the estimates for the branching ratios in Eqs. (10)–(12),
one can see that no signal events are to be expected from
Z → eþe−a, as a consequence of the process being sup-
pressed by a factor ∼ðme=faÞ2, see Eq. (9). On the other
hand, we can foresee that CEPC/FCC-ee would produce up
to Oð104Þ Z → μþμ−a events and Oð106Þ Z → τþτ−a
events. For this reason, in the following, we will mostly
focus on Z → μþμ−a and comment about Z → τþτ−a that,
despite the larger probability, is much more difficult to
disentangle from the background as a consequence of the
missing energy due to the neutrinos from tau decays.

IV. COLLIDER SIMULATION AND DISCUSSION

In order to simulate the process we are interested
in—eþe− → lþl−a with a center of mass energyffiffiffi
s

p
≃ 91 GeV—we implement the Lagrangian in Eq. (1)

in FeynRules [52] and we employ the resulting model files
[53] within the MadGraph framework [54,55] in order to
compute cross sections and generate events for the signal
and the relevant SM backgrounds. As a cross check of the
model’s implementation, we calculated BRðZ → lþlþaÞ
with MadGraph finding a very good agreement with the
results shown in Eqs. (10)–(12). The simulation we present
below makes also use of the parton shower generator
PYTHIA [56] and the fast detector simulator Delphes [57]
adopting the parameters of a typical CEPC detector [58].
Finally, we analyse the resulting events by means of ROOT
[59] and MadAnalysis [60].
Having set up the above computation framework, we

proceed as follows: (i) We perform a full fast simulation

FIG. 2. Feynman diagrams of leptonic Z decay with ALP emission.

CALIBBI, HUANG, QIN, YANG, and YIN PHYS. REV. D 108, 015002 (2023)

015002-4



(from event generation to detector response) assuming a
given value of fa=CA

ll and different values of ma (although
the signal acceptance will turn out to be insensitive to the
latter parameter); (ii) Then, we analyse the results of the
simulation, in particular the event distributions, to find
the suitable kinematical variables to cut on, in order to
reduce the background and retain the signal; and
(iii) Finally, we use the estimated efficiencies of our
kinematical cuts to calculate the minimum signal cross
section corresponding to a detectable number of events and
obtain from it to expected limits on the model’s parameters.
The ALP appears as missing energy inside the detector,

since we focus on the parameter space where it is
characterized by a long lifetime, as shown in Sec. II.
Therefore, the main physical background for our processes
is given by eþe− → lþl−νν̄, typically stemming from the
rare four-body decay Z → lþl−νν̄. The cross sections of
signal (for representative choices of the ALP parameters)
and background processes, as calculated at leading order
(LO) by MadGraph, are displayed in Table I. In addition, there
is a sizeable probability of radiation from the initial or final
state leptons of one or more photons, eþe− → lþl−γ.
These processes can fake our signal if the photons,
especially the soft ones, get undetected. In order to account
for such an instrumental background, we generate large
samples of eþe− → lþl− events and let PYTHIA and Delphes

simulate, respectively, the electromagnetic showers and the
detector response. As a reference, the LO cross sections for
eþe− → lþl− are also shown in Table I. Finally, notice
that the process eþe− → τþτ− followed by τ� → μ�νν̄ also
provides a potentially important background for the search
for eþe− → μþμ−a. From Table I, we see that, considering
that BRðτ� → μ�νν̄Þ ≃ 17.4% [61], the LO cross section of
such background before cuts is ≈61 pb.
The cross section of eþe− → eþe−a displayed in Table I

confirms that, as argued by the analytical estimates in
Sec. III, constraining ALP-electron interactions is beyond
the sensitivity of Tera Z factories. Hence we only need to
simulate the processes eþe− → μþμ−a and eþe− → τþτ−a.
Table I shows that the cross section of the latter process is
relatively sizeable, in fact larger than the SM process
σðeþe− → τþτ−νν̄Þ as long as fa ≲ 600 GeV, as follows
from the scaling σðeþe− → τþτ−aÞ ∼ ðmτ=faÞ2. The chal-
lenge of this mode is rather related to the large amount of

missing energy coming from the neutrinos in the tau decays
that makes it difficult to detect the missing energy asso-
ciated to possible ALP emission. This is illustrated in the
second row of Fig. 3, where the distribution of missing
transverse energy (MET) and transverse momentum of the
most energetic lepton (PT) are shown for events with taus
decaying leptonically into different flavor leptons, τþτ− →
eþμ−þMETor e−μþþMET. As we can see, both the MET
and PT distributions from eþe− → τþτ−a and eþe− →
τþτ− are similar. Therefore, in order to search for an ALP
signal, one should rather rely on hadronically decaying
taus, which requires modelling the tau tagging capabilities
of the future detectors and the related uncertainty. We
postpone such an analysis to future work and focus in the
following on the muon mode only.
We select μþμ−þ MET events imposing the following

basic angular and isolation requirements: jημi j < 2.5 for
the pseudorapidity of both muons, and θμ1μ2 > 0.2 for the
separation angle between them. We label as μ1 (μ2) the
most (least) energetic particle of the μþμ− pair. The first
row of Fig. 3 clearly shows that the MET distribution
provides an handle to disentangle the signal events μþμ−a
from the background stemming from eþe− → μþμ−ðγÞ
(where the photons are missed), while the PT distribution
can be used to tame the background from eþe− → μþμ−νν̄
and eþe− → τþτ− → μþμ−4ν. In particular, a cut MET >
10 GeV along with the following PT cut can eliminate
eþe− → μþμ−ðγÞ with undetected photons entirely. On the
other hand, an upper cut MET < 28 GeV can help reduce
the μþμ−νν̄ background retaining most of the signal events,
cf. Fig. 3(a). Second, a cut on the momentum of the most
energetic muon μ1, PT > 43 GeV, enables us to efficiently
distinguish the signal from the neutrino and tau back-
ground, as shown in Fig. 3(b). To summarize, we impose
the following requirements on our simulated events:

(i) Basic selection: θμ1μ2 > 0.2, jημi j < 2.5.
(ii) Cut 1: missing energy, 10 GeV < MET < 28 GeV.
(iii) Cut 2: μ1 momentum, PT > 43 GeV.
The efficiency of the above cuts is displayed in Table II.

As we can see, they can effectively remove the background
while retaining about 14% of the signal events. We can use
the resulting acceptance of signal and background to
estimate the significance of the proposed search for a
given value of the integrated luminosity L. As is customary,
we define the effective significance of the signal in terms of
the number of signal (ns) and background (nb) events after
the cuts as

s ¼ nsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nb þ ns

p : ð13Þ

Setting s ¼ 2 in this expression, we can derive the
95% confidence level (CL) upper limit on the number of
signal events that, for a given L, the future Tera Z factories
can set. Similarly, setting s ¼ 5, we obtain the value of ns

TABLE I. LO cross sections of signal (for fa=CA
ll ¼ 100 GeV,

ma ¼ 10−6 GeV) and background processes for eþe− collisions
with

ffiffiffi
s

p ¼ 91.2 GeV, cf. the main text for details.

σðeþe− →
lþl−aÞ (pb)

σðeþe−→
lþl−νν̄Þ (pb)

σðeþe− →
lþl−ðγÞÞ (pb)

l ¼ e 7.1 × 10−9 1.9 × 10−3 4490

l ¼ μ 7.6 × 10−5 2.9 × 10−4 2024

l ¼ τ 1.1 × 10−2 2.8 × 10−4 2020
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corresponding to a 5σ discovery. This information can be
translated into limits on the signal cross section (and
equivalently on the decay rate of Z → μþμ−a) and con-
sequently on the ALP coupling to muons. In Table III, we

show the resulting limits for three benchmark values for
the integrated luminosity that CEPC and FCC-ee expect
to collect at two interaction points from the operation of the
Z-pole run, as reported in [40–43,51]. In particular, the
table displays the 95% CL limits we obtain on the signal
cross section (≡σ95), on fa=CA

μμ (≡f95), and on BRðZ →
μþμ−aÞ (≡BR95), as well as the corresponding 5σ discov-
ery values (σ5σ, f5σ, BR5σ). As we can see, a search of this

TABLE II. Signal and background cross section and acceptance
after the cuts described in the main text. The signal cross section
was calculated assuming fa=CA

μμ ¼ 100 GeV.

Basic
cuts Cut 1 Cut 2

ALP Signal Acceptance 0.88 0.56 0.14
σ½×10−5 pb� 6.7 4.3 1.1

νν̄ background Acceptance 0.91 0.57 0.0015
σ½×10−4 pb� 2.6 1.7 0.0044

τ decay background Acceptance 0.025 0.008 0
σ ½pb� 51.0 16.8 0

γ background Acceptance 0.94 2.5 × 10−6 0

TABLE III. Projected 95% CL limit (5σ-discovery sensitivity)
on the signal cross section, the ALP-muon coupling fa=CA

μμ, and
BRðZ → μþμ−aÞ. See the text for details.

L¼ 50 ab−1 L¼ 100 ab−1 L¼ 150 ab−1

σ95 (σ5σ) [×10−6 pb] 1.7 (5.6) 1.1 (3.4) 0.87 (2.6)

f95 (f5σ) [GeV] 680 (370) 834 (473) 936 (541)

BR95 (BR5σ) [×10−11] 5.4 (18) 3.6 (11) 2.8 (8.5)

FIG. 3. Distribution, after the basic selection cuts, of missing transverse energy (MET) and transverse momentum of the most
energetic lepton (PT) for eþe− → lþl−a (signal), eþe− → lþl−νν̄ and eþe− → lþl−ðγÞ (background), with l ¼ μ (first row), l ¼ τ
with τþτ− decaying leptonically to different flavor leptons (second row). Note that (unlike eþe− → lþl−a and eþe− → lþl−νν̄) the
eþe− → lþl− processes are not normalized according to their cross section, otherwise the large rates would not let the distribution be
clearly displayed.
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kind at a Tera Z factory can be sensitive to ALP decay
constants up to about 900 GeV and yield BRðZ →
μþμ−aÞ ≲ 3 × 10−11 as the upper bound on the branching
ratio for the Z decay into a muonic ALP.
The results of Table III can be employed to show the

sensitivity reach of CEPC/FCC-ee on the ALP parameter
space. In Fig. 4, we plot the estimated 95% CL exclusion
lines on the ðma; fa=CA

μμÞ plane for the case of an anomaly-
free ALP (EUV ¼ 0) whose coupling to electron vanishes
(CA

ee ¼ 0), showing three representative values of L as in
Table III. Notice that the limits in the figure can be also read
in terms of the dimensionless coupling gμ, as defined in
Eq. (2), that can be excluded down to gμ ≈ 10−4. In Fig. 4,
the number of signal events have been convoluted with the
probability that the ALP decays inside a typical detector
(for definiteness, we assumed a flight distance L ¼ 10 m),
taking into account the proper decay length cτa calculated
from Eq. (8). As expected from the discussion in Sec. II,
this cuts off the sensitivity of our search for an invisible
ALP around the kinematical threshold of the decay
a → μþμ−. For ma ≳ 2mμ, the model can be tested through
searches for Z → μþμ−μþμ−—with the invariant massm2

μμ

of one of the muon pairs featuring a resonance in
correspondence of m2

μμ ¼ m2
a—as discussed in [22]. We

note that Fig. 1 shows how the parameter space that our
search is sensitive to would be reduced if we switch on
CA
ee and EUV. In particular, for a coupling to electrons of

the same order as the one to muons, CA
ee ≈ CA

μμ, our search
would lose sensitivity for ma ≳ 2me ≈ 1 MeV, where
ALPs could be sought through the search for a di-electron

resonance in Z → μþμ−eþe−. However, the sensitivity
loss could be evaded for short-lived ALPs with mass
ma > 2me or even ma > 2mμ, if they mostly decay into
invisible particles, for instance belonging to the dark
matter sector—see, e.g., the model in [20]. In such a
case, the search we propose would be sensitive to heavier
ALPs as well.
As a reference, in Fig. 4, we also display contours of

Δaμ, that is, the ALP correction to the anomalous magnetic
moment of the muon aμ ≡ ðg − 2Þμ=2, as calculated using
the formulae for the 1-loop and 2-loop contributions in
[21,22]—see also [18–20]. As is well known, without a
substantial coupling to photons, the ALP-muon interaction
gives raise to a negativeΔaμ. However, one can see that our
search for eþe− → μþμ−a could test the parameter space
for jΔaμj≳ 10−10, that is, up to values that do not constitute
a substantial shift from the SM because well within the
current experimental and theoretical uncertainties, which
are both ≈ð4–5Þ × 10−10. In fact, considering the presently
inconclusive status of the SM prediction for what concerns
the leading hadronic contribution [62,63], we can set the
following conservative 95% CL bound solely based on the
experimental average [64]: jΔaμj < 8.2 × 10−10. As we can
see from Fig. 4, this disfavors the parameter space below
approximately fa=CA

μμ ≈ 300 GeV. Even the tighter bound
−3.4 × 10−10 < Δaμ < 2.5 × 10−9 based on the lattice
prediction in [63]—which is 1.5σ below the experimental
measurement—results in a limit (fa=CA

μμ ≳ 500 GeV)
weaker than our estimated CEPC/FCC-ee prospect.
Taking instead the prediction for the hadronic vacuum

FIG. 4. Prospected CEPC/FCC-ee 95% CL exclusion on the ðma; fa=CA
μμÞ plane for a muonic ALP (CA

ee ¼ 0, EUV ¼ 0) with different
assumptions for the integrated luminosity L, as indicated. On the right side of the dashed grey line the proper decay length of the ALP, as
calculated using Eq. (8), is cτa < 10 m. The region to the left of the red dashed line is excluded by SN1987A data, according to the
analysis in [35]. The dotted cyan contours show the ALP contribution to the anomalous magnetic moment of the muon,
Δaμ ≡ ðg − 2Þμ=2. See the main text for details.
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polarization based on dispersive relations [62], new
physics inducing a negative Δaμ is strongly disfavored,
but so is the Standard Model itself. If this will prove to be
the case, a positive ALP contribution to the aμ can be
achieved with a large coupling to photons with sign
opposite to that to muons [18–22]. An example is
provided in Fig. 5, where we take EUV ¼ 10 in Eq. (5)
and CA

μμ < 0. As we can see, a contribution within the 2σ
region favored by [62], 1.3 × 10−9 < Δaμ < 3.7 × 10−9,
would require jfA=CA

μμj ¼ Oð100Þ GeV. This regime can
be easily tested by our search as long as ma ≲ 0.1 GeV,
while heavier ALPs would decay promptly to photons
unless, again, a large coupling to dark sector particles let
them decay mostly invisibly, in which case our search
sensitivity would extend to larger values of ma.
Finally, Figs. 4 and 5 also shows the SN1987A constraint

on light particles coupling to muons, as calculated
in [35], which excludes the displayed parameter space for
fa=CA

μμ ≳ 50 GeV, ma ≲Oð10Þ MeV. For models with
CA
ee ≠ 0, supernova constraints and other star cooling

bounds associated to ALP emission from electrons instead
lose sensitivity for fa=CA

ee ≲ 105 GeV (see e.g. [16]) leav-
ing the range of parameters accessible at colliders uncon-
strained. This observation, as well as the interplay between
our exclusion lines and the SN1987Abound in Figs. 4 and 5,
shows how searches for long-lived ALPs in eþe− → Zð�Þ →
lþl−a at future colliders may be nicely complementary to
astrophysical probes of such light particles, in particular in
view of the uncertainty of the supernova constraint [37].5

V. SUMMARY AND CONCLUSIONS

Axionlike particles are common by-products of new
physics models addressing outstanding problems of the
Standard Model. In this note, motivated by the fact that
interactions with SM leptons are unavoidable for a wide
range of well-motivated ALP scenarios, we have discussed
the capability of the proposed high-energy eþe− colliders
CEPC and FCC-ee of probing this class of particles through
their couplings with charged leptons. We considered as
production process the ALP emission from leptons in the
large samples of Z → lþl− decays that CEPC and FCC-ee
will collect operating as Tera Z factories, focusing in
particular on the case of long-lived ALPs that would appear
as missing energy in the detector.
We first calculated the rate of Z → lþl−a, in order to

analytically estimate the number of events that one can expect
at Tera Z factories. Then we employed a fast simulation
framework (MadGraph + PYTHIA + Delphes) to compute the LO
cross section of eþe− → lþl−a and that of the relevant
backgrounds, aswell as to generate the corresponding events.
Themain findings of ourwork can be summarized as follows.

(i) As is already clear from the analytical estimates in
Sec. III, the number of eþe− → eþe−a events that a
Tera Z can yield is too low to constrain the ALP
coupling to electrons, unless fa=CA

ee ≪ 100 GeV—
see Eq. (10)—a situation that may be difficult to map
to a viable UV-complete model.

(ii) Concerning the muon mode, the signal eþe− →
μþμ−a can emerge from the background constituted
by τþτ−, μþμ−νν̄, and μþμ−γ (where γ gets un-
detected), if one applies simple cuts on the missing
energy of the event and the momentum of the most
energetic muon, see Table II.

FIG. 5. Same as Fig. 4 for an ALP with large coupling to photons (EUV ¼ 10) and CA
μμ < 0, a choice that can yield a potentially large

positive contribution to Δaμ.

5See also [36] for bounds derived from the supernova
explosion energy that are relevant in the trapping regime and
independent of the explosion mechanism.
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(iii) We estimate that such a crude “cut and count”
search—that could be certainly improved and
optimized—may be sensitive to ALP-muon
interactions characterized by fa=CA

μμ ≲ 1 TeV, or
equivalently gμ≳10−4, corresponding to BRðZ →
μþμ−aÞ≳ 3 × 10−11—see Table III and Fig. 4. Our
summary plot in Fig. 4 also shows that, unless
the ALP mostly decays into dark sector particles,
our search would lose sensitivity for ma ≳ 2mμ—
where Tera Z factories may instead search for
Z → μþμ−a → μþμ−μþμ−—and highlights the in-
terplay between collider searches and astrophysical
constraints (from SN1987A).

(iv) The tau channel eþe− → τþτ−a enjoys a two order
of magnitude enhancement compared to the muon
one, ∼ðmτ=mμÞ2, such that σðeþe− → τþτ−aÞ >
σðeþe− → τþτ−νν̄Þ for fa=CA

ττ ≲ 600 GeV. Never-
theless, the missing energy associated to the ALP is
way more difficult to detect due to that carried by
neutrinos from τþτ− decays. As a consequence, a
dedicated study focusing on hadronic taus and the

expected tagging efficiencies of the CEPC/FCC-ee
detectors would be necessary to assess the Tera Z
sensitivity on fa=CA

ττ.
In conclusion, we believe that the above results reinforce

the physics case of a Z-pole run of the proposed eþe−
colliders. Indeed, our study provides a further example of
how Tera Z factories, besides performing very precise
electrowek measurements and conducting an excellent
particle physics program (see [65] for a recent overview),
could also effectively contribute to searches for new
physics particles.
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