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I.   Introductions

Simple and powerful 

yet unnatural, incomplete… 

particles interactions

Quarks, leptons, Gauge bosons, Higgs.

Gauge interactions:

SU(3)C × SU(2)L × U(1)Y

The Higgs vacuum expectation value 

(vev) breaks SU(2)L× U(1)Y to U(1)EM, 

and gives particles masses.

Higgs mechanism

But we have no idea what the new physics is...

The Standard Model 
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The Standard Model Effective Field Theory 

SMEFT:  a more powerful way to analyze the data

• Assume the SM Lagrangian is correct but incomplete

• Look for additional interactions between SM particles 

• Most efficient way to extract information from LHC and other experiments

• Model-independent way to look for physics beyond the Standard Model (BSM)

ℒ𝑆𝑀𝐸𝐹𝑇 = ℒ𝑆𝑀+ℒ(5)+ℒ(6)+ℒ(7)+ ℒ(8)+…,  
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Dimension-8 Operators 
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QGC

nTGC



Dimension-8 Operators affecting aQGC

[Eboli, Gonzalez-Garcia, Mizukoshi, Phys. Rev. D 74 (2006) 073005]

[Eboli, Gonzalez-Garcia, Phys. Rev. D 93 (2016) 093013]
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Limits on Dimension-8 Operators contributing to aQGC

Scalar/longitudinal parameters fS,i
Mixed transverse and longitudinal parameters fM,i Transverse parameters fT,i

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC#aQGC_Results

Chinese experimentalists have made great contributions！
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QGC in VBS

⚫ Deviations in triple gauge boson couplings (TGC), Higgs couplings, or
quartic gauge boson couplings (QGC) lead to ~s energy growth.

⚫ QGC is unique inVBS
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II.   Study aQGC at the LHC

• The exclusive γγW+W-

The exclusive 𝛾𝛾 → 𝑊𝑊 production is sensitive to the 𝑂𝑀𝑖 operators.

Nucl. Phys. B 961 (2020) 115222 
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The Traditional Approach

[Barr et al. , Phys.Rev.D 84 (2011) 095031.; Kalinowski et al. , Eur. Phys. J. C 78 (2018) 403]



The Machine Learning approach

What can Machine Learning do? What methods have been used?

For more details please follow Parallel Session VIII (1): 

“Using machine learning methods to study aQGCs and nTGCs ”  

by Ji-Chong Yang

JHEP 09, 085 (2021),  Phys. Rev. D 104, 035021 (2021)
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Phys. Rev. D 104 (2021) 035015

• Wγjj and Zγjj production

ppWγjj lνγjj ppZγjjllγjj

Chin. Phys. C 44 (2020) 12, 123105 
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• scattering amplitudes are harder at high energies than allowed by unitarity

• model-independent upper bound on scale of Higgs

Unitarity Bound
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the helicity amplitude can be expanded in partial waves as

Partial-wave unitarity requires 

In the two-to-two scattering of electroweak gauge bosons

Partial-wave Unitarity
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[Corbett, Eboli and Gonzalez-Garcia, Phys. Rev. D 91 (2014) 035014]

[Corbett, Eboli and Gonzalez-Garcia, Phys. Rev. D 96 (2017) 035006]



The strongest limit of 𝑊𝑉 → 𝑊𝛾 and  VVZγ subprocesses
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Note: Instead of using unitary constraints to constraint the operator coefficients, 
we select events within a certain energy range to study

2.5 信号背景分析

Select Event with Unitary bounds

But ǁ𝑠 is a distribution, not a limit. 

How can we use Unitarity bound at LHC?
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OMi ：longitudinal W+ bosons are dominant

OTi : both left-handed and right-handed W+ bosons dominate.

4 polarization fraction patterns :  SM,  𝑶𝑴𝒊
,  𝑶𝑻𝟎,𝟓 , 𝑶𝑻𝟏,𝟐,𝟔,𝟕

withWhen 𝑝𝑇𝑊is large,

[C. M. S. Collaboration, Phys. Rev. Lett. 107 (2011) 021802]

Polarization Feature
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r

we define
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Angular Distribution



Wγjj production Zγjj  production 

Constraints on Dimension-8 Operators
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We thank Jian Wang and Cen Zhang for useful discussions.



III.   Study nTGC and aQGC at Future Lepton Colliders
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[J. Ellis, S.-F. Ge, H.-J. He, R.-Q. Xiao, Chin. Phys. C 44(6) (2020) 063106]

[J. Ellis, H.-J. He, R.-Q. Xiao, Sci. China, Phys. Mech. Astron. 64(2) (2021) 221062]

• nTGC in the 𝑒+ 𝑒−→ 𝑍𝛾 process 



The Partial Wave Unitarity Bound
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Nucl. Phys. B 972 (2021) 115543

Unitary bounds can constrain operators directly at lepton colliders 



Constraints for Dimension-8 Operators 
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Inspiration from nTGC research in 𝑒+𝑒− → 𝑍𝛾

The unitarity bounds tell us the minimum integrated luminosity required to study nTGC and aQGC

Unitarity bound

Constraint on coefficient of operator

Luminosity

Unlike VBS, the diboson induced by nTGC and the triphoton induced by aQGC are suppressed 

by a propagator for large s, so the unitarity constraint is only relevant at very low luminosity.
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Nucl. Phys. B 972 (2021) 115543



JHEP 07 (2022) 053
• Tri-photon at Future Muon Colliders
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(aQGC) (SM)

Only OTi operators are relevant of tri-photon

• High energy

• High integrated luminosity

• Cleaner environment

• Enhances the annihilation process 

than 𝑝𝑝 collider 

Advantages of the muon collider:



Compare Annihilation Process with VBS Processes

and take

[H. Al Ali et al., Rept.Prog.Phys. 85 (2022) 8, 084201]
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The Contribution of aQGC to Tri-photon Process
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Constraints on Dimension-8 Operators
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Summary

• Search for new physics indirectly as well as directly

• SMEFT is an effective, model-independent tool for probing indirectly 

possible BSM physics

• Physics at Dimension-8 provide windows of opportunity

• The unitarity bound is important when applying SMEFT 

• Polarization and machine learning technology are powerful tools in the 

search for new physics
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… the direct method may be used for joining 

battle, but indirect methods will be needed in 

order to secure victory.

The direct and the indirect lead on to each other

in turn. It is like moving in a circle — you never

come to an end. Who can exhaust the possibilities

of their combination?

Sun Tzu, The Art of War

Thank you !


