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Motivation of heavy QCD axion
• Solving strong-CP problem

• 𝜃𝜃 𝑔𝑔32

32𝜋𝜋2
𝐺𝐺 �𝐺𝐺 where 𝜃𝜃 ∈ [0,2𝜋𝜋)

• Experimental measured value 𝜃𝜃 < 10−10

• 𝑉𝑉 𝜙𝜙 = Λ𝑄𝑄𝑄𝑄𝑄𝑄4 1 − cos( 𝜃𝜃 + 𝜙𝜙(𝑥𝑥)
𝑓𝑓𝑎𝑎

) → 𝛿𝛿𝛿𝛿 = 𝑎𝑎 𝑥𝑥 → 𝑚𝑚𝑎𝑎 =
Λ𝑄𝑄𝑄𝑄𝑄𝑄
2

𝑓𝑓𝑎𝑎

• There are several UV models providing heavy axion mass.
Introduce a full copy of SM sector but with a different vacuum of Higgs
𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ≫ 𝑣𝑣𝑆𝑆𝑆𝑆 →    All masses are heavy   →    Λ𝑄𝑄𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ≫ Λ𝑄𝑄𝑄𝑄𝑄𝑄  

𝑚𝑚𝑎𝑎 =
Λ𝑄𝑄𝑄𝑄𝑄𝑄
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 2

+Λ𝑄𝑄𝑄𝑄𝑄𝑄
2

𝑓𝑓𝑎𝑎
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Effective coupling of Axion
with 𝑐𝑐3~𝑐𝑐2~𝑐𝑐1~1

𝛼𝛼𝑠𝑠
8𝜋𝜋

= 0.0046951, 𝛼𝛼1
8𝜋𝜋

= 0.0004058, 𝛼𝛼2
8𝜋𝜋

= 0.00135

Axion mainly couple to gluon.

𝑐𝑐1 = 𝑐𝑐2 = 𝑐𝑐3 = 1:
𝐵𝐵𝐵𝐵(𝑎𝑎 → 𝑔𝑔𝑔𝑔) ≫ 𝐵𝐵𝐵𝐵(𝑎𝑎 → 𝑊𝑊𝑊𝑊,𝑍𝑍𝑍𝑍, 𝛾𝛾𝛾𝛾)
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Why muon collider? 

• High energy (3,10 TeV): 
• High mass (low synchrotron radiation)
• Fundamental particle: full energy collision

• Clean environment: 
• Known initial state
• Clean background

Expect to have great sensitivity.

5/19/2025Heavy QCD axion @ MuC Peiran Li 4



Axion production @ MuC

• “leading” channel: VBF production

• Subleading channel: associated production

(Similar with ALP studies)
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Axion production @ MuC

• “leading” channel: VBF production

• Subleading channel: associated production

• leading channel: VBS production
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Axion production @ 10 TeV MuC
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VBS vs. VBF

• 𝜎𝜎 increase as 𝑠̂𝑠 increase
• EFT operator 𝑎𝑎𝑎𝑎 �𝐹𝐹
• Longitudinal W boson 𝜖𝜖𝐿𝐿~ 𝐸𝐸

𝑀𝑀𝑊𝑊
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where 𝜏𝜏 = 𝑠̂𝑠/𝑠𝑠



VBS vs. VBF

• �𝜎𝜎 increase as 𝑠̂𝑠 increase
• EFT operator 𝑎𝑎𝑎𝑎 �𝐹𝐹
• Longitudinal W boson 𝜖𝜖𝐿𝐿~ 𝐸𝐸

𝑀𝑀𝑊𝑊
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Axion search @ MuC

2506.XXXX
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Conclusion
• Heavy QCD axion models can be motivated by strong-CP problem.

• TeV axion can be well explored at MuC with a huge parameter space.

• VBS processes can be very significant, larger than lower order process. 
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Backup
• Background
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Muon PDF Proton PDF
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VBS vs. VBF

𝜇𝜇𝜇𝜇 → 𝜇𝜇𝜇𝜇𝜇: 𝜎𝜎 = 0.07 pb 𝜇𝜇𝜇𝜇 → 𝜇𝜇𝜇𝜇𝜇𝜇𝜇:   𝜎𝜎 = 0.08 pb   (use EVA)

2408.01068
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