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The C2HDM

M. Mühlleitner, 23rd June 2022                                    WG2+WG3 CP Meeting                                                                 1

✦ The CP-Violating 2HDM:                                                                 [Ginzburg,Krawczyk,Osland,’02]

Motivation 
- can provide a strong first order electroweak phase transition (like 2HDM) 
- has additional sources of CP violation (required by electroweak baryogenesis) 
- has rich phenomenology, in particular interesting di-Higgs signatures

✦ The Model: 2 complex Higgs doublets 𝚽1, 𝚽2,  
CP-violating scalar potential w/ softly broken ℤ2 symmetry 𝚽1 → 𝚽1, 𝚽2 → -𝚽2                                                           

complex

✦ After EWSB:    
 
 
CP violation for                                                       



Spectrum and Couplings
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✦ The Higgs spectrum:                                                                

3 CP-violating neutral Higgs bosons H1, H2, H3, ordered by ascending mass, charged H± 
 

one of the neutral ones corresponds to the SM-like Higgs boson h with mass of 125.09 GeV

✦ h couplings to gauge bosons:                                                          

pseudoscalar component

✦ h Yukawa couplings:                                                          



Yukawa Couplings
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✦ EDM measurements: place stringent constraints on size of CP-violating phase 
After taking into account all relevant theoretical and experimental constraints still possible                                                          

 [Fontes,MM,Romao,Santos,Silva,Wittbrodt,’17]H2=h125

h125 couples like pseudoscalar to down-type fermions, like scalar to up-type fermions



Di-Higgs Production 



Higgs Pair Production
✦ Ultimate test of the Higgs mechanism:                                                             

✦ Test of Higgs self-couplings at colliders : 

    𝝺HHH     via Higgs pair production 

    𝝺HHHH     via triple Higgs production                                                            

✦ SM Higgs pair production at the LHC - dominant process: gluon fusion

SM: destructive interference  
triangle and box diagrams

Challenge: small cxn and large QCD bkg

at FTapprox: full NNLO QCD in the heavy-top-limit with full LO and NLO mass effects  
and full mass dependence in the one-loop double real corrections at NNLO
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Higgs Pair Production in the C2HDM

✦ Higgs pair production in the C2HDM:                                                         [Gröber,MM,Spira,’17]                
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possibility of resonant enhancement

✦ General analysis:                                         [Abouabid,Arhrib,Azevedo,ElFalaki,Ferreira,MM,Santos,’21]

Scan in parameter space of the model 
Inclusion of theor. & exp. constraints, also most recent di-Higgs constraints 
At NLO: QCD corrections in the heavy top mass limit



Experimental Results - Limits on Trilinear Higgs Self-Coupling

[Rui Zhang, ATLAS, HH Workshop´22]

[Fabio Monti, CMS, HH Workshop´22]
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How Define Resonant di-Higgs Production?

Additional Higgs bosons Hk: possible resonant enhancement of the di-Higgs cross section 

* If mHk < mHi + mHj then clear case of „non-resonant“ production 

* If mHk > mHi + mHj : resonance contribution may be suppressed due to small couplings, large masses,  
large widths or destructive interference effects 

From an experimental point of view the cross section would not be distinguishable from „non-resonant“  
production then. => Our recipe: 

* HiggsBounds turned off for di-Higgs 

* Use SusHi to calculate 𝛔(Hk) for all possible intermediate resonances Hk at NNLO QCD 

* Calculate 𝛔(Hk) x BR(Hk -> HSM HSM) and compare it with experiment 

* Exception: exp. limits assume narrow resonance -> we keep points if (𝛤tot(Hk)/mHk)limit > 5% 

Provided final states on request: 4b, (2b)(2tau), (2b)(2gamma), (2b)(2W), (2b)(2Z), (2W)(2gamma), 4W 
 
Suppress interfering Higgs signals by excluding scenarios with neighboring Higgs masses below 5 GeV.
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Application of limits: example N2HDM
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Experimental constraints from resonant searches applied on yellow points: 
Resonant heavy Higgs production w/ subsequent decay into two SM-like Higgs bosons

[Abouabid,Arhrib,Azevedo,ElFalaki,Ferreira,MM,Santos,’21]



Allowed Mass Spectrum of the C2HDM
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[Abouabid,Arhrib,Azevedo,ElFalaki,Ferreira,MM,Santos,’21]

- rather compressed spectrum 

- Type II: only H1=HSM possible <- B-> s gamma implies mH± > 800 GeV

Type I Type II

[Misiak,Rehman,Steinhauser,’20]



Allowed Coupling Deviations
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[Abouabid,Arhrib,Azevedo,ElFalaki,Ferreira,MM,Santos,’21]



Higgs Pair Production Cross Sections
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[Abouabid,Arhrib,Azevedo,ElFalaki,Ferreira,MM,Santos,’21]



Maximum Possible Di-Higgs Cross Section Values
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[Abouabid,Arhrib,Azevedo,ElFalaki,Ferreira,MM,Santos,’21]

Non-Resonant Resonant

SM Cross Section (NLO QCD, heavy top limit): 38 fb 

max. enhancement: non-resonant: 1.2, resonant: 10.2

in fb in fb



Interesting Benchmark Point w.r.t test of CP violation
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[Abouabid,Arhrib,Azevedo,ElFalaki,Ferreira,MM,Santos,’21]C2HDM Type I

input 
parameters 

results

Simultaneous measurements of ‘CP-even decays‘ (H1H1,VV) and ’CP-odd decays‘ (VH1) 
                                                         => CP violation



Interesting Benchmark Point w.r.t test of CP violation
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[Abouabid,Arhrib,Azevedo,ElFalaki,Ferreira,MM,Santos,’21]C2HDM Type I

input 
parameters 

results

Simultaneous measurements of ‘CP-even decays‘ (H1H1,VV) and ’CP-odd decays‘ (VH1) 
                                                         => CP violation



Di-Higgs Peaks and Top Valleys
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[Basler,Dawson,Englert,MM,’21]degenerate mass spectrum!

heavy Higgs production  
w/ subsequent decay into tt 

destructive interference effects 
between signal and SM background

heavy Higgs production  
w/ subsequent decay into SM-like hh 

constructive signal-signal  
interference effects



Implications of 
Baryogenesis



Electroweak Baryogenesis

M. Mühlleitner, 23rd June 2022                                    WG2+WG3 CP Meeting                                                                 17



SFOEWPT and Mass Spectrum
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Type I Type II

[Basler,MM,Müller,’19]

SFOEWPT tightens mass gap:



Conclusions
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C2HDM well motivated (baryogenesis (SFOEWPT/CPviol), rich phenomenology) 

Exp. & theoretical constraints => compressed mass spectrum 

Di-Higgs cross sections: 1.2 (continuum) and 10.2 (resonant) times the SM value 

CP violation can be tested in combination of Higgs decays into di-Higgs, VH, VV 

Requirement of an SFOEWPT tightens mass gaps in spectrum further



Thank you for 
your attention!



Impact of Di-Higgs Searches on N2HDM parameter space

Cross section resonantly dominated if 𝛔(Hk) x BR(Hk -> HSM HSM) > 0.1 𝛔(HkHk) 
Non-resonant experimental search limits applied

Non-resonant experimental searches start  
cutting in N2HDM parameter space
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Strong First Order Electroweak Phase Transition
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Baryogenesis in a Nutshell
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