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s = 91.2 L =

e+e−→ Z→ aγ

µ+µ−γ τ+hτ
−
h /ETγ µ+µ−γ
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−
h /ETγ
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Abstract: In  recent  years,  long-lived  particles  (LLPs)  have  attracted  increasing  attention  in  searches  for  physics
beyond the Standard Model (SM). In this  paper,  we investigate the discovery prospects for light,  long-lived ALPs
predicted by the photophobic ALP scenario through displaced-vertex signals at the CEPC, with a center-of-mass en-
ergy of  GeV and an integrated luminosity of  100 ab−1. After comparing several possible single-pro-
duction processes for the photophobic ALP, we focus on the dominant process , in which the ALP a
subsequently decays into a pair of charged leptons at a displaced vertex. Dedicated Monte Carlo simulations are per-
formed  for  the  and  signals.  For  the  signal,  the  CEPC  is  sensitive  to  the  parameter  region

 for .  For  the  signal,  the  accessible  region  is
 for .  These  results  demonstrate  the  substantial  potential  of  the

CEPC to explore light, long-lived ALPs through displaced-vertex signals, providing complementary coverage to ex-
isting searches at LEP and the LHC, as well as to the projected reach of the HL-LHC.
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I.  INTRODUCTION

The origin of neutrino masses [1],  the nature of dark
matter [2, 3], the strong CP problem [4–6], and the hier-
archy problem [7] remain among the deepest mysteries in
particle physics.  Over  the  past  decades,  many  experi-
mental  efforts  addressing  these  puzzles  have  focused  on
new  particles  with  sizeable  couplings  to  the  Standard
Model  (SM)  and  masses  above  several  hundred  GeV  or
even at the TeV scale. More recently, lighter feebly inter-
acting particles (FIPs) [8, 9] with masses at the GeV scale
have  emerged  as  a  well-motivated  and  complementary
possibility.  Owing  to  their  extremely  weak  interactions
with SM particles, these FIPs are typically long-lived and
may decay  at  macroscopic  distances  from  their  produc-
tion  points.  When  such  decays  occur  within  a  detector,
their visible  decay  products  can  be  reconstructed  as  dis-
placed  vertices  (DVs).  Consequently,  conventional
searches  targeting  prompt  signals  often  lose  sensitivity,
whereas displaced vertex signals provide a promising av-
enue for detecting long-lived particles (LLPs) [10].

4.1×1012

4.3×106

Searches  for  LLPs  have  been  extensively  pursued  at
the  LHC.  The  ATLAS,  CMS,  and  LHCb Collaborations
have  conducted  numerous  analyses  based  on  displaced
vertex  signals  (see,  e.g.,  Refs.  [11–28]).  While  the  LHC
demonstrates  strong  sensitivity  across  a  broad  range  of
LLP scenarios,  future lepton colliders  such as  the CEPC
[29, 30]  and  FCC-ee  [31, 32] can  provide  complement-
ary and promising platforms for LLP searches. Operating
as Z-boson and Higgs-boson factories, these facilities are
expected  to  produce  up  to  Z bosons  and

 Higgs  bosons  [33],  enabling  unprecedented
electroweak  and  Higgs  precision  measurements.
Moreover,  the  clean  experimental  environment  and  high
integrated  luminosity  of  these  colliders  are  expected  to
reduce  backgrounds  and  enhance  sensitivity  to  LLPs.
Motivated by these advantages, numerous studies [34–42]
have  explored  the  phenomenology  of  LLPs  at  future
lepton colliders, including vector-like leptons (VLLs) and
axion-like particles (ALPs).

ALPs  [43–48]  are  among  the  most  well-motivated
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candidates  for  feebly  interacting  particles.  They  are
pseudo-Nambu-Goldstone  bosons  associated  with  the
spontaneous breaking of global  symmetries and ap-
pear as singlet pseudoscalars under the SM gauge groups.
Over  the  years,  a  wide  range  of  new  physics  scenarios
have predicted  the  existence  of  ALPs.  Of  particular  in-
terest is the photophobic ALP scenario [49], in which the
ALP has no tree-level couplings to SM photons or fermi-
ons and  interacts  only  with  other  electroweak gauge  bo-
sons  ( ) at  tree  level.  Although  direct  coup-
lings to  photons  and  fermions  are  absent,  ALP  interac-
tions with  electroweak  gauge  bosons  can  induce  effect-
ive  ALP-fermion  and  ALP-photon  couplings  at  the  loop
level. Most  existing  phenomenological  studies  have  fo-
cused  on  heavy  photophobic  ALPs  and  their  prompt-de-
cay signals [50–54]. However, the ALPs predicted by this
scenario  can  be  long-lived,  particularly  in  the  low-mass
region.  When the  photophobic  ALP mass  lies  below the
threshold  for  on-shell  decays  into  massive  electroweak
gauge bosons,  these  channels  are  kinematically  forbid-
den.  Light  photophobic  ALPs  then  decay  predominantly
through  loop-induced  channels  into  fermions  and
photons, leading  to  a  suppressed  total  width  and  an  en-
hanced proper  decay  length.  As  a  result,  light  photo-
phobic ALPs  can  manifest  as  LLPs,  giving  rise  to  dis-
tinctive  signals  at  high-energy  colliders.  Motivated  by
this feature, several studies have explored the phenomen-
ology of long-lived photophobic ALPs. For instance, Ref.
[55]  investigated  prompt-lepton  and  mono-photon sig-
nals  of  these  ALPs  at  future  lepton  colliders.  However,
when  the  ALP  decay  length  becomes  comparable  to  the
detector scale, displaced vertex searches provide a power-
ful and complementary probe, accessing regions of para-
meter  space  that  are  not  efficiently  covered  by  prompt-
decay  and  missing-energy searches.  Future  lepton  col-
liders, such as the CEPC, offer a promising opportunity to
probe  light  long-lived  photophobic  ALPs  via  displaced
vertex signals, owing to their clean experimental environ-
ments, high integrated luminosities, and precise measure-
ment capabilities.

√
s = 91.2

L =

e+e−→ Z→ aγ

In this  paper,  we  investigate  the  prospects  for  prob-
ing light long-lived photophobic ALPs via displaced ver-
tex signals within the main tracking system of the CEPC
at the center-of-mass energy  GeV and with an
integrated  luminosity  of  100  ab−1.  We  consider  the
production  of  a  photophobic  ALP  in  association  with  a
photon γ, a lepton pair, or a jet pair. Among these produc-
tion  processes,  photon-associated  production  has  the
largest  cross  section.  We  therefore  focus  on  the  process

 as  a  representative  example,  where  the
ALP a subsequently  decays  into  a  pair  of  displaced
charged  leptons.  Our  analysis  demonstrates  that  the
CEPC can probe regions  of  parameter  space that  remain
unexplored  by  current  and  future  collider  experiments,
providing  sensitivity  complementary  to  previous

searches.

e+e−→ Z→ aγ

The paper  is  organized as  follows.  In  Sec.  II,  we in-
troduce the theoretical  framework of photophobic ALPs,
discuss  their  possible  decay  modes  and  lifetimes,  and
analyze their  single  production at  the  CEPC.  In  Sec.  III,
we present a detailed analysis of the possibility of detect-
ing  light  long-lived  photophobic  ALPs  via  the  process

,  with  the  ALP a subsequently  decaying
into  a  pair  of  displaced  charged  leptons  within  the  main
tracking system of the CEPC. In Sec. IV, we summarize
our conclusions and discussion. 

II.  THE THEORY FRAMEWORK

SU(2)L U(1)Y

We  consider  the  photophobic  ALP  scenario  [49],  in
which the ALP interacts only with the  and 
gauge  bosons,  while  tree-level ALP  couplings  to  fermi-
ons  and  gluons  are  absent.  This  setup  is  consistent  with
the ultraviolet (UV) boundary conditions at the high scale
Λ. The  effective  Lagrangian  before  electroweak  sym-
metry breaking can be written as [56] 

LALP =
1
2
∂µa∂µa−

1
2

m2
aa2−cW̃

a
fa

W i
µνW̃

µν,i−cB̃
a
fa

BµνB̃µν, (1)

W i
µν Bµν

SU(2)L U(1)Y

Ṽµν =
1
2
ϵµνλκVλκ (V =W i

B) ϵ0123 = 1
ma fa

cW̃/ fa cB̃/ fa ma

where  and  represent  the  gauge  field  strength
tensors  associated  with  the  and  gauge
groups,  respectively.  The  corresponding  dual  field
strength  tensors  are  defined  as  ,

, with . The ALP mass and decay constant are
denoted  by  and ,  respectively.  The  coefficients

 and ,  together  with , are  treated  as  inde-
pendent free parameters.

After electroweak  symmetry  breaking,  the  interac-
tions of the ALP with the electroweak gauge bosons can
be written as 

LALP =−
1
4

gaγγaFµνF̃µν−
1
2

gaγZaZµνF̃µν

− 1
4

gaZZaZµνZ̃µν−
1
2

gaWW aW+
µνW̃

µν,−, (2)

where the corresponding coupling constants are given by 

gaγγ =
4
fa

(s2
WcW̃ + c2

WcB̃), gaZγ =
4
fa

sWcW(cW̃ − cB̃),

gaZZ =
4
fa

(c2
WcW̃ + s2

WcB̃), gaWW =
4
fa

cW̃ , (3)

sW cWwith  and  denoting the sine and cosine of the Wein-
berg angle,  respectively.  In  the  photophobic  ALP  scen-
ario,  the  tree-level coupling  of  the  ALP to  photons  van-
ishes  as  a  consequence  of  the  UV  boundary  conditions
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gaγγ =
4
fa

(s2
WcW̃+

c2
WcB̃) = 0 s2

WcW̃ + c2
WcB̃ = 0

gaZγ gaZZ gaWW

(see Ref.  [49]  for  details).  Accordingly, 
,  which  implies  the  relation .

Consequently, the couplings , , and  are not
independent and can be expressed as 

gaZγ =
sW

cW
gaWW , gaZZ =

c2W

c2
W

gaWW . (4)

ma gaWW

Therefore, the  photophobic  ALP  scenario  is  character-
ized by the ALP mass  and the coupling .

Owing  to  the  UV  boundary  conditions,  tree-level
ALP–fermion  interactions  vanish.  However,  an  effective
ALP–fermion  coupling  can  be  generated  through  one-
loop renormalization group evolution (RGE) from the UV
scale Λ down to the electroweak scale and can be written
as [57, 58] 

geff
a f f =

3
4s2

W

α

4π
gaWW ln

Λ2

m2
W

+
3

c2
W

α

4π
gaWW Q f (I

f
3 −2Q f s2

W) ln
Λ2

m2
Z

+
3c2W

s2
Wc4

W

α

4π
gaWW(Q2

f s4
W − I f

3 Q f s2
W +

1
8

) ln
Λ2

m2
Z
. (5)

Q f I f
3

α = e2/(4π)
4π fa = 4π×10

ln(Λ2/m2
V ) V = Z,W

Here,  and  denote the electric  charge and the third
component of weak isospin of the fermion f, respectively,
and  is  the  fine-structure constant.  In  this  pa-
per, the cutoff scale is taken to be  TeV. In
the above  expression,  we  retain  only  the  terms  contain-
ing  (with ), which are logarithmically
enhanced.  The  subleading  terms  are  given  in  Refs.
[57–59]; however, they are numerically small and can be
safely neglected in our analysis.

The  couplings  of  the  ALP  to  the  electroweak  gauge
bosons  can  induce  a  small  effective  ALP-photon coup-
ling at one loop [57], which can be expressed as 

geff
aγγ =

2α
π

gaWW B2(τW), (6)

B2where the loop function  is defined as 

B2(τ) = 1− (τ−1) f 2(τ),

with f (τ) =


arcsin

1√
τ
, for τ ≥ 1

π

2
+

i
2

log
1+
√

1−τ
1−
√

1−τ
, for τ < 1

, (7)

τW = 4m2
W/m

2
awith .

geff
a f f

Under  the  UV  boundary  conditions  specified  above,
the ALP does not couple directly to gluons. However, the
effective  ALP-fermion  coupling  can induce  an  ef-

geff
a f ffective ALP-gluon coupling at one loop. Because  it-

self arises from ALP interactions with electroweak gauge
bosons  at  one  loop,  the  resulting  ALP-gluon  coupling  is
generated at the two-loop level and can be written as [50] 

geff
aGG =

1
32π2

∑
f=u,d,s

geff
a f f . (8)

Since this  coupling arises only at  the two-loop level  and
is therefore highly suppressed, its contribution to the sig-
nal  processes  considered  in  this  study  is  negligible  and
can be safely ignored.

As discussed above, the ALP can exhibit various de-
cay modes, depending on its mass and the corresponding
kinematic thresholds. The expressions for the correspond-
ing partial decay widths are given by [57–59] 

Γ(a→ γγ) = m3
a

64π
|geff

aγγ|2,

Γ(a→ f f̄ ) = N f
c

mam2
f |geff

a f f |2

8π

 
1−

4m2
f

m2
a
,

Γ(a→ Zγ) =
m3

as2
W

32πc2
W
|gaWW |2(1− m2

Z

m2
a

)3,

Γ(a→ ZZ) =
m3

ac2
2W

64πc4
W
|gaWW |2(1−4

m2
Z

m2
a

)3/2,

Γ(a→W+W−) =
m3

a

32π
|gaWW |2(1−4

m2
W

m2
a

)3/2. (9)

c2W ≡ cos2θW N f
c = 1 (3)Here, ,  and  denotes  the  color

factor for leptons (quarks).

a→ γZ∗→ γ f f̄

ma≪ mZ

When the ALP is lighter than the Z boson, the three-
body  decay ,  mediated  by  an  off-shell Z
boson,  is  also  kinematically  allowed.  In  the  limit

,  the  corresponding partial  decay width  is  given
by [50] 

Γ(a→ γZ∗→ γ f f̄ ) = N f
c

g2
Z s2

W |gaWW |2
30720π3c2

W

[
(gV, f )2+ (gA, f )2

] m7
a

m4
Z
,

(10)

gZ = g/cW

gV, f = I f
3 −2Q f s2

W gA, f = I f
3

a→ f f̄

where  is  the Z-boson  coupling  constant,  and
 and  denote the vector and axi-

al-vector  couplings  of  the Z boson to  fermions,  respect-
ively.  Owing  to  suppression  from  the  off-shell Z-boson
propagator  and  the  limited  three-body  phase  space,  the
decay  width  of  the  three-body  channel  remains  several
orders  of  magnitude  smaller  than  that  of  the  loop-in-
duced two-body decay  throughout  the parameter
space considered in this work. Consequently, it has a neg-
ligible  impact  on  the  total  ALP decay  width  and  can  be
safely neglected in our phenomenological analysis.

The  branching  ratios  for  the  dominant  ALP  decay
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2mµ ≤ ma ≤ 2mc

ss̄ µ+µ− 2mc ≤ ma ≤ 2mb cc̄
τ+τ− ma ≥ 2mb

bb̄ cc̄ τ+τ−

modes  are  shown in Fig.  1.  As  shown in  this  figure,  for
relatively light ALPs, tree-level decays into massive elec-
troweak gauge bosons are kinematically forbidden. In this
mass  range,  light  ALPs  decay  predominantly  through
loop-induced  channels  into  fermions.  More  specifically,
within  the  mass  range , the  dominant  de-
cay  modes  are  and .  For ,  the 
and  channels  become  dominant.  For ,  the

 channel  dominates,  while  and  remain sub-
dominant. It should be noted that, owing to QCD confine-
ment, ALP decays into light quarks cannot be directly ob-
served  as  free  quark  final  states;  instead,  they  appear  as
hadronic  final  states.  A  quantitative  description  of  these
hadronic  states  requires  nonperturbative  methods,  which
are beyond the scope of  this  work (see Ref.  [60] for  de-
tails).  Therefore,  we  adopt  a  parton-level  treatment  as  a
simplified approach to illustrate the ALP decay modes.

In  this  paper,  we  focus  on  ALPs  with  masses  in  the
range of 1–10 GeV and investigate their displaced-vertex
signals  in  the  photophobic  ALP  scenario.  In  this  mass
range,  the  ALP  predominantly  decays  into  fermions
through  loop-induced couplings.  These  couplings  sup-
press the total  decay width,  allowing the ALP to behave
as  a  long-lived particle  and  propagate  a  measurable  dis-
tance  inside  the  detector  before  decaying.  The  decay
length in the laboratory frame is given by 

La = βaγacτa =
c|p⃗a|
maΓa

, (11)

Γa = 1/τa

βa γa

βaγa = |p⃗a|/ma p⃗a

cτa ma

gaWW

where  is the total decay width of the ALP, and
 and  denote its velocity and Lorentz boost factor, re-

spectively.  The  product ,  where  is  the
three-momentum  of  the  ALP.  The  proper  decay  length

 as a function of the ALP mass  for several repres-
entative  values  of  the  coupling  is  shown in Fig.  2.

cτa

ma gaWW

As illustrated in this figure,  depends strongly on both
 and , increasing  significantly  as  these  paramet-

ers decrease. This wide range of proper decay lengths in-
dicates that ALPs can be long-lived over a substantial re-
gion  of  the  parameter  space.  Such  long-lived  ALPs  can
travel  macroscopic  distances  before  decaying  within  the
detector, giving  rise  to  distinctive  DV  signals  that  com-
plement conventional  ALP  searches  and  can  be  effi-
ciently  explored  within  the  main  tracking  system  of  the
CEPC.

In general,  displaced vertices can also be reconstruc-
ted in other detector components, such as the electromag-
netic calorimeter (ECAL), hadronic calorimeter (HCAL),
and muon spectrometer (MS). In this work, we focus ex-
clusively  on the  main  tracking system for  displaced-ver-
tex reconstruction,  because it  provides  precise  vertex re-
construction  for  charged  particles  and  is  therefore  well
suited  to  identifying  displaced  decays  occurring  close  to
the interaction point. A dedicated study of displaced-ver-
tex signals in the calorimeter systems would require spe-
cialized simulations and trigger strategies, which are bey-
ond the scope of the present analysis. The MS is also not
considered here, because its greater distance from the in-
teraction  point  makes  it  more  sensitive  to  particles  with
longer decay lengths and less sensitive to decays with rel-
atively short lifetimes. 

III.  THE PROSPECTS FOR PROBING LIGHT
PHOTOPHOBIC LONG-LIVED ALPS AT

THE CEPC

91.2
In  this  section,  we  investigate  the  sensitivity  of  the
 GeV  CEPC  to  light,  long-lived  photophobic  ALPs

through  displaced-vertex signals.  Specifically,  we  con-
sider  the  single-production  processes  of  the  photophobic

 

ma

Fig. 1.    (color online) Branching ratios for the different pho-
tophobic ALP decay modes as functions of the ALP mass .

 

ma

gaWW

Fig. 2.    (color online) The proper decay lengths of the ALP
as functions of its mass, ,  for several representative values
of the coupling .
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e+e−→ aγ aνν̄ ae+e− a j j

pγ,ℓT > 10 GeV
p j

T > 20 GeV
|ηγ,ℓ| <

2.5 |η j| < 5

∆Rℓℓ > 0.4 ∆R j j > 0.4
∆R ∆R =

√
(∆ϕ)2+ (∆η)2

ALP, , , , and . The Feynman dia-
grams for  these  processes  and  their  corresponding  pro-
duction cross sections at the CEPC are presented in Figs.
3 and 4, respectively. The numerical results shown in Fig.
4 are obtained after applying a set of basic kinematic cuts.
We  require  the  transverse  momenta  of  photons  and
leptons to satisfy , while jets are required to
satisfy .  The  absolute  pseudorapidities  of
photons,  leptons,  and  jets  are  required  to  satisfy 

 and , respectively. In addition, the angular sep-
arations between the two leptons and between the two jets
are  required  to  satisfy  and ,  where

 is defined as .

e+e−→ aγ
gaWW = 1×10−3

As shown in Fig. 4, the photon-associated production
process  clearly  dominates.  For  ALPs  with
masses  in  the  range  of  1–10  GeV  and 

1.746×
10−5 1.683×10−5

aγγ

aγ

Z→ aγ
e+e−→ Z→ aγ

TeV−1,  its  production  cross  section  varies  from 
 to  pb, which is approximately three or-

ders of  magnitude  larger  than  those  of  the  other  pro-
cesses.  For  this  process,  the  mediator  can  be  either  a
photon or  a Z boson.  However,  in  the  photophobic  ALP
scenario,  the  effective  coupling is  generated only  at
the loop level. Consequently, the photon-mediated contri-
bution accounts for only about 0.1% of the total produc-
tion cross section and can be safely neglected. The  fi-
nal state is therefore predominantly produced via the on-
shell  decay  at  the Z pole  of  the  CEPC.  We thus
focus  on  the  production  process  and in-
vestigate  the  prospects  for  detecting  ALP  signals  at  the
CEPC.

e+e−→
Z→ aγ

We  now  focus  on  the  production  process 
,  in  which  the  ALP  subsequently  decays  into  a

 

e+e−→ aγ aνν̄ ae+e−

a j j
Fig. 3.    (color online) Feynman diagrams for the single-production processes of the photophobic ALP:  (a),  (b,c), 
(d,e), and  (f).

 

e+e−→ aγ aνν̄ ae+e− a j j
ma gaWW 91.2
Fig. 4.    (color online) Production cross sections for the processes  (a), , , and  (b) as functions of the ALP mass

 for different values of the coupling  at the  GeV CEPC.
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√
s = 91.2 L =

1−10
a→ µ+µ− ma = 1−4

a→ τ+τ− ma = 4−10

τ±→ π±ντ τ±→ π±π0ντ
µ+µ−γ

τ+hτ
−
h /ETγ

pair of  displaced  charged  leptons  within  the  main  track-
ing system of the CEPC at  GeV and  100
ab−1.  We  consider  ALPs  with  masses  in  the  range  of

 GeV,  focusing  on  the  displaced  dimuon  channel
 for  GeV  and  the  displaced  ditau

channel  for  GeV. Since tau leptons
are unstable, they can decay either leptonically or hadron-
ically,  with  the  hadronic  modes  having  larger  branching
fractions. We therefore focus on the 1-prong hadronic tau
decay modes as representative examples, in which each τ
decays via  or .  The corresponding
signals  are characterized by  for the dimuon chan-
nel and  for the ditau channel.

FeynRules

MadGraph5_aMC@NLO

For further calculations, we use the  pack-
age [61] to generate the UFO model file for the effective
Lagrangian. For  the  numerical  results  and  event  genera-
tion,  we  use  Monte  Carlo  (MC)  simulations  with

 [62]  to  generate  the  signal  and
background events at the parton level with the following
basic cuts: 

For the dimuon channel : pℓT > 5GeV, |ηℓ| < 2.5, with ℓ = µ,

pγT > 10GeV, |ηγ| < 2.5,

∆Rℓℓ > 0.2, ∆Rℓγ > 0.2.

For the ditau channel : pγT > 10GeV, |ηγ| < 2.5.

(12)

PYTHIA8

MadAnalysis5

delphes_
card_CEPC.tcl DELPHES

3.5
1.8

MadAnalysis5

Here,  we use the  program [63] to perform par-
ton  showering.  Detector  effects  are  simulated  using  the
simplified fast simulation (SFS) framework [64, 65] em-
bedded in  [66–68]. The detector response,
including reconstruction efficiencies and momentum and
energy  smearing,  is  modeled  using  parameter  settings
based  on  the  official  CEPC  detector  card 

 1) from  [69].  The  SFS particle
propagator  module  simulates  charged-particle propaga-
tion in  a  homogeneous  magnetic  field,  enabling  the  re-
construction  of  displacement-related  observables.  The
corresponding analytical expressions are provided in Ap-
pendix A of Ref. [65]. In our analysis, the magnetic field
strength is set to  T, and the tracker radius is taken to
be  m. No additional detector smearing associated with
finite  spatial  or  tracking  resolutions  is  applied  to  these
displacement-related observables.  Because  the  LLP  sig-
nals considered in this work typically have decay lengths
much larger than the expected detector spatial resolution,
omitting  such  effects  is  expected  to  have  only  a  minor
impact on our phenomenological results. The subsequent
kinematic and cut-based analysis is performed using C++
in the expert mode of . 

µ+µ−γA.    The  signal
µ+µ−γ

1−4

ma

ma ≃ 2.5 GeV
a→ cc̄

a→ µ+µ− µ+µ−γ

4.549×10−4

3.625×10−6 1.137×10−4 9.053×10−7

4.550×10−6 3.621×10−8 gaWW = 1×10−2

5×10−3 1×10−3

e+e−→ µ+µ−γ
e+e−→ τ+τ−γ
µνν̄ e+e−→ τ+τ−

µ+µ−γ 37.121

38.389

e+e−→ γ∗/Z→ cc̄,bb̄
PYTHIA

WeakSingleBoson:ffbar2gmZ=on 23:onMode =
off 23:onIfAny=4 5

1.180×104

We  now  focus  on  the  signal  for  ALPs  with
masses in the range of  GeV. The corresponding pro-
duction cross sections at the CEPC are shown in Fig. 5. In
general,  the production cross section decreases as  in-
creases.  A  noticeable  suppression  occurs  around

 because  of  the  kinematic  opening  of  the
 decay channel, which reduces the branching ratio

of  and consequently suppresses the  sig-
nal.  After  applying  the  basic  cuts  described  above,  the
production  cross  sections  range  from  to

 pb, from  to  pb, and
from  to  pb  for 
TeV−1,  TeV−1,  and  TeV−1,  respectively.
The  dominant  SM  background  arises  from  the  process

,  whereas  subleading  contributions  arise
from , with each tau subsequently decaying
into , and from , with one of the taus radi-
ating a  photon  before  decaying  leptonically.  The  corres-
ponding Feynman  diagrams  for  these  background  pro-
cesses are shown in Fig. 6.  The production cross section
of  the  final  state  is  approximately  pb,  and
the total  production cross  section of  the  SM background
is approximately  pb. In addition, semileptonic and
dileptonic decays of heavy-flavor hadrons, such as b- and
c-hadrons,  may  also  contribute  to  the  SM  background
[70]. Owing to the relatively long lifetimes of heavy-fla-
vor hadrons, their semileptonic and dileptonic decays can
produce displaced  muons,  thereby  constituting  a  poten-
tial  background  for  displaced-vertex searches.  To  evalu-
ate these heavy-flavor background contributions, we sim-
ulate the processes  at the Z pole us-
ing  [63]. Event generation is performed with the
settings , 

,  and .  Initial- and  final-state radi-
ation,  heavy-quark fragmentation and hadronization,  and
subsequent  decays  of  unstable  heavy-flavor  hadrons  are
included in the simulation. The total production cross sec-
tion  for  the  heavy-flavor  background  is  approximately

 pb, and the corresponding Feynman diagrams
are  not  shown  for  brevity.  In  addition  to  these  physics
backgrounds,  instrumental  backgrounds,  such  as  pile-up
interactions, vertices  originating  from  dense  detector  re-
gions,  and  random-track  crossings,  may  in  principle  be
present. A  quantitative  assessment  of  these  effects  re-
quires  dedicated  detector-level simulations  and  special-
ized  reconstruction  techniques,  which  are  beyond  the
scope of this study. Accordingly, the results presented in
this paper are obtained under the simplifying assumption
that these instrumental backgrounds are negligible.

|dµ0 | vµ0 vµz |dµ0 |

Several  vertex-displacement  observables  are  used  to
distinguish the  signal  from  the  SM  background,  includ-
ing , , and . The observable  denotes the trans-

Chong-Xing Yue, Xin-Yang Li Chin. Phys. C 50, 113103 (2026)

1) https://github.com/delphes/delphes/blob/master/cards/delphes_card_CEPC.tcl

113103-6

https://github.com/delphes/delphes/blob/master/cards/delphes_card_CEPC.tcl


vµ0 vµz

∆Rµ+µ−
Pµ
+µ−

T

µ+µ−γ
ma = 1

gaWW = 5×10−3

91.2 L = 100

verse  impact  parameter  of  the  charged muon,  defined as
the distance  of  closest  approach  between  the  helical  tra-
jectory of the muon track and the beam axis in the trans-
verse plane. The observables  and  correspond to the
transverse and longitudinal distances, respectively, of the
muon  production  vertex  relative  to  the  interaction  point.
In addition  to  these  displacement  observables,  we  con-
sider  the  angular  separation  and  the  transverse
momentum  of the reconstructed ALP to further dis-
criminate the  signal  from  the  SM  background.  The  nor-
malized  distributions  of  these  observables  for  the 
signal  with  ALP  masses ,  2,  3,  and  4  GeV  and
fixed  coupling  TeV−1,  as  well  as  for  the
SM background at the  GeV CEPC with  ab−1,
are shown in Fig. 7. The colored solid curves correspond
to  the  signal  events,  whereas  the  red  and  black  dashed

curves  represent  the  prompt  SM  background  and  the
heavy-flavor  background  originating  from  semileptonic
and dileptonic decays of b- and c-hadrons, respectively.

|dµ0 | vµ0 vµz

|dµ0 | vµ0 vµz

Pµ
+µ−

T

Z→ γa

PT

As  shown  in Fig.  7(a)-(c),  the  signal  events  exhibit
broad distributions with extended tails in , , and ,
reflecting the displaced decay of a light, long-lived ALP.
In  contrast,  the  prompt  SM  background  mainly  arises
from promptly decaying particles and is therefore concen-
trated at small values of these observables. The heavy-fla-
vor  background  is  dominated  by  semileptonic  and
dileptonic decays of b- and c-hadrons. Owing to their rel-
atively  long  lifetimes,  these  heavy-flavor hadrons  pro-
duce  muons  with  larger  values  of , ,  and  than
those  from  the  prompt  SM  background.  However,  these
displacement  observables  remain  substantially  smaller
than those of the signal, in which the displaced muons are
produced in the decays of a long-lived ALP. As shown in
Fig. 7(d), the two muons from the long-lived ALP decay
tend to be collimated, whereas their angular separation in
background  events  exhibits  a  much  broader  distribution.
Figure  7(e)  shows  the  distribution.  For  the  signal
events,  the  ALP  is  produced  via  the  two-body  decay

 and is  therefore  typically  highly  boosted,  result-
ing  in  a  dimuon  system  with  relatively  large  transverse
momentum.  By contrast,  the  dimuon pair  in  background
events  generally  carries  smaller  transverse  momentum,
yielding a distribution concentrated in the low-  region.

µ+µ−γ

|dµ0 | >
2 mm 0.1 m < vµ0 < 1.8 m vµz < 2.35 m

Based on the characteristic features of these distribu-
tions, the optimized cuts for identifying the  signal
and  suppressing  the  SM  background  are  summarized  in
Table 1. Requirements on the multiplicity, transverse mo-
mentum,  and  pseudorapidity  of  the  final-state  muons
serve  as  the  first-step  filter.  These  cuts  include  fiducial
requirements  on  the  displacement  observables: 

, , and . These require-

 

µ+µ−γ ma

gaWW

Fig.  5.    (color  online)  Production  cross  sections  for  the
 signal as functions of the ALP mass  for several rep-

resentative  values  of  the  coupling  at the  CEPC operat-
ing at 91.2 GeV.

 

e+e−→ µ+µ−γ e+e−→ τ+τ−
µνν̄ e+e−→ τ+τ−γ µνν̄

Fig.  6.    The  Feynman  diagrams  correspond  to  the  SM  background  processes  (a–d), ,  in  which  one  tau
lepton radiates a photon before decaying into  (e,f), and , in which both tau leptons subsequently decay into  (g,h).
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ments are chosen according to the detector geometry and
previous  displaced-vertex  studies  [29, 34, 37],  ensuring
that the ALP decays occur within the sensitive region of
the main tracking system. In Tables 2 and 3, we summar-

ϵ

µ+µ−γ

gaWW = 5×10−3

ize  the  cumulative  selection  efficiency  and  production
cross section σ of the  signal for representative ALP
mass points with  TeV−1,  as well  as those
of  the  SM  background,  after  the  step-by-step  optimized

 

|dµ0 | vµ0 vµz ∆Rµ+µ− Pµ
+µ−

T µ+µ−γ

gaWW = 5×10−3 L =
Fig. 7.    (color online) The normalized distributions of , , , , and  for the  signal at selected ALP mass bench-
mark points with  TeV−1, as well as for the SM background, at the CEPC operating at 91.2 GeV with  100 ab−1.

 

µ+µ−γ 1 GeV ≤ ma ≤ 4 GeV 91.2 L = 100Table 1.    Optimized cuts for the  signal and SM background for  at the  GeV CEPC with  ab−1.

Optimized cuts Selection criteria

Cut 1: the multiplicity, transverse momentum and pseudorapidity of the muons in the final states Nµ+ ≥ 1 Nµ− ≥ 1 pµT > 5GeV |ηµ| < 2.5, , , 

Cut 2: the transverse impact parameter |dµ0 | > 2mm

Cut 3: the transverse and longitudinal distance 0.1m < vµ0 < 1.8m vµz < 2.35m, 

Cut 4: the angular separation between the two charged muons ∆Rµ+µ− < 1.0

Cut 5: the transverse momentum of reconstructed ALP pµ
+µ−

T > 25GeV

 

ϵ µ+µ−γ

gaWW = 5×10−3 91.2 L =
Table 2.    The cumulative selection efficiency  and production cross section σ of the  signal are shown for representative ALP
mass points with  TeV−1 after the sequential optimized cuts applied at the  GeV CEPC with  100 ab−1.

Cuts
Cross sections [pb] (selection efficiencies) for the signal

ma = 1 GeV ma = 2 GeV ma = 3 GeV ma = 4 GeV

Generator: 1.137×10−4 1.138×10−4 1.813×10−6 9.053×10−7

Cut 1: 1.064×10−4 9.36×10−1( ) 1.050×10−4 9.22×10−1( ) 1.667×10−6 9.20×10−1( ) 8.318×10−7 9.19×10−1( )

Cut 2: 1.063×10−4 9.34×10−1( ) 1.042×10−4 9.15×10−1( ) 1.096×10−6 6.05×10−1( ) 3.457×10−7 3.82×10−1( )

Cut 3: 1.135×10−6 1.00×10−2( ) 5.462×10−6 4.80×10−2( ) 9.027×10−7 4.98×10−1( ) 1.574×10−7 1.74×10−1( )

Cut 4: 1.135×10−6 1.00×10−2( ) 5.462×10−6 4.80×10−2( ) 9.027×10−7 4.98×10−1( ) 1.574×10−7 1.74×10−1( )

Cut 5: 9.091×10−7 8.00×10−3( ) 3.411×10−6 3.00×10−2( ) 7.611×10−7 4.20×10−1( ) 1.474×10−7 1.63×10−1( )

Chong-Xing Yue, Xin-Yang Li Chin. Phys. C 50, 113103 (2026)
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91.2 L = 100cuts employed at the  GeV CEPC with  ab−1.

8.00×10−3

1.63×10−1

108

ϵ < 10−8

As shown in Tables 2 and 3, the cumulative selection
efficiency  of  the  signal  ranges  from  to

 for ALP masses between 1 and 4 GeV, while
no SM background events are observed after applying the
full  set  of  optimized  cuts  to  the  simulated  Monte
Carlo events. Based on the available Monte Carlo statist-
ics,  we  conservatively  estimate  an  upper  limit  on  the
background efficiency of . Consequently, the SM
background is expected to be strongly suppressed within
the present simulation framework. Although a small num-
ber of background events may appear in the extreme tails
of  the  distributions  if  substantially  larger  Monte  Carlo
samples  are  generated,  a  reliable  evaluation  of  such rare
fluctuations would  require  prohibitively  large  computa-
tional resources and is therefore left for future work.

Nsig = ϵ ×σ×L

(ma,gaWW)
Nsig ≥ 3

L =
µ+µ−γ

The  number  of  signal  events  passing  the  optimized
selection criteria is given by . After apply-
ing these criteria, the SM background is negligible in our
analysis. We therefore adopt 3 signal events as the bench-
mark for the 95% confidence level (C.L.) exclusion limit.
To derive the projected 95% C.L. sensitivity, we scan the
parameter  space  and identify  the  region  satis-
fying .  The  resulting  95%  C.L.  sensitivity  of  the
91.2  GeV  CEPC  with  100  ab−1 to  light,  long-lived
photophobic ALPs via the  signal will be presented
in the following subsection. 

τ+hτ
−
h /ETγB.    The  signal

e+e−→ Z→ aγ→ τ+τ−γ

τ+hτ
−
h /ETγ

ma

gaWW ma

4−10
5.320×10−5 1.835×10−5

1.330×10−5 4.589×10−6 5.320×10−7

In this subsection,  we investigate the signal from the
process ,  focusing  on  subsequent
hadronic tau  decays.  Each  hadronic  tau  decay  is  recon-
structed  as  a  narrow  tau  jet  containing  a  single  charged
track. Thus, the signal is characterized by two oppositely
charged tau jets, missing transverse energy, and a photon,
denoted as . The corresponding production cross
sections at the CEPC as functions of the ALP mass  for
different  values  of  are  shown  in Fig.  8.  For  in
the  range  of  GeV,  the  production  cross  sections
range  from  to  pb,  from

 to  pb,  and  from  to

1.835×10−7 gaWW = 1×10−2 5×10−3 1×10−3

e+e−→ τ+τ−γ
τ±→ π±ντ τ±→ π±π0ντ

e+e−→ τ+τ−

4.990

 pb for , , and 
TeV−1, respectively.  These  results  are  obtained  after  ap-
plying  the  basic  cuts  described  above.  In  our  numerical
analysis,  the  dominant  SM  background  arises  from  the
processes ,  with  both  taus  decaying  via  the
1-prong  hadronic  mode  (  or ),  and

, with  one  tau  radiating  a  photon  before  de-
caying hadronically.  The  corresponding  Feynman  dia-
grams  are  shown  in Fig.  9,  where  the  1-prong  hadronic
tau  decays  are  omitted  for  clarity.  The  production  cross
section is approximately  pb.

µ+µ−γ |dτh0 | vτh0 vτhz

∆Rτ+h τ−h P
τ+h τ
−
h

T

τ+hτ
−
h /ETγ

L = 100 ab−1

To effectively separate the signal from the SM back-
ground, we consider several  observables similar  to those
used in the  signal analysis, including , , ,

,  and .  The  normalized  distributions  for  the
 signal and the corresponding SM background at

the 91.2 GeV CEPC with  are shown in Fig.
10. The zoomed-in views of the SM background are sim-
ilar  to  those  of  the  prompt  SM  background  (red  dashed
curves) shown in Fig. 7 (a)-(c) and are therefore omitted
for  brevity.  As  illustrated  in  this  figure,  the  signal  and
background  events  can  be  clearly  distinguished  using
these observables. Based on the features of these distribu-
tions, we apply optimized cuts similar to those used in the

 

Table 3.    Same as Table 2, but for the SM background.

Cuts
Cross sections [pb] (selection efficiencies) for the SM background

background1 background2

Generator: 3.839×101 1.180×104

Cut 1: 3.808×101 9.92×10−1( ) 2.536×102 2.15×10−2( )

Cut 2: < 3.839×10−7 < 1.00×10−8( ) 2.986×10−1 2.53×10−5( )

Cut 3: < 3.839×10−7 < 1.00×10−8( ) < 1.180×10−4 < 1.00×10−8( )

Cut 4: < 3.839×10−7 < 1.00×10−8( ) < 1.180×10−4 < 1.00×10−8( )

Cut 5: < 3.839×10−7 < 1.00×10−8( ) < 1.180×10−4 < 1.00×10−8( )

 

τ+hτ
−
h /ETγFig.  8.    (color  online)  Same  as Fig.  5,  but  for  the 

signal.

Prospects for probing light photophobic axion-like particles via displaced... Chin. Phys. C 50, 113103 (2026)

113103-9



µ+µ−γ P
τ+h τ
−
h

T > 30

10−8

ϵ

τ+hτ
−
h /ETγ 91.2 L =
ϵ 8.30×10−2 7.60×10−2

ma = 5−8

 signal  analysis,  but  require  GeV.  After
applying these optimized cuts, the background efficiency
is estimated to be less than  and can therefore be con-
sidered  negligible  in  the  present  analysis.  Accordingly,
the  detailed  cut-flow  table  for  the  SM  background  is
omitted  for  brevity. Table  4 summarizes  the  cumulative
selection  efficiency  and production  cross  section σ for
the  signal at the  GeV CEPC with  100
ab−1,  with  ranging  from  to  for

 GeV.

Nsig = 3 %
91.2 L = 100

τ+hτ
−
h /ETγ

ma = 4−9
bb̄

Assuming  negligible  SM  background,  we  take
 to estimate the expected 95  C.L. sensitivity of

the  GeV CEPC with  ab−1 to light long-lived
ALPs  in  the  channel, as  shown by  the  pink  re-
gion in Fig.  11. In this  figure,  we display only the para-
meter  space  for  GeV.  For  ALP masses  above
the  threshold, the total decay width increases substan-
tially, resulting in a much shorter lifetime. Consequently,
the ALP decays are insufficiently displaced to satisfy the
displaced-decay  requirements  within  the  main  tracking

system,  leaving  no  accessible  parameter  space  for  long-
lived ALPs in this mass region.

L =

µ+µ−γ τ+hτ
−
h /ETγ

µ+µ−γ

gaWW ∈ [1.27×10−3,6.80×10−1] TeV−1 ma ∈
[1,4] GeV τ+hτ

−
h /ETγ

gaWW ∈ [7.00×10−4,9.40×10−3]
ma ∈ [4,9]

≤
ma ≤ 100

B0→ K0∗a B±→ K±a a→ µ+µ−

In Fig. 11, we present the projected 95% C.L. sensit-
ivities of the 91.2 GeV CEPC with  100 ab−1 to light
long-lived  photophobic  ALPs.  The  purple  and  pink
shaded regions denote the projected sensitivities obtained
from the  and  signals, respectively. For the

 signal, the CEPC is expected to probe couplings in
the  range  for 

. For the  signal, the prospective CEPC
sensitivities  can  reach 
TeV−1 for  GeV.  Other  excluded  regions  for
photophobic  ALPs  from  previous  studies  for  1  GeV 

 GeV are also shown as colored shaded regions
in Fig. 11. These limits are adopted from the compilation
of  existing  results  in  Refs.  [49, 50].  The  gray  and  dark-
gray regions represent the constraints on long-lived ALPs
obtained by  the  LHCb  collaboration  through  the  pro-
cesses  and  with  [71, 72].
The  cyan  region  marked  "Charm"  corresponds  to  the

 

e+e−→ τ+τ−γFig. 9.    Feynman diagrams for the SM background process .

 

|dτh0 | vτh0 vτhz ∆Rτ+h τ−h P
τ+h τ
−
h

T gaWW = 1×10−3Fig. 10.    (color online) Same as Fig. 7, but for the observables , , , , and  with  TeV−1.
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Z→ γa→
γγ/ET Z→ γa→ γ j j

pp→ a j j→ Z(→ νν̄)γ j j

π+π−γ/ET

ℓ+ℓ−γ/ET

bounds  on  long-lived  ALPs  obtained  from  the  CHARM
experiment  [73]. The  yellow  region  marked  "LEP"  de-
notes  the  constraints  derived  from the  decays 

 and  at  the Z pole  at  LEP  [74, 75].
The  green region marked "LHC" indicates  the  exclusion
limits  from  various  searches  at  the  LHC  [49],  while  the
red  region  shows  the  bounds  obtained  from  a  dedicated
Run-II  13  TeV  LHC  analysis  targeting  the  process

 [50].  Finally,  the  orange  and
blue regions indicate the projected sensitivities of the HL-
LHC  to  light  long-lived  ALPs  via  the  signals 
and , respectively [76].

L =

µ+µ−γ τ+hτ
−
h /ETγ

Comparing  our  results  with  the  exclusion  regions
from other experiments, we find that the 91.2 GeV CEPC
with  100  ab−1 can  probe  long-lived  photophobic
ALPs  with  lower  masses  and  weaker  couplings  via  the

 and  signals,  thereby accessing parameter
regions  beyond  the  reach  of  prompt-decay  searches  at
LEP and  the  LHC.  In  addition,  compared  with  the  con-

L =

straints  on long-lived ALPs from rare  meson decays ob-
tained by  the  LHCb Collaboration  and  the  CHARM ex-
periment, the  CEPC  can  provide  complementary  cover-
age of the light long-lived ALP parameter space. Further-
more,  the  projected  sensitivity  obtained  in  this  work  is
complementary to the expected reach of the HL-LHC. In
summary, these results indicate that the 91.2 GeV CEPC
with  100  ab−1 has  strong  potential  to  explore  light
long-lived  photophobic  ALPs  through  displaced-vertex
signals within the main tracking system. 

IV.  CONCLUSIONS AND DISCUSSIONS

To date,  a  wide  variety  of  new physics  models  have
been  proposed  to  address  open  problems  in  the  SM and
potential experimental anomalies, many of which predict
new  particles.  Searching  for  possible  signals  of  these
particles is one of the primary goals of current and future
collider  experiments.  As  a  well-motivated  class  of  new
particles,  ALPs  can  give  rise  to  rich  phenomenology  in
both  low- and  high-energy  experiments  and  therefore
warrant extensive study. Many previous studies have fo-
cused  on  probing  ALPs  through  their  prompt  decays  or
associated missing-energy signals.

√
s = 91.2 L = 100

e+e−→
Z→ γa

µ+µ−γ τ+hτ
−
h /ETγ

µ+µ−γ

gaWW ∈ [1.27×10−3,6.80×10−1] TeV−1 ma ∈
[1,4] τ+hτ

−
h /ETγ

gaWW ∈ [7.00×10−4,9.40×10−3]

In  this  paper,  we  have  investigated  the  prospects  for
detecting light long-lived photophobic ALPs through dis-
placed-vertex signals within the main tracking system of
the  CEPC  with  GeV  and  ab−1.  We
consider the production of a photophobic ALP in associ-
ation  with  a  photon,  a  lepton  pair,  or  a  jet  pair.  Among
these production processes, we find that the photon-asso-
ciated  production  mode  has  the  largest  production  cross
section.  We  therefore  focus  on  the  process 

, with the ALP a subsequently decaying into a dis-
placed pair  of  muons or  tau leptons.  We perform Monte
Carlo simulations for the  and  signals and
derive the prospective 95% C.L. sensitivities of the CEPC
to light long-lived photophobic ALPs. For the  sig-
nal,  the  CEPC  can  probe  the  ALP-W boson  coupling  in
the  range  for 

 GeV. For the  signal, the prospective sensit-
ivities  reach  TeV−1 for

 

τ+hτ
−
h /ETγ gaWW = 1×10−3Table 4.    As in Table 2, but for the  signal with  TeV−1.

Cuts
Cross sections [pb] (efficiencies) for the signal

ma = 5 GeV ma = 6 GeV ma = 7 GeV ma = 8 GeV

Generator: 6.653×10−7 6.998×10−7 7.145×10−7 7.187×10−7

Cut 1: 1.084×10−7 1.63×10−1( ) 1.112×10−7 1.59×10−1( ) 1.129×10−7 1.58×10−1( ) 1.130×10−7 1.57×10−1( )

Cut 2: 9.778×10−8 1.47×10−1( ) 9.721×10−8 1.39×10−1( ) 9.646×10−8 1.35×10−1( ) 9.271×10−8 1.29×10−1( )

Cut 3: 8.316×10−8 1.13×10−1( ) 8.258×10−8 1.18×10−1( ) 7.931×10−8 1.11×10−1( ) 7.331×10−8 1.02×10−1( )

Cut 4: 8.316×10−8 1.13×10−1( ) 8.258×10−8 1.18×10−1( ) 7.931×10−8 1.11×10−1( ) 7.115×10−8 9.90×10−2( )

Cut 5: 5.522×10−8 8.30×10−2( ) 5.738×10−8 8.20×10−2( ) 5.716×10−8 8.00×10−2( ) 5.462×10−8 7.60×10−2( )

 

µ+µ−γ

τ+hτ
−
h /ETγ

Fig.  11.    (color  online)  Projected  95%  C.L.  sensitivities  at
the CEPC for light, long-lived photophobic ALPs in the 
(purple  region)  and  (pink region)  channels,  com-
pared with other excluded regions.
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ma ∈ [4,9] GeV. Comparing our results with exclusion re-
gions from other experiments, we find that the CEPC can
probe  regions  of  the  photophobic  ALP  parameter  space
characterized by lower masses and weaker couplings that
remain challenging for prompt-decay searches at LEP and
the  LHC.  In  addition,  compared  with  constraints  from
rare  meson  decays  obtained  by  the  LHCb  collaboration
and  the  CHARM  experiment,  the  CEPC  can  provide
complementary  coverage  of  the  light  long-lived  ALP
parameter  space.  Furthermore,  the  projected  sensitivity
obtained  in  this  work  is  complementary  to  the  expected
reach of the HL-LHC. Thus, we conclude that the CEPC
has great potential to detect light long-lived photophobic
ALPs via displaced-vertex signals.

In this paper, we primarily explore the potential of the
CEPC for detecting light long-lived ALPs, taking advant-

age of  its  clean  experimental  environment,  high  integ-
rated  luminosity,  and  precise  measurement  capabilities.
Other future lepton colliders, such as the FCC-ee, are also
expected  to  offer  promising  opportunities  for  probing
light long-lived ALPs. However, their center-of-mass en-
ergies,  integrated  luminosities,  and  detailed  detector
designs differ  from those  of  the  CEPC and  therefore  re-
quire dedicated analyses. In this study, we take the CEPC
as  a  representative  example  and  expect  that  our  results
may  provide  valuable  insights  into  detecting  light  long-
lived ALPs at the FCC-ee. 
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