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Motivation !

2!

!

•  125 GeV Higgs boson is 
perfectly compatible with 
MSSM!

Two strategies:!
•  Search for deviations of the 

Higgs boson couplings from 
the SM (yesterday’s talks)!

•  Search for additional 
neutral or charged Higgs 
bosons 

!
Jan Steggemann!

11. Status of Higgs boson physics 79

Figure 11.26: Allowed regions in the (mA, tanβ) plane, compatible with the
lightest Higgs boson mass, mh = 125.5 ± 3GeV, for the maximal mixing scenario
(hatched black region), the moderate stop mixing benchmark scenario (green shaded
region) and the light stop scenario (blue hatched region), as defined in Ref. [248].

light CP-even Higgs boson can be interpreted as the newly discovered state within almost
the whole parameter space of the mA − tan β plane that is un-excluded by limits from
Higgs searches at LEP and the LHC; iii) a light stop scenario with stop masses in the
few to several hundred GeV range that can give contributions to gluon fusion Higgs
production; iv) a light stau scenario where the light stau can enhance the SM branching
ratio into diphotons for large tanβ and v) a tau-phobic scenario that exhibits variations
of BR(h → bb̄) and BR(h → τ+τ−) with respect to their SM values.

The above benchmarks are just examples that interpret the LHC signal as the lightest
CP-even MSSM Higgs boson. In Fig. 11.26 the regions in the (mA, tanβ) plane that
are compatible with a light CP even Higgs mass, mh = (125.5 ± 3)GeV, are shown for
the above benchmarks scenarios. The parameter space allowed by cases ii, iv and v is
overlapping, hence only the moderate mixing scenario is shown in the figure. In the
light stop and light stau scenarios the lightest Higgs properties would deviate from those
of the SM Higgs in all of the allowed parameter space due to loop effects, irrespective
of the precise value of mA. In the maximal mixing and moderate mixing scenarios, h
tends to behave as a SM-like Higgs as the theory approaches the decoupling limit. In
the tau-phobic scenario, h behaves SM-like due to alignment for specific regions of tanβ
and large µ, irrespective of the value of mA. The above benchmarks also have different
behavior for the properties of the heavy Higgs bosons. In particular, in the light stau
scenario, the decay of A/H → τ̃+

1 τ̃−1 becomes relevant. In the above benchmarks it is also
possible to have decays of H → hh in regions of moderate mA and moderate tanβ as far
as one is away from alignment. Also for the previous benchmarks, under the assumption
of gaugino mass unification: M1 ≃ M2/2, and considering the traditional A/H → τ+τ−
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Searches for neutral and charged !
Higgs bosons in MSSM context !

3!Jan Steggemann!
Institute of Experimental Particle Physics (IEKP)

2  

Analysis/Topics to be Discussed

● Search for neutral Higgs bosons in 

the di-   final state (                      ).arXiv:1408.3316

●   reconstruction, signal 

extraction, model dependency.

● Model independent limits & 

exclusions in benchmark models.

● Searches for lepton flavor violating 

Higgs decays (                              ).

● New results on charged Higgs 

boson searches:

arXiv:hep-ph/0503173

CMS-PAS-HIG-14-005

●                 (                             ).

●                 (                             ).

●                 (                             ).CMS-PAS-HIG-13-035

CMS-PAS-HIG-14-020

CMS-PAS-HIG-13-026

!
Focus on analyses finished recently 
 
 
A/H/h→ττ (arXiv:1408.3316)!
A/H/h→bb (arXiv:1302.2892, 2011 data)!

gg→H+tb search with H+→tb or H+→τν!
in final states with leptons (HIG-13-026) 
H+→τν in fully hadronic final states!
 (HIG-14-020) 
H+→cs in top decays (HIG-13-035, 2HDM!
talk)!
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h/H/A Production and Event Categories!

4!

Gluon fusion “No b-tag”!

Jan Steggemann!

b-associated: “b-tag” !
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Figure 3: Ratio of gluon-fusion cross section over total cross section for the production of h (left) and

H (right), as a function of mA and tan� in the light-stop scenario.
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Figure 4: Same as figure 3 for the production of the pseudoscalar A.
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arXiv:1404.0327v2	
  

Relative cross sections depend on SUSY parameters	
  

Model independence:	
  don’t use  
Higgs boson pT to define event categories	
  



A/H/h→ττ final states!
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Consider the 5 most important ττ final states:	
   τhτh 
42% 

τhµ 
23% 

τhe 
23% 

eµ 
6% 

ee 
3% 

µµ 
3% 

5

 [GeV]hτ
vism

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Ev
en

ts

0

2000

4000

6000

8000

10000

12000

14000

16000
 at 8 TeV-1CMS, 19.7 fb

h
τµ Observed

Bkg. uncertainty
±π   3 ττ→Z
 + photons±π   1 ττ→Z
 no photons±π   1 ττ→Z

µµ→Z

Electroweak

tt
QCD

Figure 2: Observed and predicted distributions for the visible th mass, mth
vis, in the µth channel

after the baseline selection described in section 4. The yields predicted for the Z ! tt, Z ! µµ,
electroweak, tt, and QCD multijet background contributions correspond to the result of the
final fit presented in Section 9. The Z ! tt contribution is then split according to the decay
mode reconstructed by the hadron-plus-strips algorithm as shown in the legend. The mass
distribution of the th built from one charged hadron and photons peaks near the mass of the
intermediate r(770) resonance; the mass distribution of the th built from three charged hadrons
peaks around the mass of the intermediate a1(1260) resonance. The th built from one charged
hadron and no photons are reconstructed with the p± mass, assigned to all charged hadrons
by the PF algorithm, and constitute the main contribution to the third bin of this histogram.
The first two bins correspond to t± leptons decaying into e±nn and µ±nn, respectively, and for
which the electron or muon is misidentified as a th. The electroweak background contribution
is dominated by W + jets production. In most selected W + jets, tt, and QCD multijet events, a
jet is misidentified as a th. The “bkg. uncertainty” band represents the combined statistical and
systematic uncertainty in the background yield in each bin. The expected contribution from
the SM Higgs signal is negligible.

Same inclusive event selection and 
background estimation strategies as 
in SM h→ττ  analysis!
!
Good control of reconstruction & 
identification of hadronic tau 
decays	
  



Mass Reconstruction !

6!Jan Steggemann!

Likelihood-based method (SVFit) based on tau decay matrix 
elements and taking into account missing energy resolution!
–  improves separation of signal and background!
–  mass resolution of ~ 20%!
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Mass Distributions!
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Dominant backgrounds: !
Z→ττ  (low mass)!
W+jets (high mass) and top pair (high mass with b-tag)!
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Model-independent limits!

8!Jan Steggemann!

Search for single narrow resonance in each!
production mode!
!

!
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CMS 7 TeV Φ→bb 
limits at 200 GeV 
O(10 pb)	
  

bbΦ profiled	
   ggΦ profiled	
  

2D cross section limits for various mass values as well as full 3D limits 
provided on public TWiki page!



Interpretation in MSSM benchmark scenarios!

9!Jan Steggemann!

Test statistics:!
L(MSSM+B)/L(H125+B) !
1 SM-like Higgs boson at 
125 GeV or three neutral 
Higgs bosons? 
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Benchmark scenarios 
taking 125 GeV h/H into 
account! arXiv:1302.7033!
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More MSSM benchmark scenarios!
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H is the SM-
like neutral 
Higgs boson	
  

Large excluded 
regions, in 
particular at 
high tan(β) and 
low mA 

Reduced gg→h rate	
  

Reduced B(h→ττ) at higher tan β	
  

Enhanced B(h→γγ)	
  



Charged Higgs!

11!Jan Steggemann!

Profits from large top pair 
production cross section 
Typical B(t→H+b) few percent, 
becoming larger with increasing 
tan(β) and decreasing mH+!
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Fairly low cross!
section (larger with 
increasing tan(β))!
!
Dominant decay !
H+→tb at higher masses!
B(H+→τν): O(1-10%)	
  

Light charged Higgs	
  Heavy charged Higgs	
  

HIG-14-020	
  
HIG-14-020	
  

HIG-13-026	
  

HIG-13-035	
  



Heavy H+ in multilepton final states!

12!Jan Steggemann!
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B-tag multiplicity 

WWbbbb or Wbbτν final state!
•  4 event categories with 2 

leptons!

In addition, require !
•  high jet multiplicity!
•  high missing transverse 

energy!

Main background: top pair 
production!
!
Fit b-tag multiplicity 
distribution in all 4 categories!



Heavy H+: limits!

13!Jan Steggemann!

Model-independent limits for different H+ decays 
No sensitivity yet to mH

mod+ model!
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H+ in τh + jets final states!

14!Jan Steggemann!
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•  a hadronic tau!
•  large missing energy!
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Additional angular cuts to 
suppress multijet background!
!
Multijet background estimated 
from sidebands!
Dominant electroweak/top 
background from “embedding”!



Transverse mass distribution !
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Model-independent limits!
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Limits < 1%  
for mH+ > 90 GeV 
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Limits on MSSM parameters!
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Interpretation in same benchmark models as h/H/A search:!
Large fraction of phase space excluded for light H+ 

Allowed for 
mh=125 GeV	
  



Conclusion !

18!

•  CMS is finalising run 1 searches for both neutral and charged 
Higgs bosons in MSSM and beyond – watch out for more 
results!!

•  Improved results from searches for light and heavy charged 
Higgs bosons!

•  Search for A/H/h→ττ provides stringent constraints in 
different MSSM benchmark scenarios!

Jan Steggemann!
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Backup!
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Limits on MSSM parameters!
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Interpretation in same benchmark models as h/H/A search:!
Large fraction of phase space excluded for light H+ 

Allowed for 
mh=125 GeV	
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Summary of limits!
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Searches for neutral Higgs bosons in di-tau final state provide 
largest sensitivity in most of the benchmark scenarios!
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H→ττ: event selection !

22!

!

•  Reconstructed mass of hadronically decaying tau in 1-prong and !
3-prong decay modes to determine tau energy scale!

•  Transverse W boson mass: reject and estimate W+jets background!

Jan Steggemann!
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Figure 2: Observed and predicted distributions for the visible th mass, mth
vis, in the µth channel

after the baseline selection described in section 4. The yields predicted for the Z ! tt, Z ! µµ,
electroweak, tt, and QCD multijet background contributions correspond to the result of the
final fit presented in Section 9. The Z ! tt contribution is then split according to the decay
mode reconstructed by the hadron-plus-strips algorithm as shown in the legend. The mass
distribution of the th built from one charged hadron and photons peaks near the mass of the
intermediate r(770) resonance; the mass distribution of the th built from three charged hadrons
peaks around the mass of the intermediate a1(1260) resonance. The th built from one charged
hadron and no photons are reconstructed with the p± mass, assigned to all charged hadrons
by the PF algorithm, and constitute the main contribution to the third bin of this histogram.
The first two bins correspond to t± leptons decaying into e±nn and µ±nn, respectively, and for
which the electron or muon is misidentified as a th. The electroweak background contribution
is dominated by W + jets production. In most selected W + jets, tt, and QCD multijet events, a
jet is misidentified as a th. The “bkg. uncertainty” band represents the combined statistical and
systematic uncertainty in the background yield in each bin. The expected contribution from
the SM Higgs signal is negligible.
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!
If mH+ < mt – mb:!
“light” charged Higgs!
!
B(H+→cs) up to 100% for low tanβ (model-dependent)!
 
Previous constraints 
LEP: mH+ > 79 GeV!
!

Tevatron: B(t→H+b) < 10-20% for 80 < mH+ < 155 GeV!
ATLAS (7 TeV): B(t→H+b) < 1-5% for 90 < mH+ < 150 GeV!

 



g

g

t

t

+H

-W

b

b

c

s

-µ

µν

t

H+→cs at CMS!
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Kinematic fit to full top pair topology  
improves mass resolution!

!

(W+)	
   Dijet mass	
  

[GeV]jjM
0 20 40 60 80 100 120 140 160 180 200

N
or

m
al

iz
ed

 to
 U

ni
ty

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

tt

s c→+H

 = 8 TeVsCMS Simulation,    
 = 120 GeV+HM



Dijet mass distribution!
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Important systematic uncertainties:!
)top pT reweighting, jet energy corrections, b-tagging,!
)background normalisation !

!
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Upper limits on H+→cs branching fraction !
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B(H+→cs) < a few percent at 95% CL 
!
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