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The Higgs Boson : Latest Measurements and Perspectives

Thomas Muller (KIT), on behalf of the ATLAS and CMS Collaborations

Outline: 
• Introduction
• Bosonic decay channels (γγ, ZZ, WW)
• Fermionic decays (ττ, bb)
• Properties: Mass, Couplings, Spin/Parity
• Expectations for 300 fb-1 and 3000 fb-1

Summary
No details on: 

• Object reconstruction, event selection
• Background estimation and systematics
• Statistical analyses

I leave out: 
• H Zγ, H μμ
• ttH } Very nice new results on limits
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Presentations on  this Tagung



Thomas Müller, Institut für Experimentelle Kernphysik                           Dresden 13

Also: recent summary talks by K. Tackmann, 
S. Dittmeier at the 6th Ann. Workshop of the
Helmholtz-Alliance TERA in Dec. 2012 
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TWiki, PAS2011/2 (ICHEP) data: H -> Z gammaDec-2012 

TWiki, PAS2011/2 (ICHEP) data: bbH->bbbb (MSSM) sl+hNov-2012 

TWiki, PAS2011/2 (HCP) data: CombinationNov-2012 

TWiki, PAS2011/2 (ICHEP) data: WH -> 3l3nu Nov-2012 

TWiki, PAS2011/2 (HCP) data: H -> WW -> lnujjNov-2012 

TWiki, PAS2011/2 (HCP) data: VH -> V bbNov-2012 

TWiki, PAS2011/2 (HCP) data: VH -> V tau tauNov-2012 

TWiki, PAS2011/2 (HCP) data: H -> tau tau (MSSM) Nov-2012 

TWiki, PAS2011/2 (HCP) data: H -> tau tauNov-2012 

TWiki, PAS2011/2 (HCP) data: H -> WW -> 2l2nu Nov-2012 

TWiki, PAS2011/2 (HCP) data: H -> ZZ -> 4l Nov-2012 

TWiki, PAS2011 data: bbH semileptonicJul-2012 

TWiki, PAS2011 data: bbH all hadronicJul-2012 

TWiki, PAS2011/2 data: H -> gamma gamma, FP Jul-2012 

TWiki, PAS2011/2 data: Observation: ~125 GeVJul-2012 

TWiki, PAS2011 data: ttH -> tt bbJul-2012 

TWiki, PAS2011/2 data: H -> WW -> lnujjJul-2012 

TWiki, PAS2011/2 data: H -> ZZ -> 2l2nu Jul-2012 

TWiki, PAS2011/2 data: VH -> V bbJul-2012 

TWiki, PAS2011/2 data: H -> tau tauJul-2012 

TWiki, PAS2011/2 data: H -> WW -> 2l2nu, shapeJul-2012 

TWiki, PAS2011/2 data: H -> WW -> 2l2nu Jul-2012 

TWiki, PAS2011/2 data: H -> ZZ -> 4lJul-2012 

TWiki, PAS2011/2 data: H -> gamma gammaJul-2012 

TWiki, PAS2011 data: phi -> mu muMay-2012 

http://cms.web.cern.ch/org/cms-higgs-resultshttps://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

Recent Public Infomations from ATLAS and CMS

Plus „Moriond-Publications“ 2013
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A. Introduction
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The Discovery July 4, 2012

Phys. Lett. B 716 (2012)

Is it „Higgs“ ?
Is it „The Higgs“?
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Higgs Boson Production

Gluon fusion
Selection of Higgs at large pT
enhances S/B

Vector boson fusion (VBF)
Two forward jets with large |y|

Associated production
Selection of Higgs at large pT
enhances S/B

ttH production
Dominant diagram t-t fusion

Note: EWK corrections are ~5%
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Higgs Boson Decay Modes

Higgs Boson decay into:

Bosons first observations

• γγ: Excellent mass resolution

• ZZ* 4l: Low background

• WW* 2l2ν: High statistics, 
poor mass resolution

Fermions of the third generation:
• bb: Only in associated production
• ττ: Leptonic and hadronic decay

Fermions of the second generation:
• cc, μμ: very hard but necessary!
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Experimental Challenges

Relevant Background Processes

Pileup
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ICHEP 2012

DPG 2013

HCP 2012

Data taken at the LHC

ATLAS and CMS each collected
5 fb-1@ 7TeV and 20 fb-1@ 8TeV

Results shown here based on 5 fb-1 data
at 7TeV and up to 20 fb-1 of data at 8TeV 

Taken with 50 ns bunch spacing and 
typically 20 interactions/bunch crossing

Max. instantaneous luminosity 
7.5 1033/cm2s

Until end 2012:

~ 2.5 1015 pp collisions (inel. + el.)  

~1010 pp collisions recorded 

25 106 Z μμ decays produced

Expected number of H decays in data:    ~   1000 H  γγ
~       50 H ZZ 4 ℓ
~   5000 H WW ℓν ℓν

new
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B. Signals: Bosonic Decay Channels
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1. H γγ

• Clean final state with 2 isolated photons

• Narrow mass peak on continuum

• Background shape extracted from data

• Fits in subcategories with distinct
resolution and S/B improves total  
sensitivity

Reducible background: pp γγ+jets, Drell Yan+jets

Irreducible background: pp γγ+X ~75% 

•To fight pile-up:
ATLAS: Longitudinal segmentation of   
EM Cal.  to determine photon polar 
angle determines Vertex

CMS: algorithmus based on ΣpT
2 of 

tracks and pT
γγ balance chooses right

vertex in 80% of cases
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arXiv:1207.7235ATLAS-CONF-2013-012

new

ATLAS:   μ = 1.65 ± 0.24(stat.) +0.25
-0.18 (sys.) at 7.4σ (exp. 4.1σ) !

Mass 126.8 ± 0.2(stat.) ± 0.7(sys.) GeV

CMS:    μ = 1.56 ± 0.43(stat.) at 4.1σ
Mass 125.1 ± 0.4(stat.) ± 0.6(sys.) GeV

} New results next week !
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Irreducible background

2. H → ZZ* → 4 leptons

• High lepton reconstruction efficiencies
for m(4l) > 100 GeV

• Standard reference candle: single-
resonant Z→4l

• Used for Measurement of mass, 
spin&parity

Irreducible background:
• ZZ continuum, Zγ* – use kinematics to 

separate signal

Reducible background:
• Z + jets, Zbb & tt – use lepton isolation and  

impact parameter to reject b ->lX decaysReducible background
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CMS: 
Matrix Element Likelihood Analysis:
uses kinematic variables, angles for
signal to background discrimination
(MELA)

ATLAS: 
Boosted Decision Trees 
MELA
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CMS-PAS-HIG-13-002

ATLAS:   μ = 1.7 ± 0.5 at 6.6σ (expected 4.4σ)
Mass 124.3 +0.6

-0.5 (stat.) +0.5
-0.3 (syst.) GeV

CMS:      μ = 0.91+0.30
-0.24 at 6.7σ

Mass 125.8 ± 0.5(stat.) ± 0.2(sys.) GeV

ATLAS-CONF-2013-013

new new



Thomas Müller, Institut für Experimentelle Kernphysik                           Dresden 13

3. H → WW → 2l2ν (6 channels)

Higgs boson signal:

• Two isolated opposite sign
Leptons (e or μ) and MET

• Dilepton invariant mass and
Δϕ are small in standard
Model

Irreducible background:
• Standard model diboson decays

to two leptons and MET

Reducible background:
• Z→ll+(jets→fake MET)
• W→lν+(jets→fake lepton)
• tW and ttbar production

Exclusive analysis in bins of    
jet multiplicities:

0-jet: optimized for gluon-fusion, purest
channels, least affected by top BG

1-jet: more affected by top BG

Event classes: 
• ee, μμ
• eμ
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Counting analysis

new

CMS-PAS-HIG-13-003

2D(MT,Mll) analysis
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Signal strength:

ATLAS:     μ = 1.5 ± 0.6 at 2.6σ (1.9σ expected)

CMS:        μ = 0.76 ± 0.21 at 4.0σ (5.1σ expected)

ATLAS-CONF-2012-158
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C. Signals: Fermionic Decay Channels
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4. Higgs → τ+ τ−

Strategy: 

• Select isolated, well-identified leptons, τh
• Topological cuts (e.g. mT in lτh, pT(H) in τhτh) to 
suppress background

• Categorize events based on number of jets, τ pT
• Template fit to mττ shape
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Fitted signal strength per category

new

Combined 1-jet and VBF

Signal strength:

ATLAS:     μ = 0.7 ± 0.7

CMS:        μ = 1.1 ± 0.4 at 2.9σ (2.6σ expected)
 [GeV]ττmMMC 
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ATLAS Preliminary
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CMS-PAS-HIG-13-004

ATLAS-CONF-2012-160
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5. H → bb

• H→bb has largest BR but very high background

• Search for associated production with W or Z   
(W→lν, Z→ll, Z→νν) 

• Final states with leptons, ETmiss and b-jets

• Main background: W/Z + jets, top

Normalized from control regions in data

ATLAS-CONF-2012-170
ATLAS-CONF-2012-161

• Analysis strategy: 
Divide in categories high and low pT of boson

• Further discriminate from Bkd using multivariate
techniques
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Signal strength:

ATLAS:     μ = -0.4 ± 1.0

CMS:         μ =  1.3 +0.7
– 0.6

CMS PAS HIG-12-044
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6. Search for a second “SM” Higgs

new

130-827 GeV exclusion at 95% C.L.



Thomas Müller, Institut für Experimentelle Kernphysik                           Dresden 13

C. PROPERTIES OF THE 
FOUND PARTICLE
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1. Mass

• The energy scale of leptons is measured using J/Ψ and Z 
• Precision: 0.2% - 0.5%
• The photon energy scale is derived from Z->ee, knowing 

the shower shapes in the Electromagnetic Calorimeter

CMS mH = 125.8 ± 0.4 (stat.) ± 0.4 (syst.) GeV
ATLAS mH = 125.5 ± 0.2 (stat.) ± 0.5 (syst.) GeV

ATLAS: CONF-2012-162 CMS-PAS-HIG-12-045
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2. Higgs Signal Strength and Couplings
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new

new

μ = 1.43 ± 0.16 (stat) ± 0.14 (sys)

• Assume:

• gg → H and H → γγ only through SM particles

• κV = κW = κZ ; κF = κt = κb= κτ

Data consistent with κV = κF = 1
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3. Spin of Higgs
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 pdfm
+ = 2Pgg, J Background uncertainty

s = 8 TeV√, -1L dt = 13 fb∫ATLAS Preliminary

Likelihood hypothesis test of spin 0 
versus spin 2: 

Data favour spin 0, 
exclude spin  2  at  93% Cl.

Decay angle in the Higgs boson rest frame 
(Collins-Soper frame) 
Compare dN/d|cosθ*| for:
- spin-0+ hypothesis: flat before cuts
- spin-2+ hypothesis: ~ 1+6cos2θ* +cos4θ*
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Kinematics of final state leptons sensitive 
to spin structure of resonance

new

Likelihood hypothesis test of spin-0 versus spin 2: 

Data favour spin 0, 
exclude spin 2 with 1.3σ   (expected 1.9σ)

SM (JP=0+)

JP=2+
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Spin 0 ⇒ two S=1 particles ⇒
angular correlations.

Positive parity ⇒
decay planes aligned.

Negative parity ⇒
decay planes orthogonal

4. Spin-Parity

0-

0+

Angular distributions in H ZZ* 4l sensitive to J p
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CMS-PAS HIG-13-002

ATLAS-CONF-2013-013

Spin-Parity summary

JP = 0+ vs.  JP = 0- 2.8σ  (ATLAS)
2.5σ (CMS)

JP = 0+ vs.  JP = 2+
m 1.2σ  (ATLAS)

1.3σ (CMS)

Data favour JP =  0+ w.r.t. other JP

configurations  (including 0- , 1- , 1+, 2+)  

new
new

CMS PAS HIG-13-002
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ATLAS

CMS



Thomas Müller, Institut für Experimentelle Kernphysik                           Dresden 13

D. Perspectives
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Good summary of studies:
Paolo Giacomelli (INFN Bologna),
Bill Murray (STFC/RAL)
Presented at Plenary ECFA meeting
Friday, November 23rd, 2012
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With LHC 7-8 TeV data:
• First characterization of Higgs-like boson
• spin/parity at 3-4 sigma level
• combined signal strength, μ=σ/σSM,  

with ~15% precision

With LHC 13/14 TeV data until ~2022  
(~300 fb-1):

• measure Higgs boson properties
• individual couplings at 5-10% precision

With HL-LHC 13/14 TeV data until ~2032 
(~3000 fb-1):

• measure couplings with ultimate precision
• Study WW scattering

• Need detectors and trigger with high 
performances from low to high energy
scales
– 125 GeV Higgs-like measurements
– Multi-TeV new physics searches

• Phase 1 Upgrade: twice LHC design
luminosity
– Event pileup reaches 50 collisions per 
beam crossing (@ 25 ns)
– Factor 5 increase of trigger rates
relative to 2012 run

• Phase 2 Upgrade: 5x LHC design
luminosity
– Event pileup reaches 125 collisions
per beam crossing (@ 25 ns)
– Need solutions to cope with very high 
rates, radiation and pileup
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1. Higgs couplings (300-3000 fb-1)
- Scale signal and background cross sections
- Systematic uncertainties unchanged
- Dashed line: no theoretical uncertainty
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H→μμ
allows direct study of coupling to two
different generations

2. New modes at HL-LHC (3000 fb-1)
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→ with proper cut (eg Δηjets) can be enhanced -> selection of the longitudinal W

→ small difference between SM and violation of unitarity

In no Higgs case: increasing of xsec at high VV is suppressed by
• PDF
• offshell bosons
• unpolarized bosons

3. Longitudinal Boson-Boson Scattering (3000 fb-1)
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Needs observation of Higgs pairs:
Extemely difficult at LHC !
But it is not enough
– Need to prove triple Higgs involved
– negative interference 

bbγγ allows 3σ HH observation
– 2 experiments, more channels, may give 3σ

coupling measurement

4. Higgs Self coupling (3000 fb-1)
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Conclusion

„I think we have it“
Rolf Heuer, at the end of the presentations on July 4th, 2012

● Analysis of 7 TeV and 8 TeV data soon complete –
interesting new results presented this week

● ATLAS and CMS have established the existence of the boson

● Measurements of mass, cross section times ranching ratios, 
with increasing precision

● First direct evidence for Youkawa couplings to fermions!

● Determination of spin-parity

● SM values are favored: it is quite likely THE SM HIGGS ! (We think)

● Interesting outlook for 14 TeV run at high and at very high luminosities
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H
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APPENDIX
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Higgs Boson Decay Modes
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Modelling of Higgs Production and Decay
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Couplings
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How to measure JPC
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Angular distributions parametrised by hel. amplitudes
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Higgs Self coupling



Thomas Müller, Institut für Experimentelle Kernphysik                           Dresden 13


