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An Extended Higgs Sector?An Extended Higgs Sector?

Standard Model
Standard Model

Experimental proof of the Higgs mechanism
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An Extended Higgs Sector?An Extended Higgs Sector?

pure SM:
● 1HD sufficient to give 

mass to up- and down-
type fermions

● exactly one Higgs 
boson

Standard Model
Standard Model

Experimental proof of the Higgs mechanism

How does the Higgs mechanism work in detail?

11
Higgs Higgs 

DoubletDoublet

moremore
Higgs Higgs 

DoubletsDoublets

beyond SM:
● more complex structure 

of Higgs sector expected
● more Higgs bosons

e.g. MSSM: h, H, A, H+, 
H-

Search for additional Higgs bosons is essential in order to 
explore the structure of the Higgs sector
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Φ→bbΦ→μμ

Heavy Higgs Searches at CMSHeavy Higgs Searches at CMS

Φ→ττΦ→γγ

Accepted in Phys. Lett. B
CMS-HIG-13-024

Accepted in J. High Energy Phys.
CMS-HIG-14-017

Phys. Lett. B 750 (2015) 494
CMS-HIG-14-006

JHEP 1410 (2014) 160
CMS-HIG-13-021

direct heavy Higgs decaysdirect heavy Higgs decays

Φ: any heavy scalar
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Low tanLow tanββ regime in the MSSM regime in the MSSM

Djouadi, Quevillon [arXiv:1304.1787]

● non-observation of SUSY particles suggests high SUSY scale M
S
 (>3TeV)

● large M
S
 together with measured m

h
 re-opens low tanβ parameter space

● λ
Hhh

 and λ
AZh

 enhanced for low tanβ

tanβ=2.5 

SM-like Higgs boson becomes an effective probe for an extended Higgs sector!
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Φ→bbΦ→μμ

Heavy Higgs Searches at CMSHeavy Higgs Searches at CMS

CMS-PAS-HIG-13-025

Φ→ττΦ→γγ

A→Zh→llbb

Accepted in Phys. Lett. B
CMS-HIG-13-024

Accepted in J. High Energy Phys.
CMS-HIG-14-017

Submitted to PLB
CMS-HIG-14-034

Phys. Lett. B 479 (2015) 560
CMS-HIG-14-013

CMS-PAS-HIG-13-032

Phys. Lett. B 750 (2015) 494
CMS-HIG-14-006

Phys. Lett. B 748 (2015) 221
CMS-HIG-14-011

JHEP 1410 (2014) 160
CMS-HIG-13-021

X→hh→bbγγ

X→hh→bbbbH→hh→bbττ
A→Zh→llττ

multi l/γ
A→Zh/H→hh

direct heavy Higgs decaysdirect heavy Higgs decays

heavy Higgs decays via SM-like h/Z resonancesheavy Higgs decays via SM-like h/Z resonances

Φ: any heavy scalar

CMS pursues
a rich search program

for additional Higgs bosons
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X→hh→bbγγ

X→hh→bbbbH→hH→hh→bbh→bbττττ
A→ZA→Zh→llh→llττττ

multi l/γ
A→Zh/H→hh

direct heavy Higgs decaysdirect heavy Higgs decays

heavy Higgs decays via SM-like h/Z resonancesheavy Higgs decays via SM-like h/Z resonances

CMS pursues
a rich search program

for additional Higgs bosons
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H hh bb→ →H hh bb→ → ττ: Search Strategyττ: Search Strategy

Channels and categories
3 search channels:
hh→bbττ→bb(eτ

h
 | μτ

h
 | τ

h
τ

h
)

Event Selection

mT=√2 pTlepETmiss(1−cosΔφ)

3 categories:
(0|1|2) b-taged jets

ML-based ττ mass reconstruction

Backgrounds
● dominant in semileptonic ττ channels: ttbar
● dominant in full hadronic ττ channels: QCD
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H hh bb→ →H hh bb→ → ττ: Kinematic Fitττ: Kinematic Fit

fitted heavy Higgs mass significantly improved compared to simple 4-body mass

● event kinematically highly constrained
● kinematic fit:

➔ get a good full τ 4-vector reconstruction
➔ get heavy higgs mass reconstruction

H
h

h

b
b

τ

τrecoil

τ
vis

τ
vis

σ
b

σ
b

COV
recoil

m(ττ)=125GeV

τ decay products 
parallel to full τ

m(bb)=125GeV

2 dimensional fit
● vary E

b1
, E

τ1

● constrain E
b2

, E
τ2 

to fulfill inv. mass
● minimize chi2 function (considering 

resolutions of measured quantities)

m
H

input=300GeV

m
H

reco
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H hh bb→ →H hh bb→ → ττ: Resultsττ: Results

signal extracted from kinematically fitted mass

1 
b

-t
a

g
2

 b
-t

a
g

s

bbeτ
h

bbμτ
h

bbτ
h
τ

h

(0 tag category not shown here, BG dominated)

m
H

input=300GeV

tanβ=2
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H hh bb→ →H hh bb→ → ττ: Limitsττ: Limits

Sensitivity of different channels Combined observed limit
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A Zh ll→ →A Zh ll→ → ττ: Search Strategyττ: Search Strategy

8 search channels: Z→(ee|μμ) x h→ττ→(eμ | eτ
h
 | μτ

h
 | τ

h
τ

h
)

Channels and categories

Event Selection

A

Z

h

l
l
τ
τ

LT
h
=∑τ visible

|pT|

Backgrounds
● dominant irreducible BG: 

ZZ
● dominant reducible BG: 

misidentified leptons in 
Z+jets, WZ+jets
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A Zh ll→ →A Zh ll→ → ττ: Resultsττ: Results

signal extracted from 4-body mass

ττ→eμ ττ→eτ
h

ττ→τ
h
τ

h
ττ→μτ

h

Z
→

e
e

Z
→

μ
μ

m
A

input=300GeV

tanβ=2
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A Zh ll→ →A Zh ll→ → ττ: Limitsττ: Limits

Sensitivity of different channels Combined observed limit
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Combined MSSM low tanβ InterpretationCombined MSSM low tanβ Interpretation

● H/A→hh/Zh constrain tanb-mA-plane 
from below

● complementary to H/A→ff searches

low tanlow tanβ scenarioβ scenario as defined by the LHC Higgs Cross Section Working Group:
(LHCHXSWG-2015-002)

parameter space:
● 0.5<tanβ<10
● 150GeV<mA<500GeV

remaining parameter choices:
● soft sfermion/gluino masses = m

SUSY

● m
SUSY

: few TeV-100TeV

(special relations between m
SUSY

, tanβ, X
t
) 

● trilinear couplings=2TeV, μ=1.5TeV,
● M

2
=2TeV, M

1
 via GUT relation

constraint
● from high-precision calc.: m

h
≈125GeV
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Type-II-2HDM InterpretationType-II-2HDM Interpretation

H hh bb→ →H hh bb→ → ττττ A Zh ll→ →A Zh ll→ → ττττ combinedcombined

CP even (H) and CP odd (A) searches constrain different 
regions of the Type-II-2HDM parameter space

2HDM in the “physics basis”2HDM in the “physics basis”
parameter space:
● Higgs boson masses (m

h
, m

H
, m

A
, m

H+
)

● ratio of vevs: tanβ
● mixing angle of CP-even higgses: α

assumptions:
● m

h
=125GeV

● m
H
=m

A
=m

H+
=300GeV
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ConclusionsConclusions

● CMS pursues a versatile search program in the extended Higgs sector
● SM-like Higgs boson becomes effective probe for an extended Higgs 

sector in low tanβ regime
● CMS heavy Higgs search with τ final states recently submitted to PLB:

Thank you very much for your attention!

● no hint for new physics found …… yet!
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Comparison with A Zh llbb→ →Comparison with A Zh llbb→ →
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Sensitivity of Different Heavy Higgs SearchesSensitivity of Different Heavy Higgs Searches
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Signal Sample Cut FlowSignal Sample Cut Flow

A→Zh→llττ:

H→hh→bbττ:
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Systematic UncertaintiesSystematic Uncertainties
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