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Where to next?

• Build an even larger collider  go to high energy  discover new particles!

⚫ We haven’t found any new particles!

• Dark matter, Baryon asymmetry, Neutrino masses, Dark energy, ... 

• Hierarchy, Naturalness, Fine tuning problem, ... 

⚫ Evidences for physics beyond the Standard Model

• Do precision measurements  discover new physics indirectly!

Where to next?
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Direct and Indirect Searches for BSM

How do we interpret the measurement results?

Model-dependent

New particles

SUSY, 2HDM…
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Deviations in tails 



How do we interpret the measurement results?

Model-dependent Model-Independent

New Interactions 

of SM particles
New particles

Simplified models, EFTSUSY, 2HDM…

anomalous couplings

Deviations in tails 
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Direct and Indirect Searches for BSM

Multiboson as a key tool



Rich Results from Multiboson Measurements

The LHC can also be seen as a Large Boson Collider
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MuC: Great Potential to explore unknown

MuC:  The large boson-boson collider

High energy.

High multiplicity.

High opportunities ?

opportunities for both theorists (T) & experimentalists (E)

✓ high multiplicity processes

(T: amplitudes, MC ; E: trackers, machine learning)

✓ Transverse vs Longitudinal vectors 

(T: massive amplitudes   E: reconstruction)

✓ optimizing search analyses

✓ global fit
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Towards a muon collider, EPJC (2023) [2303.08533]

Machines beyond LHC → more energy → better sensitivity



The Standard Model Effective Field Theory 

EFT： Bottom-Up approach with general parameterization
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Dimension-8 Operators

Eboli, Gonzalez-Garcia, Mizukoshi, PRD (2006) [hep-ph/0606118]

Eboli, Gonzalez-Garcia, PRD (2016) [1604.03555]
77

• anomalous Quartic Gauge Couplings (aQGC)



Dimension-8 Operators

Ellis, Ge. PRL (2018) [1802.02416]

“The gluonic QGC is a natural extension of QED Born-Infeld theory, supported by String Theory”
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• gluonic Quartic Gauge Couplings (gQGC)



anomalous Quartic Gauge Couplings（ aQGC ）

gluonic Quartic Gauge Couplings（ gQGC ） 
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• VBS (AA+E) :  μ+ μ−→𝛾𝛾𝜈 ҧ𝜈

• VBS (WW+E):  μ+ μ−→W+W-𝜈 ҧ𝜈

• Triboson (AAA):  μ+ μ−→𝛾𝛾𝛾

• Triboson (AGG):  𝜇+𝜇− → 𝛾𝑗𝑗

Multi-boson physics studies at MuC



aQGC: VBS (AA+E) 

• aQGC in the VBS of 𝑊+𝑊−
𝛾𝛾 (𝛾𝛾𝜈 ҧ𝜈)

Y-C G, Feng & Yang, to be uploaded to arXiv
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aQGC:

Comparison of VBS and Tri-boson

When a new particle X is produced, there is a relative scaling 

Al Ali et al., RPP (2022) [2103.14043]

SM :

…



aQGC: VBS (AA+E) 

Y-C G, Feng & Yang, to be uploaded to arXiv

Unitary bounds for VBS process of 𝑊+𝑊−
𝛾𝛾
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• aQGC in the VBS of 𝑊+𝑊−
𝛾𝛾 (𝛾𝛾𝜈 ҧ𝜈)

Partial-wave Unitary



aQGC: VBS (AA+E) 
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Part of the kinematic observables
Expected aQGC coefficients

Compare to 13 TeV LHC: 
the expected constraints can be improved by 2~3 orders of magnitude for 14 TeV MuC , 
and by 4 orders of magnitude for 30 TeV MuC.



aQGC: VBS (AA+E) 
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Machine learning algorithm: nested local outlier factor (NLOF)
Chen, Y-C G & Yang, [2504.03145] 

As an unsupervised ML algorithm, NLOF can automatically discover the anomalies
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aQGC: VBS (WW+E)

The exclusive W+W-
W+W- scattering

Yang, Han, Qin, Li, Y-C G, JHEP (2022) [2204.10034]Yang, Han, Qin, Li, Y-C G, JHEP (2022) [2204.10034]

Various processes contribute to the signal

……

• Absence of QCD background: 

No composite particles in the initial states, so no 

significant QCD background.

• Initial state of the sub-process known:

The high-energy muon beams radiate W bosons 

and turn into neutrinos

（concentrate on 𝑊𝑊𝑊𝑊vertex）

Features of this process with purely leptonic decay:
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aQGC: VBS (WW+E)

Machine learning can be used for extracting subprocess

14 Input variables : 14-dimension vector

= 4-momenta of charged leptons & missing momentum

(12 components)

+ the flavors of the charged leptons 

(2 components) 
Utilizing an ANN, the 𝑊score ​ predicts whether an event is from the 
W+W-

W+W- process  (1 for yes, 0 for no).

1 Output variable:  𝑊score

Artificial Neural Networks (ANN) 
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aQGC: VBS (WW+E)

An ANN-based analysis for 𝜇+𝜇− → 𝑙+𝑙−𝜈𝜈 ҧ𝜈 ҧ𝜈 at 30 TeV MuC makes expected constraints on 

dim-8 aQGCs that are 4 orders of magnitude stronger than those from the 13 TeV LHC. 

Expected constraints on coefficients (absolute value with 10−3TeV−4) 

at 𝑠 = 30 TeV and 𝐿 = 10 ab−1. Systematic errors are from results 

with unitarity bounds by factors ½ and 2.



• aQGC in the μ+ μ−→𝛾𝛾𝛾 process 

Yang, Qin, Han, Y-C G & Li,   JHEP (2022)  [2204.08195] Yang, Qin, Han, Y-C G & Li,   JHEP (2022)  [2204.08195] 

aQGC

(signal) (background)
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aQGC: Tri-photon (AAA)



aQGC in the μ+ μ−→𝛾𝛾𝛾 process 
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aQGC: Triboson (AAA)

• The results show that the triphoton production 
of MuC is more sensitive to the T8,9 operators

• For 3 TeV MuC with ℒ = 1 ab−1, the expected 
constraints are 2 orders of magnitude stronger 
than 13 TeV LHC at 95% C.L. 

• For 30 TeV MuC with ℒ = 90 ab−1, the 
expected constraints would be about 6 orders 
of magnitude stronger than 13 TeV LHC.

Expected constraints on coefficients of 𝒪𝑇𝑖 operators 
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• K-Means Zhang,  Yang & Y-C G,  EPJC (2024)  [2302.01274]• K-Means Zhang,  Yang & Y-C G,  EPJC (2024)  [2302.01274]

Search for aQGC by Machine Learning algorithms in μ+ μ−→𝛾𝛾𝛾

ൗ෍

𝑖

𝑊𝑖 𝑝𝑖 − ഥ𝑝𝑖 𝑑𝑖 + 𝑏𝑡ℎ > 𝑦𝑡ℎ

• Support Vector Machine (SVM)

Zhang, Y-C G & Yang, EPJC (2024) [2311.15280]

k=50, 14 TeV

aQGC: Triboson (AAA)



gQGC: Triboson (GGA)

• gQGC at MuC:  μ+ μ−→gg𝛾 Y-C G, Di & Yang, to be uploaded to arXivY-C G, Di & Yang, to be uploaded to arXiv

Most promising channel

• Dim-6 operators do not appear

• Clean signal

• No interference

Many discussions on EW QGC, less gluonic ones

• gQGC at LHC:

gg →Z𝛾

Ellis & Ge, PRL (2018) [1802.02416]

Ellis, Ge & K. Ma, JHEP (2022) [2112.06729]
gQGC
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SM :

NP Signal:gg →𝛾𝛾



gQGC: Triboson (GGA)
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Compared to 13 TeV LHC, 10 TeV MuC enhance the constraints by 25%, 

30 TeV MuC would more than double the current limits on M.



Summary

• The MuC's nature as a lepton collider, coupled with its high energy and 
luminosity, facilitates both direct and indirect searches for new physics.

• Multi-boson physics at dimension-8 provide windows of opportunity for 
probing indirectly new physics BSM at the MuC.

• ML serves as a powerful tool in the search for new physics, continues to 
unlock breakthroughs of HEP.

Thank you !
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