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1.1 Properties of axion-like particles

Many new physics scenarios beyond the standard model (SM) 
predict the existence of axion-like particles (ALPs), which are 
generalizations of QCD axions proposed as a solution to the 
strong CP problem.

The ALP is a CP-odd neutral pseudoscalar particle of the broken 
global symmetry at high scale and a singlet under the SM gauge 
group.

The masses of ALPs and couplings to the SM particles are 
considered to be independent parameters.
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 1 Introduction

1.2 Effective interactions of ALP

,,
,

2 21 1
( )( )

2 2 L R

L R

Q Q
L L

i i
eff a B W

a a a

a a a
a a m a X C B B C W W

f f f


  

     



       

 =

The effective interactions of ALP with the SM particles:

:am the mass of ALP

:af the characteristic scale

:iW and B  the field strength tensors of (2) (1)L YSU and U

:X Hermitian matrices in flavour space

:
W B

C and C  the coupling constants
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After electroweak symmetry breaking:

:diagm

:F

:Z

:W

the diagonalizable fermion mass matrix

the photon field strength tensor

the Z boson field strength tensor

the W boson field strength tensor
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all the couplings                                                 are governed by    , , ,a aZZ aZ aWW aand  g g g g g
af

where

:W Ws and c the sine and cosine of the weak mixing angle
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1.3 The constraints on the effective couplings of ALP to the 
SM electrons or bosons 

Existing constraints on the ALP–electron coupling (left) and ALP–photon 
coupling (right) from cosmological, astrophysical, and accelerator searches. 
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 Bounds on the ALP coupling       (left) and ALP coupling        (right).aZZg

a Zg
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 2
Detecting ALPS via the decay                  

2.1 Future circular         colliderse e 

Run plan for the Future Circular Collider (FCC-ee)

Run plan for the Circular Electron-Positron Collider (CEPC)

at future Z factories
Z a f f
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The Feynman diagrams:

For               , there exits rare decay channel                   

The mass of ALP :                                   . 
.Z a f f

5GeV 70GeVam 
a Zm m

The relevant measurements of the channel                could be used to 
extract the        coupling directly.

Z a
aZZ

The channel                  with  f  being charged leptons or quarks is more 
sensitive to the coupling        . a Z

Z a f f

2.2 Searching for ALP via exotic Z decay Phys. Rev. D 105, 
115027 (2022), 
2204.04702
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Detecting ALPS via the decay                  
at future Z factories

Z a f f



11

Focusing on the decay channels    and              . a bb

Four types of exotic Z decay signals , ,bbE e e and e e bb      

Tools used:

 are studied.

FeynRules

MadGraph5_aMC@NLO

MadAnalysis 5

 PYTHIA 8

DELPHES

 2
Detecting ALPS via the decay                  
at future Z factories
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91.2 GeVCME 

Basic cuts:

( , ) 10 GeVTP l j 

10 GeVE 

( , ) 2.5l j 

( , ) 0.2, ( , ) 0.4ij ijl l j j  
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A. the exotic decay                followed by Z aZ E    a   
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A. Z E   

   

                         

11 ab

10.5 TeVaZZ
g

(Cut 1-A)

the exotic decay                 followed by Z a a   
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B. the exotic decay                followed by Z aZ bbE  a bb

     (Cut 1-B)

10.5 TeVaZZ
g
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C. the exotic decay                    followed by Z a e e Z e e      a   
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C. Z e e      the exotic decay                    followed by Z a e e  a   
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30 GeV

e e
m    (Cut 1-C)

3 GeVam m
     (Cut 2-C)

10.5 TeVa Z
g

C. Z e e      the exotic decay                    followed by Z a e e  a   

 2
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D. the exotic decay                    followed by Z a e e Z e e bb  a bb

30 GeV
e e

m    (Cut 1-D)

5 GeVbb am m  (Cut 2-D)

10.5 TeVa Z
g

 2

11 ab

Detecting ALPS via the decay                  
at future Z factories

Z a f f
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3σ and 5σ discovery curves in the planes                   and                  : ,( )a aZZm g ,( )a a Zm g

For                                  , the            and               signals can probe the 
couplings       and      down to               . 

5 GeV 20 GeVam  E    e e     

a Zg 10.1TeV
aZZg
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2.3 Results

 

Sensitivity bounds on      (left) and        (right) at 95% C.L. from exotic Z 
decays and other current exclusion regions.

a ZgaZZg

Compared to the LHC, the future Z factories are more sensitive to      
and        via these four channels for       in the range from 5GeV to 
tens GeV.

am
aZZg

a Zg
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Prospects for searching for axion-like particles
 at the CEPC

                                                 . 0a aZZ aWW a Zand   g g g g

3.1 Searching for ALP via the triphoton production at 
the 240 GeV CEPC

The Feynman diagrams for the process of                               :3e e a    

(a) (b) (c)

dominant 

 3 Searching for ALPs at the CEPC

Accepted by J. Phys. G

and there are



23

Prospects for searching for axion-like particles
 at the CEPC
The cross section of the process e+e   ! aγ ! 
3γ as a function of the ALP mass ma.

The cross section of the process                             as a function of the ALP 
mass      :

3e e a    

am

The mass of ALP :                                    1GeV 200GeVam 

 3 Searching for ALPs at the CEPC
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Basic cuts:

10 GeVTp 

2.5 

2 2( ( ) ( ) )R      0.2R 

Tools added:

CutExperiment     https://github.com/NBAlexis/CutExperiment

                  .

 3 Searching for ALPs at the CEPC
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The angular separation of the two photons from ALP decay strongly 
depends on the ALP mass.

observables

The ALP mass is higher than 20 GeV 

1N 

3N 

the invariant mass of 
all final state photons      

the transverse momentum of 
the hardest photon in the final states 1

Tp

m

The ALP mass less than 20 GeV

 3 Searching for ALPs at the CEPC



26

 

 3 Searching for ALPs at the CEPC
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 The symbols                    :
 The photons with the largest,    
intermediate and smallest momentum.

1, 2 3and  

For the ALP with high (low)
mass, the ALP tends to decay 
into                  .1 2 2 3( )   

 3 Searching for ALPs at the CEPC
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The improved cuts:

 3 Searching for ALPs at the CEPC
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4 110 GeVa
 g

15.6ab

 3 Searching for ALPs at the CEPC



30

The 3σ and 5σ curves for the process                              in the        
plane:

3e e a     ,( )a am g

The expected bounds on        can reach                                                  
at 3σ (5σ) levels.

ag 5 14 10 GeV  5 1(5 10 GeV ) 

 3 Searching for ALPs at the CEPC
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3.2 Results
The projected CEPC sensitivity region for the process                             as well 
as other current and prospective limits on         .

3e e a    

The promising sensitivities as                                                    with 
                             at 2σ level .

5 4 1[3.25 10 , 3.7 10 ]GeVa
    g

[2.9,190] GeVam 

ag

 3 Searching for ALPs at the CEPC
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ALPs appear naturally in broad extensions of the SM, which have 
various beneficial properties to search by many experiments. 

Prospects for searching for axion-like particles
 at the CEPCam

The exotic decay channel                  is promising for probing ALPs. 
 

Z a f f
It is expected that the future Z factories could discover or exclude ALPs 
with      in the range of 5 GeV - 70 GeV.

The promising sensitivities of the CEPC to the coupling         are 
in the range of                            to                          with      from 
2.9 GeV to 190 GeV.

ag
4 13.7 10 GeV 5 13.25 10 GeV  am

 4 Conclusions
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