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Axion is a strong case of Physics Beyond the SM
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Strong case for physics beyond the Standard Model 

• Standard Model (SM) describes interactions of all 

known particles with remarkable accuracy

• SM describes only about 15% of matter content in 

the universe

• Theorists have proposed plenitude of dark matter 

(DM) candidates

• Best motivated candidates those which occur in SM 

extensions solving also other problems, such as  

• Hierarchy problem: Neutralino

• Strong CP problem: Axion

[Kim,Carosi 10]

• Solve the strong QCD problem

• A potential dark matter candidate

• Unlike SUSY, it does not solve the 
hierarchy problem.



Strong QCD Problem: the  term  in QCDθ
• QCD Lagrangian: here  

           


• This  term violates T and P, thus CP.

• Most sensitive probe of T and P violation in flavor-conserving process: 
EDM of neutron 
      


• Experiment: current best limit: 
                [Abel etal 2020]


• It implies 
                          

  Strong CP problem: why  is so small.

−π ≤ θ̄ ≤ π

ℒ = q̄(iγμDμ − Mq)q −
1
4

Ga
μν Ga, μν −

αs

8π
θ̄ Ga

μν G̃a, μν

θ

dn(θ̄) = 2.4 × 10−16 θ̄ ecm

|dn | = (0.0 ± 1.1stat ± 0.2sys) × 10−26 ecm

| θ̄ | < 10−10

θ̄



A Dynamical solution: axion field
• Dynamical solution of strong CP problem based on observation that the vacuum energy 

in QCD has minimum at θ̄ = 0
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Strong CP Problem
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A dynamical solution

• Dynamical solution of strong CP problem based on observation that the vacuum energy in QCD has mini-

mum at           

• If     is a dynamical field,                           , its vacuum expectation value would be zero

• Particle excitation: “axion”

• Mass: 

[Di Vecchia,Veneziano `80;

Leutwyler,Smilga 92]

[Peccei,Quinn 77]

[Weinberg 78; Wilczek 78]

[Vafa,Witten 84]

• If  is a dynamical field, . Its VEV would be zero (to solve the strong CP)

• The particle excitation is called the axion. 


• The mass:     . Note if it is not the 

QCD axion, this mass relation does not hold.

θ̄ θ̄(x) = a(x)/fa

ma ≃
∑

fa

mumd

mu + md
≃

mπ fπ
fa

mumd

mu + md
≃ 6 meV ( 109 GeV

fa )



• Because of CP-odd nature of Axion-like Particle (ALP), it can couplings to gauge bosons: 

  1.  

  2.   

  3. 


   4.   


• Lots of constraints on  from astrophysical and cosmological processes.


• There are also constraints on other ALP-gauge, ALP-top couplings from colliders for 


  Heavier ALP.

a
fa

Ga
μνG̃aμν

a
fa

BμνB̃μν

a
fa

Wi
μνW̃iμν

∂μa
fa

f̄γμγ5 f =
a
fa

ma f̄γ5 f

gaγγ



10°
12

10°
11

10°
10

10°
9

10°
8

10°
7

10°
6

10°
5

10°
4

10°
3

10°
2

10°
1

100
101

102
103

104
105

106
107

ma [eV]

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

|g
ag

g
|[

G
eV

°
1 ]

KSVZ

DFSZ
A

D
M

X

H
A

Y
STA

C

O
R

G
A

N

R
B

F+U
F

C
A

PP

Q
U

A
XB

A
SE

A
D

M
X

SLIC

MWD X-rays

MWD
Polarisation

M
U

SE V
IM

O
S

g

XMM-Newton

INTEGRAL
NuSTAR

Leo
T

Neutron stars

 ℒ = −
1
4

gaγγaFμνF̃μν −
1
4

gaZZaZμνZ̃μν + . . .

Credit: by Ciaran O’hare :: https://cajohare.github.io/AxionLimits/

https://cajohare.github.io/AxionLimits/


10°3 10°2 10°1 100 101 102 103 104 105 106 107 108 109 1010 1011 1012

ma [eV]

10°19
10°18
10°17
10°16
10°15
10°14
10°13
10°12
10°11
10°10
10°9
10°8
10°7
10°6
10°5
10°4
10°3
10°2
10°1

100

|g
ag

g
|[

G
eV

°
1 ]

Leo T

M
U

SE

V
IM

O
S

g

ATLAS LHC (pp)

BESIII
OPAL

GW170817

Credit: by Ciaran O’hare :: https://cajohare.github.io/AxionLimits/

https://cajohare.github.io/AxionLimits/


reaches down to 1.8 ⇥ 10�4GeV�1. The e+e� ! e+e�a, a ! �� channel o↵ers the least

sensitivity (for Ma=0.1 GeV gaZZ coupling only reaches down to 4.3 ⇥ 10�4GeV�1). The

limit from the e+e� ! µ+µ�a, a ! �� channel is intermediate (for Ma=0.1 GeV the

gaZZ coupling reaches down to 3.4⇥10�4GeV�1). This trend is visible across the entire ALP

mass range from Ma = 0.1 GeV to 100 GeV.

FIG. 7: Summary plot of the sensitivity of ga�� that we can achieve at the Higgs factory
p
s = 250 GeV with an integrated luminosity 2 ab�1, and compared with other existing

constraints. Existing constraints in the figure include PrimEx [48], BES III [49], Belle II[41],

LEP [23], OPAL [50], CMS [51], ATLAS [52] and LHC [50] (extracted from the GitHub

page [53]).

V. CONCLUSIONS

In this study, we have explored the sensitivity potential of the future Higgs factories,

including ILC, CEPC, and FCC-ee, on probing dimensionful coupling constants ga��, gaZ�,

gaWW , and gaZZ of the axion-like particle, via the processes e+e� ! ff̄a (f = e, µ, ⌫)

followed by a ! ��. We used a center-of-mass energy
p
s = 250 GeV with an integrated
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H → Zγ



K.C., Ouseph 2402.05678, PRD

Interpretation of excess in  by a light ALPH → Zγ



Motivation for this work

• Higgs decay  is one of the most anticipated modes in future measurements


• The current result from CMS and ATLAS: (showing an excess of 1.9 sigma) 

               

 BUT                 (Phys. Rev. Lett. 132 (2024) 021803, [2309.03501].


• This can be explained by putting new particles in the triangular loop, but it needs some 

 fine-tuning so as not to overproduce . 


• We attempt to use the a very light axion-like particle , such that  

when it decays into a collimated photon pair, which looks like a single photon.

H → Zγ

B(H → Zγ)measured = (3.4 ± 1.1) × 10−3

B(H → Zγ)sm = (1.5 ± 0.1) × 10−3

H → γγ

(ma < 0.1 GeV)



• The Higgs boson is mainly produced by gluon fusion, so that Higgs does not have a high 


• Taking into account the massive  boson, the energy of the ALP is 

                   


• The opening angle of the photon pair from the ALP decay is 

                  


   For 


• It is below the angular resolution of the ECAL in CMS and ATLAS. So it appears as a single 

photon. 


• It is smaller than the  of each cell, e.g., ATLAS ECAL: 0.025 x 0.0245.

pT

Z

p0(a) ≈
mH

2 (1 −
m2

Z

m2
H ) ≈

mH

4

ΔR ∼
2ma

pTa

≈ (3 − 7) × 10−3

ma = 0.05 − 0.1 GeV

Δη × Δϕ



FIG. 1. Distributions of �R�� between the photon pair produced for ma = 0.05 GeV and 0.1
GeV in the decay H ! Za ! (l+l�) (��). It is clear the opening angle between the photon pair is
very small.

small opening angle [15, 16]. In this case, both photons deposit their energies in a single

cell. In order that it happens, the axion has to decay before reaching or inside the ECAL

detector. It is the coupling Ce↵
��
/⇤ in Eq. (5) that controls the decay length of the ALP. The

ECAL detector the ATLAS detector extends from the radius of 1.5 m to 2 m while that the

CMS is slightly closer to the center. We therefore require the decay length of the axion to

be less than 1.5 m. When these conditions are met, the diphoton decay of the axion would

be mistaken as a single photon, and thus mimics the H ! Z� decay.

Details of the experimental event selections have been given in the CMS and ATLAS

publications [17, 18]. In both detectors, photons are identified as ECAL energy clusters not

linked to the extrapolation of any charged particle trajectory to the ECAL. Typical angular

resolution of the ECAL is of order �R ⇠ 10�2, which is given by the size of each cell, for

photon energies of order 50� 100 GeV [19, 20]. It was demonstrated that taking advantage

of a shower-shape analysis [21] (also emphasized in Ref. [22]) the ECAL detector is able to

distinguish a single photon from a pair of collimated photons for ma & 0.1 GeV. That is the

reason for the upper limit of ma = 0.1 GeV that we propose while the lower limit 0.05 GeV

3

Operation and performance of the ATLAS LAr EM calorimeters Julien Maurer

Figure 1: Overview of the calorimetry system, and segmentation of the EM calorimeter in the central region.

1. The ATLAS electromagnetic calorimeters

The ATLAS detector [1] employs liquid argon sampling calorimeters [2] for several parts:
electromagnetic (EM barrel 1 0  |h |  1.5, EM end-caps 1.4  |h |  3.2), hadronic end-caps
(1.5  |h |  3.2) and forward (3.1  |h |  4.9). The EM lead absorber plates are mounted in
an accordion structure (Fig. 1) allowing a near-perfect uniformity of the response in j . Ioniza-
tion charges are collected by triple foil electrodes positioned in the middle of the gap between
two absorbers, and held by a honeycomb structure filled with argon. High voltage (1 to 2 kV) is
supplied on each electrode side by two independent sources, to limit the risk of dead areas. The
electrodes are segmented in three longitudinal layers (Fig. 1) to improve energy reconstruction and
electron/photon identification. The front layer is finely divided along h for precise h measurement
and p0 discrimination, the middle layer collects most of the shower energy, and the back layer al-
lows to correct for shower energy leakage beyond the calorimeter. The region |h |< 1.8 is equipped
with a presampler built from planar electrodes and argon gaps, to detect early showers triggered
when particles interact with the material in front of the calorimeter and improve energy linearity.

2. Operation of the calorimeter

Dedicated electronic calibration runs are taken daily during accelerator interfills, by injecting
a known signal in the electrodes, and measuring each channel’s pedestal, noise and gain. These
parameters are very stable with time (pedestal drift < 3 MeV, gain < 0.03%). The liquid argon
temperature homogeneity and uniformity is monitored continuously by 508 probes, as its impact
on the energy scale is about -2%/K. The measured temperature excursions are of the order of 60 mK
for a tolerance threshold of 100 mK. Argon purity is also well under control, the level of impurities
being 200 ppb in the barrel and 140 ppb in the end-caps while the accepted limit is 1000 ppb.

Issues in the liquid argon calorimeters have been responsible in 2012 for the loss of 0.88% of
recorded data. The main contribution (0.46% in 2012) originates from sporadic trips of the high
voltage supply modules. It has been substantially reduced compared to earlier operation (1% loss

1Here and following: indication of the coverage in pseudo-rapidity h =� ln [tan(q/2)]

2



• The possible mass range of ALP mass:   


• The upper mass range is due to the angular resolution of ECAL.


• The lower mass limit comes from constraints on 


• Finally,   appears like  


• The excess requires: 

   


• The effective coupling 

    can explain the data.

0.05 ≤ ma ≤ 0.1 GeV

Ceff
γγ /Λ

H → Za → (ℓ+ℓ−)(γγ)collimated Zγ → (ℓ+ℓ−)γ

B(H → Za) = B(H → Zγ)measured − B(H → Zγ)sm = (1.9 ± 1.1) × 10−3

Ceff
aZH ≈ 4.4 × 10−2 TeV−1



Interactions

• ALP-gauge, fermions:

is given by the existing limit on Ce↵
��
/⇤.

The final state of Za ! (`+`�)(��) mimics (Z ! `+`�)�. Taking the di↵erence between

the measurement B(H ! Z�)measured and the SM prediction of B(H ! Z�)sm is entirely

due to H ! Za, we obtain

B(H ! Za) = (1.9± 1.1)⇥ 10�3 . (3)

In this work, we show that an e↵ective coupling among a-Z-H, Ce↵
aZH

/⇤ ⇡ 4.4⇥10�5 GeV�1,

can explain the excess, without violating any other existing constraints. We also show that

this interpretation may be tested at the Tera-Z option of the FCC [23] and CEPC [24]. On

the other hand, the production cross section for pp ! Z⇤ ! aH ! (��)(bb̄) via the same

coupling of aZH at the LHC is negligible for detection.

A few other interpretations were also proposed [25–27]. Barducci et al. [25] used extra

chiral leptons with hypercharge Y and with scanning some choices of hypercharge Y the

H ! �Z can be enhanced without increasing H ! ��. Boto et al. [26] used multiple

charged scalar bosons S+Q

i
, which couple to H and Z, and with enhanced o↵-diagonal

couplings, the authors can increase H ! �Z without increasing H ! ��. Das et al. [27]

made use of the triplet scalar field in the context of Type II seesaw model and adjusted the

couplings of the singly- and doubly-charged scalars to achieve the enhancement of H ! Z�

without increasing H ! ��.

There are numerous studies of collimated photons from axion or ALP decays in literature:

see for example [28–31].

II. MODEL

We follow the notation of Ref. [32]. The interactions of the ALP a with the SM particles

start at dimension-5 [33]:

LD=5 =
1

2
(@µa)(@

µa)� 1

2
m2

a
a2 +

X

f

cff
2⇤

@µa f̄�µ�5f

+ g2
S

CGG

⇤
aGA

µ⌫
G̃µ⌫,A + g2

CWW

⇤
aW i

µ⌫
W̃ µ⌫,i + g02

CBB

⇤
aBµ⌫B̃

µ⌫ , (4)

4

where A = 1, ....8 is the SU(3) color index, i = 1, 2, 3 is the SU(2) index, and gS, g and g0

are the gauge couplings of SU(3), SU(2) and U(1)Y , respectively. We set CGG = 0 to avoid

the mixing of the ALP with the QCD axion such that the strong CP problem would not

come back. After the Bµ and W 3
µ
rotate into the physical �, Z, the ALP couples to � and

Z as

L = e2
C��

⇤
aFµ⌫F̃

µ⌫ +
2e2

swcw

C�Z

⇤
aFµ⌫Z̃

µ⌫ +
e2

s2
w
c2
w

CZZ

⇤
aZµ⌫Z̃

µ⌫ , (5)

where

C�� = CWW + CBB , C�Z = c2
w
CWW � s2

w
CBB , CZZ = c4

w
CWW + s4

w
CBB ,

and sw and cw are the sine and cosine of the weak mixing angle, respectively. In the

considered mass range of the ALP ma  0.1 GeV, the only decay modes are e+e� and ��,

for which the �� can entirely dominate for O(1) coe�cients. However, we set Cff = 0

for simplicity. Even in this case, the a ! e+e� can be induced by a loop diagram, but

it is largely suppressed. Therefore, the ALP so produced will decay entirely into a pair of

photons.

Zµ

H

a(p) Ce↵
aZH
⇤

gv
cw
pµ

FIG. 2. Feynman rule for the vertex of aZH, which pµ is the momentum of the incoming axion.

Interactions with the Higgs boson start at dimension-6: 1

LD�6 =
Cah

⇤2
(@µa)(@

µa)�†�+
CaZH

⇤3
(@µa)

�
�†iDµ�+ h.c.

�
�†� , (6)

1 The obvious dimension-5 operator (@µa)(�†iDµ�+ h.c.) can be reduced to the fermionic operators using

the equations of motion. Then with the use of integration by parts, such fermionic operators are canceled

by the fermionic operators in Eq. (4) [34]. Thus, the dimension-5 operator does not contribute to the

tree-level aZH vertex.
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•ALP-Higgs, ALP-Z-Higgs
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where the covariant derivative is given by

Dµ = @µ + i
gp
2

�
W+

µ
⌧+ +W�

µ
⌧�

�
+ ieQAµ + i

g

cw
(T3 � s2

w
Q)Zµ ,

and ⌧± are the SU(2) raising and lowering operators, T3 is the third component of the

isospin, and Q is the electric charge. It is easy to see that the first term in Eq. (6) induces

the decay H ! aa while the second term induces H ! Za. From dimensional analysis

the amplitude for H ! Za is suppressed by one more order of the cuto↵ scale ⇤ than

H ! aa. However, as familiar to the Higgs low-energy theorems [35], in theories where a

heavy new particle acquires most of its mass through electroweak symmetry breaking, the

non-polynomial dimension-5 operator can appear [22, 32, 36, 37]

C(5)
aZH

⇤
(@µa)

�
�†iDµ�+ h.c.

�
ln(�†�/µ2) , (7)

which can be understood by thinking of � as a background field and treating the heavy

particle mass as a threshold for the running of the QCD gauge coupling. Therefore, we can

write an e↵ective coupling for aZH as

Ce↵
aZH

= C(5)
aZH

+
CaZHv2

2⇤2
. (8)

We can now see that H ! Za is only suppressed by one power of the cuto↵ scale ⇤ on

amplitude level while H ! aa by two powers of ⇤. That is the reason why H ! Za can be

made sizable while keeping H ! aa suppressed even in the case that both coe�cients Cah

and Ce↵
aZH

are of order O(1).

Note that the operator in Eq. (7) can induce a coupling among the H-a-ff̄ after applying

the equation of motion and integration by parts. Such a coupling can give rise to the rare

decay H ! bb̄a. Nevertheless, it is highly suppressed by ⇤ and the relatively small Yukawa

mb/v.

Before we end this section, we highlight existing constraints on other ALP-gauge couplings

denoted by ga��, gaZZ , gaZ�, and gaWW . A dedicated study on the gaZZ , gaZ�, and gaWW

was performed in Ref. [38] (references therein). These couplings can give rise to pp !

Za ! (l+l�)(��) and pp ! Wa ! (l⌫)(��), in which the photon pair can be resolved

6



• Why this obvious dim-5 term     does not appear? 

 Consider:

C5

Λ
(∂μa)(ϕ†Dμϕ + h . c.)

Response to the third report on LP18078D

Dear Editors,
We thank the second referee for finding our paper worth publication and

for a number constructive comments. We respond to the comments and make
the corresponding changes as follows.

1. Before equation (6), the authors say the interactions between the ALPS

and Higgs start at dimension-6. The authors should recap or summarize

the arguments (with appropriate citations) for why the second term in

Eq. (6) needs an extra �†� is needed, instead of just writing down the

dimension-5 without the �†�. For example, see 1607.01016.

Ans: We thank the referee for pointing us to 1607.01016 [1]. It is
indeed very useful. It can be shown in the Lagrangian with the terms

L = �cff
⇤

mfa f̄ i�5f +
C5

⇤
(@µa)(�†iDµ�+ h.c.)

using the equation of motion:

C5

⇤
@µ(�†iDµ�+ h.c.) = �cff

⇤
mf f̄ i�5f

Then using the integration by parts, the sum of these two terms cancel.
Therefore, the dim-5 operator (@µa)(�†iDµ�+h.c.) does not contribute
to the aZH vertex. Thus, the lowest dimensional polynomial operator
is the dim-7 operator, as shown by the second term in Eq. (6).

We summarize the reason in a footnote located at Eq. (6) in order not
to disturb the main stream of words:

\footnote{The obvious dimension-5 operator

$ (\partial^\mu a)( \phi^\dagger i D_\mu \phi + {\rm h.c.})$

can be reduced to the fermionic operators using the equations of

motion. Then with the use of integration by parts, such

fermionic operators are exactly canceled by the fermionic

operators in Eq. (\ref{eq4}) \cite{Bauer:2016ydr}.

Thus, the dimension-5 operator does not

contribute to the tree-level $aZH$ vertex.}

1

• Using integration by parts and equation of motion, this dim-5 term is reduced to  

              


• This dim-5 operator does not appear. In another word, there exists an equivalent  

basis such that this operator do not contribute to 


• So far, up to now  is only given by the dim-7 operator:  

    

(∂μa) (ϕ†Dμϕ + h . c.) ⟶ mf a f̄ iγ5 f

H → Za

H → Za

CaZH

Λ3
(∂μa)(ϕ†Dμϕ + h . c.)(ϕ†ϕ)



where A = 1, ....8 is the SU(3) color index, i = 1, 2, 3 is the SU(2) index, and gS, g and g0

are the gauge couplings of SU(3), SU(2) and U(1)Y , respectively. We set CGG = 0 to avoid

the mixing of the ALP with the QCD axion such that the strong CP problem would not

come back. After the Bµ and W 3
µ
rotate into the physical �, Z, the ALP couples to � and

Z as

L = e2
C��

⇤
aFµ⌫F̃

µ⌫ +
2e2

swcw

C�Z

⇤
aFµ⌫Z̃

µ⌫ +
e2

s2
w
c2
w

CZZ

⇤
aZµ⌫Z̃

µ⌫ , (5)

where

C�� = CWW + CBB , C�Z = c2
w
CWW � s2

w
CBB , CZZ = c4

w
CWW + s4

w
CBB ,

and sw and cw are the sine and cosine of the weak mixing angle, respectively. In the

considered mass range of the ALP ma  0.1 GeV, the only decay modes are e+e� and ��,

for which the �� can entirely dominate for O(1) coe�cients. However, we set Cff = 0

for simplicity. Even in this case, the a ! e+e� can be induced by a loop diagram, but

it is largely suppressed. Therefore, the ALP so produced will decay entirely into a pair of

photons.

Zµ

H

a(p) Ce↵
aZH
⇤

gv
cw
pµ

FIG. 2. Feynman rule for the vertex of aZH, which pµ is the momentum of the incoming axion.

Interactions with the Higgs boson start at dimension-6: 1

LD�6 =
Cah

⇤2
(@µa)(@

µa)�†�+
CaZH

⇤3
(@µa)

�
�†iDµ�+ h.c.

�
�†� , (6)

1 The obvious dimension-5 operator (@µa)(�†iDµ�+ h.c.) can be reduced to the fermionic operators using

the equations of motion. Then with the use of integration by parts, such fermionic operators are canceled

by the fermionic operators in Eq. (4) [34]. Thus, the dimension-5 operator does not contribute to the

tree-level aZH vertex.

5

• As familiar to the Higgs Low-Energy Theorem, in theories where a heavy new particles 

 acquires mass via EWSB, the non-polynomial dim-5 operator can appear: 

               [Bauer, Heiles, Neubert, Thamm 1808.10323]


• This is a dim-5 operator contributing to tree-level ALP-Z-H coupling


• Write the effective ALP-Z-H coupling as  

                 


• And the interaction can be written as, after the EWSB: 

                      

C(5)
aZH

Λ
(∂μa)(ϕ†Dμϕ + h . c.) ln(ϕ†ϕ/v2)

Ceff
aZH = C(5)

aZH +
CaZHv2

2Λ2

ℒaZH =
Ceff

aZH

Λ
gv
cw

(∂μa)ZμH



•We calculate the partial widths of  

  

H → Zγ and H → aa
We can calculate the partial width of H ! Za and H ! aa [32]

�(H ! Za) =
m3

H

16⇡

✓
Ce↵

aZH

⇤

◆2

�3/2(xZ , xa) (10)

�(H ! aa) =
m3

H
v2

32⇡

✓
CaH

⇤2

◆2

(1� 2xa)
2
p
1� 4xa , (11)

where xi = m2
i
/m2

H
(i = a, Z) and �(x, y) = (1 � x � y)2 � 4xy. Including the new

contribution of �(H ! Za) the branching ratio of H ! Za is given by

B(H ! Za) =
�(H ! Za)

�(H ! Za) + �sm(mH = 125GeV)
. (12)

where �sm(mH = 125 GeV) is taken to be 4.088⇥ 10�3 GeV for mH = 125 GeV 2.

Requiring the branching ratio to be (1.9±1.1)⇥10�3 as in Eq. (3 ), we obtain the results

as shown in Fig. 3. We found that

Ce↵
aZH

⇤
= (4.4 +1.1

�1.6)⇥ 10�5 GeV�1 (13)

where the upper and lower limits correspond to the 1� of B(H ! Za) = (1.9± 1.1)⇥ 10�3.

If the coe�cient Ce↵
aZH

⇠ O(1) the corresponding cuto↵ scale is ⇤ = 22.6 TeV.

It is true that the result of Ce↵
aZH

/⇤ corresponds to the mass scale of ⇤ = 22.6 TeV with

O(1) coe�cient. If it is the case, these heavy particles would certainly be out of reach at the

LHC. On the other hand, if we take the coe�cient to be O(0.1) ⇡ e2 (as in the definition of

e2(C��/⇤)aFµ⌫F̃ µ⌫), the scale ⇤ would then be around 2 TeV, which may be readily available

at the LHC. Indeed, the current mass limit on heavy vector-like quarks is about O(1)� 1.6

TeV depending on the search channels (for a recent review see [39]).

Let us turn to the requirement on the coupling Ce↵
��
/⇤, which controls the decay length

�c⌧ of the ALP, where � = Ea/ma (Ea ⇡ mH/2) is the Lorentz boost factor of the ALP

and the decay time ⌧ in the rest frame is given by

⌧ =
1

�a

, �a = 4⇡↵2m3
a

 
Ce↵

��

⇤

!2

, (14)

where �a is the total decay width of the ALP assuming it only decays into diphoton. We

2 It is available at https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR.
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where Γsm(mH = 125 GeV) = 4.088 × 10−3 GeV

• Requiring the branching ratio to be , we found  

                


• If the , then 

(1.9 ± 1.1) × 10−3

Ceff
aZH /Λ = (4.4+1.1

−1.6) × 10−2 TeV−1

Ceff
aZH ∼ O(1) Λ ≈ 22.6 TeV



for larger ma but unresolved for smaller ma. Other existing collider constraints on gaZZ ,

gaZ�, gaWW , and ga�� have been discussed in Ref. [38]. Also, Z ! a�, which looks like

Z ! �� when ma is very small, was also searched in Z ! �� summarized in [22]. On the

other hand, comprehensive coverage of astrophysical constraints on ga�� can be found in

https://cajohare.github.io/AxionLimits/.

III. RESULTS

For convenience of calculations we can write the e↵ective vertex for aZH, after the

electroweak symmetry breaking, as

LaZH =
Ce↵

aZH

⇤

gv

cw
(@µa) Zµ H (9)

which implies the Feynman rule in Fig. 2. Here v ' 246 GeV and cw is the cosine of the

Weinberg angle.

FIG. 3. The fitted values for Ce↵
aZH

/⇤ versus ma for ma = 0.05 � 0.1 GeV. The red line and
the band show the central value and 1� uncertainty in Ce↵

aZH
/⇤ = (4.4 ± 1.1) ⇥ 10�5 GeV�1

corresponding to B(H ! Z�) = (1.9⇥ 1.1)⇥ 10�3.
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Requirement on  due to Decay Length of the ALPCeff
γγ /Λ

• We require the ALP’s decay length < 1.5 m, making sure that it decays before leaving the ECAL.


• Decay length  is  

                  


• Taking  , the decay length requirement leads to  

                


γcτ

γ = Ea/ma , τ = 1/Γa , Γa = 4πα2m3
a (

Ceff
γγ

Λ )
2

Ea ≈ mH /2

Ceff
γγ

Λ
≥ 0.35 TeV−1 ( 0.1 GeV

ma )
2



FIG. 4. Decay length �c⌧ versus the mass ma of the ALP. Values of Ce↵
��/⇤ = 0.35, 0.7, 1.4 TeV�1

are used. A dashed horizontal line of 1.5 m is also shown.

show the decay length of the ALP versus ma for a few values of Ce↵
��
/⇤ in Fig. 4. Taking

the input values of Ea = mH/2 = 62.5 GeV, the requirement of the �c⌧  1.5m gives

Ce↵
��

⇤
� 0.35 TeV�1

✓
0.1GeV

ma

◆2

. (15)

Therefore, at ma = 0.1 (0.05) GeV the coupling Ce↵
��
/⇤ > 0.35 (1.4)TeV�1. We show in

Fig. 5 the region of parameter space in (ma, Ce↵
��
/⇤) that can allow the ALP to decay before

reaching the ECAL and consistent with all existing constraints. Note that the lower mass

limit ma = 0.05 GeV is due to the existing constraints (see Fig. 5), while the upper limit

ma = 0.1 GeV came from the limitation of the shower-shape analysis [21].

Such a scenario using a light axion with the diphoton decay, which mimics a single photon,

to explain the excess in H ! Z� can be tested at the Z resonance (Tera-Z – 1012 Z bosons)

of the Future Circular Colliders [23] and CEPC [24]. Via the same coupling Ce↵
aZH

/⇤ the Z

boson can decay via an o↵-shell Higgs boson

Z ! aH⇤ ! a(bb̄) ,

9



Beam dump

OPAL

Pr
im

Ex

LEP

BESIII

Belle II

FIG. 5. Parameter space (shaded in red) in Ce↵
��/⇤ versus ma that can allow the ALP to decay

before reaching the ECAL (i.e. �c⌧  1.5 m) and consistent with all existing constraints in the
mass range of 10�3 � 5 GeV, including beam dump [40–44], OPAL [45], LEP [46], Belle II [47],
BES III [48], and PrimEx [49] (data extracted from the GitHub page [50]). Note that the mass
range of the fitted parameter space is 0.05GeV  ma  0.1GeV.

in which the most dominant mode of the virtual Higgs boson is considered. The final state

consists of a bb̄ pair plus a diphoton, which appears as a single photon. Nevertheless, the

branching ratio is only 10�12, which barely a↵ords a few events at the Tera-Z option.

Another possible test of the scenario is the production process pp ! Z⇤ ! aH at the

LHC via the same coupling Ce↵
aZH

/⇤. However, the cross section turns out to be negligible,

of order 10�6 fb only, which corresponds to far less than 1 event for 3000 fb�1 luminosity of

the entire running of High-Luminosity LHC (HL-LHC).

IV. CONCLUSIONS

The excess observed in the rare decay of the Higgs boson into a Z boson and a photon

can be interpreted as the Higgs decay into a Z boson and a light axion. The light axion

10

For  is restricted by current constraints.  
For , the ECAL may be able to resolve the photon pair.

ma < 0.05 GeV, Ceff
γγ /Λ

ma > 0.1 GeV



Possible tests

1.  via off-shell Higgs. The final state will be a collimated  

photon pair and a b quark pair. But the branching ratio is only , which  

may give a few events at Tera-Z. 

2.  via the same  coupling, but the cross section is  

    fb, which corresponds to far less than 1 event for entire HL run.

Z → aH* → a(bb̄)

10−12

pp → Z* → aH Ceff
aZH /Λ

10−6



Summary

• , where the ALP is very light 50 - 100 MeV, is a viable solution 

to the excess, without increasing .


• It required a dim-5 vertex: 

         

  which can arise in theories where a heavy new particles acquires mass via EWSB.


• It also requires the ALP to decay within the ECAL: 

           

H → Za, a → γγ

H → γγ

C(5)
aZH

Λ
(∂μa)(ϕ†Dμϕ + h . c.) ln(ϕ†ϕ/v2)

Ceff
γγ

Λ
≥ 0.35 TeV−1 ( 0.1 GeV

ma )
2



Thank you (if time is limited)
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ALP-Gauge Interactions

J
H
E
P
0
5
(
2
0
2
4
)
3
2
4

to the dark-matter sector regardless of its mass or lifetime. In this work, we consider the
potential sensitivities on the parameter space of the ALP model that one can achieve at
the current LHC (L = 300 fb−1) and the future High-Luminosity LHC (L = 3000 fb−1).
In this work, we focus on the gauge couplings gaZZ , gaWW , and gaZγ of the axion a. In
principle, due to gauge invariance, it can also lead to the sensitivity on gaγγ . Instead, we
obtain the sensitivities in a model-independent manner.

In this work, we focus on the associated production of the axion a with a Z or W boson,
followed by the leptonic decay of the Z or W boson and the decay of a → γγ, i.e.,

pp → Za → (l+l−)(γγ)

and
pp → W±a → (l±ν)(γγ) ,

where l = e, µ. The associated production pp → Za can proceed via a Z or γ propagator,
which can then probe gaZZ and gaZγ , respectively. On the other hand, the process pp → W±a

probes gaWW . We obtain the sensitivities on these gauge couplings for Ma from 1 to 100GeV.
In the analysis, we found that when Ma ≤ 25GeV, the two photons from axion decay are
quite close to each other, which form, what we called, a photon-jet. While for Ma ≥ 25GeV
the two photons from axion decay are well separated. Therefore, we choose different selection
procedures for low-mass Ma and high-mass Ma. More details are given in section 4.

The organization is as follows. In the next section, we describe the relevant interactions
of the ALP. In section 3, we summarize the existing constraints on gaZZ , gaZγ , and gaWW .
In section 4, we discuss in details the signal and background analysis. In section 5, we show
our results. We conclude in section 6.

There have been a number of studies to explore the properties of ALPs at different
colliders [15–21].

2 The model

The axion, as a pseudo-Goldstone boson, has derivative couplings to fermions, as well as
CP -odd couplings to the gauge field strengths. Before rotating the B and W i fields to the
physical γ, Z, W±, the interactions of the axion are given by following equations: [22–24]

L = Lf + Lg + LBB + LWW (2.1)

where

Lf = − ia

fa

∑

f

gaf mdiag
f f̄γ5f (2.2)

Lg = −Cg
a

fa
GA

µνG̃
µν,A (2.3)

LBB = −CBB
a

fa
BµνB̃

µν (2.4)

LWW = −CWW
a

fa
W i

µνW̃
µν,i, (2.5)

where a represents the ALP field, fa is the ALP decay constant, A = 1, . . . 8 is the SU(3)
color index and i = 1, 2, 3 is the SU(2) index. The term Lf describes the fermionic couplings
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of the ALP. In principle, there can be non-trivial flavor structures in the ALP couplings such
as gij

(∂µa)
fa

(f̄iγµγ5fj), where i, j denote the generation indices. Nevertheless, we set them
all to zero in our study. The B,W 3 fields are rotated into γ, Z by

(
W 3

µ

Bµ

)

=
(

cw sw
−sw cw

)(
Zµ

Aµ

)

, (2.6)

where cw,sw are cosine and sine of the Weinberg angle. The axion interactions with the
fermions and the physical gauge bosons are given by

L = − ia

fa

∑

f

gafm
diag
f f̄γ5f − Cg

a

fa
GA

µνG̃
µνA − a

fa

[
(CBBc

2
w + CWW s2w)FµνF̃µν+

(CBBs
2
w + CWW c2w)ZµνZ̃µν + 2(CWW − CBB)cwswFµνZ̃µν + CWWW+

µνW̃
−µν] .

(2.7)

The dimensionful couplings associated with ALP interactions from eq. (2.7) are given by:

gaγγ = 4
fa

(CBBc
2
w + CWW s2w), (2.8)

gaWW = 4
fa

CWW , (2.9)

gaZZ = 4
fa

(CBBs
2
w + CWW c2w), (2.10)

gaZγ = 8
fa

swcw(CWW − CBB) . (2.11)

Note that gaγγ , gaZZ , gaWW , and gaZγ are not independent if we assume the SU(2) symmetry
relation as in eq. (2.1). By choosing O(1) coefficients for CWW and CBB we can convert
the existing constraints on gaγγ to the others.

3 Existing constraints on ALPs

In this section, we discuss the existing constraints on the ALP-weak gauge boson couplings.
Given that we focus on the mass range 1 GeV ≤ Ma ≤ 100 GeV, we summarize the constraints
for this ALP mass range. Various ALP-photon coupling limits have been established in
various collider experiments [9, 21, 25–29]. These limits can be converted into gaZZ , gaZγ ,
and gaWW using eqs. (2.8)–(2.11) by choosing O(1) coefficients for CWW and CBB. The
corresponding plots are presented in figure 7, labeled as “photons (various)”. The label
“photons (various)” includes the following: the bound established by the L3 collaboration,
focusing on hadronic final states accompanied by a hard photon, was surpassed by exclusions
from the LHC [25]. The exclusion for the “Flavour” region was based on data from Babar
and LHCb [30, 31]. At high axion masses near the TeV scale, the LHC bounds exceeded
those from LEP due to enhanced axion production via gluon-gluon fusion. Strong limits
are obtained from run 1 data [26, 32].

There are other limits on the gaγγ in additional to those included in “photon (various)”
in figure 7. Both CMS [33] and ATLAS [34], based on the γγ → a → γγ process in PbPb
collisions, constrained gaγγ or 1/fa ≤ 0.1 − 1TeV−1 for Ma ∼ 10 − 100GeV. On the other
hand, the CMS and TOTEM [35], using diphoton production, excluded 1/fa > 0.03−1TeV−1
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those from LEP due to enhanced axion production via gluon-gluon fusion. Strong limits
are obtained from run 1 data [26, 32].

There are other limits on the gaγγ in additional to those included in “photon (various)”
in figure 7. Both CMS [33] and ATLAS [34], based on the γγ → a → γγ process in PbPb
collisions, constrained gaγγ or 1/fa ≤ 0.1 − 1TeV−1 for Ma ∼ 10 − 100GeV. On the other
hand, the CMS and TOTEM [35], using diphoton production, excluded 1/fa > 0.03−1TeV−1
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• Associated production of the ALP with a Z / W boson:  

   


    


• The first process can probe  .


• The second process probes  .


• In this work, we probe , divided into two regions: 

       


• Below 25 GeV the photon pair is close to each other. It appears as  

photon-jet. 


• The backgrounds processes are also different for these 2 regions: 

 

    

pp → γ*, Z* → Za → (ℓ+ℓ−)(γγ)

pp → W* → Wa → (ℓν)(γγ)

gaγγ , gaZγ

gaWW

ma = 1 − 100 GeV

ma ≤ 25 GeV and 25 < ma ≤ 100 GeV

ma ≤ 25 GeV and 25 < ma ≤ 100 GeV
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Figure 1. Contributing Feynman diagrams of the signal processes: pp → Za → (l+l−)(γγ) (left
panel) and pp → W±a → (l±νl)(γγ) (right panel).

mass Ma is shown in figure 2. In figure 3, we show the 2-D plot of the cross sections as a
function of (CWW , CBB) for fa = 1TeV and Ma = 10GeV, 100GeV. We mark the cross
point of CWW = 2, CBB = 1 in the figure, which are our benchmark values. The cross section
simply scales as 1/f2

a and would be of similar pattern for other values of Ma.
To delve into the physics behind this simulation, the photon propagator is specifically

employed to scrutinize the coupling constant gaZγ , while the Z propagator is utilized to
investigate the coupling constant gaZZ . This detailed analysis helps in understanding the
behavior and interactions of the ALP with the electroweak gauge bosons in the given
parameter space.

In the detection simulation, we opt for the delphes_card_ATLAS.tcl and employ the jet
angle parameter R = 0.4 for clustering jets using FastJet [45] with the anti−kT algorithm [46].
To enhance our analytical capabilities, we also calculate Nsubjettiness [47] in FastJet.

4.1.2 Background analysis

The final state is l+l−γγ and thus the predominant backgrounds are (i) pp → l+l−γγ (referred
to as llγγBG), (ii) pp → l+l−γj (referred to as llγjBG) with the jet faking a photon with a
fake rate fj→γ ≃ 5 × 10−4 [48], and (iii) pp → l+l−j (referred to as lljBG). Note that the j

here is the parton-level jet produced by MadGraph5aMC@NLO including gluon and light quarks,
followed by showering. In the detector simulation level, the jets are clustered by FastJet with
anti-kT algorithm. The first background is irreducible while in the second background the jet
can fake a photon with a fake rate fj→γ ∼ 5 × 10−4 [48]. In the third background, the jet
can fake a photon-jet for the case of light Ma. The importance of incorporating the lljBG

background lies in the potential for the photon pair from a low-mass ALP to exhibit behavior
akin to a jet when the angular separation is sufficiently small. A cutoff is imposed at the
ALP mass Ma = 25 GeV, below which the first and the second backgrounds have to be taken
into account in the signal-background analysis. Conversely, if the ALP mass is heavier than
25GeV cutoff, the first and the third backgrounds is considered in the analysis.
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Figure 2. Production cross section for pp → Za (Z → l+ l−)(a → γγ) with l = e, µ versus Ma,
including the branching ratios at √

s = 14TeV. Here we also show the backgrounds llγγBG and
lljBG.

Figure 3. Cross sections for pp → Za (Z → l+ l−)(a → γγ) by varying the parameters CWW and
CBB with √

s = 14 TeV, fa = 1 TeV and Ma = 10 or 100 GeV. The cross point of the two red lines
represents the benchmark in our study, CWW = 2 and CBB = 1.
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accuracy of the simulations, specific cuts are applied during the parton-level event generation,
as outlined in the run_card.dat cuts (we used the default cuts outlined in the run_card.dat).
A total of 104 signal events are generated at the center-of-mass energy √

s = 14 TeV. As for
the background events, we generate 105 or 106 for different background channels to maintain
the accuracy. More details of background events are discussed in section 4.1.2 and section 4.2.2.
The subsequent steps involve parton showering using Pythia8 [43] and detection simulations
conducted with Delphes3 [44], incorporating the delphes_card_ATLAS.tcl for accuracy and
consistency. The basic parton-level selection cuts for photons, charged leptons, and jets are

pTγ > 10GeV, |ηγ | < 2.5 ,
pTl > 10GeV, |ηl| < 2.5 ,
pTj > 20GeV, |ηj | < 2.5 , Rcone = 0.4 ,

∆Rab = 0.4 where a, b = γ, l, j .

4.1 pp → Za with Z → l+l− and a → γγ

We focus on the ALP that exclusively couples to electroweak gauge bosons with the mass
range spanning from 1GeV to 100GeV. One of the prominent production channels for ALPs
at the LHC is the ALP-strahlung process, specifically, pp → Za (Z → l+ l−), (a → γγ),
where l = e, µ, as illustrated in the left of figure 1.2 Note that for Ma > MZ the ALP can
decay into Zγ. However, for the choice of CWW and CBB (gaZγ and gaγγ are of similar
size) the branching ratio into a → Zγ is of order 10−3 such that the branching ratio of
a → γγ is practically 1. Also, for the parameter space of gaγγ and Ma considered in this
work, the decay of the ALP is prompt.

4.1.1 Signal events
The interaction of the ALP with gauge bosons are listed in eq. (2.7). The parameters chosen
for this simulation are set to specific benchmark values: fa = 1 TeV, CWW = 2, CBB = 1,
and Cg = gaf = 0. It is noteworthy that the deliberate assignment of different values to
CWW and CBB allows for the presence of the coupling constant gaZγ . Because of very similar
topology in the qq̄ → Z∗, γ∗ → Za → (l+l−)(γγ), the event kinematic distributions for other
values of CWW and CBB would be very much the same, thus the signal selection efficiency
is independent of the choice of CWW and CBB.

The mass range for the ALP spans from 1 GeV to 100 GeV. The decay width of the
ALP is set to “auto” in MadGraph5aMC@NLO, indicating that the decay width of the ALP
is calculated based on the Lagrangian in eq. (2.7). Specifically, the leptonic decay modes
of electrons and muons are employed for the Z boson. Note that although the hadronic
and neutrino decay modes could give a higher signal event rates, the detection is far more
challenging and suffered from more background. On the other hand, for the ALP, under our
specified benchmark parameter space, the dominant decay mode is a pair of photons. The
corresponding Feynman diagram illustrating the ALP-strahlung process with the decay of
the Z boson and the ALP, pp → Za (Z → l+ l−), (a → γγ), is depicted in the left panel
of figure 1. The production cross section σ including the branching ratios versus the ALP

2There is a small contribution from pp → γ∗ → l+l−(γγ), but it is negligible under the Z peak.
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Figure 2. Production cross section for pp → Za (Z → l+ l−)(a → γγ) with l = e, µ versus Ma,
including the branching ratios at √

s = 14TeV. Here we also show the backgrounds llγγBG and
lljBG.

Figure 3. Cross sections for pp → Za (Z → l+ l−)(a → γγ) by varying the parameters CWW and
CBB with √

s = 14 TeV, fa = 1 TeV and Ma = 10 or 100 GeV. The cross point of the two red lines
represents the benchmark in our study, CWW = 2 and CBB = 1.
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Signal-Background Analysis

•   

  1. 


   2. 

ma > 25 GeV

pp → ℓ+ℓ−γγ (llγγBG)

pp → ℓ+ℓ−γj, with fj→γ ≃ 5 × 10−4 (llγjBG)
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Initial computations involve the evaluation of signal s and background event b rates at√
s = 14 TeV, as described by the following equation:

s, b = σs,b × Nselected
Nsim

× L. (4.1)

Here, σs and σb denote the cross-sections of signal and background, respectively, including
decay ratios. The ratio Nselected

Nsim
represents the selection efficiency, and L signifies the integrated

luminosity. Figure 2 illustrates the cross sections of the signal process along with the
corresponding backgrounds. The simulation involves the generation of Nsim = 104 signal
events, Nsim = 105 for llγγBG and llγjBG background events. For lljBG background events,
to maintain the accuracy, we generate 106 events for this background channel. Additionally,
two distinct integrated luminosities are considered, namely 300 fb−1 (current run) and
3000 fb−1 (high-luminosity run).

4.1.3 Selection procedures

Ma > 25 GeV. To minimize background event rates in the analysis, we examine the
kinematic properties between the signal and backgrounds to establish a set of useful selection
cuts. Within the ALP mass region Ma > 25 GeV, we implement the following event
selection cuts:

• two photon selection

• two lepton selection

• 80 GeV < Mll < 100 GeV

• pTγγ > 80 GeV

• 0.9Ma < Mγγ < 1.1Ma

The final state consists of two isolated photons and two charged leptons; therefore, it
is imperative to apply the first two aforementioned cuts during the selection procedures.
Furthermore, the third selection cut aims to identify an outgoing Z boson with a mass of
MZ = 91.1876 GeV. The distributions of the invariant mass Mll of charged lepton pair and
the transverse momentum pTγγ of the photon pair are depicted in figure 4. It is apparent
from the left panel of figure 4 that a significant portion of the background (BG) arises from
the Z boson. Additionally, the right panel of figure 4 shows the significance of applying
pTγγ > 80 GeV cut to mitigate the background events. The final cut is fixed by the ALP
mass window. For the upper and lower bounds of the mass, we opt for a selection of 10% on
each side. The cut flow table for the ALP mass Ma = 100 GeV is presented in table 1.

In table 1, the first two cuts are essential for achieving the detection of the photon and
the charged lepton pairs. The selection cuts of Mll and pTγγ retain over 77% of signal events
and reduce background events to only 1.65%. Finally, the ALP mass-window cut further
reduces the background by a factor of 7.
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Figure 4. Normalized differential distribution dN/dMll (left panel) and normalized differential
distribution dN/dpTγγ (right panel) for the signal pp → Za → (l+l−)(γγ) and llγγBG with Ma =
100GeV.

Selection Signal llγγBG llγjBG
Before cuts 151948 29728 1048
N(γ) = 2 69243 12387 61.30
N(l) = 2 32152 5488 2.83
80 GeV < Mll < 100 GeV 29584 739 0.60
pTγγ > GeV 24965 90 0.05
90 GeV < Mγγ < 110 GeV 24707 13 0.02

Table 1. Cut flow for the signal (pp → Za) with Z → l+l− and a → γγ and the background process
(pp → l+l−γ γ) and (pp → l+l−γj) with Ma = 100 GeV, with fa = 1 TeV, CWW = 2, CBB = 1,
and Cg = gaf = 0. “Before cuts” in the first row denotes the total number of events with only the
parton-level cuts with the integrated luminosity of 300 fb−1 calculated by eq. (4.1). In llγjBG, we
have applied the jet-fake rate fj→γ = 5 × 10−4.

Ma < 25 GeV. In the low ALP mass region, where Ma ≤ 25 GeV, we implement the
following cuts:

• At least one jet

• min(Ehad
EEM

) < 0.02

• two lepton selection

• 80 GeV < Mll < 100 GeV

• τ2
τ1

< 0.05

• Mjet mass window

As mentioned in section 4.1.2, the two photons decaying from a lower mass ALP form a
photon-jet. Therefore, the first two selections aim at identifying the candidates for this type
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Figure 4. Normalized differential distribution dN/dMll (left panel) and normalized differential
distribution dN/dpTγγ (right panel) for the signal pp → Za → (l+l−)(γγ) and llγγBG with Ma =
100GeV.

Selection Signal llγγBG llγjBG
Before cuts 151948 29728 1048
N(γ) = 2 69243 12387 61.30
N(l) = 2 32152 5488 2.83
80 GeV < Mll < 100 GeV 29584 739 0.60
pTγγ > GeV 24965 90 0.05
90 GeV < Mγγ < 110 GeV 24707 13 0.02

Table 1. Cut flow for the signal (pp → Za) with Z → l+l− and a → γγ and the background process
(pp → l+l−γ γ) and (pp → l+l−γj) with Ma = 100 GeV, with fa = 1 TeV, CWW = 2, CBB = 1,
and Cg = gaf = 0. “Before cuts” in the first row denotes the total number of events with only the
parton-level cuts with the integrated luminosity of 300 fb−1 calculated by eq. (4.1). In llγjBG, we
have applied the jet-fake rate fj→γ = 5 × 10−4.

Ma < 25 GeV. In the low ALP mass region, where Ma ≤ 25 GeV, we implement the
following cuts:

• At least one jet

• min(Ehad
EEM

) < 0.02

• two lepton selection

• 80 GeV < Mll < 100 GeV

• τ2
τ1

< 0.05

• Mjet mass window

As mentioned in section 4.1.2, the two photons decaying from a lower mass ALP form a
photon-jet. Therefore, the first two selections aim at identifying the candidates for this type

– 9 –

ma = 100 GeV



•   

  1. 


   2. 

ma ≤ 25 GeV

pp → ℓ+ℓ−γγ (llγγBG)
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Figure 4. Normalized differential distribution dN/dMll (left panel) and normalized differential
distribution dN/dpTγγ (right panel) for the signal pp → Za → (l+l−)(γγ) and llγγBG with Ma =
100GeV.

Selection Signal llγγBG llγjBG
Before cuts 151948 29728 1048
N(γ) = 2 69243 12387 61.30
N(l) = 2 32152 5488 2.83
80 GeV < Mll < 100 GeV 29584 739 0.60
pTγγ > GeV 24965 90 0.05
90 GeV < Mγγ < 110 GeV 24707 13 0.02

Table 1. Cut flow for the signal (pp → Za) with Z → l+l− and a → γγ and the background process
(pp → l+l−γ γ) and (pp → l+l−γj) with Ma = 100 GeV, with fa = 1 TeV, CWW = 2, CBB = 1,
and Cg = gaf = 0. “Before cuts” in the first row denotes the total number of events with only the
parton-level cuts with the integrated luminosity of 300 fb−1 calculated by eq. (4.1). In llγjBG, we
have applied the jet-fake rate fj→γ = 5 × 10−4.

Ma < 25 GeV. In the low ALP mass region, where Ma ≤ 25 GeV, we implement the
following cuts:

• At least one jet

• min(Ehad
EEM

) < 0.02

• two lepton selection

• 80 GeV < Mll < 100 GeV

• τ2
τ1

< 0.05

• Mjet mass window

As mentioned in section 4.1.2, the two photons decaying from a lower mass ALP form a
photon-jet. Therefore, the first two selections aim at identifying the candidates for this type
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Ma (GeV) Mjet selection (GeV)
25 22.5 < Mjet < 30
20 18 < Mjet < 24
10 9 < Mjet < 12
5 4.5 < Mjet < 6
1 0.5 < Mjet < 2

Table 2. Mjet mass window for the low ALP mass region.

of ALP jets. Considering potential noise in hadron colliders, we accept multi-jet events.
The candidate ALP jet should predominantly consists of photons, and thus the majority
of its energy should be detected in the electromagnetic (EM) calorimeter. However, since
there may be multiple jets in the event, a quantity, Ehad

EEM
, is defined for each jet. We choose

to select jets with the lowest Ehad
EEM

that is less than 0.02. The third and fourth selection
cuts target at the Z boson.

The quantity τN represents the Nsubjettiness [47, 49], which characterizes the substructure
of a jet, defined by

τN = 1
d0

∑

k

pT,k min {∆R1,k,∆R2,k, . . . ,∆RN,k} , (4.2)

where
∆Rj,k =

√
(∆η)2 + (∆φ)2, d0 =

∑

k

pT,kR0,

where pT,k is the transverse momentum of the kth constituent particle, ∆η and ∆φ are the
pseudorapidity and azimuthal angle between jth candidate subjet and kth constituent particle,
respectively, and R0 is the characteristic jet radius, which we set to be R0 = 0.4 in FastJet.
One identifies N candidate subjets, after which k iterates over all the other constituent
particles in the jet to calculate this quantity. A jet with τN = 0 indicates that there are only
N or fewer constituent subjets in the jet, while a jet with τN > 0 indicates the presence of
additional radiation outside the N candidate subjets. The ratio τN

τN−1
is a useful parameter

to determine if a jet is composed of N substructures. The ideal ALP jet, consisting of two
photons without any other initial radiation, will result in τ2 being zero but with a non-zero
τ1. The final selection involves the jet mass. We focus on the ALP jet with the lowest EEM

Ehad

as selected in the second cut. Instead of employing a symmetric mass window, the upper
bound used is twice of the lower bound. The asymmetric mass window is motivated by the
acceptance of minimal initial radiation, which may contribute additional mass to the jet. The
selection of Mjet for various ALP mass window is listed in table 2.

Taking Ma = 10 GeV as an example, table 3 presents the cut flow. One of the key cuts
in table 3 is the second one, which significantly reduces the contribution from hadronization
jets in favor of ALP-induced jets. Additionally, the Nsubjettiness ratio cut effectively filters
out jets resulting from the decay of light mesons. As a result, after applying these cuts, no
background events pass the ALP mass selection.
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• The photon pair from ALP decay forms a photon-jet, the majority of energy is deposited in 

ECAL.


• There are multi-jet background. A quantity  is defined for each jet. We require 

             


• Nsubjettiness  defined by 

 


•  is a useful parameter to determine if a jet consists of N substructure.

Ehad/Eem

min(Ehad/Eem) < 0.02

τN

τN =
1
d0 ∑

k

pT,k min {ΔR1,k, ΔR2,k, . . . , ΔRN.k} , ΔRj,k = (Δη)2 + (Δϕ)2 , d0 = ∑
k

pT,kR0

τN

τN−1



• The ideal ALP jet consists of 2 photons w/o any initial radiation, which gives 

.  So we require .


• The asymmetric jet-mass window is motivated by the acceptance of initial radiation.
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Selection Signal llγγ BG llj BG
Before cuts 426413 29728 164921970
N(jet) ≥ 1 356610 17327 139649327
min(Ehad

EEM
) < 0.02 267532 8150 26141121

N(l) = 2 88523 1169 649627
80 GeV < Mll < 100 GeV 81957 181 460297
τ2
τ1

< 0.05 62811 46 36613
9 GeV < Mjet < 12 GeV 48995 0 0

Table 3. Cut flow for the signal process (pp → Za) and background processes (pp → llγγ) and
(pp → llj) with Ma = 10 GeV, with fa = 1 TeV, CWW = 2, CBB = 1, and Cg = gaf = 0. “Before cuts”
in the first row denotes the total number of events with only parton-level cuts with the integrated
luminosity of 300 fb−1 calculated by eq. (4.1).

4.2 pp → Wa with W → lνl and a → γγ

Another useful production channel is Wa production followed by the leptonic decay of
the W boson and a → γγ: pp → W±a (W± → l±νl) , (a → γγ), as illustrated in the right
panel of figure 1

4.2.1 Signal events
Similar to the case of pp → Za, we set the parameters fa = 1 TeV, CWW = 2, CBB = 1,
and Cg = gaf = 0, and the ALP decay width is set to “auto” in the parm_card.dat of
MadGraph5aMC@NLO, and its mass range is from Ma = 1 − 100GeV. The production cross
section of the signal including the branching ratios is showed in figure 5.

4.2.2 Background analysis
The final state consists of a charged lepton and missing energy from W decay and a pair of
photons from the ALP decay. We consider two major backgrounds: (i) pp → l±νlγγ (referred
to as lνlγγBG), (ii) pp → l±νlγj (referred to as lνlγjBG) with the jet faking a photon with
a fake rate fj→γ ≃ 5 × 10−4, and (iii) pp → l±νlj (referred to as lνljBG). Similar to the Za

process, we use a cutoff of 25GeV, such that different background consideration is applied
to the case Ma < 25 GeV and the case Ma > 25GeV.

4.2.3 Selection procedures
Ma > 25 GeV. To differentiate between the signal and background events, we apply the
following cuts for the ALP mass range of 25 GeV < Ma ≤ 100 GeV.

• two photon selection

• one lepton selection

• pTγγ > 50 GeV

• MT > 58 GeV

• 0.9Ma < Mγγ < 1.1Ma
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Explanation of N-subjettiness
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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Jets with  ≈ 0 have all their radiation aligned with 
the candidate subjet directions and therefore have N 
(or fewer) subjets. Jets with  ≫ 0 have a large 

fraction of their energy distributed away from the 
candidate subjet directions and therefore have at 
least N + 1 subjets.
   is a measure of 2-jet substructure.

τN

τN

τ2/τ1 ≪ 1



pp → W* → Wa → (ℓν)(γγ)

J
H
E
P
0
5
(
2
0
2
4
)
3
2
4

Figure 5. Production cross sections for pp → W±a (W± → l±νl) , (a → γγ) with l = e, µ versus Ma

at √
s = 14TeV, including branching ratios. Here we also show lνlγγBG and lνljBG.

Selection Signal lνlγγ BG lνlγj BG
Before cuts 1375200 28311 5268
N(γ) = 2 617190 11435 152.2
N(l) = 1 402521 6954 12.3
pTγγ > 50 GeV 372542 906 3.5
MT > 58 GeV 232821 441 1.8
90 < Mγγ < 110 230208 48 0.16

Table 4. Cut flow for the signal pp → W±a and the background (pp → lνlγγ) and (pp → lνlγj) with
Ma = 100 GeV, with couplings fa = 1 TeV, CWW = 2, CBB = 1, and Cg = gaf = 0. “Before cuts”
in the first row denotes the total number of events with only the parton-level cuts computed using
eq. (4.1), with the signal and background cross sections given in figure 5 and the luminosity set at
L = 300 fb−1. In lνlγjBG, we have applied the jet-fake rate fj→γ = 5 × 10−4.

The first two cuts in table 4 identify one charged lepton and two photons in the final
state. Furthermore, as illustrated in figure 6, pTγγ is a useful kinematical variable to
suppress the background. We choose pTγγ > 50 GeV. Since there is missing energy in
the final state due to the leptonic decay of the W boson, we utilize the transverse mass
MT =

√
(ET,l + ET,mis)2 − (p⃗T,l + p⃗T,mis)2 to align with the Jacobian peak of the W boson

decay. We choose MT > 58GeV to differentiate from the background (as seen in figure 6).
The mass window of the final selection cut depends on the ALP mass. Given that the average
peak of Mγγ typically aligns with Ma and the peak width diminishes as the ALP mass
decreases, we opt for ±10% of Ma as the upper and lower limits for the mass window.

– 12 –

fa = 1 TeV, CWW = 2, CBB = 1

J
H
E
P
0
5
(
2
0
2
4
)
3
2
4

Figure 1. Contributing Feynman diagrams of the signal processes: pp → Za → (l+l−)(γγ) (left
panel) and pp → W±a → (l±νl)(γγ) (right panel).

mass Ma is shown in figure 2. In figure 3, we show the 2-D plot of the cross sections as a
function of (CWW , CBB) for fa = 1TeV and Ma = 10GeV, 100GeV. We mark the cross
point of CWW = 2, CBB = 1 in the figure, which are our benchmark values. The cross section
simply scales as 1/f2

a and would be of similar pattern for other values of Ma.
To delve into the physics behind this simulation, the photon propagator is specifically

employed to scrutinize the coupling constant gaZγ , while the Z propagator is utilized to
investigate the coupling constant gaZZ . This detailed analysis helps in understanding the
behavior and interactions of the ALP with the electroweak gauge bosons in the given
parameter space.

In the detection simulation, we opt for the delphes_card_ATLAS.tcl and employ the jet
angle parameter R = 0.4 for clustering jets using FastJet [45] with the anti−kT algorithm [46].
To enhance our analytical capabilities, we also calculate Nsubjettiness [47] in FastJet.

4.1.2 Background analysis

The final state is l+l−γγ and thus the predominant backgrounds are (i) pp → l+l−γγ (referred
to as llγγBG), (ii) pp → l+l−γj (referred to as llγjBG) with the jet faking a photon with a
fake rate fj→γ ≃ 5 × 10−4 [48], and (iii) pp → l+l−j (referred to as lljBG). Note that the j

here is the parton-level jet produced by MadGraph5aMC@NLO including gluon and light quarks,
followed by showering. In the detector simulation level, the jets are clustered by FastJet with
anti-kT algorithm. The first background is irreducible while in the second background the jet
can fake a photon with a fake rate fj→γ ∼ 5 × 10−4 [48]. In the third background, the jet
can fake a photon-jet for the case of light Ma. The importance of incorporating the lljBG

background lies in the potential for the photon pair from a low-mass ALP to exhibit behavior
akin to a jet when the angular separation is sufficiently small. A cutoff is imposed at the
ALP mass Ma = 25 GeV, below which the first and the second backgrounds have to be taken
into account in the signal-background analysis. Conversely, if the ALP mass is heavier than
25GeV cutoff, the first and the third backgrounds is considered in the analysis.
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Selection Signal llγγ BG llj BG
Before cuts 426413 29728 164921970
N(jet) ≥ 1 356610 17327 139649327
min(Ehad

EEM
) < 0.02 267532 8150 26141121

N(l) = 2 88523 1169 649627
80 GeV < Mll < 100 GeV 81957 181 460297
τ2
τ1

< 0.05 62811 46 36613
9 GeV < Mjet < 12 GeV 48995 0 0

Table 3. Cut flow for the signal process (pp → Za) and background processes (pp → llγγ) and
(pp → llj) with Ma = 10 GeV, with fa = 1 TeV, CWW = 2, CBB = 1, and Cg = gaf = 0. “Before cuts”
in the first row denotes the total number of events with only parton-level cuts with the integrated
luminosity of 300 fb−1 calculated by eq. (4.1).

4.2 pp → Wa with W → lνl and a → γγ

Another useful production channel is Wa production followed by the leptonic decay of
the W boson and a → γγ: pp → W±a (W± → l±νl) , (a → γγ), as illustrated in the right
panel of figure 1

4.2.1 Signal events
Similar to the case of pp → Za, we set the parameters fa = 1 TeV, CWW = 2, CBB = 1,
and Cg = gaf = 0, and the ALP decay width is set to “auto” in the parm_card.dat of
MadGraph5aMC@NLO, and its mass range is from Ma = 1 − 100GeV. The production cross
section of the signal including the branching ratios is showed in figure 5.

4.2.2 Background analysis
The final state consists of a charged lepton and missing energy from W decay and a pair of
photons from the ALP decay. We consider two major backgrounds: (i) pp → l±νlγγ (referred
to as lνlγγBG), (ii) pp → l±νlγj (referred to as lνlγjBG) with the jet faking a photon with
a fake rate fj→γ ≃ 5 × 10−4, and (iii) pp → l±νlj (referred to as lνljBG). Similar to the Za

process, we use a cutoff of 25GeV, such that different background consideration is applied
to the case Ma < 25 GeV and the case Ma > 25GeV.

4.2.3 Selection procedures
Ma > 25 GeV. To differentiate between the signal and background events, we apply the
following cuts for the ALP mass range of 25 GeV < Ma ≤ 100 GeV.

• two photon selection

• one lepton selection

• pTγγ > 50 GeV

• MT > 58 GeV

• 0.9Ma < Mγγ < 1.1Ma
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Figure 6. Normalized distributions of dN/dMT and dN/dpTγγ for pp → W±a → (l±νl)(γγ) for
Ma = 100 GeV. The cuts associated with N(γ) = 2 and N(l) = 1 have been applied.

Selection Signal lνlγγ BG lνlj BG
Before cuts 4218000 28311 1766100000
N(jet) ≥ 1 3289618 13415 1468625180
min(Ehad

EEM
) < 0.02 2782193 6824 250477133

N(l) = 1 1412608 2235 26117087
MT > 58 GeV 888733 765 16493608
τ2
τ1

< 0.05 595160 200 665820
9 GeV < Mjet < 12 GeV 461449 2 1766

Table 5. Cut flow for the signal pp → W± a and backgrounds pp → lνlγγ and pp → lνlj with
Ma = 10 GeV, featuring couplings fa = 1 TeV, CWW = 2, CBB = 1, and Cg = gaf = 0. “Before cuts”
in the first row denotes the total number of events with only the parton-level cuts computed using
eq. (4.1), with the signal and background cross sections given in figure 5 and the luminosity set at
L = 300 fb−1.

Ma < 25 GeV. In the low ALP mass region, where Ma ≤ 25 GeV, we implement the
following cuts:

• At least one jet

• min(Ehad
EEM

) < 0.02

• one lepton selection

• MT > 58 GeV

• τ2
τ1

< 0.05

• Mjet mass window

The decay of low-mass ALPs into two photons results in the formation of photon-jets.
Thus, we have changed the selection criteria from two photons to selecting at least one jet.
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Figure 5. Production cross sections for pp → W±a (W± → l±νl) , (a → γγ) with l = e, µ versus Ma

at √
s = 14TeV, including branching ratios. Here we also show lνlγγBG and lνljBG.

Selection Signal lνlγγ BG lνlγj BG
Before cuts 1375200 28311 5268
N(γ) = 2 617190 11435 152.2
N(l) = 1 402521 6954 12.3
pTγγ > 50 GeV 372542 906 3.5
MT > 58 GeV 232821 441 1.8
90 < Mγγ < 110 230208 48 0.16

Table 4. Cut flow for the signal pp → W±a and the background (pp → lνlγγ) and (pp → lνlγj) with
Ma = 100 GeV, with couplings fa = 1 TeV, CWW = 2, CBB = 1, and Cg = gaf = 0. “Before cuts”
in the first row denotes the total number of events with only the parton-level cuts computed using
eq. (4.1), with the signal and background cross sections given in figure 5 and the luminosity set at
L = 300 fb−1. In lνlγjBG, we have applied the jet-fake rate fj→γ = 5 × 10−4.

The first two cuts in table 4 identify one charged lepton and two photons in the final
state. Furthermore, as illustrated in figure 6, pTγγ is a useful kinematical variable to
suppress the background. We choose pTγγ > 50 GeV. Since there is missing energy in
the final state due to the leptonic decay of the W boson, we utilize the transverse mass
MT =

√
(ET,l + ET,mis)2 − (p⃗T,l + p⃗T,mis)2 to align with the Jacobian peak of the W boson

decay. We choose MT > 58GeV to differentiate from the background (as seen in figure 6).
The mass window of the final selection cut depends on the ALP mass. Given that the average
peak of Mγγ typically aligns with Ma and the peak width diminishes as the ALP mass
decreases, we opt for ±10% of Ma as the upper and lower limits for the mass window.
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Figure 6. Normalized distributions of dN/dMT and dN/dpTγγ for pp → W±a → (l±νl)(γγ) for
Ma = 100 GeV. The cuts associated with N(γ) = 2 and N(l) = 1 have been applied.

Selection Signal lνlγγ BG lνlj BG
Before cuts 4218000 28311 1766100000
N(jet) ≥ 1 3289618 13415 1468625180
min(Ehad

EEM
) < 0.02 2782193 6824 250477133

N(l) = 1 1412608 2235 26117087
MT > 58 GeV 888733 765 16493608
τ2
τ1

< 0.05 595160 200 665820
9 GeV < Mjet < 12 GeV 461449 2 1766

Table 5. Cut flow for the signal pp → W± a and backgrounds pp → lνlγγ and pp → lνlj with
Ma = 10 GeV, featuring couplings fa = 1 TeV, CWW = 2, CBB = 1, and Cg = gaf = 0. “Before cuts”
in the first row denotes the total number of events with only the parton-level cuts computed using
eq. (4.1), with the signal and background cross sections given in figure 5 and the luminosity set at
L = 300 fb−1.

Ma < 25 GeV. In the low ALP mass region, where Ma ≤ 25 GeV, we implement the
following cuts:

• At least one jet

• min(Ehad
EEM

) < 0.02

• one lepton selection

• MT > 58 GeV

• τ2
τ1

< 0.05

• Mjet mass window

The decay of low-mass ALPs into two photons results in the formation of photon-jets.
Thus, we have changed the selection criteria from two photons to selecting at least one jet.
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Figure 6. Normalized distributions of dN/dMT and dN/dpTγγ for pp → W±a → (l±νl)(γγ) for
Ma = 100 GeV. The cuts associated with N(γ) = 2 and N(l) = 1 have been applied.

Selection Signal lνlγγ BG lνlj BG
Before cuts 4218000 28311 1766100000
N(jet) ≥ 1 3289618 13415 1468625180
min(Ehad

EEM
) < 0.02 2782193 6824 250477133

N(l) = 1 1412608 2235 26117087
MT > 58 GeV 888733 765 16493608
τ2
τ1

< 0.05 595160 200 665820
9 GeV < Mjet < 12 GeV 461449 2 1766

Table 5. Cut flow for the signal pp → W± a and backgrounds pp → lνlγγ and pp → lνlj with
Ma = 10 GeV, featuring couplings fa = 1 TeV, CWW = 2, CBB = 1, and Cg = gaf = 0. “Before cuts”
in the first row denotes the total number of events with only the parton-level cuts computed using
eq. (4.1), with the signal and background cross sections given in figure 5 and the luminosity set at
L = 300 fb−1.

Ma < 25 GeV. In the low ALP mass region, where Ma ≤ 25 GeV, we implement the
following cuts:

• At least one jet

• min(Ehad
EEM

) < 0.02

• one lepton selection

• MT > 58 GeV

• τ2
τ1

< 0.05

• Mjet mass window

The decay of low-mass ALPs into two photons results in the formation of photon-jets.
Thus, we have changed the selection criteria from two photons to selecting at least one jet.
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Ma (GeV) Signal llγγBG+llγjBG lljBG
before after before after before after

100 151947 24707 12.80
80 184160 25211 12.78
65 214813 23522 7.13
50 253073 23207 30775 4.16 -
40 284456 19286 3.87
30 321176 12205 2.97
25 342005 25206 0 0
20 366568 34311 0 0
10 426413 48995 29728 0 164950770 0
5 457138 48914 0.59 165
1 472141 46175 29.43 18474

Table 6. Total number of signal events for pp → Za, followed by Z → l+l−, a → γγ and background
events of llγγBG and lljBG for the mass range Ma = 1 − 100 GeV. The number of events are
calculated by eq. (4.1), where the cross sections of signal and backgrounds are shown in figure 2 and
the integrated luminosity is set at L = 300 fb−1.

Ma (GeV) Signal lνlγγBG +lνlγjBG lνljBG
before after before after before after

100 1375200 230208 48.01
80 1674900 244870 52.87
65 1992000 261151 57.09
50 2357400 245170 33579 36.57
40 2690700 220906 26.43
30 3066000 193771 21.05
25 3267000 224443 0 0
20 3555000 290799 0.57 0
10 4218000 461449 28311 1.98 1766100000 1766
5 4575000 522007 6.79 17661
1 4797000 469147 110 326729

Table 7. Total number of signal events for pp → W±a, followed by W± → l±νl, a → γγ and
background events of lνlγγBG and lνljBG for the mass range Ma = 1 − 100 GeV. The number of
events are calculated by eq. (4.1), where the cross sections of signal and backgrounds are shown in
figure 5 and the integrated luminosity is set at L = 300 fb−1.

A Event rates

In this appendix, we list the total number of signal and background events for various ALP
masses from Ma = 1GeV to 100GeV that before and after all the cuts mentioned in section 4.
We show in table 6 for Za channel and in table 7 for Wa channel.
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Ma (GeV) Signal llγγBG+llγjBG lljBG
before after before after before after

100 151947 24707 12.80
80 184160 25211 12.78
65 214813 23522 7.13
50 253073 23207 30775 4.16 -
40 284456 19286 3.87
30 321176 12205 2.97
25 342005 25206 0 0
20 366568 34311 0 0
10 426413 48995 29728 0 164950770 0
5 457138 48914 0.59 165
1 472141 46175 29.43 18474

Table 6. Total number of signal events for pp → Za, followed by Z → l+l−, a → γγ and background
events of llγγBG and lljBG for the mass range Ma = 1 − 100 GeV. The number of events are
calculated by eq. (4.1), where the cross sections of signal and backgrounds are shown in figure 2 and
the integrated luminosity is set at L = 300 fb−1.

Ma (GeV) Signal lνlγγBG +lνlγjBG lνljBG
before after before after before after

100 1375200 230208 48.01
80 1674900 244870 52.87
65 1992000 261151 57.09
50 2357400 245170 33579 36.57
40 2690700 220906 26.43
30 3066000 193771 21.05
25 3267000 224443 0 0
20 3555000 290799 0.57 0
10 4218000 461449 28311 1.98 1766100000 1766
5 4575000 522007 6.79 17661
1 4797000 469147 110 326729

Table 7. Total number of signal events for pp → W±a, followed by W± → l±νl, a → γγ and
background events of lνlγγBG and lνljBG for the mass range Ma = 1 − 100 GeV. The number of
events are calculated by eq. (4.1), where the cross sections of signal and backgrounds are shown in
figure 5 and the integrated luminosity is set at L = 300 fb−1.

A Event rates

In this appendix, we list the total number of signal and background events for various ALP
masses from Ma = 1GeV to 100GeV that before and after all the cuts mentioned in section 4.
We show in table 6 for Za channel and in table 7 for Wa channel.

– 17 –

•the signal events with fa = 1 TeV, CWW = 2, CBB = 1



• So far we illustrated the signal events with .


• We use simple scaling: 

    


• The significance of the signal is 

    

   where  are signal and background events, 

fa = 1 TeV, CWW = 2, CBB = 1

s ∝ 1/f2
a ∝ g2

aZZ, g2
aZγ, g2

aWW

Z = 2 (s + b)ln ( (s + b)(b + σ2
b)

b2 + (s + b)σ2
b ) −

b2

σ2
b

ln (1 +
σ2

bs
b(b + σ2

b) )
s, b σb = 0 % and 10 % of b
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Figure 7. 95% C.L. exclusion regions for ALP-gauge couplings at the LHC (√s = 14TeV) with
300 fb−1 (blue lines) and 3000 fb−1 (orange lines) integrated luminosities. We show the results with
10% systematic uncertainty (dashed) and without systematic uncertainty (solid). Top Left: gaZZ

resulting from pp → Za(Z → l+l−)(a → γγ). Top Right: gaZγ from pp → Za(Z → l+l−)(a → γγ).
Bottom Left: gaWW resulting from pp → Wa(W → l νl)(a → γγ). The other existing limits are
described in section 3.

To ensure that the selection includes jets composed of two photons, we select the jet with
the smallest Ehad

EEM
value, which must be under 0.02. The third and fourth selection cuts are

similar to the case of Ma > 25GeV to identify the decay of the W boson. The fifth selection
cuts on the ratio of Nsubjettiness effectively minimizes the impact of the jet background.
We employ an asymmetric mass window for the Mjet cut, the same as the case of Za. The
cut flow table for Ma = 10 GeV is presented in table 5.

5 Numerical results

In this section, we are going to derive the sensitivity reach on the ALP-gauge couplings
gaZZ , gaZγ , and gaWW using the processes pp → Za → (l+l−)(γγ) and pp → Wa → (lν)(γγ)
at the 14TeV LHC with integrated luminosities of 300 fb−1 and 3000 fb−1. In the last
section, we have illustrated the signal events rates for a choice of fa = 1TeV, CWW = 2,
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Initial computations involve the evaluation of signal s and background event b rates at√
s = 14 TeV, as described by the following equation:

s, b = σs,b × Nselected
Nsim

× L. (4.1)

Here, σs and σb denote the cross-sections of signal and background, respectively, including
decay ratios. The ratio Nselected

Nsim
represents the selection efficiency, and L signifies the integrated

luminosity. Figure 2 illustrates the cross sections of the signal process along with the
corresponding backgrounds. The simulation involves the generation of Nsim = 104 signal
events, Nsim = 105 for llγγBG and llγjBG background events. For lljBG background events,
to maintain the accuracy, we generate 106 events for this background channel. Additionally,
two distinct integrated luminosities are considered, namely 300 fb−1 (current run) and
3000 fb−1 (high-luminosity run).

4.1.3 Selection procedures

Ma > 25 GeV. To minimize background event rates in the analysis, we examine the
kinematic properties between the signal and backgrounds to establish a set of useful selection
cuts. Within the ALP mass region Ma > 25 GeV, we implement the following event
selection cuts:

• two photon selection

• two lepton selection

• 80 GeV < Mll < 100 GeV

• pTγγ > 80 GeV

• 0.9Ma < Mγγ < 1.1Ma

The final state consists of two isolated photons and two charged leptons; therefore, it
is imperative to apply the first two aforementioned cuts during the selection procedures.
Furthermore, the third selection cut aims to identify an outgoing Z boson with a mass of
MZ = 91.1876 GeV. The distributions of the invariant mass Mll of charged lepton pair and
the transverse momentum pTγγ of the photon pair are depicted in figure 4. It is apparent
from the left panel of figure 4 that a significant portion of the background (BG) arises from
the Z boson. Additionally, the right panel of figure 4 shows the significance of applying
pTγγ > 80 GeV cut to mitigate the background events. The final cut is fixed by the ALP
mass window. For the upper and lower bounds of the mass, we opt for a selection of 10% on
each side. The cut flow table for the ALP mass Ma = 100 GeV is presented in table 1.

In table 1, the first two cuts are essential for achieving the detection of the photon and
the charged lepton pairs. The selection cuts of Mll and pTγγ retain over 77% of signal events
and reduce background events to only 1.65%. Finally, the ALP mass-window cut further
reduces the background by a factor of 7.
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Figure 7. 95% C.L. exclusion regions for ALP-gauge couplings at the LHC (√s = 14TeV) with
300 fb−1 (blue lines) and 3000 fb−1 (orange lines) integrated luminosities. We show the results with
10% systematic uncertainty (dashed) and without systematic uncertainty (solid). Top Left: gaZZ

resulting from pp → Za(Z → l+l−)(a → γγ). Top Right: gaZγ from pp → Za(Z → l+l−)(a → γγ).
Bottom Left: gaWW resulting from pp → Wa(W → l νl)(a → γγ). The other existing limits are
described in section 3.

To ensure that the selection includes jets composed of two photons, we select the jet with
the smallest Ehad

EEM
value, which must be under 0.02. The third and fourth selection cuts are

similar to the case of Ma > 25GeV to identify the decay of the W boson. The fifth selection
cuts on the ratio of Nsubjettiness effectively minimizes the impact of the jet background.
We employ an asymmetric mass window for the Mjet cut, the same as the case of Za. The
cut flow table for Ma = 10 GeV is presented in table 5.

5 Numerical results

In this section, we are going to derive the sensitivity reach on the ALP-gauge couplings
gaZZ , gaZγ , and gaWW using the processes pp → Za → (l+l−)(γγ) and pp → Wa → (lν)(γγ)
at the 14TeV LHC with integrated luminosities of 300 fb−1 and 3000 fb−1. In the last
section, we have illustrated the signal events rates for a choice of fa = 1TeV, CWW = 2,
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Figure 8. Sensitivity plot in the plane of (CWW , CBB) for Ma = 10GeV (left panel) and for
Ma = 100GeV (right panel). We fix fa = 1TeV. The bright region on the left panel is for the number
of signal events > 3 in case with zero background, while that on the right panel is for significance
Z > 2. Note that the signal cross section scales as 1/f2

a .

and CBB = 1 (Cg = Caf = 0). We use a simple scaling to estimate the sensitivity reach.
The correlation between the number of events and the ALP-gauge couplings is expressed
through eqs. (2.7)–(2.11):

s ∝ f−2
a ∝ g2aZZ , g2aZγ , g2aWW . (5.1)

The 95% confidence level (C.L.) sensitivity for the ALP-gauge couplings can be determined
by requiring the significance Z > 2, defined by [50, 51]:

Z =

√√√√2
[

(s+ b) ln
(
(s+ b)(b+ σ2

b )
b2 + (s+ b)σ2

b

)

− b2

σ2
b

ln
(

1 + σ2
bs

b(b+ σ2
b )

)]

, (5.2)

where s and b represent the numbers of signal and background events, respectively. Addition-
ally, σb denotes the systematic uncertainty associated with the SM background estimation.
We consider two scenarios for σb = 0% and 10% of background events. For the process in
which all background events are excluded, as illustrated in table 6 and 7 of appendix A, the
95% C.L. is estimated by requiring 3 signal events.

Figure 7 displays our final result for the limits on the ALP-gauge couplings alongside
with several existing constraints. The upper-left and upper-right panels depict the limits on
gaZZ and gaZγ obtained from the pp → Za process, while the bottom panel represents the
limit on gaWW derived from the pp → Wa process. The shaded regions are those excluded by
the current constraints. Our results are denoted by the blue curve for the 300 fb−1 integrated
luminosity and by the orange curve for the 3000 fb−1.

In the high-mass region, 25 GeV < Ma < 100 GeV, our sensitivity curves demonstrate
an improvement of approximately one order of magnitude compared to the current limits.
Despite that the signal process has a larger cross section than the background processes, the
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Explanations for Existing Constraints

• Various collider constraints on ALP-photon coupling  can be converted into  

using the SU(2) relations. They are labeled as “photon (various)”.


• FCNC interactions of the ALP are constrained by invisible and visible decay of Kaon and B mesons. 

 Invisible ALP contributes to , visible ALP contributes to DV in .


• “Triboson (LHC)” :: cross sections of  It constrains all g’s. 


• Constraints on  by non-SM Z decay , by , by .


• Non-resonant ggF production of ALP via 

gaγγ gaZZ, gaZγ, gaWW

K → πνν̄ B → K*μ+μ−

pp → WZγ, Zγγ, WZZ, Zγγ, ZZZ, . . . .

gaZγ Γ(Z → BSM) ≤ 2 MeV Z → γ + hadron Z → γγ

gg → a* → ZZ, Zγ, W+W−



Summary

• Substantial improvements in sensitivity reach of  .


• We divide the mass range into 2 parts, less or more than 25 GeV up to 100 GeV.


• For less than 25 GeV, we treat the collimated photons as a photon-jet.

gaZZ , gaZγ , gaWW
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Interference effects between ALP-gauge, ALP-top couplings

gaZZ =
4

fa
(CBBs

2
w + CWW c

2
w), (5)

gaZ� =
8

fa
swcw(CWW � CBB) , (6)

where cw and sw are cosine and sine of the Weinberg angle that is related to the rotation

between the electroweak fields and the physical fields as in

W
3
µ = cwZµ + swAµ, Bµ = �swZµ + cwAµ .

On the other hand, the ALP-top quark pair interaction is given by [55]

Latt = Ca�
@µa

2fa
(t̄�µ

�
5
t). (7)

After applying the equation of motion, the above Lagrangian, Eq. (7), can be written as

Latt = �iCa�
mta

fa
(t̄�5

t). (8)

where mt is the top quark mass. As we can see, the ALP-quark pair coupling is propor-

tional to the mass of the quark. Therefore, for the similar size of Ca�/fa, the att coupling

can provide stronger interaction than other aqq couplings. Equipped ourselves with these

theoretical setups, we are now ready to discuss the interference e↵ects between the aW+
W

�

and the att couplings in the process pp ! tja.

III. PRODUCTION AND INTERFERENCE EFFECTS IN pp ! tja

FIG. 1: Two key contributing Feynman diagrams for the process pp ! tja at the LHC.

In this section, our focus is on investigating the interference e↵ects between the aW+
W

�

and the att operators in the process pp ! tja at the LHC with
p
s = 14 TeV. Two key con-

tributing Feynman diagrams for pp ! tja are shown in Fig. 1. The ALP can bremsstrahlung

4



Interaction Lagrangian

pp ! tja, in which only the ALP-W+
W

� and ALP-tt couplings are involved. Although this

process is similar to the associated production of the Higgs boson with a single top quark,

the relevant ALP coupling types are di↵erent from the Higgs boson ones. Therefore, the

process pp ! tja can generate quite distinct predictions. Our proposed approach allows

us to explore novel ALP production processes that involve multiple ALP operators and

investigate their interference e↵ects.

The organization of this paper is as follows. In the next section, we describe the ALP

interactions relevant to this study in the EFT framework. In Sec. III, we explore the in-

terference e↵ects between the ALP-W+
W

� and ALP-tt couplings. In Sec. IV, we describe

the experimental setup for discriminating the signal from the related SM backgrounds. We

give the numerical results and sensitivity reach of the ALP couplings in Sec. V. Finally, we

conclude in Sec. VI.

II. THEORETICAL SETUP
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where i = 1, 2, 3 represents the SU(2) index, and W̃
iµ⌫ and B̃

µ⌫ are the dual field strength

tensors. Here the ALP field and its decay constant are represented by a and fa, respectively.
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i and B to the physical fields �, Z,W±, the interactions in Eq. (1) can
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where Fµ⌫ , Wµ⌫ , and Zµ⌫ are the field strength tensors of the photon, W±, and Z bosons,

respectively. Thus, the dimensionful couplings of the photon and the electroweak gauge

bosons to the ALP can be written in terms of CWW and CBB [25, 31, 35, 38, 46],

ga�� =
4

fa
(CBBc

2
w + CWW s
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fa
CWW , (4)
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8

fa
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where cw and sw are cosine and sine of the Weinberg angle that is related to the rotation

between the electroweak fields and the physical fields as in

W
3
µ = cwZµ + swAµ, Bµ = �swZµ + cwAµ .

On the other hand, the ALP-top quark pair interaction is given by [55]

Latt = Ca�
@µa

2fa
(t̄�µ

�
5
t). (7)

After applying the equation of motion, the above Lagrangian, Eq. (7), can be written as

Latt = �iCa�
mta

fa
(t̄�5

t). (8)

where mt is the top quark mass. As we can see, the ALP-quark pair coupling is propor-

tional to the mass of the quark. Therefore, for the similar size of Ca�/fa, the att coupling

can provide stronger interaction than other aqq couplings. Equipped ourselves with these

theoretical setups, we are now ready to discuss the interference e↵ects between the aW+
W

�

and the att couplings in the process pp ! tja.

III. PRODUCTION AND INTERFERENCE EFFECTS IN pp ! tja

FIG. 1: Two key contributing Feynman diagrams for the process pp ! tja at the LHC.

In this section, our focus is on investigating the interference e↵ects between the aW+
W

�

and the att operators in the process pp ! tja at the LHC with
p
s = 14 TeV. Two key con-

tributing Feynman diagrams for pp ! tja are shown in Fig. 1. The ALP can bremsstrahlung
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• Consider: 


• 


• 
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FIG. 2: Production cross sections for the signal process pp ! j t a with a ! �� and

t ! bW, W ! l⌫l at the LHC (
p
s = 14 TeV) for Ma = 25, 50, 100 GeV. We fix the

aW
+
W

� coupling by setting CWW = CBB = 1 and fa = 10 TeV. The att coupling Ca�

varies from �10 to +10.

FIG. 3: Two key contributing Feynman diagrams for the process pp ! tjba at the LHC.

FIG. 4: Two key contributing Feynman diagrams for the process pp ! tWa at the LHC.
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FIG. 5: Two key contributing Feynman diagrams for the process pp ! tba at the LHC.

o↵ a W propagator and also o↵ a top-quark leg 1. Thus, these two sets of diagrams can

interfere.

We apply MadGraph5 aMC@NLO [56] with the 5-flavor scheme (u, d, s, c, b) to calculate the

production cross sections for the process pp ! tja fixing the parameters: CWW = CBB = 1

and fa = 10 TeV, and vary the att coupling labeled by Ca� from �10 to 10. We show in

Fig. 2 the production cross sections for Ma = 25, 50, 100 GeV at the LHC, including the

branching ratios for a ! �� and t ! bW, W ! l⌫l (l = e, µ). The basic cuts for the final

state particles are shown in Appendix A.

It is not di�cult to see the interference e↵ects when we look at the cross-section curves at

both ends (�10 and +10), although the e↵ects are moderate at only about 10% di↵erence.

Moreover, we have observed that the contribution from the att interaction with Ca� ⇠ 1

is smaller than that from the aW
+
W

� interaction with CWW = CBB = 1 in this process.

Meanwhile, the constraints for the aW
+
W

� coupling are much stronger than that for the

att coupling as shown in Refs. [37, 55, 57].

Before ending this section, we would like to discuss some other associated ALP production

with a single top quark processes. The first one is pp ! t j b a (Fig. 3), which can be regarded

as a higher-order correction from pp ! t j a when the b-quark is not tagged in the final state.

To identify this process from pp ! t j a and avoid the collinear divergence, the following

cuts are applied to the b and j in the final state:

PTb
> 25 GeV, |⌘b| < 2.5, PTj > 10 GeV, |⌘j| < 5. (9)

The second and the third ones are pp ! t W a (Fig. 4) and pp ! t b a (Fig. 5) processes,

respectively. In order to fairly compare the production cross-sections of these processes, we

1 Here we do not involve the Feynman diagrams in which the ALP attached to the b quark or light quarks

since their contributions are much smaller than that from the att coupling with the same Ca�/fa value.

6



FIG. 2: Production cross sections for the signal process pp ! j t a with a ! �� and

t ! bW, W ! l⌫l at the LHC (
p
s = 14 TeV) for Ma = 25, 50, 100 GeV. We fix the

aW
+
W
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FIG. 6: Production cross sections for the signal processes pp ! t j a, pp ! t j b a,

pp ! t W a, and pp ! t b a at the LHC (
p
s = 14 TeV) for Ma = 50 GeV. We fix the

ALP-gauge boson pair coupling by setting CWW = CBB = 1 and fa = 10 TeV. The att

coupling Ca� varies from �10 to +10.

do not impose any cuts for them here, except for pp ! t j b a with the cuts in Eq. (9)

to avoid the double-counting. The production cross-sections for the processes pp ! t j a,

pp ! t j b a, pp ! t W a, and pp ! t b a at the LHC (
p
s = 14 TeV) for Ma = 50 GeV

are shown in Fig. 6. We fix the ALP-gauge boson pair coupling by setting CWW = CBB = 1

and fa = 10 TeV and vary the att coupling Ca� from �10 to +10. Firstly, the shape of

pp ! t j b a is similar to pp ! t j a, but the cross-section is smaller as we expect it to be a

higher-order correction. Secondly, pp ! t W a is also a promising process which can show

obvious interference e↵ects. However, its cross-section is less sensitive to the variation of

Ca� than the one from pp ! t j a and the decay modes of W should be taken into account.

Finally, pp ! t b a displays sizable interference e↵ects as well, but its cross-section is much

smaller than the other three processes. Therefore, we will stick with the process pp ! t j a

for the analysis in this study.
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Signal-Background analysis for qb → q′￼ta

• Final state consists of .  

 Benchmark: 


•Backgrounds: (i)  (BG1), (ii)  (BG2)


• Signal and background event rates: 

   


• B-tagging efficiency: , mis-tag efficiency: 

q′￼ta → j(bℓν)(γγ)

fa = 10 TeV, CWW = CBB = 1, Caϕ = − 10 to 10

pp → tjγγ pp → Wjjγγ

Ns, Nb = σs,b ×
Nselected

Nsim
× ℒ × (ηb−tag or ηj→b)

ηb−tag = 0.75 ηj→b = 0.01



FIG. 7: Kinematical distributions for the signal with Ma = 50 GeV and two main SM

backgrounds BG1 and BG2. Here fa = 10 TeV and CWW = CBB = 1 are fixed. The

“leading” in P
leading
T�

refers to the photon with the highest transverse momentum.

coming from the top-quark decay by Mbl < 200 GeV and |⌘b| < 1.5. Finally, we impose the

invariant-mass window cut on the diphoton from the ALP decay: |M�� �Ma| < 5 GeV. We

summarize the above cuts for the signal and background event selections:

• P
leading
T�

> 60 GeV,

• |⌘leading� | < 1.5,

• 2.5 < |⌘j| < 4.7,

• Mbl < 200 GeV,

• |⌘b| < 1.5,

• |M�� �Ma| < 5 GeV.

The cut-flow tables for Ma = 25, 50, and 100 GeV are given in Tables I, II III, respectively.
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Cut BG1 BG2 Signal

Ca� = �10 Ca� = �5 Ca� = 0 Ca� = 5 Ca� = 10

NT 2318.39 307.86 120.56 43.26 15.73 49.69 131.68

P leading
T�

> 60 GeV 1181.01 170.03 99.22 36.80 14.83 42.53 109.11

|⌘leading� | < 1.5 853.03 124.99 81.24 29.35 10.90 33.61 88.86

2.5 < |⌘j | < 4.7 384.44 8.92 47.97 15.80 3.45 17.05 51.62

Mbl < 200 GeV 384.44 7.03 47.97 15.80 3.45 17.05 51.62

|⌘b| < 1.5 266.20 4.68 37.94 12.38 2.56 13.47 40.46

45 GeV < M�� < 55 GeV 8.95 0.15 37.94 12.38 2.56 13.47 40.46

TABLE II: Cutflow table for the SM backgrounds (BG1: p p ! t j � � and BG2:

p p ! W j j � �) and the signal: p p ! j t a with di↵erent Ca� couplings. Here Ma = 50

GeV, fa = 10 TeV, CWW = CBB = 1. The number of events are calculated by Eq. (10) and

luminosity is set to L = 3000 fb�1.

Cut BG1 BG2 Signal

Ca� = �10 Ca� = �5 Ca� = 0 Ca� = 5 Ca� = 10

NT 2318.39 307.86 124.01 44.55 18.81 50.40 136.64

P leading
T�

> 60 GeV 1181.01 170.03 115.96 42.07 18.39 47.90 128.89

|⌘leading� | < 1.5 853.03 124.99 97.00 34.28 14.13 38.80 106.93

2.5 < |⌘j | < 4.7 384.44 8.92 58.41 17.88 4.16 19.29 62.29

Mbl < 200 GeV 384.44 7.03 58.41 17.88 4.16 19.29 62.29

|⌘b| < 1.5 266.20 4.68 46.02 14.12 3.19 15.37 49.38

95 GeV < M�� < 105 GeV 19.40 0.31 45.76 14.07 3.18 15.28 49.23

TABLE III: Cutflow table for the SM background (BG1: p p ! t j � � and BG2:

p p ! W j j � �) and the signal: p p ! j t a with di↵erent Ca� couplings. Here Ma = 100

GeV, fa = 10 TeV, CWW = CBB = 1. The number of events are calculated by Eq. (10) and

luminosity is set to L = 3000 fb�1.
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FIG. 8: Exclusion regions at 95% confidence level (C.L.) for the ALP cuto↵ scale fa

derived from the process pp ! j t a followed by a ! �� and t ! bl⌫l at the LHC with
p
s = 14 TeV. This analysis is conducted with di↵erent choices of Ca� = 0, 10 and under

two sets of integrated luminosities, L = 300 fb�1 and 3000 fb�1. Solid lines in the plot

represent sensitivity curves with a 10% systematic uncertainty, while the dashed lines

depict the curves without incorporating systematic uncertainty. The gray areas represent

the existing limits from LEP [63, 64], CDF [65], and LHC [66, 67].

Therefore, we can rescale the factor fa to match the expected signal events Ns. The signifi-

cance of the signal is given by [31]

Z =

s

2


(Ns +Nb) ln

✓
(Ns +Nb)(Nb + �

2
B)

Nb
2 + (Ns +Nb)�2

B

◆
� N

2
b

�
2
B

ln

✓
1 +

�
2
BNs

Nb(Nb + �
2
B)

◆�
, (12)

where Ns, Nb are the number of signal and background events, and �B is the systematic un-

certainty in background estimation, which is taken to be zero and 0.1Nb in the presentation.

The 95% confidence level (C.L.) sensitivity curves for the ALP cuto↵ scale fa to the ALP

mass Ma are obtained by requiring the significance Z > 2.
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Summary

• Interference effects between ALP-gauge ALP-top are present but mild.


• The channel can probe down to   

for 

1/fa ∼ 5 × 10−2 TeV−1

ma = 25 − 100 GeV



The ALP invariant-mass window cut is the strongest one to reduce events from both BG1

and BG2 but keep the signal events.

Cut BG1 BG2 Signal

Ca� = �10 Ca� = �5 Ca� = 0 Ca� = 5 Ca� = 10

NT 2318.39 307.86 59.17 24.68 7.12 27.53 63.69

P leading
T�

> 60 GeV 1181.01 170.03 41.28 17.96 6.04 20.45 45.44

|⌘leading� | < 1.5 853.03 124.99 32.76 13.97 4.15 15.66 35.88

2.5 < |⌘j | < 4.7 384.44 8.92 19.38 7.78 1.39 8.26 20.54

Mbl < 200 GeV 384.44 7.03 19.38 7.78 1.39 8.26 20.54

|⌘b| < 1.5 266.20 4.68 14.85 5.93 1.00 6.28 15.69

20 GeV < M�� < 30 GeV 4.08 0.06 14.85 5.93 1.00 6.28 15.69

TABLE I: Cutflow table for the SM backgrounds (BG1: p p ! t j � � and BG2:

p p ! W j j � �), and the signal: p p ! j t a with various Ca� couplings. Here we set

Ma = 25 GeV, fa = 10 TeV, CWW = CBB = 1, and Ca� = �10,�5, 0, 5, 10 GeV. NT in

the first row denotes the total number of events with basic cuts shown in Appendix A

before further event selections. The number of events are calculated by Eq. (10) and

integrated luminosity is set to L = 3000 fb�1. It is noteworthy that the number of events

with luminosity L = 3000 fb�1 is ten times that of the one corresponding to L = 300 fb�1.

(Should we need to write this sentence? CT)

V. NUMERICAL RESULTS

After imposing the event selections provided in the last section, the number of signal

events are comparable to, if not larger than, the background events. It is thus meaningful

to calculate the significance of the signal and set limits on the cuto↵ scale fa. The relation

between the ALP signal events, Ns, and the ALP cuto↵ scale, fa, is given as follows:

Ns / f
�2
a . (11)
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Cut BG1 BG2 Signal

Ca� = �10 Ca� = �5 Ca� = 0 Ca� = 5 Ca� = 10

NT 2318.39 307.86 120.56 43.26 15.73 49.69 131.68

P leading
T�

> 60 GeV 1181.01 170.03 99.22 36.80 14.83 42.53 109.11

|⌘leading� | < 1.5 853.03 124.99 81.24 29.35 10.90 33.61 88.86

2.5 < |⌘j | < 4.7 384.44 8.92 47.97 15.80 3.45 17.05 51.62

Mbl < 200 GeV 384.44 7.03 47.97 15.80 3.45 17.05 51.62

|⌘b| < 1.5 266.20 4.68 37.94 12.38 2.56 13.47 40.46

45 GeV < M�� < 55 GeV 8.95 0.15 37.94 12.38 2.56 13.47 40.46

TABLE II: Cutflow table for the SM backgrounds (BG1: p p ! t j � � and BG2:

p p ! W j j � �) and the signal: p p ! j t a with di↵erent Ca� couplings. Here Ma = 50

GeV, fa = 10 TeV, CWW = CBB = 1. The number of events are calculated by Eq. (10) and

luminosity is set to L = 3000 fb�1.

Cut BG1 BG2 Signal

Ca� = �10 Ca� = �5 Ca� = 0 Ca� = 5 Ca� = 10

NT 2318.39 307.86 124.01 44.55 18.81 50.40 136.64

P leading
T�

> 60 GeV 1181.01 170.03 115.96 42.07 18.39 47.90 128.89

|⌘leading� | < 1.5 853.03 124.99 97.00 34.28 14.13 38.80 106.93

2.5 < |⌘j | < 4.7 384.44 8.92 58.41 17.88 4.16 19.29 62.29

Mbl < 200 GeV 384.44 7.03 58.41 17.88 4.16 19.29 62.29

|⌘b| < 1.5 266.20 4.68 46.02 14.12 3.19 15.37 49.38

95 GeV < M�� < 105 GeV 19.40 0.31 45.76 14.07 3.18 15.28 49.23

TABLE III: Cutflow table for the SM background (BG1: p p ! t j � � and BG2:

p p ! W j j � �) and the signal: p p ! j t a with di↵erent Ca� couplings. Here Ma = 100

GeV, fa = 10 TeV, CWW = CBB = 1. The number of events are calculated by Eq. (10) and

luminosity is set to L = 3000 fb�1.
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Axion Dark Matter

• DM prediction:  


• For , axion DM can be substantial and even 100%.

• A lot of experiments searching for axion DM: 

Ωah2 ≃ ( fa
9 × 1011 GeV )

1.165

θ2
i ≃ 0.12 ( 6μeV

ma )
1.165

θ2
i

fa > 109 GeV


