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Introduction to ALP

• Axion is proposed to solve the strong CP problem

• ALP stands for axion-like particle

• ALP is a dark matter candidate.

• The mass range of ALP could be very wide.

• ALP is constrained by cosmology, astronomy and collider experiments.

2025/6/27 4

Credit: Ciaran A.J. O'Hare, “Cosmology of axion 

dark matter”, PoS COSMICWISPers (2024), 040
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The ALP Model

• The interaction Lagrangian:
ℒ𝐴𝐿𝑃 = ℒ𝑓 + ℒ𝑔 −

𝑎

𝑓𝑎
[𝐶𝑤𝑤𝑊𝜇𝜈

+ ෩𝑊−𝜇𝜈 + 𝐶𝐵𝐵𝑐𝑤
2 + 𝐶𝑊𝑊𝑠𝑤

2 𝐹𝜇𝜈 ෨𝐹
𝜇𝜈

+ 𝐶𝐵𝐵𝑠𝑤
2 + 𝐶𝑊𝑊𝑐𝑤

2 𝑍𝜇𝜈 ෨𝑍
𝜇𝜈 + 2(𝐶𝑊𝑊 − 𝐶𝐵𝐵)𝑐𝑤𝑠𝑤𝐹𝜇𝜈 ෨𝑍

𝜇𝜈]

• The ALP-gauge boson couplings:

𝑔𝑎𝑍𝑍 =
4

𝑓𝑎
(𝐶𝐵𝐵𝑠𝑤

2 + 𝐶𝑊𝑊𝑐𝑤
2) 𝑔𝑎𝑍𝛾 =

8

𝑓𝑎
(𝐶𝑊𝑊 − 𝐶𝐵𝐵)𝑐𝑤𝑠𝑤

𝑔𝑎𝛾𝛾 =
4

𝑓𝑎
(𝐶𝐵𝐵𝑐𝑤

2 + 𝐶𝑊𝑊𝑠𝑤
2) 𝑔𝑎𝑊𝑊 =

4

𝑓𝑎
𝐶𝑊𝑊
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Current Limit of ALP coupling

• In my study, we focus on the couplings 𝑔𝑎𝑍𝑍 and 𝑔𝑎𝑍𝛾with the mass 

range 1 𝐺𝑒𝑉 ≤ 𝑀𝑎 ≤ 100 𝐺𝑒𝑉.

• Most of the constraints are given by collider experiment in this mass 
range

• 𝑔𝑎𝑍𝑍, 𝑔𝑎𝑍𝛾 can be transferred from 𝑔𝑎𝛾𝛾 by choosing 𝐶𝑊𝑊, 𝐶𝐵𝐵.

•  𝑔𝑎𝑍𝑍 =
4

𝑓𝑎
(𝐶𝐵𝐵𝑠𝑤

2 + 𝐶𝑊𝑊𝑐𝑤
2) 𝑔𝑎𝑍𝛾 =

8

𝑓𝑎
𝐶𝑊𝑊 − 𝐶𝐵𝐵 𝑐𝑤𝑠𝑤

𝑔𝑎𝛾𝛾 =
4

𝑓𝑎
(𝐶𝐵𝐵𝑐𝑤

2 + 𝐶𝑊𝑊𝑠𝑤
2)
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Current Limit of ALP coupling
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Source: 1811.05466

Source: 2202.03450

@NYCU



NTHU

Simulation and Selection Method
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Simulation Method

• Center-of-mass energy 𝑠 = 14 𝑇𝑒𝑉

• Model: FeynRules (with ALP Lagrangian)

• Parton-level: MadGraph5_aMC@NLO

• Showering: Pythia8 (with default setting)

• Detector: Delphes3 (with ATLAS card)
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Signal Events (Z channel)

• 𝑝𝑝 → 𝑍𝑎(𝑍 → 𝑙+𝑙−)(𝑎 → 𝛾𝛾)

• 1 𝐺𝑒𝑉 ≤ 𝑀𝑎 ≤ 100 𝐺𝑒𝑉

• 104 events for each ALP mass

• Benchmark value:

• 𝑓𝑎 = 1 𝑇𝑒𝑉

• 𝐶𝑊𝑊 = 2

• 𝐶𝐵𝐵 = 1

• No fermion and gluon couplings

• Decay width is set to be auto
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Note:

𝑔𝑎𝑍𝑍 =
4

𝑓𝑎
(𝐶𝐵𝐵𝑠𝑤

2 + 𝐶𝑊𝑊𝑐𝑤
2)

𝑔𝑎𝑍𝛾 =
8

𝑓𝑎
(𝐶𝑊𝑊 − 𝐶𝐵𝐵)𝑐𝑤𝑠𝑤
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Signal Events (Z channel)
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Background Events (Z channel)

• Signal: 𝑝𝑝 → 𝑍𝑎(𝑍 → 𝑙+𝑙−)(𝑎 → 𝛾𝛾)

• A cutoff 𝑀𝑎 = 25 𝐺𝑒𝑉 is applied.
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• 25 𝐺𝑒𝑉 ≤ 𝑀𝑎 ≤ 100 𝐺𝑒𝑉
1. 𝑝𝑝 → 𝑙+𝑙−𝛾𝛾 (𝑙𝑙𝛾𝛾𝐵𝐺)

2. 𝑝𝑝 → 𝑙+𝑙−𝑗𝛾 (𝑙𝑙𝑗𝛾𝐵𝐺)
with 𝑓𝑗→𝛾 ≈ 5 × 10−4

• 1 𝐺𝑒𝑉 < 𝑀𝑎 ≤ 25 𝐺𝑒𝑉
1. 𝑝𝑝 → 𝑙+𝑙−𝛾𝛾 (𝑙𝑙𝛾𝛾𝐵𝐺)

2.  𝑝𝑝 → 𝑙+𝑙−𝑗 (𝑙𝑙𝑗𝐵𝐺)

(Credit: ATL-PHYS-PUB-2017-001)
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Selection Method (Z channel)

• Large mass region(𝑀𝑎 > 25 𝐺𝑒𝑉 )

1. 𝑁𝛾 = 2

2. 𝑁𝑙 = 2

3. 80 𝐺𝑒𝑉 < 𝑀𝑙𝑙 < 100 𝐺𝑒𝑉

4. 𝑝𝑇𝛾𝛾 > 80 𝐺𝑒𝑉

5.  0.9𝑀𝑎 < 𝑀𝛾𝛾 < 1.1𝑀𝑎

2025/6/27 13

• Small mass region(𝑀𝑎 ≤ 25 𝐺𝑒𝑉 )

1. 𝑁𝑗 ≥ 1

2. min
𝐸ℎ𝑎𝑑

𝐸𝐸𝑀
< 0.02

3. 𝑁𝑙 = 2

4. 80 𝐺𝑒𝑉 < 𝑀𝑙𝑙 < 100 𝐺𝑒𝑉

5.
𝜏2

𝜏1
< 0.05

6. 𝑀𝑗𝑒𝑡 mass window

@NYCU



NTHU

Selection Method

• Large mass region

1. 𝑁𝛾 = 2

2. 𝑁𝑙 = 2

3. 80 𝐺𝑒𝑉 < 𝑀𝑙𝑙 < 100 𝐺𝑒𝑉

4. 𝑝𝑇𝛾𝛾 > 80 𝐺𝑒𝑉

5.  0.9𝑀𝑎 < 𝑀𝛾𝛾 < 1.1𝑀𝑎

• For W channel: 𝑀𝑙𝑙 → 𝑀𝑇
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Selection Method (Z channel)

• Large mass region

1. 𝑁𝛾 = 2

2. 𝑁𝑙 = 2

3. 80 𝐺𝑒𝑉 < 𝑀𝑙𝑙 < 100 𝐺𝑒𝑉

4. 𝑝𝑇𝛾𝛾 > 80 𝐺𝑒𝑉

5.  0.9𝑀𝑎 < 𝑀𝛾𝛾 < 1.1𝑀𝑎
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𝑠, 𝑏 = 𝜎𝑠,𝑏 ×
𝑁𝑠𝑒𝑙𝑒𝑐𝑖𝑡𝑜𝑛
𝑁𝑠𝑖𝑚

× ℒ

𝑀𝑎 = 100 𝐺𝑒𝑉, ℒ = 300𝑓𝑏−1
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Selection Method (Z channel)
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• Small mass region

1. 𝑁𝑗 ≥ 1

2. min
𝐸ℎ𝑎𝑑

𝐸𝐸𝑀
< 0.02

3. 𝑁𝑙 = 2

4. 80 𝐺𝑒𝑉 < 𝑀𝑙𝑙 < 100 𝐺𝑒𝑉

5.
𝜏2

𝜏1
< 0.05

6. 𝑀𝑗𝑒𝑡 mass window

𝜏𝑁 =
1

𝑑0
෍

𝑘

𝑝𝑇,𝑘 ×min Δ𝑅1,𝑘 , Δ𝑅2,𝑘 , … , Δ𝑅𝑁,𝑘

For ideal ALP jet, 
𝜏2

𝜏1
= 0.
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Selection Method (Z channel)
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• Small mass region

1. 𝑁𝑗 ≥ 1

2. min
𝐸ℎ𝑎𝑑

𝐸𝐸𝑀
< 0.02

3. 𝑁𝑙 = 2

4. 80 𝐺𝑒𝑉 < 𝑀𝑙𝑙 < 100 𝐺𝑒𝑉

5.
𝜏2

𝜏1
< 0.05

6. 𝑀𝑗𝑒𝑡 mass window

𝑠, 𝑏 = 𝜎𝑠,𝑏 ×
𝑁𝑠𝑒𝑙𝑒𝑐𝑖𝑡𝑜𝑛
𝑁𝑠𝑖𝑚

× ℒ

𝑀𝑎 = 10 𝐺𝑒𝑉, ℒ = 300 𝑓𝑏−1
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Numerical Result
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Numerical Result (Z channel)
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Numerical Result (W channel)
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Numerical Result

2025/6/27 21

𝑍 = 2[ 𝑠 + 𝑏 ln
𝑠 + 𝑏 𝑏 + 𝜎𝑏

2

𝑏2 + 𝑠 + 𝑏 𝜎𝑏
2 −

𝑏2

𝜎𝑏
2 ln(1 +

𝜎𝑏
2𝑠

𝑏(𝑏 + 𝜎𝑏
2)
)]

Remark: for 𝑀𝑎 < 10 GeV, referring these papers for improvement:

Photon-jet events as a probe of axionlike particles at the LHC, 2102.01532

Detecting an axion-like particle with machine learning at the LHC, 2106.07018
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Numerical Result
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Summary
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Summary

• We investigate the behavior of ALP-gauge boson coupling 𝑔𝑎𝑍𝑍, 𝑔𝑎𝑍𝛾
and 𝑔𝑎𝑊𝑊 at ℒ = 300 𝑓𝑏−1, 3000𝑓𝑏−1 and 𝑠 = 14 𝑇𝑒𝑉.

• We gives a procedure to move out most of the background and 
enhance the signal efficiency. 

• We show the sensitivity of 𝑔𝑎𝑍𝑍, 𝑔𝑎𝑍𝛾 and 𝑔𝑎𝑊𝑊 can be improved 

around one order of magnitude compared to the current limit in the 
mass range 1 𝐺𝑒𝑉 ≤ 𝑀𝑎 ≤ 100 𝐺𝑒𝑉.
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