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● Top yukawa has one of the largest couplings in the SM

● EDMs provide an indirect probe, highly constraining

● Interest in direct measure of top Yukawa

● Parameterize the Top Yukawa by:

 
●        entirely CP even (odd) phase

● Current constraints by ATLAS: 

Top Yukawa

ATLAS collaboration (2020), CMS Collaboration (2016), (2019)1



● Considering three direct processes
● Differing cross section dependence with energy:

○ VBF shown separately for tth𝜈𝜈 and tbhμ𝜈

Production rate dependence on √s (SM)
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tth

tbhμ𝜈

tth𝜈𝜈



Cross section dependence on CP phase
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● Cross section with varying CP phase from -𝜋 to 𝜋 
● very different dependence for different processes at benchmark energies
● VBF also shown separately for tth𝜈𝜈 and tbhμ𝜈 by: - - - - 



Cross section parameterization
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● Cross section strong dependence on magnitude of phase
● Look at coefficients: tth and tbhμ𝜈  



Cross section parameterization
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● Cross section strong dependence on magnitude of phase
● Look at coefficients: tth𝜈𝜈  



CPV observables
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● With this, look at CPV observables
● For tth, define Asymmetry:



CPV observables
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● With this, look at CPV observables
● For tth, define Asymmetry: Angle between ttH production 

plane and tt system 



CPV observables
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● With this, look at CPV observables
● And  for tth𝜈𝜈 and tbhμ𝜈, triple products:



Luminosity for Discovery and Exclusion
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● Solid: Luminosity needed to 
achieve 5𝝈 discovery

● Dashed: Luminosity needed 
for 2𝝈 exclusion

● Different dependences due 
to cross sections

● Benchmark Luminosities:
○ 1 TeV            100 fb
○ 3 TeV            1,000 fb
○ 10 TeV         10,000 fb
○ 30 TeV         10,000 fb

Muon Colliders, Jean Pierre Delahaye et. al,https://arxiv.org/pdf/1901.06150.pdf
Snowmass, muon forum,https://snowmass21.org/energy/muon_forum

https://arxiv.org/pdf/1901.06150.pdf
https://snowmass21.org/energy/muon_forum


Phase Bounds
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● Bounds on CP phase at 2𝝈

● Very constraining at high 
energies 

● Little contribution from 
adding 5% or 10% 
systematics

● Benchmark Luminosities:
○ 1 TeV            100 fb
○ 3 TeV            1,000 fb
○ 10 TeV         10,000 fb
○ 30 TeV         10,000 fb



Phase Bounds
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● Bounds on CP phase at 2𝝈

● Very constraining at high 
energies 

● Little contribution from 
adding 5% or 10% 
systematics

● Benchmark Luminosities:
○ 1 TeV            100 fb
○ 3 TeV            1,000 fb
○ 10 TeV         10,000 fb
○ 30 TeV         10,000 fb

Approximate values:

|𝝽| ≲ 55° at 1 TeV
|𝝽| ≲ 9° at 10 TeV
|𝝽| ≲ 3° at 30 TeV

At 3 TeV relatively independent



Comparing Phase Bounds

R. K. Barman, et.al (2022)12

𝛏 bounds at 95% CL Channel Collider

|𝛏| ≲ 36° HL -LHC

|𝛏| ≲ 25° HL-LHC

|𝛏| ≲ 3° 100 TeV FCC

|𝛏| ≲ 9° 10 TeV muon collider

|𝛏| ≲ 3° 30 TeV muon collider



Conclusion

● Main contributions to cross section from VBF diagrams
● Cross Section strong dependence on CP phase due to 

constructive/destructive interference
● Triple products to study CP sensitivity
● Highly constrained phase at high energies
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Extras



triple product for conjugate

34

● triple product difference in tbhμ𝜈 conjugate process



Muon Colliders

● Why consider a muon collider?
○ Fundamental particles

● cleaner collision environments than pp 
○ high energy achievability 
○ smaller energy loss due to synchrotron radiation

● Disadvantages
○ muon decay
○ difficulty to collimate beams

17 Detector and Physics Performance at a Muon Collider, Nazar Bartosik et. al,
https://arxiv.org/abs/2001.04431

6D Ionization Cooling

https://arxiv.org/abs/2001.04431


Signal 
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● Signal: 
○ Semi-leptonic top pair decays:
○ Higgs decay channel:

●  Backgrounds:
○  
○  
○  
○



Cuts
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● With acceptance cuts 

Due to detector shielding nozzles



Cuts
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● With acceptance cuts 

● Higgs mass cut

Use Gaussian smearing on jets 
to simulate detector effects



Reconstruction
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● 12 b quark combinations 
● Find minimizing combination
● Use to reconstruct Higgs and top

5 GeV

5 GeV

5 GeV

5 GeV 100 GeV



Cutflow
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1 TeV

3 TeV

10 TeV

30 TeV

  
● tth dominates at 1 TeV
● tth𝜈𝜈 dominates high energies, cuts kill tbhμ𝜈


