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Outline
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Model Channel ATLAS fb-1 CMS fb-1

2HDM (MSSM)

h/H/A→ττ ATLAS-CONF-2011-132 1.06 arXiv:1202.4083 4.6

2HDM (MSSM) H±→τν arXiv:1204.2760 4.6 CMS-HIG-11-019 22HDM (MSSM)

H±→cs ATLAS-CONF-2011-094 0.04

NMSSM a1→μμ ATLAS-CONF-2011-020 0.04 CMS-HIG-12-004 1.3

Fermiophobic h→γγ arXiv:1205.0701 4.9 CMS-HIG-12-002 4.8

Doubly Charged Φ±±→l±l± arxiv:1201.1091 1.6 CMS-HIG-12-005 4.6

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig11029TWiki



2 Higgs Doublet Models (MSSM)
• 5 Higgs bosons: h, H, A, H±

• Higgs sector completely defined 
at tree level by 2 parameters: 
mA, tanβ

• In MSSM couplings to down-type 
fermions can be enhanced (b-
quark and tau-lepton 
modes dominant) while 
vector couplings suppressed

• Depending on tanβ, h or H are 
nearly mass degenerate with A: 
one light and one heavy 
neutral Higgs signal

3

 [GeV]Am
100 1000

 H
ig

gs
 b

os
on

 m
as

s 
[G

eV
]

100

1000 A
=10`H, tan
=10`h, tan
=50`H, tan
=50`h, tan

-max scenariohm

w.r.t SM couplings...



Neutral MSSM Higgs bosons
• Production modes:

• gluon-fusion

• b-quark associated

• Decay modes: 

• bb (~90%) (huge bkg) 

• ττ (~10%)

• h/H/A → ττ:

• had-had (44%)

• lep-had (46%)

• lep-lep (10%)
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(ATLAS 1fb-1)

(ATLAS 1fb-1+CMS 4.7fb-1)

(ATLAS 1fb-1+CMS 4.7fb-1)

Gluon Fusion

b-quark associated 
(enhanced at high tanβ)



Selection
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τh + τh
• At least 2 τh

• No electrons or muons
• q(τ1).q(τ2)<0
• EtMiss>25 GeV

e/μ + τh
• 1 electron or muon 
• 1 τh

• q(e/μ).q(τh)<0
• Suppression of  W+jets and 

ttbar using kinematics

e + μ
• 1 electron and 1 muon 
• q(e).q(μ)<0
• Suppression of top-quark 

and di-boson using 
kinematics

Event Categorisation (based on presence of b-jets) (CMS only)
•b-tagged: at least one b-tagged jet found
•b-vetoed: no b-tagged jets found



Limits
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• Limits extracted from mass distributions

• 2011 results extend much further than 2010!

Model Indep. Limit (ATLAS)
MSSM Limit (CMS) 
(mh-max scenario)

2010 CMS Limit
Added For 

Comparison



Charged Higgs Bosons
• Production:

• mH±<mt: top-quark decay

• mH±>mt: gb→tH± (important, but 
requires more data!)

• Decay modes:

• tanβ>3: H±→τν dominates

• tanβ<1: H±→cs significant BR

• Channels:
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(lepton+jets)
(tau+lepton)

(tau+jets)

(see backup...)
(lep+lep)

(ATLAS)
(ATLAS+CMS)
(ATLAS+CMS)
(CMS+ATLAS)

(ATLAS)



Selection
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lepton+jets
• 1 electron or muon
• no taus
• at least 4 jets (2 b-tagged)
• large EtMiss
• correctly reconstructed 

hadronic top decay
• kinematic selection to 

reduce SM top background

tau+lepton
• 1 electron or muon 
• 1 τh

• q(e/μ).q(τh)<0
• at least 2 jets (≥1 b-tagged)
• ΣpT > 100 GeV

tau+jets
• at least 4 jets (≥1 b-tagged)
• 1 τh

• no electrons or muons
• large EtMiss
• correctly reconstructed 

hadronic top decay



Charged Higgs Limits
• Limits on BR(t→bH±) extracted from the primary discriminating 

variable in each channel (eg. mT, EtMiss...) assuming Br(H±→τν)=1

• Limit 1-5% for mH±<160 GeV (Tevatron limit 15-20%)
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Charged MSSM Higgs Limits

• Limits on a charged MSSM Higgs bosons (mh-max scenario)
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NMSSM

• NMSSM: introduces a singlet scalar field 
to solve μ problem

• 3 CP-even scalars (h1,h2,h3)

• 2 CP-odd scalars (a1,a2)

• 2 Charged (H+,H-)

• a1 can be very light: ma1<2mB
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Analysis
• Search for narrow resonance in di-muon 

invariant mass distribution between 5.5 and 
14 GeV (not including Υ region)

• Require opposite-sign isolated di-muons
• Pick best di-muon comb. using vertex info
• Set limits by fitting to mass spectrum
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Doubly Charged Higgs

• Minimal type II 
neutrino see-saw 
model has one 
Higgs triplet, Φ

• Contains Φ±±

• Observation of Φ±± 
would make type II 
see-saw most 
promising 
framework for 
neutrino mass 
generation.
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Branching fractions

Assumptions:
•Φ±± and Φ± degenerate in mass
•Φ±±→WW suppressed

No other assumptions on Φ±± 
branching fractions.

Construct benchmark models with 
different leptonic branching fractions



Analysis (CMS)
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Selection
• At least 2 leptons
• Discard pairs at low mass or near Z peak
• Large ΣpT

• Same-sign leptons not back-to-back
• Moderate EtMiss (tau channels)

• Analyse both 3 and 4-lepton final 
states with:

• Φ±±→ee, eμ, μμ, eτ, μτ, ττ

• Limits extracted by counting events 
in mass window

• Background in light-lepton channels 
estimated from mass side-band fit

• Background in tau channels estimated 
using 2D-sideband, defined with 
tauID and mass (3τ) or ΣpT (4τ)

4-lepton



Doubly Charged Higgs Limits
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Fermiophobic Higgs

• Suppressed Higgs couplings 
to fermions in 2HDM and 
Higgs triplet models

• Here: simple benchmark model 
(LEP)

• no fermion-Higgs couplings

• SM boson-Higgs couplings

• Decays to γγ, WW, ZZ, Zγ

• Larger σxBR than SM for light 
Higgs

• higher Higgs pT
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Fermiophobic Higgs Limits
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Selection
• 2 isolated photons
• Categorise events for best sensitivity

Event Categorisation
• CMS:

• dijet-tagged (VBF production)
• lepton-tagged (VH production)
• inclusive (not tagged)

• ATLAS: 
• 9 categ. using pTt, η, (un)converted γs

• Limits extracted from fit to 
di-photon mass sepctrum

excluded at 95% CL in ranges [110,124] and [128,136] GeV...



Summary

• Charged and neutral MSSM Higgs bosons ruled 
out over large regions of parameter space

• Doubly charged Higgs boson ruled out below 
~400 GeV

• Still lots of parameter-space left at high-mass

• Fingers crossed we’ll find something, so stay 
tuned!
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Backup
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Neutral MSSM Higgs 
Boson Searches
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Limits
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• Limits extracted from mass distribution

• 2011 results extend much further than 2010!



2010 Limit
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ATLAS Summary Tables
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MC Contributions (mA=120 GeV, tanβ=20)

Event Totals Systematic Uncertainties (%)



ATLAS Model Indep. Limits
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• Use effective mass as final 
discriminator:

• Major Backgrounds:

• Z/γ→ττ (embedding)

• Multijet (2D-sideband: lepton 
isolation, charge product)

MSSM A/H/h→ττ→eμ (ATLAS)
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Selection
• Trigger: e(20) or mu(18)
• Offline: 1 e(22) and 1 mu(10) or 1 e(15) and 1mu(20) 

(isolated)
• q(e).q(mu) < 0
• ΣpT(e,mu,EtMiss) < 120 GeV
• Δφ(e,mu)>2.0 



• Use MMC mass (likelihood 
estimated mass) as final 
discriminator (see backup slide)

• Major Backgrounds:

• Z/γ→ττ (embedding)

• Multijet + W+jets (OS-SS 
method):

MSSM A/H/h→ττ→lh (ATLAS)
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Selection
• Trigger: e(20) or mu(18)
• Offline: 1 e(25) or 1 mu(20) (isolated)
• 1 tau(20)
• No additional leptons
• q(l).q(tau) < 0
• EtMiss > 20 GeV
• mT(l,EtMiss) < 30 GeV



• Use ‘visible mass’ as final 
discriminator

• Major Backgrounds:

• Z/γ→ττ (MC, with embedding 
check)

• Multijet (2D-sideband: tau ID, 
charge product)

MSSM A/H/h→ττ→hh (ATLAS)
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Selection
• Trigger: di-tau (29/20)
• Offline: 2 taus (45/30)
• q(tau1).q(tau2) < 0
• No leptons
• EtMiss > 25 GeV



CMS Summary Tables
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e-had mA=120 GeV, tanβ=10 mu-had mA=120 GeV, tanβ=10

e-mu mA=120 GeV, tanβ=10



• Use maximum likelihood 
mass as final discriminator

• Major Backgrounds:

• Z/γ→ττ (embedding)

• Multijet+Wjets (lepton 
isolation fake-factors)

MSSM A/H/h→ττ→eμ (CMS)
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Selection
• Trigger: e-mu
• Offline: 1 electron and 1 muon (20/10) (isolated)
• q(e).q(mu) < 0
• pζ - 0.85pζvis > -25 GeV (see backup)
• At most 1 jet(30)
• b-tagging categories:

• b-tagged: ≥ 1 b-tag(20) 
• b-vetoed: 0 b-tag(20)

b-vetoed

b-tagged



• Use MMC mass (likelihood 
estimated mass) as final 
discriminator (see backup slide)

• Major Backgrounds:

• Z/γ→ττ (embedding)

• Multijet (SS control region)

• W+jet (high mT control region)

MSSM A/H/h→ττ→lh (CMS)
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Selection
• Trigger: e-tau or mu-tau
• Offline: 1 e(20) or 1 mu(17) (isolated)
• 1 tau(20)
• No additional leptons
• q(l).q(tau) < 0
• pζ - 0.5pζvis > -20 GeV (see backup)

b-vetoed

b-tagged



Charged Higgs Boson 
Searches
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ATLAS Summary Tables
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• Reconstruct Hadronic top decay by picking 
combination of jets which minimise:

• Extract limit from transverse Higgs mass dist.

• Major Backgrounds:

• Misidentified leptons (loose lepton control 
region)

• pr - Zll tag and probe

• pm - low EtMiss CR

• ttbar (normalise in -0.2<cosθl<1)

H±, lepton+jets (ATLAS)
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Selection
• Trigger: e(20-22) or mu(18)
• Offline: 1 e(25) OR 1 mu(20) (isolated)
• No additional leptons or taus
• ≥4 jets(20), 2 b-tagged
• if |Δφ(l,EtMiss)|≥π/6: EtMiss > 40 GeV
• else:                           EtMiss|sinΔφ| > 20 GeV
• Reconstruct hadronic top-decay (χ2>5)
• cosθl < -0.6, mT<60 GeV (defs. on next slide)



• Discriminating variables:

• Invariant mass of b-jet and 
lepton

• Transverse Higgs mass

• Transverse W mass

H±, lepton+jets (ATLAS)
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• Extract limit from EtMiss dist.

• Major Backgrounds:

• Misidentified leptons (same 
as lepton+jets channel)

• Misidentified-taus: (MC 
without Tau ID scaled by mis-ID 
measured in Zee or Wmunu 
control regions)

H±, tau+lepton (ATLAS)

34

Selection
• Trigger: e(20-22) or mu(18)
• Offline: 1 e(25) OR 1 mu(20) (isolated)
• No additional leptons
• 1 tau(20)
• q(l).q(tau)<0
• ≥2 jets(20), ≥1 b-tagged
• ΣpT>100 GeV



• Extract limit from transverse Higgs 
mass dist.

• Major Backgrounds:

• Mulitjet: (template fit of EtMiss)

• Multijet CR: Fail Tau ID, no b-jet

• Misidentified-taus: (as in tau+lep)

• Real-taus: (ttbar embedding)

H±, tau+jets (ATLAS)
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Selection
• Trigger: tau(29)+EtMiss(35)
• Offline: 1 tau(40)
• No leptons
• ≥4 jets(20), ≥1 b-tagged
• EtMiss > 65 GeV
• EtMiss / 0.5√ΣpT > 13 GeV1/2

• mjjb [120,240] (highest pT jjb comb)



• Select correct l-b pairing:

1. Eliminate bad pairs with cosθl>1

2. Minimise ΔR(l,b)1 +  ΔR(l,b)2

• Extract limit from transverse higgs mass dist.

• Major Backgrounds:

• Misidentified leptons (same as lepton
+jets)

• ttbar (normalise in -0.4<cosθl<1)

H±, di-lepton (ATLAS, 1fb-1)
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Selection
• Trigger: e(20) or mu(18)
• Offline: exactly 2 leptons (e(25), μ(20))
• ≥2 jets(20), 2 b-tagged
• ee or μμ:

• mll>15 GeV and |mll-mZ|>10 GeV
• EtMiss > 40 GeV

• eμ: ΣET(leptons,jets)>130 GeV
• mT2 converged
• cosθl < -0.6 (H+ side)



H±→cs (ATLAS)

• Η→cs dominates for tanβ<1

• Require large EtMiss and mT 
to suppress multijet 
background

• Kinematic fit with W and top 
mass constraints to find best 
H± candidate

• Set limits on BR(t→H±b) 
assuming BR(H±→cs)=100%
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CMS Event Summary Tables
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tau+jets

lep+tau

e+mu



CMS Syst. Summary Tables
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e+mu

tau+jets

lep+tau



H±, tau+jets (CMS)

40

Selection
•



H±, tau+lepton (CMS)

41

Selection
•



NMSSM: Light Neutral 
a1 Higgs

42



• Main Backgrounds: Multijet and Υ(1S)

• Set limits by fitting mass distribution

NMSSM a1→μμ (ATLAS)

43

Selection
• Trigger: di-muon (4/4)
• Offline: at least 2 muons(4) (isolated)
• q(mu1).q(mu2)<0
• 4.5 < mass < 14.0 GeV
• Pick di-muon combination using Likelihood Ratio 

based on vertex Χ2/NDF and muon isolation
• LLH PDFs derived from data in sidebands



• Main Backgrounds: Multijet and Υ(1S) 
(mass shapes from data)

• Set limits by fitting mass distribution

NMSSM a1→μμ (CMS)
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Selection
• Trigger: 

• opposite sign di-muon (3.5/3.5)
• pT(μ1,μ2)>6 GeV, 5.5<m(μ1,μ2)<14 GeV
• Primary Vertex, d0<0.5

• Offline: at least 2 muons(5.5) (isolated)
• q(mu1).q(mu2)<0
• 5.5 < mass < 14.0 GeV
• Pick di-muon comb. with highest vertex Χ2 Prob



Fermiophobic Higgs

45



• Main Backgrounds: 

• Prompt di-photon production

• γ+jet, di-jet, Drell-Yann

• Limits extracted using unbinned 
maximum likelihood fit to di-
photon mass spectrum in each 
category

• Excess at ~126 GeV is 1.6σ 
including look-elsewhere effect

Fermiophobic H→γγ (ATLAS)
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Selection
• Trigger: di-photon (20/20)
• Offline: 2 isolated photons (40/25)
• 9 categories based on:

• (un)converted photons
• pT, η



• Main Backgrounds: 

• Prompt di-photon production

• γ+jet and di-jet

• Likelihood using mass for tagged categories and 2D 
mass-pT,γγ for inclusive

Fermiophobic H→γγ (CMS)
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Selection
• Trigger: di-photon
• Offline: 2 isolated photons (not in ‘crack’)
• 3 categories:

• Di-jet tag:
• 2 jets (30/20), Δηjj>3.5,mjj>350 GeV
• |ηγγ-ηjj|<2.5, |φγγ-φjj|>2.6
• pT(γ1)>55mγγ/120, pT(γ2)>25 GeV

• Lepton tag:
• 1 e(20) or 1 mu, ΔR(l,γ)>1
• veto m(e,γ) within 5 GeV of Z-mass
• pT(γ1)>45mγγ/120, pT(γ2)>25 GeV

• Inclusive (not in tagged categories)
• pT,γγ/m>0.1
• pT(γ1)>mγγ/3, pT(γ2)>mγγ/4
• Split into 4 categories using η and photon ID.

Excess at ~126 GeV, 1.2σ including look-elsewhere effect



Other Fermiophobic-Higgs searches at CMS

• CMS has also released a fermiophobic-Higgs boson search 
including the WW and ZZ channels

• CMS-HIG-12-008
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Doubly Charged Higgs
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• Main Backgrounds: 

• Prompt di-photon production

• γ+jet, di-jet, Drell-Yann

• Limits extracted using unbinned maximum likelihood fit to di-
photon mass spectrum in each category

Doubly Charged Higgs (CMS)
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Selection
• Trigger: di-lepton (17/8)
• Offline: At least 2 leptons (20/10)
• Discard pairs with mll<12 GeV



Other Details
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Maximum Likelihood Mass (CMS)
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Mass Reconstruction (ATLAS)
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Slide from J. Dingfelder



Pζ and Pζvis
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