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ATLAS & CMS:
- high data-taking      
   efficiency
- excellent data quality
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The mission
 Last year's discovery is probably the most important event in 

HEP in the last 30 years

 It looks like a Higgs boson... how will the story continue?

 … could turn out to be one of the most boring HEP discoveries
• Another disappointing triumph of the Standard Model?

• Time to look for a new job?

 … or it could be the gateway to new physics
• Which models are compatible with a 125-GeV boson with fairly 

SM-Higgs-like properties?

• To which of these models are we sensitive at the LHC?

• If more Higgs bosons are around the corner:
are we watching the right corners?  
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Outline
 MSSM-inspired searches

• H+ → csbar, H+ → τν

• H → WW, H → bb, H → ττ/μμ

 NMSSM-inspired searches
• a1 → γγ

 Generic / exotic Higgs searches
• Heavy Higgs → WW/ZZ

• Invisible Higgs, ZH

• Doubly charged Higgs

• Fermiophobic Higgs

• 4th generaton

 Not covered: mX125 properties => see SM Higgs talks
• Indirect search for BSM physics in the Higgs sector

Not covered (L<5/fb):
- Higgs to long-lived particles
- Higgs to electron jets
- Higgs to displaced muon jets
- a1 → μμ
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Overview: MSSM Higgs sector

 Higgs sector of the MSSM: 2HDM (type II)
• 5 Higgs bosons h/H/A, H+, H-

• Higgs sector: at tree level, determined by two (add.) 
parameters: tan β=v1/v2 and m

A
 (or m

H+
)

 Major Higgs production modes:
• h/H/A: gg-fusion, b-associated

• Light H+: top quark decays

• [Heavy H+: gg/gb-fusion]

 Dominant decay modes
• h/H/A → bb, ττ

• Light H+ → τν, small tan β: H+ → cs

Couplings to b, τ enhanced wrt SM for large tan β

H+
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MSSM and mh=125.5 GeV?

 Most of m
A
-tan β parameter space 

compatible with mh=125.5 GeV.

 Small region still allowed also for 
mH=125.5 GeV. H+ searches can 
access this region.

mh-not-quite-max
 („mh-mod“)

mh-max

BR(A/H→χχ)

mh-max

mh-mod
Carena et al:
arXiv:1302.7033

http://arxiv.org/abs/1302.7033
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H+ → csbar

 Idea: find 2nd mass peak in dijet
distribution of ttbar lep+jets events

          MSSM: Sizable for tan β<1

 Event selection:
• isolated lepton

• 4 jets (2 b-tagged)

• MET, mT(lep+MET)

• Kinematic fit of the whole event

 Agreement with SM expectation
• Limit on B(t→bH+)=(5-1)%

for mH+=90-150 GeV,
assuming B(H+→csbar)=100% 

arXiv:1302.3694

http://arxiv.org/abs/1302.3694
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Light H+ → τν

 Production in ttbar decays tt→bH+ bW, H+→τν
• τ

had
 + jets: mT as final discriminant

• τ
had

  + lep: measure ratio (τ+lep/dilep),

assuming lepton universality for SM

JHEP 1207 (2012) 143
JHEP 1206 (2012) 039

ratio: changes by 40% 
for B(t→bH+)=5%;
systematics cancel

all background estimates 
data-driven:

- embedding (true τ)

- correct MC for MisID 
  prob measured (τ; leptons)

http://link.springer.com/article/10.1007/JHEP07(2012)143
http://www.springerlink.com/content/4876m2k082hm4l06/
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H+ → τν: Limits

 Limit on BR(t→bH+): 
• 1% for 120<mH+ [GeV]<160 (<5% below)

 MSSM, mh-max
• Only small region for low-mass H+ survives,

around minimum of tan β ≈ 8
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MSSM bH → bbb
 Selection – two channels:

• All-hadronic channel: 3 tight b-tagged jets
■ Search split in mH smaller/greater 180 GeV

• Semileptonic: 2 medium b-tags (pT-leading jets) / 
1 loose b-tag; muon overlap with a leading jet

• Discriminant: Invariant mass of 2 leading b-jets

 Background estimated from data, using 2b-tag 
/1-btag samples

 No excess observed
• Limits, mh-max:

tan β=20-30 for
mA=90-350 GeV

arXiv:1302.2892

http://arxiv.org/abs/1302.2892
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2HDM WW
 Search for additional heavier Higgs decaying to WW

• Using eνμν+0 and +2 jets, for mH=135-300 GeV

 Preselection in common with SM H→WW search;
then employs a neural net using kinematic information

 Type-I and type-II 2HDM investigated; signal rates depend on mH, tan β, cos α
■ Assuming other Higgses are too heavy to interfere

Yukawa couplings to 
right-handed fermions

No excess 
observed.
=> Produce set 
of 2D limits for 
fixed tan β

ATLAS-CONF-2013-027

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-027
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H → ττ / μμ

 CMS: τ
μ
τ

h
, τ

e
τ

h
, τ

e
τ

μ
, τ

μ
τ

μ
; L=17/fb analyzed    [μμ: 5/fb, not combined]

• Di-tau mass: max-likelihood technique („SVFit“)

 ATLAS: in addition: τ
h
τ

h
, μμ, but no τ

μ
τ

μ
; L=  5/fb analyzed

• Di-tau mass: Missing Mass calculator („MMC“) [except μμ]

 Main background: Z→ττ [except μμ]

• Estimated by replacing muons in Z→μμ -enhanced data by 
simulated tau leptons („embedding“)

• Most other backgrounds normalized in data control regions

JHEP02(2013)095

CMS-PAS-HIG-12-050
CMS-PAS-HIG-12-011

http://link.springer.com/article/10.1007/JHEP02%282013%29095
https://cds.cern.ch/record/1493521
https://cds.cern.ch/record/1453716
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H → ττ / μμ: Mass distributions

μμ b-tag

τ
h
τ

h
 b-veto

τ
e
τ

h
 b-tagτ

μ
τ

μ
 b-tag τ

μ
τ

h
 b-tag

τ
μ
τ

h
 b-veto

Data / SM expectation agree
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H → ττ / μμ: Limits
 Independent limits for bbΦ/gg→Φ

 MSSM mh-max limits
• mA<125 GeV excluded (CMS+LEP)

• tan β>5 excluded for mA<225 GeV
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h → a
0
a

0
 → γγ γγ

 Model-independent search
• NMSSM/composite-Higgs-inspired

 Tested: a
0
 with m=O(100 MeV)

• Collimated a
0
→γγ decays, process 

can mimick diphoton events

 Selection
• Two photons, with loosened shower 

shape requirements wrt SM search
(=>γγ merging)

 No excess observed

• Set limit on cross section:
Excluded: σ greater than a few 0.1 pb
for mh=110-150 GeV and 
a

0
=100/200/400 GeV
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Generic / exotic searches
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Heavy Higgs: H → WW

 Several BSM models are consistent with mh=125 GeV and 
additional heavy Higgs bosons (e.g. MSSM)

 Some models even require a 2nd SM-like heavy Higgs boson

 H → WW:
• CMS: lνqq and lνlν, up to 25/fb

• ATLAS: lνlν, 5/fb

 2nd heavy Higgs boson with SM couplings: excluded: m
H
<600 GeV

arXiv:1112.5517
arXiv:1112.1964

Phys. Lett. B 718 (2012) 391-410

arXiv:1304.0213 CMS-HIG-13-003

mh=125 GeV added 
as bkg process

lνlν

lνlν
lνqq

http://arxiv.org/abs/1112.5517
http://arxiv.org/abs/1112.1964
http://www.sciencedirect.com/science/article/pii/S037026931201132X
http://arxiv.org/abs/1304.0213
http://cdsweb.cern.ch/record/1523673?ln=en


M. Flechl, LHCP 13/05/2013: BSM Higgs ATLAS+CMS 18

Heavy Higgs: H → ZZ

 Second SM-like 
Higgs boson 
95% CL excluded 
for 130-827 GeV

 For 150-400 GeV:
σ limit O(0.1xSM)

Phys.Lett. B 717 (2012) 70-88 ATLAS-CONF-2013-013arXiv:1304.0213
CMS-PAS-HIG-13-002

Complex 
pole scheme

4l+
2l2τ

4l2l2ν

http://www.sciencedirect.com/science/article/pii/S0370269312009641
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-013
http://arxiv.org/abs/1304.0213
http://cds.cern.ch/record/1523767?ln=en
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Invisible Higgs, ZH → ll+inv
 Selection:

• ee/μμ pair in mZ window
• No additional lepton/jet
• Final discriminant: E

T
miss

 Interpretation
1. assuming mH=125 GeV, limit on B(H→inv)

B(H→inv)>65% excluded at 95% C.L.
2. Limit on additional Higgs-like state, 

σ(ZH)xB(Z→ll)xB(H→inv), mH=115-300 GeV

ATLAS-CONF-2013-011

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-011
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Doubly charged Higgs
Associated production (l+l+l-ν)   Pair production (l+l+l-l-)

 - Search for excess of 
    events with same-sign
    lepton pairs

 SU(2)
L
 scalar triplet, model-indepentent & type-II seesaw mechanism

• Lower bound on m
Φ++

 of 204-444 GeV is set

EPJC 72 (2012) 2244 EPJ C 72 (2012) 2189+limits for 4 benchmark points

pair prod.

     m
l±l±

Limit: O(1 fb)

http://link.springer.com/article/10.1140/epjc/s10052-012-2244-2
http://arxiv.org/abs/1207.2666
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4th generation / fermiophobic Higgs
arXiv:1302.1764

exp. FP

 Main goal: Establish inconsistency with 125-GeV excess

 4th generation (SM4)
• Use LHCHXSWG benchmark

■ gg-fusion strongly enhanced (factor 4-9)
■ γγ almost entirely suppressed (factor 100)

• Channels: WW, ZZ, ττ; only in gg (no VBF/VH)

• mH from 110-660 GeV excluded at 99% C.L.

 Fermiophobic (FP)
• gg fusion suppressed

• Channels: γγ; 
9 categories

• mH: 110-147 GeV 
excluded at 95% C.L.

http://arxiv.org/abs/1302.1764
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Conclusions

 Large number of BSM Higgs searches at ATLAS+CMS
• No significant excess observed

 Sizable regions of parameter space have been excluded
• In particular, the MSSM is getting heavily constrained:

■ mA<125 GeV excluded (mh-max)
■ mA<225 GeV excluded for tan beta<5 (mh-max)
■ Further constraints up to mA=800 GeV / tan beta=50

 Very few analyses have analysed full 2011+2012 dataset yet
• Interesting final states of several well-motivated models have not seen 

any publication yet

 2015 and sqrt(s)=13 TeV will greatly enhance our sensitivity
• BSM Higgses might be just around the corner...
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Backup slides
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Less recent results
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More BSM Higgs...

 Higgs decays to long-lived particles [1.9/fb, Mar 2012]
• e.g. Hidden valley

 Higgs decays to electron jets [2.0/fb, Feb 2013]
• Hidden sector

 Higgs decays to displaced muonic lepton jets
[1.9/fb, Sep 2012]

PRL 108 (2012) 251801

New J. Phys. 15 (2013) 043009

PLB 721 (2013) 32

http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevLett%252E108%252E251801&v=78b9ff87
http://iopscience.iop.org/1367-2630/15/4/043009/
http://www.sciencedirect.com/science/article/pii/S0370269313002141
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a
1
 → μμ

PRL 109, 121801 (2012)

http://prl.aps.org/abstract/PRL/v109/i12/e121801
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More info
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MSSM A/H→ττ: MMC

6-8 unknowns (neutrino 4-momenta), 4 constraints (METx, METy, M
τ1

, M
τ2

).

need to vary METx, METy as well => 4-6 dimensions, O(100M) scan points
=> scan points weighed e.g. by ΔR and distance to reconstructed METx, METy

The Missing Mass Calculator (MMC) is used to estimate the di-tau mass

The current ATLAS version is a lot more complex
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NMSSM

 One additional scalar singlet (wrt MSSM)
• 3 cp-even (h1,h2,h3), 2 cp-odd (a1,a2), 2 charged (h+,h-) Higgs bosons

•

 Very light a1 is not excluded
• m(a

1
)<2m(b): typically a

1
→ττ dominant; a

1
→μμ still important

 If a
1
 is very light (a

1
→π

0
π

0
π

0
 suppressed) then a

1
→γγ can be dominant
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Heavy H→WW, more:
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Heavy H→ZZ, more:

2l2q 2l2q 2l2q

4l
4l

4l
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Heavy H→ZZ → 4l CMS:

 mH=100-1000 GeV,
 2011+2012 
combined:

 2l2tau
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Heavy Higgs: combination



M. Flechl, LHCP 13/05/2013: BSM Higgs ATLAS+CMS 34

Heavy Higgs: line shape & CPS
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SM4
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FP
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