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Outline
• CPV in the SM: CKM mixing, Jarlskog invariant, and 

relations to the baryon asymmetry 

• 2HDM (T. D. Lee, `73): additional CPV source from 
the scalar sector 

• EDM constraints: electrons, and atoms 

• The LHC searches: diphoton, and Higgs pairs (very 
specific)



SM: three generational fermions



CKM matrix for SM quarks



CKM matrix for SM quarks



EW CPV & Jarlskog invariant



Exp. tests: Kaon mixings



• The puzzle of baryon asymmetry in the Universe 
(BAU) 

• Sakharov conditions (`67): (1) Baryon-number 
violation; (2) CP violation; (3) out-of-equilibrium 
(strong first-order phase transition)

BAU



SM: insufficient for BAU



CPV from scalar sector



CPV 2HDM



Neutral Higgs masses



Neutral Higgs couplings



EDM as indirect 
searches for the CPV 



EDM experiments





eEDM: effective descriptions



Atom EDM
• Three contributions: fEDM, qEDM, and three-gluon 

Weinberg operators 

• Atoms: RGE to the hadron scale



mass splitting Vs. CPV mixings

LG Bian, NC, 1608.07975



Heavy Higgs mass splittings && 
cancellations



EDM constraints

LG Bian, NC, 1608.07975



Searches for diphoton 
in the CPV 2HDM



Why diphotons (for heavy 
resonances)?

• Pro’s: very good energy resolutions and triggering 
efficiency, compared to jets && leptons; no messy 
QCD background 

• Con’s: decay Br’s can be very small (~10^-5) for 
heavy scalars (above the tt~ threshold) in a class 
of models such as 2HDM 

• One more thing: interference terms (resonance-
background, and quasi-degenerate resonance)



Examples of diphoton BR



Calculation of nearly-
degenerate resonances

Pilaftsis, hep-ph/9702393 
Ellis, Lee, Pilaftsis, hep-ph/0404167



diphoton resonances
• Resonance, background, and interference via ggF 

process

Dicus, Willenbrock, Phys.Rev.D 37,1801 (1988)



diphoton backgrounds



diphoton resonances



diphoton interference



diphoton line shapes: no 
CPV case



diphoton line shapes: no 
CPV case



Some remarks for the no-
CPV case



CPV effects to diphoton



Some remarks for the CPV 
effects

• The overall CPV effects in the diphoton spectrum 
are controlled by the size of     . 

• Enhancements occur at               , with a maximal 
CPV mixing of             . 

• The CPV effects depend also on        . 



The HL-LHC prospects



The HL-LHC significance

type-I and type-II are almost the same



The HL-LHC prospects: no 
CPV case

the mass splitting of 10 GeV are almost the same



The HL-LHC prospects: 
maximal CPV case



The HL-LHC prospects: 
maximal CPV case



The Higgs pair 
productions in the 

CPV 2HDM (a special case)



The SM case: @pp

Plenh, Spira, Zerwas, 
hep-ph/9603205
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Special case for CPV 2HDM



SM-like Higgs fitting and 
eEDM

type-I type-II



Including constraints



Higgs self-couplings



Benchmark models



Cross sections at LHC/SppC



Higgs pairs at e+e-



Summary/Outlook
• The upgrade of the precise EDM experiments can further 

test the BSM CPV. 

• Keep looking for BSM heavy Higgs boson @LHC: e.g., 
diphoton, can be complementary to the EDM bounds for 
small mass splitting regions. 

• To look for tt~ resonance searches @LHC/SppC (Carena 
&& Liu, 1608.07282), and tau+tau-, compare their 
sensitivities. 

• Generalization to the other modes for the direct CPV 
measurements.



Thank you!



Searches for CPV in the SM-like Higgs

• h > tau tau: 1308.1094, 1501.03156, 1510.03850 
(LHC), and 1703.04855 (CEPC) 

• h > ZZ: 1502.03045 

• tth: 1507.07926, 1605.03806 (LHC), and 
1506.06453 (indirect at CEPC) 

• Many more …



• This talk: focus on the CPV version of 2HDM (T. D. 
Lee, `73) 

• EDM constraints: electrons, and atoms; CPV in SM-
like or BSM Higgs boson(s); mass splitting and 
cancellations between heavy Higgs bosons 

• The heavy resonance searches via diphotons @ 
HL-LHC: resonance-background, quasi-
degenerate heavy Higgs bosons



Atom EDM



The 2HDM input parameters



Constraints: unitarity, 
stability



LHC direct searches

CMS:1610.04191



Combined constraints


