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Mass splittings among HMass splittings among H
00  
,,  AA

00  
,,  HH++

have large impact in 2HDM phenomenologyhave large impact in 2HDM phenomenology

For sizable Mass splittings, Limits from Standard  “ ”For sizable Mass splittings, Limits from Standard  “ ”
LHC Searches May be significantly weakenedLHC Searches May be significantly weakened

e.g.e.g.
channel openchannel open

BR to other decay channels BR to other decay channels 
drastically reduceddrastically reduced

G. Dorsch, S. Huber, K. Mimasu, J. M. N, 1507.xxxxx

SusHiSusHi  (NNLO)(NNLO) + 2HDMC + 2HDMC
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Mass splittings among HMass splittings among H
00  
,,  AA

00  

Important for 2HDM CosmologyImportant for 2HDM Cosmology

Electroweak Baryogenesis possible within Electroweak Baryogenesis possible within 2HDM2HDM
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EW Phase Transition signatureEW Phase Transition signature AA
00

ZZ

HH
00

or

G. Dorsch, S. Huber, K. Mimasu, J. M. N, Phys. Rev. Lett.  113 (2014) 211802

A sizable          Favours a First Order EW phase transitionA sizable          Favours a First Order EW phase transition
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CMS­PAS­HIG­15­001CMS­PAS­HIG­15­001

Such search(es) recently performed by CMSSuch search(es) recently performed by CMS
(Meaningful constraints from LHC Run 1)(Meaningful constraints from LHC Run 1)
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CMS­PAS­HIG­15­001CMS­PAS­HIG­15­001

Such search(es) recently performed by CMSSuch search(es) recently performed by CMS
(Meaningful constraints from LHC Run 1)(Meaningful constraints from LHC Run 1)

SusHiSusHi  (NNLO)(NNLO) + 2HDMC + 2HDMC

Type I (alignment)Type I (alignment)

G. Dorsch, S. Huber, K. Mimasu, J. M. N, 1507.xxxxx

This search constrains/ rules out :“ ”This search constrains/ rules out :“ ”
 → → A1A1  ,,  A2 from GHMN A2 from GHMN 
 → → BP1BP1  ,,  BP2BP2  ,,  BP3BP3  ,,  BP4BP4  ,,  BP8BP8  ,,  BP10BP10      from KSfrom KS
 → → Scenario D from HSScenario D from HS

Type II (alignment)Type II (alignment)
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Benchmarks for 2HDM from the Benchmarks for 2HDM from the 
Electroweak Phase TransitionElectroweak Phase Transition

  All Benchmarks featureAll Benchmarks feature

as primary signatureas primary signature
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Benchmarks for 2HDM from the Benchmarks for 2HDM from the 
Electroweak Phase TransitionElectroweak Phase Transition

  All Benchmarks featureAll Benchmarks feature

  BenchmarksBenchmarks  AA Close to Alignment LimitClose to Alignment Limit

as primary signatureas primary signature

HH+ + needs to be close in mass to either needs to be close in mass to either HH
00
 or  or AA

00
 , due to EW Precision Observables , due to EW Precision Observables

A1A1  ::

Type IType I

Type IIType II

A2A2  ::

Type IType I
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Benchmarks for 2HDM from the Benchmarks for 2HDM from the 
Electroweak Phase TransitionElectroweak Phase Transition

  All Benchmarks featureAll Benchmarks feature

  BenchmarksBenchmarks  AA Close to Alignment LimitClose to Alignment Limit

as primary signatureas primary signature

HH+ + needs to be close in mass to either needs to be close in mass to either HH
00
 or  or AA

00
 , due to EW Precision Observables , due to EW Precision Observables

A1A1  ::

A2A2  ::

Similar to Similar to BP1BP1 from  from KS. KS. Regarding topology and final state (Regarding topology and final state (bb ll ), ), 
similar to similar to BP2,BP2,  BP3,BP3,  BP4,BP4,  BP8BP8 from  from KS, KS, andand Scenario D  Scenario D fromfrom HS HS

Interesting signatures from Interesting signatures from HH++ in both Cases, similar to those  in both Cases, similar to those 
Shufang will discuss (Shufang will discuss (BP1-BP8BP1-BP8).).
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Benchmarks for 2HDM from the Benchmarks for 2HDM from the 
Electroweak Phase TransitionElectroweak Phase Transition

  All Benchmarks featureAll Benchmarks feature

  BenchmarksBenchmarks  BB Away from Alignment LimitAway from Alignment Limit

as primary signatureas primary signature

Final StateFinal State

Final StateFinal State

Final StateFinal State

Final StateFinal State
G. Dorsch, S. Huber, K. Mimasu, J. M. N, 1507.xxxxx B. Coleppa, F. Kling, S. Su, 1404.1922

Such departure from Alignment possible for TypeSuch departure from Alignment possible for Type  I (TypeI (Type  II in ”wrong sign“II in ”wrong sign“  ))
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Benchmarks for 2HDM from the Benchmarks for 2HDM from the 
Electroweak Phase TransitionElectroweak Phase Transition

  All Benchmarks featureAll Benchmarks feature

  BenchmarksBenchmarks  BB Away from Alignment LimitAway from Alignment Limit

as primary signatureas primary signature

Final StateFinal State

Final StateFinal State

Final StateFinal State

Final StateFinal State
G. Dorsch, S. Huber, K. Mimasu, J. M. N, 1507.xxxxx B. Coleppa, F. Kling, S. Su, 1404.1922

B1B1  ::

Such departure from Alignment possible for TypeSuch departure from Alignment possible for Type  I (TypeI (Type  II in ”wrong sign“II in ”wrong sign“  ))
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Benchmarks for 2HDM from the Benchmarks for 2HDM from the 
Electroweak Phase TransitionElectroweak Phase Transition

  All Benchmarks featureAll Benchmarks feature

  BenchmarksBenchmarks  BB Away from Alignment LimitAway from Alignment Limit

as primary signatureas primary signature

Final StateFinal State

Final StateFinal State

Final StateFinal State

Final StateFinal State
G. Dorsch, S. Huber, K. Mimasu, J. M. N, 1507.xxxxx B. Coleppa, F. Kling, S. Su, 1404.1922

B1B1  ::

Such departure from Alignment possible for TypeSuch departure from Alignment possible for Type  I (TypeI (Type  II in ”wrong sign“II in ”wrong sign“  ))
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Back-up
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Higgs Signal Strengths Fit
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LHC Discovery Potential of Benchmark ScenariosLHC Discovery Potential of Benchmark Scenarios

➊ A few words on the Analysis...

  Type I 2HDM implemented in FeynRulesFeynRules (including gluon-fusion).

  Signal & relevant backgrounds generated using  MadGraph5_aMC@NLOMadGraph5_aMC@NLO. Generated events
   passed on to PythiaPythia for Parton Showering and Hadronization and subsequently to DelphesDelphes
         for detector simulation. 

  ““Cut & Count  analysis on a small set of kinematical variables, to extract signal over”
     background.

  Determined required Integrated Luminosity at 14 TeV to achieve 5 statistical 
   significance via a C . L .s hypothesis test.

  Use of NLO flat K-factors for signal (SusHiSusHi) and dominant backgrounds.

Only statistical uncertainties.
10% systematic uncertainty on background.

2HDM@@LHCLHC

mailto:MadGraph5_aMC@NLO


  (( ­α β = 0.1π))

  Most sensitive AMost sensitive A
00
 search channel away from alignment search channel away from alignment

                                                                                                                        also promising

  Main backgMain backgrounds are  subdominant

  Analysis & Event Selection similar to previous case:

  4 Isolated (cone of 0.3) leptons, same-flavour pairs. || <  2.5 (2.7) for electrons (muons)

                          >  40  GeV,               >  20  GeV.

B. Coleppa, F. Kling, S. Su,  JHEP 1409 (2014) 161

14 TeV LHC, 14 TeV LHC, ℒ = 60 fb = 60 fb-1-1

10

  1 pair of SF leptons must reconstruct m
Z

  Transverse mass variables:

>  260  GeV allows for Signal Extraction

LHC Discovery Potential of Benchmark ScenariosLHC Discovery Potential of Benchmark Scenarios

2HDM@@LHCLHC

➌ Benchmark B:



  (( ­α β = 0.1π))

  Most sensitive AMost sensitive A
00
 search channel away from alignment search channel away from alignment

                                                                                                                        also promising

  Main backgMain backgrounds are  subdominant

  Analysis & Event Selection similar to previous case:

  4 Isolated (cone of 0.3) leptons, same-flavour pairs. || <  2.5 (2.7) for electrons (muons)

                          >  40  GeV,               >  20  GeV.

B. Coleppa, F. Kling, S. Su,  JHEP 1409 (2014) 161

14 TeV LHC, 14 TeV LHC, ℒ = 60 fb = 60 fb-1-1
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LHC Discovery Potential of Benchmark ScenariosLHC Discovery Potential of Benchmark Scenarios

2HDM@@LHCLHC

➌ Benchmark B:

5 signal significance for:

 ℒℒ  = 60 fb= 60 fb-1-1  
 ℒℒ  = 200 fb= 200 fb-1-1  

(statistics only)

(10% systematics)

(conservative(conservative..))
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  (( ­α β = 0.001π))

  Irreducible backgrounds are 

  Analysis at 14 TeV:   Event SelectionEvent Selection

  2 Isolated (within a cone of 0.3), Same-flavour leptons. || <  2.5 (2.7) for electrons (muons)

  Anti-kT Jets with distance parameter R = 0.6

  2 b-tagged Jets with || <  2.5 

                          >  40  GeV,            >  20  GeV.

K­factor: 1.6 1.5 1.4 ­ ­

➋ Benchmark A:

LHC Discovery Potential of Benchmark ScenariosLHC Discovery Potential of Benchmark Scenarios

2HDM@@LHCLHC
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  (( ­α β = 0.001π))

  Irreducible backgrounds are 

  Analysis at 14 TeV:   Event SelectionEvent Selection

  2 Isolated (within a cone of 0.3), Same-flavour leptons. || <  2.5 (2.7) for electrons (muons)

  Anti-kT Jets with distance parameter R = 0.6

  2 b-tagged Jets with || <  2.5 

                          >  40  GeV,            >  20  GeV.

➋ Benchmark A:

LHC Discovery Potential of Benchmark ScenariosLHC Discovery Potential of Benchmark Scenarios

2HDM@@LHCLHC

14 TeV LHC, 14 TeV LHC, ℒ = 20 fb = 20 fb-1-1

Invariant mass windows:

5 signal significance for:

 ℒℒ  = 15 fb= 15 fb-1-1  
 ℒℒ  = 40 fb= 40 fb-1-1  

(statistics only)

(10% systematics)
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