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Higgs production at the LHC

Gluon fusion*

Vector boson
fusion*

Associated VH
production*

Associated ttH
production*

*”Bosonic” production modes *”Fermionic” production modes
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Higgs bosonic decays: 
directions

 Low mass:

– Study of the properties 
of H(125).
H → WW(2l2), 
H → ZZ(4l), 
H → 

– Rare processes
eg. H → Z, ttH → tt

 High mass:

– Search for additional states from 
extended Higgs sector (and eventually 
the study of VV-scattering):

H → ZZ(4l,2l2,2l2q), 
H → WW(2l2,ljj)
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Higgs bosonic decays: 
references

(Only showing analyses that use the full 8TeV dataset. Full list at
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG) 

Channel approx. 
L(√s=7+8TeV) [fb-1]

Ref

H → WW(l l)* 5+19.5 HIG-13-003

WH → WWW(3l3) 5+19.5 HIG-13-009

H → WW(l j)* 0+19.5 HIG-13-008

H → ZZ(4l)* 5+19.5 HIG-13-002

H → ZZ(2l2)* 5+19.5 HIG-13-014

H → 5+19.5 HIG-13-001

ttH  → tt 0+19.5 HIG-13-015

H → Z(ll) 5+19.5 HIG-13-006

NewNew

NewNew

*Covered in 
this talk

NewNew

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
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H → WW(ll)

 Large  x BR.

 Clean signature:

– Two isolated high p
T
 leptons.

– Missing transverse energy

 No mass resolution.

 Main backgrounds:

– Non-resonant WW, tt.

 Discriminating variables:

– p
Tll

, m
ll
, m

T
, 

ll
Vectors from the decay of a scalar and V-A 
structure of W decay lead to a small 
opening angle between leptons  
(especially true for on-shell Ws)
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 Analysis performed in exclusive jet multiplicity bins.

– 0-1jet: 5+19fb-1 (√s=7+8TeV)
.

– (VBF signature: last update with 5+12fb-1
.
)

 Also split events in same and opposite flavor channels.

Analysis overview
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Signal extraction

 Same flavor: cut-and-count analysis.

 Opposit flavor: 2D fit of m
ll
 vs m

T
.

– Signal and background templates from MC 
corrected using control regions.

– Non resonant WW normalization freely floating.
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Results

Large excess at low mass compatible 
with the expected Higgs signal

Significance @ 125 GeV: 4.0 σ 
(5.1 expected)σ/σSM @ 125 GeV = 0.76 ± 0.21
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H → ZZ (4l)

 Golden channel: 4 isolated leptons.

– Very high S/B ratio, excellent mass resolution 
(1-2%), fully reconstructed final state.

– Low even yield. Demanding requirements in 
terms of efficiency down to p

T
 of 5-10GeV.
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Mass spectrum

Z → 4l

Non-resonant ZZ
(pp  → ZZ, 8TeV) = 8.4  1.2 pb
(theo) = 7.8  0.6pb

Clean excess m
H
 ~ 126GeV
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Matrix element analysis

Matrix Element Likelihood Analysis:
uses kinematic inputs for 

signal to background discrimination
{m1,m2,θ1,θ2,θ*,Φ,Φ1}

Data vs background Data vs signal
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Signal extraction

 Events categorized according to jet multiplicities.

 Signal extracted 3D from simultaneous fit.

– 0-1jet: m
4l
 vs MELA vs p

T4l

– 2jets (20% ggH): m
4l
 vs MELA vs Fisher discriminant(m

jj
,

jj
)
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Results

p-value    Expected:     7.1 σ
                 Observed:    6.7 σ σ/σSM @ 125.7 GeV = 0.92 ±  0.28
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H → 

Mγγ=125.9 GeV
σM/M=0.9%

Two isolated high p
T
 photons
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Overview

 Search for a narrow peak on a smoothly falling background.

– Excellent mass resolution (1-2%). 
(Energy resolution and vertex identification).

– Rejection of reducible background also crucial.

– Background estimated using m side-bands.

Signal model using inputs from Z → ee, Z → ll and Z →  control samples.
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Overview (2)

 Events categorized in terms of S/B and mass 
resolution.

– Two analyses: 

● MVA mass-factorized: BDT-based categorization 
(using energy resolution, vertex ID probability, 
photon kinematics other than m).

● Cut-based analysis: simple categorization according to 
photon rapidity and EM shower shape based conversion 
tag.

 Signal extracted from simultaneous fit to m
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Exclusive categories

 In addition to the untagged categories, high S/B categories are 
defined using additional objects in the event.

– Di-jet: 2 categories (loose/tight) with increasing VBF purity (loose ~50%, 
tight ~80%). MVA analysis uses a dijet BDT-based selection.

– Additional leptons (electrons and muons pT>20 GeV) or MET (>70 GeV) 
with increased VH content.

 Improve significantly the ability to measure Higgs couplings.

 Events assigned to categories in the following order: 

 e Dijet tight Dijet loose MET

(VH-enriched) (VH-enriched) (VH-enriched)(VBF-enriched) (VBF-enriched)
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Results

Local obs. significance: 3.9 σ at 124.5 GeV
Expected: 3.5 σ

Local obs. significance: 3.2 σ at 125.0 GeV
Expected: 4.2 σ

Mass-factorized MVA analysis Cut-based analysis

(Taking into account correlations, the results of the two analyses are statistically 
compatible at less than 2 level).
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Results (2)

σ/σSM @ 125.0 GeV = 0.78 +0.28-0.26
Each event category is weighted by its 

S/(S+B) 
only for visualization purposes
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Search for ttH with H →  NewNew

 Use cut-based photon identification.

 Require additional jets and leptons on top of di-photon selection.

– Expected and observed limits ~5 x SM.

– See poster from Francesco Micheli.
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Search for heavy H → ZZ(ll)

NewNew Two opposite-sign-same-flavour
leptons plus MET.

– Gluon-fusion and VBF targeted categories.

 Modelling of Z+jet from +jet control sample.

 Results interpreted in terms of search for SM 
Higgs/ 
additional singlet.
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Search for heavy H → WW(lj)

 Reconstruct and tag hadronic 
W decay using jet substructure 
techniques.

– Select events with lepton, missing E
T
 and 

a “fat” jet (CA08).

 Focus on 
m

H
>600GeV.

– Interpretation 
as SM Higgs 
search and 
singlet model 
mixing to H(125).

NewNew
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Summary

 Bosonic final states are an excellent tool for Higgs Physics at the 
LHC.

 The properties of the newly discovered
~125GeV state compatible with 
those of the SM Higgs boson
within (still sizeable) 
uncertainties.

– See talk from Andrea Benaglia 
for further details.

 Higher energy and luminosity 
will provide more precise 
information on the properties of the new state.

 Searches for additional Higgs like bosons at high mass will 
eventually start to probe VV-scattering.
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Additional material
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Bosonic decay modes: 
low mass

ggH VH VH ttH

WW(ll) ✔ ✔ ✔ 

ZZ(4l) ✔ ✔  

 ✔ ✔ ✔ ✔
Z(ll) ✔ ✔  

NewNew

 Direct coupling

 Loop induced



13/05/2013 P. Musella (CERN) - Higgs to bosons in CMS 26

Mass measurement

mX = 125.7 ± 0.3(stat) ± 0.3(syst) GeV 
= 125.7 ± 0.4 GeV

                      H ➞ZZ➞4ℓ: 
Mass estimation with m4l, KD and s(m4l)
Very small systematics due the very good 
Control of the leptons scale and resolution:  
 mH = 125.8 ± 0.5 (stat.) ±0.2 (syst.) GeV.

                          H ➞γγ:
Systematics on the  extrapolation from Z➞ee 
to H➞γγ   (0.25% e → γ,  0.4% mZ  → mH)
mH = 125.4 ± 0.5 (stat.) ±0.6 (syst.) GeV



13/05/2013 P. Musella (CERN) - Higgs to bosons in CMS 27

Spin analysis (H → WW)

 Simple hypothesis test:

– SM Higgs;

– Minimal graviton-like 
spin 2 model “2+

m
” produced 

in gluon fusion.

 Fit m
ll
 vs m

T
 under the two 

hypotheses 

2+
m
 hypothesis disfavored at CLs = 14%
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Spin/parity analysis (H → ZZ)

 Tested several alternative hypotheses for JCP of the observed 
excess.

– Dedicated Matrix Element discriminants (D(h)) for each hypothesis 
test.

– Hypotesys test: 3D fit of m4l vs MELA vs D(h). 

0+ vs 0-

CLs=0.16%
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Distribution of JP discriminants
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Electron energy scale and 
resolution
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Muon energy scale and 
resolution
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ECAL performance

 Very good ECAL performance in 2012

– Z→ee mass resolution better than 1.2% for electrons with low 
bremsstrahlung in the barrel.

 Stable performance already using promptly reconstructed data.
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H → WW: background control

 WW:

– mH<200 GeV: events with mll>100 GeV (from data). MC to extrapolate into signal 
region

– mH>200 GeV: from MC.

 Z/γ* :

– events with mll±7.5 GeV around Zmass. (residual bkg subtracted)

– extrapolation to signal region from MC. Cross-checked with data.

 Wγ* :

– MC (Madgraph) for shape

– Normalization from high purity control sample (data).

 WZ/ZZ/ Wγ:

– from MC.

– Wγ estimate cross-checked
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H → WW: background control (2)



13/05/2013 P. Musella (CERN) - Higgs to bosons in CMS 35

H → WW: limits
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H → WW: signal strength
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H → ZZ: signal efficiencies
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H → ZZ: spectrum and tables
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H → ZZ m
Z1 

vs m
Z2
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H→ Energy resolution m2
 
= E

1
E

2
(1-cos)

 Energy scale and resolution validated and corrected 
using Z → ee.

– Excellent stability of energy resolution across the whole 8TeV dataset.

– Good modelling of mass shape in analysis categories.

BDT 0 BDT 1

BDT 2 BDT 3
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H → Vertex identification m2
 
= E

1
E

2
(1-cos)

 Higgs production vertex is selected using a Boosted Decision Tree (BDT)

– Inputs: Σp
T

2 of vertex tracks, vertex recoil wrt diphoton system, pointing from converted photons.

 An additional BDT is used to estimate the vertex probability in the MVA analysis.

 Control samples: Z→μμ for unconverted photons, γ+jets for converted photons

pT( )ɣɣ Number of 
vertices
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H → : MVA classifier 
validation.

 MVA classifier validated in data using Z → ee events.

– Good agreement observed within uncertainties.

Z → ee H → 
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H →  cut-based analysis

 Cut-based analysis uses:

– cut-based photon identification

– a different definition of event categories

 Photon identification data/MC efficiency scale factors 
computed from Z→ee and Z→μμγ.
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H → : weighted mass spectra
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H → : channel compatibility
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H → : compatibility of the two 
analyses

 Low signal to background ratio a fundamental feature of this channel.

– Uncertainty on signal strength driven by statistical fluctuations of the background.

 Analysis changes can lead to statistical changes due to fluctuations in selected 
events the reconstructed m.

 The correlation coefficient between the MVA and cut-based signal strength 
measurements is found to be r=0.76.

 The results of the two analyses are statistically compatible at less than 2 level.
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Jackknife resampling
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H →  : MVA categories
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H → Z: look for new physics in 
loops
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