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WHY?WHY? Motivating more Higgses...

➔➔  Multi-Higgs (multi­scalar) appear in many solutions to Higgs Naturalness:
   SUSY (MSSM, NMSSM...), Composite Higgs, Neutral Naturalness

➔➔  Rich phenomenology

➔➔  Early Universe implications
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Cosmological Relics 
from the EW Epoch?

Electroweak 
Phase Transition

Matter-Antimatter asymmetry
(EW Baryogenesis)

Gravitational Wave Signal

Courtesy of D. Weir

Sourced by bubble 
collisions & subsequent 

plasma motions

Hindmarsh, Huber, Rummukainen, Weir, PRD 92 (2015) 123009
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BSM Higgs searches BSM Higgs searches @@  LHCLHC
(e.g. ATLAS)

I will focus on 
neutral scalars:

➔➔  H  VV → (WW, ZZ)

➔➔  A  Z→  h

➔➔  H  h→  h

➔➔  H/A  f→  f (ττ, bb)

➔➔  H/A  → γγ

   ...
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BSM Higgs searches BSM Higgs searches @@  LHCLHC

➔➔  H  VV → (WW, ZZ)

➔➔  A  Z→  h

➔➔  H  h→  h

➔➔  H/A  f→  f (ττ, bb)

➔➔  H/A  → γγ

   ...

If  h is SM­like:

e.g. 2HDM alignment 

Design (& perform!) LHC searches to probe 
new regions of parameter space 

“Traditional” BSM Higgs searches not (as) effective
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BSM Higgs searches BSM Higgs searches @@  LHCLHC
Enlarging the scope of

➊  A  Z h       → A  Z H →  H  Z A→

➋ H  h h       → H  A A→

/

➔➔ Require sizeable mass splitting among BSM scalars

➔➔ Here focus on 2HDM as perfect illustration 
   (but other scenarios possible, e.g. NMSSM)

➔➔ “Traditional” LHC search: we eliminate restriction to
    SM Higgs mass window

This t
alk...
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Sizeable mass splitting 
among BSM scalars

Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett.  113 (2014) 211802

Dorsch, Huber, Mimasu, JMN,  JHEP 1712 (2017) 086
Basler, Krause, Muhlleitner, Wittbrodt, Wlotzka, JHEP 1702 (2017) 121

Dorsch, Huber, JMN, JHEP 1310 (2013) 029

Perturbative EWPT studies now backed up by lattice simulations

Hierarchical 2HDM➔➔WHY?WHY?

▶ Large 2HDM mass splittings favour strong EWPT
GWs

EW baryogenesis

Gorda, Helset, Niemi, Tenkanen, Weir,  arXiv:1802.05056
Andersen, Gorda, Helset, Niemi, Tenkanen, Tranberg, Vuorinen, Weir,  arXiv:1711.09849

tanβ = 2 tanβ = 3
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Sizeable mass splitting 
among BSM scalars Hierarchical 2HDM➔➔WHY?WHY?

▶ Large 2HDM mass splittings favour strong EWPT
GWs

EW baryogenesis

▶ Important impact on BSM Higgs phenomenology
Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett.  113 (2014) 211802

Coleppa, Kling, Su, JHEP 1409 (2014) 161

New decay modes
(new avenues for LHC searches)

AA
00

ZZ

HH
00

e.g.
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New decay modes
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ZZ
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KinematicsBranching ratios

tanβ = 2
m

A
 = 400 GeV
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CMS­PAS­HIG­15­001

Phys. Lett. B759 (2016) 369 (ArXiv:1603.02991)

… and the search was performed!
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Impact of A  Z→  H BSM Higgs search (LHC Run 1)
Dorsch, Huber, Mimasu, JMN, Phys. Rev. D93 (2016) 115033
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Impact of A  Z→  H BSM Higgs search (LHC Run 1)
Dorsch, Huber, Mimasu, JMN, Phys. Rev. D93 (2016) 115033

2HDM 
alignment
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… and for 13 TeV, ATLAS as well.
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… inverting the mass ordering:  mA
 > m

H
    m→

H
 > m

A



11

… inverting the mass ordering:  mA
 > m

H
    m→

H
 > m

A

▶ A  Z H → and H  Z A→  yield “same” LHC search



11

▶ A  Z H → and H  Z A→  yield “same” LHC search

… inverting the mass ordering:

▶ For sufficient splitting, H  A A→  also possible:

m
A
 > m

H
    m→

H
 > m

A

competing 
decay modes

▶ If H  A A→  dominant decay mode, should be searched for @ LHC!
   (Potential LHC discovery mode for both H and A)

H  Z A → (gauge coupling)

H  A A → (scalar potential
                           coupling)
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▶ If H  A A→  dominant decay mode, should be searched for @ LHC!
   (Potential LHC discovery mode for both H and A)

H  Z A → (gauge coupling)

H  A A → (scalar potential
                           coupling)

In 2HDM, H  A A dominant → (over H  Z A)→  
generally violates stability and/or unitarity  

H  A A can dominate for larger Higgs →
sectors (2HDM + S, 3HDM...)



Let's do something about it!
Enlarging the scope of LHC resonant di-Higgs searches

12

Reinterpret 13 TeV CMS resonant di­Higgs search p p   H   h h   4b → → →
                                                                                            (CMS­PAS­HIG­17­009)

with C. Vernieri (CMS), D. Barducci, J. Zurita, K. Mimasu

▶ Several kinematical properties depend only on mass ratio m
H 
/ m

h

If known selection efficiencies for H   h→  h , possible to extend analysis to mass plane
(       ) m

H 
, m

A

Gouzevitch, Oliveira, Rojo, Rosenfeld, Salam, Sanz, JHEP 1307 (2013) 148
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(       ) m
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Gouzevitch, Oliveira, Rojo, Rosenfeld, Salam, Sanz, JHEP 1307 (2013) 148

Goals:

➊  Extend H  h→  h 13 TeV CMS search to H  A→  A
    + Derive prospective LHC sensitivities


➋ 2HDM, NMSSM interpretation
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Reinterpreting 13 TeV CMS p p   X   h h   4b search→ → →  
                                                              (CMS­PAS­HIG­17­009)

▶ Initial event selection: 4 b-tagged jets with |η| < 2.4 and
P

T
 > 30 GeV + 2 jets w. P

T
 > 90 GeV

OR
P

T
 > 45 GeV

Low Mass Region (LMR)
Medium Mass Region (MMR)
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Then, extrapolate to mass plane

Reinterpreting 13 TeV CMS p p   X   h h   4b search→ → →  
                                                              (CMS­PAS­HIG­17­009)

▶ Initial event selection: 4 b-tagged jets with |η| < 2.4 and
P

T
 > 30 GeV + 2 jets w. P

T
 > 90 GeV

OR
P

T
 > 45 GeV

Low Mass Region (LMR)
Medium Mass Region (MMR)

▶  “HH” selection (MMR): Two b-jet pairs w.

▶  Signal Region selection:



14

Reinterpreting 13 TeV CMS p p   X   h h   4b search→ → →  
                                                              (CMS­PAS­HIG­17­009)

▶ Need SM background for projected XS sensitivity
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=+
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Reinterpreting 13 TeV CMS p p   X   h h   4b search→ → →  
                                                              (CMS­PAS­HIG­17­009)

p p   H→
1
   H→

2
 H

2
   4b→

Search looks promising...

e.g. m
H 
= 500 GeV,  m

A 
= 150 GeV 

 → 95% CL XS Limit = 0.1 pb (H  Z A, A  bb)→ →

→ 95% CL XS Limit ≃ 0.2 pb (H  A A, A  bb)→ →



Thank y
ou!
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