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Motivation for Supersymmetry
• Naturalness (Hierarchy Problem)	

• Unification of the forces (gauge couplings)	

• Provides a candidate for Dark Matter
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If the (light) Higgs mass is ~125 GeV, what next?

Beyond the SM HiggsStandard Model Higgs!
!

• Suppose that this is not the Standard Model Higgs (focus of many talks in this 
week’s workshop)	

!

• Higgs with different couplings?  ⇒  MSSM,  Fermiophobic, Higgs impostor	


• More complicated Higgs sector?  ⇒  MSSM, Doubly-charged Higgs, Composite	


• Light scalar Higgs?  ⇒  NMSSM	


• Hidden Higgs sector?  ⇒  Higgs to long-lived particles	


• The MSSM is compatible with a 125 GeV Higgs
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If the (light) Higgs mass is ~125 GeV, what next?

Beyond the SM HiggsStandard Model Higgs

MSSM mhmax

4



!
• Consider the case of an MSSM Higgs at the LHC	


• 2 Higgs doublets give rise to 5 physical Higgs bosons: h, H, A, H±	


• Enhanced coupling to 3rd generation; strong coupling to down-type fermions 
(at large tanβ get strong enhancements to h/H/A production rates)	


• Diagrams with bbϕ vertex enhanced proportional to tan2β where ϕ=h,H,A 
!
!
!
!
!
!

• Can parameterize the masses of the Higgs bosons with two free parameters: 
tanβ and mA
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Neutral SUSY Higgs Searches in ATLAS
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MSSM ϕ=h/A/H



!
• Three main decay channels, depending on the τ decay	


• lep-lep (e-μ) uses τ decays to e and μ plus neutrinos (~6%)	

• lep-had uses leptonic and hadronic decays (~46%)	

• had-had uses exclusively hadronic decays (~42%)	


• Each of these final states has been optimized for a specific Higgs 
mass range

!
• Latest ATLAS MSSM Neutral Analysis uses ~20 fb-1 of 8 TeV data	


• The ττ channel is very important for neutral MSSM searches:            
has a larger predicted BR than μμ (~10% versus ~0.03%) and less 
background than the bb channel 	


• Can use different categories target main production mechanisms	

• “no b-tag” targets gluon-fusion (dominant mode at small tanβ)	

• “b-tag” targets b-associated production (dominant mode at large tanβ)

MSSM Higgs Search (ϕ→τ+τ-)

arXiv:1409.6064
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http://arxiv.org/abs/1409.6064


!
• The signature of hadronic τ decays are 1 or 3 tracks, collimated jet, 

possibly EM clusters	

• Objects compatible with this signature are reconstructed	


• Seed from jet objects by considering each of them as a τ candidate	

• Identify a vertex consistent with a τ decay	

• Associate tracks within a core cone (ΔR≤0.2) of the τ axis to jet 

objects

!
• Backgrounds from QCD jets, electrons and muons are rejected using 

dedicated algorithms	

• Discriminate using tracking information and cluster topology 

variables

ATL-CONF-2013-064

8

Reconstruction of hadronic τ decays

http://cds.cern.ch/record/1562839/files/ATLAS-CONF-2013-064.pdf


!
• Missing Mass Calculator technique	


!
• A step beyond the “collinear mass”	


!
• Assume the angle between the 

neutrinos and the visible hadronic τs 
(Δθ) is non-zero	

!

• End up with a system of equations with 
6 - 8 unknowns

Mass Reconstruction with τ leptons

!
• Use a likelihood to solve this  

under-constrained set of equations

Resolution 14-21%, depending 	

on decay mode
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NIM A654 (2011) 481

ATLAS-CONF-2014-061

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-152/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-152/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-061/


!
• Z →ττ is the most important (irreducible) background source for di-τ 

final states at low mass	

!

• Embedding technique (“τ-embedded” Z→μμ data events)

Special Techniques Used with τ leptons

!
• A semi-data-driven method: select an 

adequately pure Z→μμ event sample 
from data and then replace the muons 
with simulated taus	


!
• Pile-up, underlying event, kinematics, 

etc. are all taken directly from the 
data	

!

• ATLAS charged Higgs search also uses 
embedding for ttbar backgrounds 
(replace single muon from W decay)

MMC di-τ mass for 
“tau embedding” and 

Alpgen simulation	
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!
• MSSM Neutral Analyses (three main channels, depending on the τ decay)	


• The e-μ and low-mass lep-had channels are separated into b-tagged and            
b-vetoed categories	


• The e-μ analysis:  Use single e or e-μ triggers; opposite charge; require 
presence or absence of b-jet; Z →ττ bkgnd from embedding; ttbar from 
simulation (normalized to data control region); W+jets, single-top, diboson all 
from simulation; multi-jets from 2D sideband method	


• The low-mass lep-had analysis: Use single e or single μ triggers; Z →ττ 
bkgnd from embedding; W+jets, Z(ee,μμ)+jets, ttbar single-top from simulation 
(normalized to data control region); diboson from simulation

MSSM Higgs Search (ϕ→τ+τ-)
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arXiv:1409.6064

Mass distributions:

http://arxiv.org/abs/1409.6064


!
• MSSM Neutral Analyses (three main channels, depending on the τ decay)	


• The high-mass lep-had analysis: Targets mA ≥ 200 GeV; Use single e or 
single μ triggers; Z →ττ bkgnd from embedding; W+jets, Z(ee,μμ)+jets, ttbar 
single-top from simulation (normalized to data control region); diboson from 
simulation; exploit high-mass kinematics (taus are back-to-back)	


• The had-had analysis: Use single and double hadronic τ triggers; pT > 50 
GeV, opposite charge; exploit high-mass kinematics (taus are back-to-back); 
dominant bkgnd is multi-jets and mT is used as the final discriminant; other 
bkgnds are Z+jets (due to high trigger thresholds, no embedding used), W+jets, 
ttbar and diboson

MSSM Higgs Search (ϕ→τ+τ-)

Mass distributions:
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arXiv:1409.6064

http://arxiv.org/abs/1409.6064


MSSM Neutral Higgs Search!
• Statistically combine the τlep-τhad, τhad-τhad, and τlep-τlep channels for one 

exclusion limit	

• We determine a σ x BR limit (h/A/H→ττ) for gluon-fusion and            

b-associated production separately; exclusions range from 30 pb to     
about 7 fb, depending on the Higgs mass and production mechanism
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arXiv:1409.6064

http://arxiv.org/abs/1409.6064


MSSM Neutral Higgs Search!
• Statistically combine the τlep-τhad, τhad-τhad, and τlep-τlep channels for one 

exclusion limit	

• We also show limits in the mhmax and mhmod benchmark scenarios	

• In the mhmax scenario, lowest tanβ constraint excludes tanβ > 5.4         

for mA = 140 GeV

14

arXiv:1409.6064

Note:   Red dashed lines denote 	

constant mh mass for a particular scenario	


http://arxiv.org/abs/1409.6064


Charged SUSY Higgs Searches in ATLAS
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Charged Higgs H± 



• Charged Higgs bosons could be expected from the MSSM Higgs sector	

• H+ Production:	


• Light H+: pp → tt → bW bH+	


• Heavy H+: gb → tH+ and gg → tbH+	

!• H+ Decay:	


• Light H+:  Almost exclusively to τν (at low                                                    
tanβ predominantly to cs) 	


• Heavy H+: tb; τν; χ+χ0 

Charged MSSM Higgs Searches

!
!
• ATLAS charged Higgs searches with taus:	


• Use final states with τνjjb and τνjjbb	

• tt → [H±b][Wb] → [τνb][qqb]	

• gb → [t][H±] → [qqb][τν]	

• gg → [tb][H±] → [qqbb][τν]	


!
!
!
!

–
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!
• Again, we use some special techniques	


• Embedding is used to estimate the dominant background containing 
true hadronic τ decays; we select a μ+jets sample and replace the μ 
with a Monte Carlo τ	


!
!

!
• A cut-based analysis on ~20 fb-1 of 8 TeV data; only using hadronic 

taus; separate into low- and high-mass regions

Charged Higgs: H+→τν

ATLAS-CONF-2014-050

!
!

• Use events passing hadronic τ + MET trigger.	

• The transverse mass is used as the final discriminating variable
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http://cds.cern.ch/record/1756361/files/ATLAS-CONF-2014-050.pdf


!
• Backgrounds with jet faking tau are estimated using data-driven 

control regions	

• Backgrounds with e/μ faking tau are small (due to veto algorithms) 

and are estimated using simulated events 	

• For an MSSM Charged Higgs in the mhmax scenario, with tanβ = 50, 

we would expect ~230 events for a 130 GeV H+ and ~58 events for 
a 250 GeV H+

Charged Higgs: H+→τν

ATLAS-CONF-2014-05018

http://cds.cern.ch/record/1756361/files/ATLAS-CONF-2014-050.pdf


Charged Higgs: H+→τν
!

• ATLAS Limits on charged Higgs production
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High-mass H+ selectionLow-mass H+ selection

Upper limits on	

BR(t→bH+) x BR(H+→τν)	


1.3% - 0.23%

Upper limits on	

σ(pp→tH++ X) x BR(H+→τν)	


0.76 pb - 4.5 fb

ATLAS-CONF-2014-050
Note:   Additional input from theory 

regarding the region	

160 GeV - 200 GeV would be helpful        

(no reliable calculation)

http://cds.cern.ch/record/1756361/files/ATLAS-CONF-2014-050.pdf


Conclusions and Outlook!
!• During Run-I ATLAS has had a very active search program for Beyond the Standard 

Model Higgs bosons and we’ve been exploring the MSSM Higgs sector	

	
 	


• Some searches in 7 TeV data not shown here (like MSSM ϕ→μ+μ− and H+→cs)	

!

• No hint of an extended Higgs sector just yet;  We have already pushed the 
constraints further than previous searches	

!

• Even with a SM-like Higgs observed, BSM Higgs searches will continue to be 
relevant (e.g., there are still regions of MSSM parameter space that are compatible 
with the observed Higgs at 125 GeV)	


!
• Stay tuned for Run-II of the LHC; these are very exciting times!	


!!
 	


h0 A0 H0 H+ H−
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Back-up Slides



The ATLAS Experiment at the CERN LHC
Muon Spectrometer  
(|η|<2.7): Air-core toroids with gas-based 	

muon chambers;  Muon trigger and measurement with 
momentum resolution < 10% up to pμ ~ 1 TeV

3-Level Trigger 
Reducing the rate from 	

40 MHz to 200-300 Hz

Inner Detector (|η|<2.5, B=2T): Si 
Pixels, Si strips,Transition Radiation 
detector (straws); Precise tracking and 
vertexing, allows for e/π separation; 
Momentum resolution: 	

σ/pT ~ 3.8x10-4 pT (GeV) ⊕ 0.015	

i.e. σ/pT <2% for pT < 35 GeV

EM Calorimeter (|η|<3.2): 	

Pb-LAr Accordion; allows for e/γ 
triggering, identification and measurement; 	

E-resolution: σ/E ~ 10%/√E

HAD calorimetry 	

(|η|<5): hermetic and highly 
segmented; Fe/scintillator Tiles 
(central), Cu/W-LAr (fwd) 
Trigger and measurement of 
jets and missing ET 	

E-resolution:	

σ/E ~ 50%/√E ⊕ 0.03



ATLAS Datasets

2011 7 TeV 2012 8 TeV



Monte Carlo Generators Used!
!

• Charged Higgs:



MSSM Benchmarks Used
• Alternative benchmark scenarios

arXiv: 1302.7033v2

mhmod+mhmax mhmod-

http://arxiv.org/pdf/1302.7033v2.pdf


MMC vs Collinear Mass



MSSM Neutral Higgs Search at 8 TeV
• Alternative benchmark scenarios

arXiv:1409.6064

http://arxiv.org/abs/1409.6064


MSSM Neutral Higgs Search at 7 TeV!
• Combine the τlep-τhad, τhad-τhad, τe-τμ and μμ channels for one exclusion 

limit	

• Limit with the mhmax benchmark scenario	

• Also determine a σ x BR limits

JHEP02 (2013) 095

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-11/


MSSM Neutral Higgs Observed Events (lep-lep)



MSSM Neutral Higgs Observed Events (lep-had)



MSSM Neutral Higgs Observed Events (lep-had)



MSSM Neutral Higgs Observed Events (had-had)



MSSM Neutral Higgs Systematics (low-mass)



MSSM Neutral Higgs Systematics (high-mass)



Charged Higgs (H+→τν) Observed Events



Charged Higgs (H+→τν) Systematics



Charged Higgs (H+→τν) Systematics



Charged Higgs limits in the MSSM (old)

ATLAS-CONF-2013-090



!
• Visible mass:	


• Invariant mass of the visible τ decay products	

!

• Effective mass	

• Invariant mass of the visible τ decay products + MET	


!
• Collinear mass:	


• Assume that neutrinos are emitted parallel to the visible τ decay 
products’ direction ⇒ 2 equations and 2 unknowns

Mass Reconstruction with τ leptons

x1,2 are the momentum fractions 
carried away by the visible 

τ products



SumCosDeltaPhi



Charged Higgs:  H+→cs with 7 TeV data–
• Light Higgs: m(H±) < mt	

• Final state allows for full 

reconstruction of the H+ 
candidates	


• Examine the di-jet spectrum 
and look for a second peak	


Eur. Phys. J. C 73 (2013) 246541

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-10/


Charged Higgs (H+→cs) Events and Systematics



!
!
• MSSM ϕ→μ+μ− channels	

• Small BR but very clean final state	

• Main event selection:	


• Lowest unprescaled single muon trigger	

• 2 isolated muons of opposite charge with pT>20 GeV, |η|<2.5	

• MET < 40 GeV	


• Again, separation into b-tagged and b-vetoed categories	

• Total background from sideband fits to di-muon invariant mass spectrum

MSSM Higgs Searches (ϕ→μ+μ−)

JHEP02 (2013) 095

43

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-11/


Current τ identification variables in BDT and LLH



Current τ identification variables


