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Introduction 
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Origin of Masses 
   Electroweak symmetry breaking – particle masses, Higgs boson(s) 
   supersymmetry – dark matter, …  

Structure of elementary matter 
  Three fermion families (« replica »), flavour changing weak  
   interactions (CKM et PMNS), CP violation and matter-antimatter 
   asymmetry 

Propriétés de la soupe primitive de matière 
   Plasma de Quarks Gluons, confinement de la couleur,  
   masse hadronique, ...          

Main 

Hierarchy and Unification of Forces 
   Supersymmetry, new gauge symmetries, extra-dimensions, … 

The essential physics motivations remain as they were at the birth of the project in 1989 
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There exist a scalar field present in 
the whole universe, which appeared  
~10-12 s after the Big Bang  

This field is responsible for the 
spontaneous breaking of 
electroweak symmetry 

The Z0 et W± acquire a mass 

Elementary fermions interact  
with the field and acquire mass 

There exist at least one scalar  
boson associated to the field:  
the Higgs boson  
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Recall:  1 doublet of Higgs fields ⇒ 1 physical boson (CP-even)  
             MH is a free parameter         MH

2 = 2 λ v2 ;  v ~ 246 GeV 

Λ = cut-off scale 

EWSB in the SM 

K. Riesselman, hep-ph/9711456	


‘‘Triviality’’ (Higgs self-coupling remains finite :) 

‘‘Stability’’ of vacuum:	


€ 

MH
2 <  4π 2v 2

3ln(Λ /v)

€ 

MH
2 >  4mt

4

π 2v 2 ln(Λ /v)

Triviality 

Stability 

Forbidden zone	


Forbidden zone	

Allowed zone	


€ 

m2 =  m0
2  +  αλ Λ2

16π 2quadratic divergencies: 

Unitarity:	


€ 

MH < 700 − 800 GeV /c 2

€ 

A WL
+WL

− → ZLZL( ) =
GFE

2

8 2π
1− E 2

E 2 −mH
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 



Y. Sirois, LLR Ecole Polytechnique, CNRS/IN2P3	


ICHEP 2010 

5 



Y. Sirois, LLR Ecole Polytechnique, CNRS/IN2P3	
 6 
Circumference : 26.7 km         Depth : 45m to 170m         Tilt: 1.4% 

Polytechnique 

3.8T Solenoid 

ECAL!76k scintillating  
PbWO4 crystals 
HCAL!Scintilator/brass 

interleaved 

Pixels & Tracker!

MUON BARREL!
Drift Tubes (DT) and 
Resistive Plate Chambers (RPC) 

MUON  
 ENDCAPS!

Total weight         12500 t 
Overall diameter   15 m 
Overall length       21.6 m 

IRON YOKE 

YBO 
YB1-2 

Cathode Strip Ch. (CSC) 
Resistive Plate Ch. (RPC) 

Muon  
End-Caps 

•  Pixels (100x150 µm2)"
  ~  1 m2  66M channels"
•  Silicon Microstrips"
  ~ 210 m2  9.6M channels!

12 360 M! 
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        ~ 3K scientists, 39 countries, 172 institutions 
2200 Physicists including 720 PhD Students 

CMS 
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December 2009 
Pilot runs   √s = 0.9 & 2.36 TeV 

April - July 2010 
Start-up Runs √s = 7 TeV 

The LHC : HEP in acceleration 

July - December 2010 
pp Physics Runs √s = 7 TeV 

L  ~ 35 pb-1 / exp. 

2011 
pp Physics Runs √s = 7 TeV 

L  ~ 1-2 fb-1 / exp. 

ICHEP 2010 

Moriond 2011 

EPS/LP 2011 

L  ~ 3 pb-1 / exp. 

Quark Matter 2011 
November – December 2010 
PbPb – First Heavy Ion Runs 

pp Physics Runs √s = 7 TeV : ~ 5 fb-1/exp.  

PbPb Physics Runs √s = 2.8 TeV : ~ 150 µb-1/exp.  
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Day in 2011
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 Ldt=5.2 fb!
> = 11.6! * = 1.0 m, <"

> =  6.3! * = 1.5 m, <"

Collisions pp à √s = 7 TeV en 2011 

L instantanée  3.6 x 1033 cm-2s-1 

L intégrée >  5 fb-1 / expérience 
Un nombre d’empilement très élevé ! 

140 x L2010  !!! 
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Tevatron 
LHC 

W, Z 

W.J. Stirling 

•  Gain in cross-section increase 
  with increasing mass ! 

•  Ratio of Higgs to EW  
  cross-sections favorable ! 

•  Ratio of EW cross-sections to QCD  
  favorable ! [background “candles”] 
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Tevatron 
LHC 

W, Z 

W.J. Stirling 
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Production and Decay at the LHC 
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Higgs Boson Searches 
 in CMS 
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LLR-seminar, 23rd January 2012  Roberto Salerno

Channel mH Range Lumi
Sub-

Channels
mH

Resolution Main Background
Expected 
sensitivity

Number 
of signal 
events 

after cuts

H→!! 110-150 4.7 4 1-3% !! !j jj 1.5-2 ~70

H→"" 110-145 4.6 9 20% Z→"" W+jet QCD 2-3 40-90

H→bb 110-135 4.7 5 10% V+jet Vbb tt 3-6 0.5-2

H→WW→l#l# 110-600 4.6 5 20% WW DY tt 0.7-7 25-180

H→ZZ→llll 110-600 4.7 3 1-2% ZZ Z+jets tt Zbb 0.5-10 1.-16

H→ZZ→ll"" 190-600 4.7 8 10-15% ZZ Z+jets tt 3-12 0.5-2

H→ZZ→ll## 250-600 4.6 2 7% ZZ WZ Z+jets 0.6-2 3-20

H→ZZ→llqq 130-164
200-600

4.6 6 3% Z+jets tt 5-15
1-5

~15
17-70

Background derived from Data

Summary 

Signal MC: POWHEG, reweighted at NNLO  Background: PYTHIA, MadGraph, etc reweighted at NLO 
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HIG-11-024 

H → WW→ 2l 2ν	
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Signature:!
Excess of events with two leptons  
of opposite signs, and missing ET 

Five categories with different S/B  
and B composition: 
  0 or 1 jet,  with SF or OF leptons 
  2 jets optimized for VBF 

9 exclusive final states 

32 GeV 

34 GeV 

47 GeV 

e µ	

ΔΦ 

ET
miss 

Scalar boson decay to vector bosons  
+ V-A structure of EWK interaction 
 [exploited especially for MH >> 2 × MW] 

H → WW offers best sensitivity  
for exclusion at low L over a  
wide mass range 
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•  Single or double lepton triggers 
•  Exactly 2 identified isolated l+ l’-	

    from primary vertex 
   PT > 20 GeV/c for leading lepton 
   PT > 10 (15) GeV/c for trailing lepton  
       in OF (SF) events 

“WW” selection (= pre-selection) 
•  Z veto: |Mll-MZ|>15 GeV 
•  SF: Min Et

miss > 37+0.5 Nvtx ; 
  OF: Min ET

miss > 20 GeV/c2 

•  Anti top-tagging 
•  Jet counting: pT>30, |η|<5  
•  Δφ(jet,di-lepton) < 165  
  (jet pT>15, SF only) 
•  Lepton kinematics:  
  di-lepton pT>45, Mll>20 GeV/c2 

H → WW 

WW selection 

H selection 

“Higgs” selection 
•  f(MH) cuts for cut-based extraction 
•  Same observables used in BDT with 
  also ΔR, MT

l1 Etmiss, MT
l2 Etmiss 

•  VBF Selection: |ΔηJ1J2| > 3.5, MJ1J2> 450 GeV/c2 
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8 6 Efficiencies and Systematic Uncertainties

predictions, are listed in Table 3.

data all bkg. qq → W+W− gg → W+W− tt+tW W + jets
0-jet 1359 1364.8 ± 9.3 980.6 ± 5.2 58.8 ± 0.7 147.3 ± 2.5 99.3 ± 5.0
1-jet 909 951.4 ± 9.8 416.8 ± 3.6 23.8 ± 0.5 334.8 ± 3.0 74.3 ± 4.6
2-jet 703 714.8 ± 13.5 154.7 ± 2.2 5.1 ± 0.2 413.5 ± 2.7 37.9 ± 3.6

WZ/ZZ Z/γ∗→ �+�− Wγ Z/γ∗ → τ+τ−

0-jet 33.0 ± 0.5 16.6 ± 4.0 26.8 ± 3.5 2.4 ± 0.5
1-jet 28.7 ± 0.5 39.4 ± 6.4 13.0 ± 2.6 20.6 ± 0.4
2-jet 15.1 ± 0.3 56.1 ± 11.7 10.8 ± 3.6 21.6 ± 2.1

Table 2: Observed number of events and background estimates from the data-driven methods
for an integrated luminosity of 4.6 fb−1 after applying the W+W− selection requirements. The
combined statistical and systematic uncertainty on each estimate is reported. The Z/γ∗→ �+�−

process corresponds to the dimuon and dielectron final states.

mH Z/γ∗→ �+�− top W + jets WZ + ZZ + Wγ pp→ W+W− all bkg. H → W+W− data
cut-based approach 0-jet category

120 8.8 ± 9.2 6.7 ± 1.0 14.7 ± 4.7 6.1 ± 1.5 100.3 ± 7.2 136.7 ± 12.7 15.7 ± 0.8 136
130 13.7 ± 7.8 10.6 ± 1.6 17.6 ± 5.5 7.4 ± 1.6 142.2 ± 10.0 191.5 ± 14.0 45.2 ± 2.1 193
160 3.4 ± 3.4 10.5 ± 1.4 3.0 ± 1.5 2.2 ± 0.4 82.6 ± 5.4 101.7 ± 6.8 122.9 ± 5.6 111
200 2.7 ± 3.7 23.3 ± 3.1 3.4 ± 1.5 3.2 ± 0.3 108.2 ± 4.5 140.8 ± 6.8 48.8 ± 2.2 159
250 0.3 ± 0.6 36.2 ± 4.8 6.7 ± 2.1 5.7 ± 0.7 101.8 ± 4.5 150.8 ± 6.9 23.5 ± 1.1 152
300 0.7 ± 1.9 41.6 ± 5.4 6.5 ± 2.1 7.0 ± 0.7 87.5 ± 3.9 143.3 ± 7.2 20.2 ± 0.9 147
400 0.2 ± 0.2 35.9 ± 4.7 5.5 ± 1.8 9.3 ± 1.1 59.8 ± 2.7 110.8 ± 5.8 17.5 ± 0.8 109

cut-based approach 1-jet category
120 6.6 ± 2.3 17.2 ± 1.0 5.4 ± 2.4 3.2 ± 0.6 27.0 ± 4.7 59.5 ± 5.9 6.5 ± 0.3 72
130 5.3 ± 2.5 25.6 ± 1.4 6.5 ± 2.5 4.0 ± 0.6 38.5 ± 6.6 79.9 ± 7.7 17.6 ± 0.8 105
160 4.2 ± 1.4 27.9 ± 1.4 3.2 ± 1.4 1.9 ± 0.3 33.7 ± 5.5 70.8 ± 6.0 60.2 ± 2.6 86
200 14.6 ± 5.3 59.4 ± 2.8 5.2 ± 1.8 2.2 ± 0.1 49.3 ± 2.2 130.8 ± 6.7 25.8 ± 1.1 111
250 12.9 ± 6.8 83.8 ± 3.9 5.9 ± 2.1 3.3 ± 0.2 60.3 ± 2.8 166.2 ± 8.6 14.8 ± 0.6 158
300 12.8 ± 4.8 83.6 ± 3.9 6.2 ± 2.2 3.8 ± 0.4 57.5 ± 2.7 163.9 ± 7.1 13.7 ± 0.6 168
400 8.3 ± 3.2 60.6 ± 2.9 6.2 ± 2.1 3.9 ± 0.5 44.6 ± 2.2 123.6 ± 5.3 12.2 ± 0.5 128

cut-based approach 2-jet category
120 1.9 ± 1.4 5.5 ± 2.8 0.7 ± 0.6 1.8 ± 1.5 1.3 ± 0.2 11.3 ± 3.6 1.1 ± 0.1 8
130 2.7 ± 1.9 6.5 ± 3.2 0.7 ± 0.6 1.8 ± 1.5 1.6 ± 0.2 13.3 ± 4.0 2.7 ± 0.2 10
160 2.7 ± 1.9 8.4 ± 3.9 1.2 ± 0.8 1.8 ± 1.5 1.9 ± 0.2 15.9 ± 4.6 12.2 ± 0.7 12
200 3.2 ± 2.1 9.4 ± 4.2 1.2 ± 0.8 1.8 ± 1.5 2.2 ± 0.2 17.8 ± 5.0 8.4 ± 0.5 13
250 3.3 ± 2.1 12.2 ± 5.2 1.2 ± 0.8 1.9 ± 1.5 3.3 ± 0.3 21.8 ± 5.9 5.6 ± 0.3 19
300 3.3 ± 2.1 14.1 ± 5.8 1.1 ± 0.8 1.9 ± 1.5 3.4 ± 0.3 23.7 ± 6.4 4.2 ± 0.2 20
400 3.3 ± 2.1 14.1 ± 5.8 1.1 ± 0.8 1.9 ± 1.5 3.5 ± 0.3 23.8 ± 6.4 2.5 ± 0.1 20

Table 3: Observed number of events, background estimates from the data-driven methods and
signal predictions for an integrated luminosity of 4.6 fb−1 after applying the H → W+W− cut-
based selection requirements. Only statistical and experimental systematic uncertainties on the
processes are reported. The Z/γ∗→ �+�− process corresponds to the dimuon, dielectron and
ditaus final states.

6 Efficiencies and Systematic Uncertainties
The signal efficiency is estimated using simulation. All Higgs production mechanisms are con-
sidered: the gluon fusion process, a Higgs boson in the final state accompanied by a W or Z
boson, and the VBF process. As the Higgs pT spectrum generated by POWHEG is harder than
that predicted by more precise calculations [30], the Higgs boson pT distribution is re-weighted
to match the prediction from NNLO calculations with resummation up to Next-to-the-next-
Leading-Log. The various production cross sections for a SM Higgs boson are taken from
Ref. [31].
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processes are reported. The Z/γ∗→ �+�− process corresponds to the dimuon, dielectron and
ditaus final states.

6 Efficiencies and Systematic Uncertainties
The signal efficiency is estimated using simulation. All Higgs production mechanisms are con-
sidered: the gluon fusion process, a Higgs boson in the final state accompanied by a W or Z
boson, and the VBF process. As the Higgs pT spectrum generated by POWHEG is harder than
that predicted by more precise calculations [30], the Higgs boson pT distribution is re-weighted
to match the prediction from NNLO calculations with resummation up to Next-to-the-next-
Leading-Log. The various production cross sections for a SM Higgs boson are taken from
Ref. [31].
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predictions, are listed in Table 3.

data all bkg. qq → W+W− gg → W+W− tt+tW W + jets
0-jet 1359 1364.8 ± 9.3 980.6 ± 5.2 58.8 ± 0.7 147.3 ± 2.5 99.3 ± 5.0
1-jet 909 951.4 ± 9.8 416.8 ± 3.6 23.8 ± 0.5 334.8 ± 3.0 74.3 ± 4.6
2-jet 703 714.8 ± 13.5 154.7 ± 2.2 5.1 ± 0.2 413.5 ± 2.7 37.9 ± 3.6

WZ/ZZ Z/γ∗→ �+�− Wγ Z/γ∗ → τ+τ−

0-jet 33.0 ± 0.5 16.6 ± 4.0 26.8 ± 3.5 2.4 ± 0.5
1-jet 28.7 ± 0.5 39.4 ± 6.4 13.0 ± 2.6 20.6 ± 0.4
2-jet 15.1 ± 0.3 56.1 ± 11.7 10.8 ± 3.6 21.6 ± 2.1

Table 2: Observed number of events and background estimates from the data-driven methods
for an integrated luminosity of 4.6 fb−1 after applying the W+W− selection requirements. The
combined statistical and systematic uncertainty on each estimate is reported. The Z/γ∗→ �+�−

process corresponds to the dimuon and dielectron final states.

mH Z/γ∗→ �+�− top W + jets WZ + ZZ + Wγ pp→ W+W− all bkg. H → W+W− data
cut-based approach 0-jet category

120 8.8 ± 9.2 6.7 ± 1.0 14.7 ± 4.7 6.1 ± 1.5 100.3 ± 7.2 136.7 ± 12.7 15.7 ± 0.8 136
130 13.7 ± 7.8 10.6 ± 1.6 17.6 ± 5.5 7.4 ± 1.6 142.2 ± 10.0 191.5 ± 14.0 45.2 ± 2.1 193
160 3.4 ± 3.4 10.5 ± 1.4 3.0 ± 1.5 2.2 ± 0.4 82.6 ± 5.4 101.7 ± 6.8 122.9 ± 5.6 111
200 2.7 ± 3.7 23.3 ± 3.1 3.4 ± 1.5 3.2 ± 0.3 108.2 ± 4.5 140.8 ± 6.8 48.8 ± 2.2 159
250 0.3 ± 0.6 36.2 ± 4.8 6.7 ± 2.1 5.7 ± 0.7 101.8 ± 4.5 150.8 ± 6.9 23.5 ± 1.1 152
300 0.7 ± 1.9 41.6 ± 5.4 6.5 ± 2.1 7.0 ± 0.7 87.5 ± 3.9 143.3 ± 7.2 20.2 ± 0.9 147
400 0.2 ± 0.2 35.9 ± 4.7 5.5 ± 1.8 9.3 ± 1.1 59.8 ± 2.7 110.8 ± 5.8 17.5 ± 0.8 109

cut-based approach 1-jet category
120 6.6 ± 2.3 17.2 ± 1.0 5.4 ± 2.4 3.2 ± 0.6 27.0 ± 4.7 59.5 ± 5.9 6.5 ± 0.3 72
130 5.3 ± 2.5 25.6 ± 1.4 6.5 ± 2.5 4.0 ± 0.6 38.5 ± 6.6 79.9 ± 7.7 17.6 ± 0.8 105
160 4.2 ± 1.4 27.9 ± 1.4 3.2 ± 1.4 1.9 ± 0.3 33.7 ± 5.5 70.8 ± 6.0 60.2 ± 2.6 86
200 14.6 ± 5.3 59.4 ± 2.8 5.2 ± 1.8 2.2 ± 0.1 49.3 ± 2.2 130.8 ± 6.7 25.8 ± 1.1 111
250 12.9 ± 6.8 83.8 ± 3.9 5.9 ± 2.1 3.3 ± 0.2 60.3 ± 2.8 166.2 ± 8.6 14.8 ± 0.6 158
300 12.8 ± 4.8 83.6 ± 3.9 6.2 ± 2.2 3.8 ± 0.4 57.5 ± 2.7 163.9 ± 7.1 13.7 ± 0.6 168
400 8.3 ± 3.2 60.6 ± 2.9 6.2 ± 2.1 3.9 ± 0.5 44.6 ± 2.2 123.6 ± 5.3 12.2 ± 0.5 128

cut-based approach 2-jet category
120 1.9 ± 1.4 5.5 ± 2.8 0.7 ± 0.6 1.8 ± 1.5 1.3 ± 0.2 11.3 ± 3.6 1.1 ± 0.1 8
130 2.7 ± 1.9 6.5 ± 3.2 0.7 ± 0.6 1.8 ± 1.5 1.6 ± 0.2 13.3 ± 4.0 2.7 ± 0.2 10
160 2.7 ± 1.9 8.4 ± 3.9 1.2 ± 0.8 1.8 ± 1.5 1.9 ± 0.2 15.9 ± 4.6 12.2 ± 0.7 12
200 3.2 ± 2.1 9.4 ± 4.2 1.2 ± 0.8 1.8 ± 1.5 2.2 ± 0.2 17.8 ± 5.0 8.4 ± 0.5 13
250 3.3 ± 2.1 12.2 ± 5.2 1.2 ± 0.8 1.9 ± 1.5 3.3 ± 0.3 21.8 ± 5.9 5.6 ± 0.3 19
300 3.3 ± 2.1 14.1 ± 5.8 1.1 ± 0.8 1.9 ± 1.5 3.4 ± 0.3 23.7 ± 6.4 4.2 ± 0.2 20
400 3.3 ± 2.1 14.1 ± 5.8 1.1 ± 0.8 1.9 ± 1.5 3.5 ± 0.3 23.8 ± 6.4 2.5 ± 0.1 20

Table 3: Observed number of events, background estimates from the data-driven methods and
signal predictions for an integrated luminosity of 4.6 fb−1 after applying the H → W+W− cut-
based selection requirements. Only statistical and experimental systematic uncertainties on the
processes are reported. The Z/γ∗→ �+�− process corresponds to the dimuon, dielectron and
ditaus final states.

6 Efficiencies and Systematic Uncertainties
The signal efficiency is estimated using simulation. All Higgs production mechanisms are con-
sidered: the gluon fusion process, a Higgs boson in the final state accompanied by a W or Z
boson, and the VBF process. As the Higgs pT spectrum generated by POWHEG is harder than
that predicted by more precise calculations [30], the Higgs boson pT distribution is re-weighted
to match the prediction from NNLO calculations with resummation up to Next-to-the-next-
Leading-Log. The various production cross sections for a SM Higgs boson are taken from
Ref. [31].
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signal predictions for an integrated luminosity of 4.6 fb−1 after applying the H → W+W− cut-
based selection requirements. Only statistical and experimental systematic uncertainties on the
processes are reported. The Z/γ∗→ �+�− process corresponds to the dimuon, dielectron and
ditaus final states.

6 Efficiencies and Systematic Uncertainties
The signal efficiency is estimated using simulation. All Higgs production mechanisms are con-
sidered: the gluon fusion process, a Higgs boson in the final state accompanied by a W or Z
boson, and the VBF process. As the Higgs pT spectrum generated by POWHEG is harder than
that predicted by more precise calculations [30], the Higgs boson pT distribution is re-weighted
to match the prediction from NNLO calculations with resummation up to Next-to-the-next-
Leading-Log. The various production cross sections for a SM Higgs boson are taken from
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0-jet 33.0 ± 0.5 16.6 ± 4.0 26.8 ± 3.5 2.4 ± 0.5
1-jet 28.7 ± 0.5 39.4 ± 6.4 13.0 ± 2.6 20.6 ± 0.4
2-jet 15.1 ± 0.3 56.1 ± 11.7 10.8 ± 3.6 21.6 ± 2.1

Table 2: Observed number of events and background estimates from the data-driven methods
for an integrated luminosity of 4.6 fb−1 after applying the W+W− selection requirements. The
combined statistical and systematic uncertainty on each estimate is reported. The Z/γ∗→ �+�−

process corresponds to the dimuon and dielectron final states.

mH Z/γ∗→ �+�− top W + jets WZ + ZZ + Wγ pp→ W+W− all bkg. H → W+W− data
cut-based approach 0-jet category

120 8.8 ± 9.2 6.7 ± 1.0 14.7 ± 4.7 6.1 ± 1.5 100.3 ± 7.2 136.7 ± 12.7 15.7 ± 0.8 136
130 13.7 ± 7.8 10.6 ± 1.6 17.6 ± 5.5 7.4 ± 1.6 142.2 ± 10.0 191.5 ± 14.0 45.2 ± 2.1 193
160 3.4 ± 3.4 10.5 ± 1.4 3.0 ± 1.5 2.2 ± 0.4 82.6 ± 5.4 101.7 ± 6.8 122.9 ± 5.6 111
200 2.7 ± 3.7 23.3 ± 3.1 3.4 ± 1.5 3.2 ± 0.3 108.2 ± 4.5 140.8 ± 6.8 48.8 ± 2.2 159
250 0.3 ± 0.6 36.2 ± 4.8 6.7 ± 2.1 5.7 ± 0.7 101.8 ± 4.5 150.8 ± 6.9 23.5 ± 1.1 152
300 0.7 ± 1.9 41.6 ± 5.4 6.5 ± 2.1 7.0 ± 0.7 87.5 ± 3.9 143.3 ± 7.2 20.2 ± 0.9 147
400 0.2 ± 0.2 35.9 ± 4.7 5.5 ± 1.8 9.3 ± 1.1 59.8 ± 2.7 110.8 ± 5.8 17.5 ± 0.8 109

cut-based approach 1-jet category
120 6.6 ± 2.3 17.2 ± 1.0 5.4 ± 2.4 3.2 ± 0.6 27.0 ± 4.7 59.5 ± 5.9 6.5 ± 0.3 72
130 5.3 ± 2.5 25.6 ± 1.4 6.5 ± 2.5 4.0 ± 0.6 38.5 ± 6.6 79.9 ± 7.7 17.6 ± 0.8 105
160 4.2 ± 1.4 27.9 ± 1.4 3.2 ± 1.4 1.9 ± 0.3 33.7 ± 5.5 70.8 ± 6.0 60.2 ± 2.6 86
200 14.6 ± 5.3 59.4 ± 2.8 5.2 ± 1.8 2.2 ± 0.1 49.3 ± 2.2 130.8 ± 6.7 25.8 ± 1.1 111
250 12.9 ± 6.8 83.8 ± 3.9 5.9 ± 2.1 3.3 ± 0.2 60.3 ± 2.8 166.2 ± 8.6 14.8 ± 0.6 158
300 12.8 ± 4.8 83.6 ± 3.9 6.2 ± 2.2 3.8 ± 0.4 57.5 ± 2.7 163.9 ± 7.1 13.7 ± 0.6 168
400 8.3 ± 3.2 60.6 ± 2.9 6.2 ± 2.1 3.9 ± 0.5 44.6 ± 2.2 123.6 ± 5.3 12.2 ± 0.5 128

cut-based approach 2-jet category
120 1.9 ± 1.4 5.5 ± 2.8 0.7 ± 0.6 1.8 ± 1.5 1.3 ± 0.2 11.3 ± 3.6 1.1 ± 0.1 8
130 2.7 ± 1.9 6.5 ± 3.2 0.7 ± 0.6 1.8 ± 1.5 1.6 ± 0.2 13.3 ± 4.0 2.7 ± 0.2 10
160 2.7 ± 1.9 8.4 ± 3.9 1.2 ± 0.8 1.8 ± 1.5 1.9 ± 0.2 15.9 ± 4.6 12.2 ± 0.7 12
200 3.2 ± 2.1 9.4 ± 4.2 1.2 ± 0.8 1.8 ± 1.5 2.2 ± 0.2 17.8 ± 5.0 8.4 ± 0.5 13
250 3.3 ± 2.1 12.2 ± 5.2 1.2 ± 0.8 1.9 ± 1.5 3.3 ± 0.3 21.8 ± 5.9 5.6 ± 0.3 19
300 3.3 ± 2.1 14.1 ± 5.8 1.1 ± 0.8 1.9 ± 1.5 3.4 ± 0.3 23.7 ± 6.4 4.2 ± 0.2 20
400 3.3 ± 2.1 14.1 ± 5.8 1.1 ± 0.8 1.9 ± 1.5 3.5 ± 0.3 23.8 ± 6.4 2.5 ± 0.1 20

Table 3: Observed number of events, background estimates from the data-driven methods and
signal predictions for an integrated luminosity of 4.6 fb−1 after applying the H → W+W− cut-
based selection requirements. Only statistical and experimental systematic uncertainties on the
processes are reported. The Z/γ∗→ �+�− process corresponds to the dimuon, dielectron and
ditaus final states.

6 Efficiencies and Systematic Uncertainties
The signal efficiency is estimated using simulation. All Higgs production mechanisms are con-
sidered: the gluon fusion process, a Higgs boson in the final state accompanied by a W or Z
boson, and the VBF process. As the Higgs pT spectrum generated by POWHEG is harder than
that predicted by more precise calculations [30], the Higgs boson pT distribution is re-weighted
to match the prediction from NNLO calculations with resummation up to Next-to-the-next-
Leading-Log. The various production cross sections for a SM Higgs boson are taken from
Ref. [31].
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predictions, are listed in Table 3.

data all bkg. qq → W+W− gg → W+W− tt+tW W + jets
0-jet 1359 1364.8 ± 9.3 980.6 ± 5.2 58.8 ± 0.7 147.3 ± 2.5 99.3 ± 5.0
1-jet 909 951.4 ± 9.8 416.8 ± 3.6 23.8 ± 0.5 334.8 ± 3.0 74.3 ± 4.6
2-jet 703 714.8 ± 13.5 154.7 ± 2.2 5.1 ± 0.2 413.5 ± 2.7 37.9 ± 3.6

WZ/ZZ Z/γ∗→ �+�− Wγ Z/γ∗ → τ+τ−

0-jet 33.0 ± 0.5 16.6 ± 4.0 26.8 ± 3.5 2.4 ± 0.5
1-jet 28.7 ± 0.5 39.4 ± 6.4 13.0 ± 2.6 20.6 ± 0.4
2-jet 15.1 ± 0.3 56.1 ± 11.7 10.8 ± 3.6 21.6 ± 2.1

Table 2: Observed number of events and background estimates from the data-driven methods
for an integrated luminosity of 4.6 fb−1 after applying the W+W− selection requirements. The
combined statistical and systematic uncertainty on each estimate is reported. The Z/γ∗→ �+�−

process corresponds to the dimuon and dielectron final states.

mH Z/γ∗→ �+�− top W + jets WZ + ZZ + Wγ pp→ W+W− all bkg. H → W+W− data
cut-based approach 0-jet category

120 8.8 ± 9.2 6.7 ± 1.0 14.7 ± 4.7 6.1 ± 1.5 100.3 ± 7.2 136.7 ± 12.7 15.7 ± 0.8 136
130 13.7 ± 7.8 10.6 ± 1.6 17.6 ± 5.5 7.4 ± 1.6 142.2 ± 10.0 191.5 ± 14.0 45.2 ± 2.1 193
160 3.4 ± 3.4 10.5 ± 1.4 3.0 ± 1.5 2.2 ± 0.4 82.6 ± 5.4 101.7 ± 6.8 122.9 ± 5.6 111
200 2.7 ± 3.7 23.3 ± 3.1 3.4 ± 1.5 3.2 ± 0.3 108.2 ± 4.5 140.8 ± 6.8 48.8 ± 2.2 159
250 0.3 ± 0.6 36.2 ± 4.8 6.7 ± 2.1 5.7 ± 0.7 101.8 ± 4.5 150.8 ± 6.9 23.5 ± 1.1 152
300 0.7 ± 1.9 41.6 ± 5.4 6.5 ± 2.1 7.0 ± 0.7 87.5 ± 3.9 143.3 ± 7.2 20.2 ± 0.9 147
400 0.2 ± 0.2 35.9 ± 4.7 5.5 ± 1.8 9.3 ± 1.1 59.8 ± 2.7 110.8 ± 5.8 17.5 ± 0.8 109

cut-based approach 1-jet category
120 6.6 ± 2.3 17.2 ± 1.0 5.4 ± 2.4 3.2 ± 0.6 27.0 ± 4.7 59.5 ± 5.9 6.5 ± 0.3 72
130 5.3 ± 2.5 25.6 ± 1.4 6.5 ± 2.5 4.0 ± 0.6 38.5 ± 6.6 79.9 ± 7.7 17.6 ± 0.8 105
160 4.2 ± 1.4 27.9 ± 1.4 3.2 ± 1.4 1.9 ± 0.3 33.7 ± 5.5 70.8 ± 6.0 60.2 ± 2.6 86
200 14.6 ± 5.3 59.4 ± 2.8 5.2 ± 1.8 2.2 ± 0.1 49.3 ± 2.2 130.8 ± 6.7 25.8 ± 1.1 111
250 12.9 ± 6.8 83.8 ± 3.9 5.9 ± 2.1 3.3 ± 0.2 60.3 ± 2.8 166.2 ± 8.6 14.8 ± 0.6 158
300 12.8 ± 4.8 83.6 ± 3.9 6.2 ± 2.2 3.8 ± 0.4 57.5 ± 2.7 163.9 ± 7.1 13.7 ± 0.6 168
400 8.3 ± 3.2 60.6 ± 2.9 6.2 ± 2.1 3.9 ± 0.5 44.6 ± 2.2 123.6 ± 5.3 12.2 ± 0.5 128

cut-based approach 2-jet category
120 1.9 ± 1.4 5.5 ± 2.8 0.7 ± 0.6 1.8 ± 1.5 1.3 ± 0.2 11.3 ± 3.6 1.1 ± 0.1 8
130 2.7 ± 1.9 6.5 ± 3.2 0.7 ± 0.6 1.8 ± 1.5 1.6 ± 0.2 13.3 ± 4.0 2.7 ± 0.2 10
160 2.7 ± 1.9 8.4 ± 3.9 1.2 ± 0.8 1.8 ± 1.5 1.9 ± 0.2 15.9 ± 4.6 12.2 ± 0.7 12
200 3.2 ± 2.1 9.4 ± 4.2 1.2 ± 0.8 1.8 ± 1.5 2.2 ± 0.2 17.8 ± 5.0 8.4 ± 0.5 13
250 3.3 ± 2.1 12.2 ± 5.2 1.2 ± 0.8 1.9 ± 1.5 3.3 ± 0.3 21.8 ± 5.9 5.6 ± 0.3 19
300 3.3 ± 2.1 14.1 ± 5.8 1.1 ± 0.8 1.9 ± 1.5 3.4 ± 0.3 23.7 ± 6.4 4.2 ± 0.2 20
400 3.3 ± 2.1 14.1 ± 5.8 1.1 ± 0.8 1.9 ± 1.5 3.5 ± 0.3 23.8 ± 6.4 2.5 ± 0.1 20

Table 3: Observed number of events, background estimates from the data-driven methods and
signal predictions for an integrated luminosity of 4.6 fb−1 after applying the H → W+W− cut-
based selection requirements. Only statistical and experimental systematic uncertainties on the
processes are reported. The Z/γ∗→ �+�− process corresponds to the dimuon, dielectron and
ditaus final states.

6 Efficiencies and Systematic Uncertainties
The signal efficiency is estimated using simulation. All Higgs production mechanisms are con-
sidered: the gluon fusion process, a Higgs boson in the final state accompanied by a W or Z
boson, and the VBF process. As the Higgs pT spectrum generated by POWHEG is harder than
that predicted by more precise calculations [30], the Higgs boson pT distribution is re-weighted
to match the prediction from NNLO calculations with resummation up to Next-to-the-next-
Leading-Log. The various production cross sections for a SM Higgs boson are taken from
Ref. [31].
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The                  Decay

! Decay to two Z bosons most promising discovery channel for mH ! 180 GeV/c

! If both Z’s decay to electrons or muons, very clean signature

11

H → ZZ

4e 2e2µ 4µ

Isolation

eIso2least < 0.35 eIso2least & µIso2least < 30
eIso2least < 0.060 · p3

T − 0.9 e(µ)Iso2least vs pT : same as 4e/4µ µIso2least < 1.5 · p3
T − 15

eIso2least < 0.035 · p4
T − 0.2 if worst isolated l=e(µ) µIso < 2.0 · p4

T − 10

IP3D
sIP3D(worst e) < 5 sIP3D(worst l) < 5 sIP3D(worst µ) < 12

sIP3D(2ndworst e) < 4 sIP3D(2ndworst l) < 4 sIP3D(2ndworst µ) < 4
MZ [50 GeV/c2

, 100 GeV/c2
]

MZ� [20 GeV/c2
, 100 GeV/c2

]

Table 11: Set of baseline selection cuts for all three channels.
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(c)

Figure 26: Four lepton reconstructed invariant mass spectrum after baseline selection for (a) 4e, (b) 4µ and (c)
2e2µ. The spectrum has to be interpreted as the mean spectrum expected for an experiment at 1fb−1 of integrated

luminosity. The 4� spectrum is composed mostly of the ZZ(∗) continuum and it receives an instrumental contribu-
tion from Zbb̄. Superimposed here for illustration is the expectation from a Higgs boson signal for mass hypotheses
of 130, 150, 200 and 250GeV/c2

.
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...but what if one of the Z bosons decays to quarks?

H

Z

Z

!
!

! Large yields: exploit very large BR(Z→qq) = 70%

• BR(ZZ→2l2q) = 20 ! BR(ZZ→4l)

• BR(ZZ→2l2q) = 3.5 ! BR(ZZ→2l2!)

! Drawbacks:

• Bad resolution coming from jets

• Large background coming from Z+jets

! But full decay is reconstructed, closed kinematics

• Good for exclusion and discovery

jet

jet

The H→ZZ→2l2q Channel

6

3

Figure 1: Diagram describing the production (θ∗, Φ1) and decay (θ1, θ2, Φ) angles in the process
gg → H → ZZ(∗) → qq̄ �−�+. The angles are defined in the parent particle rest frames (H or Z)
and the two axes ẑ and ẑ� refer to parton collision and H → ZZ decay axes, respectively.

and other instrumental effects. These corrections are based on in-situ measurements using di-
jet and γ + jet data samples [48]. Overlapping minimum-bias events coming from different
proton-proton collisions (pile-up) and the underlying event have an effect on jet reconstruction
by contributing additional energy to the reconstructed jets. The median energy density due
to pile-up is evaluated in each event and the corresponding energy is subtracted from each
jet [49]. A jet requirement, primarily based on the energy balance between charged and neutral
hadrons in a jet, is applied to remove misidentified jets. A selection requirement pT > 30 GeV
is applied to all jets.

Each pair of oppositely charged leptons and each pair of jets are considered as Z candidates.
Background suppression is primarily based on the dilepton and dijet invariant masses, m�� and
mjj. The requirement 75 < mjj(GeV) < 105 is applied in order to reduce the Z+jets background,
and 70 < m��(GeV) < 110 to reduce background without a real Z, such as tt̄. Figure 2 shows
the dijet invariant mass mjj distribution for signal and background. In the analysis of the Higgs
boson candidate in the final state ZZ∗, we require the invariant mass of the Z∗ → �−�+ can-
didate to be less than 80 GeV. Below threshold for on-shell production of ZZ, the signal cross
section is much smaller but also the Z+jets background is strongly reduced.

The statistical analysis is based on the invariant mass of the Higgs boson candidate, mZZ, which
is calculated using a fit of the final state four momenta and applying the constraint that the
dijet invariant mass is consistent with the mass of the Z boson. The experimental resolutions
are taken into account in this fit.

Since the Higgs boson carries no spin, the angular distribution of its decay products is inde-
pendent of the production mechanism. Five angles (θ∗, θ1, θ2, Φ1, Φ) defined in ref. [41] and in
figure 1 fully describe the kinematics of the gg → H → ZZ(∗) → qq̄ �−�+ process. Further
kinematic selection exploits these five angular observables, which are only weakly correlated
with the invariant masses of the H and the two Z bosons, and with the longitudinal and trans-
verse momenta of the Higgs boson candidate. They provide most of the discriminating power
between signal and background. We construct an angular likelihood discriminant (LD) based

Five angles used to construct 
a likelihood discriminant used 
for MZZ > 170 GeV/c2 

Backgrounds: from sidebands 
  Z+jets (including HF),  
  WZ, ZZ 
  ttbar, WW 

4 2 Event Reconstruction

Table 1: Summary of optimized kinematic and topological selection requirements. Numbers in

parentheses indicate additional selection requirements in the mZZ range [125, 170] GeV, where

angular and quark-gluon LDs requirements are not used.

preselection

pT(�±) lowest pT > 20(10)GeV, highest pT > 40(20)GeV

pT(jets) > 30 GeV

|η|(�±) e
± < 2.5, µ± < 2.4

|η|(jets) < 2.4

0 b-tag 1 b-tag 2 b-tag

b-tag none one loose medium & loose

angular LD > 0.55 + 0.00025 mZZ > 0.302 + 0.000656 mZZ > 0.5

quark-gluon LD > 0.10 none none

2 ln λ(E/T) none none < 10 (E/T < 50 GeV)

mjj ∈ [75, 105] GeV

m�� ∈ [70, 110] (<80) GeV

mZZ ∈ [183, 800] (∈ [125, 170]) GeV

on the probability ratio of the signal and background hypotheses, as described in ref. [41].

Distributions of the angular LD for signal and background are shown in figure 2. The signal

probability distribution is a correlated five-dimensional parameterization multiplied by empir-

ically determined polynomial acceptance-functions that describe non-uniform reconstruction

efficiencies in the detector. The background distribution is an empirical parameterization taken

as a product of independent distributions for each observable. Both are parameterized as func-

tions of mZZ. Thresholds of the angular likelihood discriminant are selected to optimize the

expected sensitivity to the production of a SM Higgs boson and depend on mZZ. The angular

LD was found to have marginal separation power for mZZ < 170 GeVand therefore is not used

in selection requirements for this low mass range.

The parton flavor of the jets provides a powerful tool for background discrimination. Jets in

signal events are produced in hadronic decays of a Z boson, and therefore originate from the

hadronization of quarks. The flavor of quarks in Z decays is almost equally distributed among

the five types d, u, s, c, b, with some preference given to the down-type quarks because of

preferential electroweak couplings of the Z. The dominant background is represented by a

leptonically-decaying Z boson produced in association with hard jets, a process in which gluon

radiation is expected to play a major role. After gluons, the u and d quarks from the protons

dominate the jet production associated with the Z. Therefore, the main features that discrimi-

nate signal from background are the relatively large contribution of heavy flavor quarks (b and

c) and the absence of gluons. We take advantage of both features in the analysis by performing

tagging of the b-flavor and introducing a likelihood discriminant which separates gluon and

light-quark jets on a statistical basis, as described below.

To identify jets originating from the hadronization of bottom quarks, we use the CMS track

counting high efficiency (TCHE) b-tagging algorithm [50, 51]. The distribution of the resulting

b-tagging discriminant is shown in figure 2. The data are split into three b-tag categories: a 2

b-tag category is required to have one jet identified with medium (∼65% efficiency) and the

other jet with loose (∼80% efficiency) requirements, events not selected in the 2 b-tag region

are categorized as 1 b-tag if they have one jet satisfying the loose-tag requirements, the 0 b-

tag category contains all the remaining events. The composition of the expected signal and
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H → ZZ → 2l 2jets 

Low Mass Results 
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H → ZZ → 2l 2jets 
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 2!H (400 GeV) 
Z + jets
ZZ/WZ/WW

/tWtt
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MZZ = 580 GeV/c2 

2e + 2 jets 
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HIG-11-028 

H → ZZ → 2l 2τ	


τ	
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H → ZZ → 2l 2τ	


Selection:  
•  a leading Z → l+ l’- with  
  PT l1 > 20 GeV/c & PT l2 > 10 GeV/c 
•  two τ h with PT > 20 GeV/c 

Particle flow used for lepton isolation  
and τID (“hadron + strip” algorithm) 
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!! ll" ZZ "H200 
!!  ll" ZZ "H400 

!! ll"ZZ 
WZ/Z + jets

-1=7 TeV, 4.7 fbsCMS Preliminary, 

2011 Results: Event Yields (4.7fb-1) 

State ZZ Reducible Total BG Observed 
µµ!! 0.79 ± 0.08 0.74 ± 0.23 1.53 ± 0.24 0 
ee!! 0.75 ± 0.08 0.71 ± 0.22 1.46 ± 0.23 1 
eee! 1.12 ± 0.11 0.80 ± 0.29 1.92 ± 0.31 3 
µµe! 1.20 ± 0.12 0.31 ± 0.13 1.51 ± 0.18 3 
µµµ! 1.08 ± 0.11 0.20 ± 0.10 1.28 ± 0.15 2 
eeµ! 0.94 ± 0.09 0.20 ± 0.09 1.14 ± 0.13 0 
eeeµ 0.51 ± 0.05 0.14 ± 0.07 0.65 ± 0.09 0 
µµeµ 0.58 ± 0.06 0.16 ± 0.06 0.74 ± 0.08 1 
Total 6.97 ± 0.27 3.26 ± 0.48 10.23 ± 0.55 10 

Ian Ross - University of Wisconsin 31 8.Dec.2011 

Expected Higgs yields: 200 GeV – 1.49, 400 GeV – 1.39 
Expected Higgs yields:   
1.49 events for MH = 200 GeV/c2 

1.39 events for MH = 400 GeV/c2                                  
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H → ZZ → 2l 2τ	
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HIG-11-026 

H → ZZ → 2l 2ν	


τ	
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Selection:  
•  a leading Z → l+ l’- with two 
  isolated leptons with small  
  parameter 
•  large PT ll 
•  large ET

miss  
   (not aligned with jets or leptons) 

!"#$$"#%&%'()*+,-./01(

!"#$%&'()$&*)+',-./' 01"%234%%5%'6%71"8$9'.%$71:8;9'<='>%?'@A<<' BC'

(21&1345,6(
–  %(37-,,1&)6(%(*)5&-.18(&19.5,)6($:%1;<($:%=;(
–  ,5(*>9-3.(9-0->1.10(
–  &-0+1(9?:&&;(
–  &-0+1(@A?<(,5.(-&*+,18(B*.7(C1.)(50(&19.5,)(
–  D*,-&(8*)30*>*,-,.6(>?()7-91(

(@-))(01)5&/45,6(EF(
(

(@-*,(G-3H+05/,8)6(
–  $IC1.)(:()*+6GH+8(J(K6KLM(;6(N05>(8-.-(:OIC1.);(
–  P<(QQ<(QC1.)6(N05>(8-.-(:5R($"91-H;(
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D'''E'

1"?:F51+%'

Backgrounds: 
  Z+jets  ⇒ from data (γ + jets)    
  tt, WW, W+jets ⇒ from data (off Z peak)  
  WZ, ZZ ⇒ from MC 
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H → ZZ → 2l 2ν	


Mass spectra after 
ET

miss > 95 GeV/c2 

Data-driven prediction for Z+jets 
using γ + jets events  

Data-driven prediction for  
tt/WW using using sidebands 
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7

Table 3: Expected number of background events, signal events and data yield for an integrated

luminosity of 4.6 fb
−1

after full cut-based selection. Uncertainties include the statistical and

systematic components (in that order). The signal column has only the systematic uncertainty

quoted as the statistical uncertainty is negligible.

mH ZZ WZ Top/WW/ Z+Jets Total Signal Data

(GeV/c
2
) W+jets/Z→ ττ

250 36 ± 0.2 ± 2.6 24 ± 0.31 ± 2 65 ± 3.8 ± 5.8 15 ± 15 140 ± 3.8 ± 16 22 ± 2.1 142

300 23 ± 0.17 ± 1.7 13 ± 0.23 ± 1.1 18 ± 1.1 ± 3 6.3 ± 6.3 60 ± 1.1 ± 7.3 21 ± 2 64

350 16 ± 0.14 ± 1.1 7 ± 0.17 ± 0.6 2 ± 0.12 ± 1 4.1 ± 4.1 29 ± 0.25 ± 4.4 21 ± 2.3 26

400 12 ± 0.13 ± 0.87 4.6 ± 0.14 ± 0.39 0 2.7 ± 2.7 19 ± 0.19 ± 2.9 17 ± 1.6 18

500 7.5 ± 0.1 ± 0.54 2 ± 0.092 ± 0.17 0 1.4 ± 1.4 11 ± 0.14 ± 1.5 7.4 ± 0.76 14

600 3.9 ± 0.075 ± 0.28 0.82 ± 0.058 ± 0.07 0 0.64 ± 0.64 5.3 ± 0.095 ± 0.7 2.9 ± 0.31 5

(a) (b)

Figure 2: MT distribution of events passing the 300 GeV/c
2

(a) and 400 GeV/c
2

(b) Higgs

boson mass selections for the shape-based analysis. The di-electron and di-muon channels are

combined.

SM Higgs boson is excluded in the mass range 310− 465 GeV/c
2

at 95% confidence level in the

case of the cut-based analysis while it is excluded in the mass range 270 − 440 GeV/c
2

at 95%

confidence level in the case of the shape-based analysis.

8 Conclusion
A search for the Higgs boson has been performed in the decay channel H → ZZ → 2l2ν in

pp collisions at
√

s = 7 TeV, using a data sample corresponding to an integrated luminosity of

4.6 fb
−1

. No significant excess above the SM background expectation is found. Limits on the

Higgs boson production cross section have been derived, excluding the presence of a Higgs

boson with a mass in [270 - 440] GeV/c
2

range at 95% C.L. with an analysis based on the shape

of the MT distribution.

7

Table 3: Expected number of background events, signal events and data yield for an integrated

luminosity of 4.6 fb
−1

after full cut-based selection. Uncertainties include the statistical and

systematic components (in that order). The signal column has only the systematic uncertainty

quoted as the statistical uncertainty is negligible.

mH ZZ WZ Top/WW/ Z+Jets Total Signal Data

(GeV/c
2
) W+jets/Z→ ττ

250 36 ± 0.2 ± 2.6 24 ± 0.31 ± 2 65 ± 3.8 ± 5.8 15 ± 15 140 ± 3.8 ± 16 22 ± 2.1 142

300 23 ± 0.17 ± 1.7 13 ± 0.23 ± 1.1 18 ± 1.1 ± 3 6.3 ± 6.3 60 ± 1.1 ± 7.3 21 ± 2 64
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600 3.9 ± 0.075 ± 0.28 0.82 ± 0.058 ± 0.07 0 0.64 ± 0.64 5.3 ± 0.095 ± 0.7 2.9 ± 0.31 5

(a) (b)

Figure 2: MT distribution of events passing the 300 GeV/c
2

(a) and 400 GeV/c
2

(b) Higgs

boson mass selections for the shape-based analysis. The di-electron and di-muon channels are

combined.

SM Higgs boson is excluded in the mass range 310− 465 GeV/c
2

at 95% confidence level in the

case of the cut-based analysis while it is excluded in the mass range 270 − 440 GeV/c
2

at 95%

confidence level in the case of the shape-based analysis.

8 Conclusion
A search for the Higgs boson has been performed in the decay channel H → ZZ → 2l2ν in

pp collisions at
√

s = 7 TeV, using a data sample corresponding to an integrated luminosity of

4.6 fb
−1

. No significant excess above the SM background expectation is found. Limits on the

Higgs boson production cross section have been derived, excluding the presence of a Higgs

boson with a mass in [270 - 440] GeV/c
2

range at 95% C.L. with an analysis based on the shape

of the MT distribution.

GeV/c2	


MH dependent 
MT and Etmiss cuts 

H → ZZ → 2l 2ν	


Mass spectra after 
ET

miss > 115 GeV/c2 
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H → ZZ → 2l 2ν	


Similar results 
using cut-based 
and MT shape- 
Based analyses  

MT shape-based 

Excluded: 
310 – 465 GeV/c2 

(cut-based) 
270 - 440 GeV/c2 

(shape-based) 
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HIG-11-025 

H → ZZ → 4l	
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Signature:!
The “golden” channel 

Narrow peak over a locally flat  
background continuum 

Allows to measure MH, SCP, … 

3 exclusive final states 
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initial state. The total LO cross-section for me+e− > 5 GeV/c2 is 115 pb of which about 89% originate from gg
processes, 7.7% involve u-like quarks and 3.2% involve d-like quarks in the initial state. The hadronization and
decay of the b quarks are left free. A NLOK-factor of 2.4 ± 0.3 is applied [19].
Signal and background events are pre-selected at generator level for further analysis if they satisfy the following

acceptance requirements: ≥ 2e+ and≥ 2e− with a transverse momentum pe
T > 5 GeV/c in |η| < 2.7. In addition

for the Zbb̄ background at least two e+e− pairs with invariant masses between 5 − 400 GeV/c2 are required.
The cross-sections at NLO and after generator pre-selection, as well as the number of events in the data samples
available for analysis after generator pre-selection, are given in Table 1.
The detailed simulation of the detector is performed using the CMS simulation OSCAR [21] (version 3.6.5)

based on GEANT4 [22]. The reconstruction of physics objects is performed in ORCA [23] (version 8.7.3 which
includes the new electron reconstruction [24] of version 8.13.1).

3 Electron Reconstruction
For Higgs bosons with a mass in the range mH <∼ 300 GeV/c2, the ZZ(∗) → e+e−e+e− final state always

involves at least one low pe
T electron, i.e. an electron with pe

T well below mZ/2 % 45 GeV/c2. In the mH range
below the Z pair production threshold, where the Z and Z∗ bosons themselves receive in general only a small
transverse momentum, the mean pe

T of the softest electron falls in a range where a full combination of tracking and
calorimetry information becomes important. This softest electron, which couples to the off-shell Z∗, typically has
pe

T
<∼ 10 GeV/c for massesmH < 140 GeV/c2, as can be inferred from Fig. 1.
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Figure 1: Generated transverse momentum of final state electrons with pe
T > 5 GeV/c from single Higgs boson

production at the LHC in the decay channel H → ZZ(∗) → e+e−e+e−, in two cases: a) for a Higgs mass of
120 GeV/c2, b) for a Higgs mass of 150 GeV/c2.

Hence, an excellent electron reconstruction is essential down to very low pe
T values, well below the range

for which the reconstruction will be best controlled in CMS via measurements with SM single Z and single W
production. The control of systematic uncertainties from experimental data is a major issue for such electrons and
this will be discussed in detail in Section 6.2. This analysis makes use of the elaborate reconstruction procedures
which have been introduced very recently in CMS and have been described in detail in Ref. [24].
The electron identification and momentum measurements are hampered by the amount of tracker material

which is distributed in front of the electromagnetic calorimeter (ECAL) [25], and by the presence of a strong
magnetic field aligned with the collider beam z axis. Electrons traversing the silicon layers of the tracker radiate
bremsstrahlung photons and the energy reaches the ECAL with a significant spread in the azimuthal direction φ.
The bremsstrahlung emission introduces, in general, non-Gaussian contributions to the event-by-event fluctuations
of the calorimetry and tracking measurements. Additional electron tracks from conversion of secondary photons,
actually the first stages of an “electromagnetic showering”, contribute to the energy lost in front of the ECAL. The
procedures introduced in Ref. [24] provide new useful observables that allow to better deal with these detector
effects, combining information from the pixel detector [26], the silicon strip tracker [27] and the ECAL.
With respect to the previously available electron reconstruction tools developed in the context of applications

for the CMS High Level Trigger (HLT) [28][29], the new electron reconstruction uses a lower threshold (1 GeV) to
initiate cluster building and an extended road in φ for a better collection of bremsstrahlung. The ECAL supercluster
is used to drive the seeding of the tracks in the tracker detector, with hits positions in the pixel layers predicted
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23rd November 2011

2nd September 2011

MZ1 vs MZ2
Higgs Signal 

MH = 120 GeV/c2 

MH = 160 GeV/c2 

HZZ skim

5

Introduction

o This is a fully inclusive analysis relaying on the 
    presence of four isolated leptons

o All reco/ID/Iso tools remains as EPS/LP2011

o Improved sensitivity for low Higgs mass
    by lowering kinematics cuts:
    mZImin = 50 GeV/c2, mZ2min = 12 GeV/c2

    Cuts frozen from September 2011
   

o A complete end-to-end cross check 
    analysis has been performed

Reminder, the analysis follows from previous iteration EPS/LP2011H → ZZ → 4l	


Selection:  
•  4 isolated leptons with 
  small impact parameter 
  to primary vertex 
•  PT 1,2,3 > 20, 10, 7 GeV/c 
•  PT 4  > 5 (µ) or 7 (e) GeV/c 

•  50 < MZ1 < 120 GeV/c2 *** 

•  12 < MZ2 < 120 GeV/c2 

•  at least three l+l- combinations 
  with Mll > 12 GeV/c2  (4e, 4µ) 

*** Improved acceptance  
      at low MH  

Backgrounds: 
  ZZ  ⇒ from MC ZZ/Z and measured Z    
  Z+jets, Zbb, tt ⇒ from fake rates and shapes 
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CMS Preliminary 2011 -1 = 7 TeV  L = 4.71 fbs

H → ZZ → 4l	


23rd November 2011

1. Z1, at least one quality Z candidate 
     mZ1>50 GeV/c2  + pT,1 > 20 GeV/c + pT,2 > 10 GeV/c + (RelIso,1 + RelIso,2) < 0.35 + |SIP3D|1,2 < 4

2. Z1 + 1lepton 

3. Z1 + 2leptons of matching flavor and opposite sign

4.  Best 4l candidate / Z1 , Z2 assignments 
        mZ2>12 GeV/c2 + mZ1Z2>100 GeV/c2 + 3/4 l+l- combinations have mll >12 GeV/c2  (4e/4μ only)                                            

5. Relative isolation for selected leptons 
       for any leptons combination (RelIso,i + RelIso,j) < 0.35

6. Impact parameter for selected leptons 
       |SIP3D| < 4

7. Z and Z(*) kinematics
       pT,1 > 20 GeV/c  pT,2 > 10 GeV/c  pT,3,4 > 7(e),5(μ) GeV/c +        
       mZ1MIN  < mZ1 < 120 GeV/c2    + mZ2MIN  < mZ2 < 120 GeV/

for reference LP11 baseline: mZ1MIN = 50 GeV/c2 and mZ2MIN = 12 GeV/c2  

Baseline:                     The above 7 steps with mZ1MIN = 50 GeV/c2 and mZ2MIN = 12 GeV/c2 

High-mass (ZZ):       The above 7 steps with mZ1MIN = 60 GeV/c2 and mZ2MIN = 60 GeV/c2                                                           

Steps

14
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H → ZZ → 4l	


79

barrel endcap

79

barrel endcap

Muons: fit to inner + outer track (> 10 hits) 
Electrons: “GSF” electrons (seeding ECAL-driven + tracker-driven) 
               PT, |η| dependent Id. using cut-in-categories function of fBremss,  

Efficiencies from data from tag-and-probe on the Z (for e,µ)  
and J/ψ(for low PT µ) 

Fake rates from Z+1 / Z+2 SS 
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4

range 100 < m4� < 600 GeV/c2. The background is found to be dominated by Z+light jets.
A small residual contamination of Zbb̄ remains at low mass while for the high-mass selection
these reducible backgrounds are an order of magnitude smaller and can therefore be neglected.
This was verified by performing a measurement of Zbb̄ and tt̄ in a dedicated four-lepton back-
ground control region, defined by requiring a Z1 and two additional leptons satisfying in-
verted SIP3D requirements, namely |SIP3D| > 5, and with relaxed isolation, charge and flavour
requirements. This ensures a negligible Z+jets contribution in the four-lepton background con-
trol region while the signal and the ZZ background are absent. To extract background rates,
the reconstructed Z1 mass for the sum of the Z1+2e, Z1+2µ and Z1+eµ final states is fit with a
Breit-Wigner function convoluted with a Crystal Ball function for the Z1 peak from Zbb̄ and
Chebychev Polynomials for the uniform tt̄ spectrum. The extrapolation to the signal region
relies on knowledge and distinct features of the SIP3D distributions for the Z2 leptons of the tt̄
and Zbb̄ backgrounds. The result is found to be compatible with MC expectation in the signal
region within the systematic uncertainty of 20%.

Systematic uncertainties are evaluated from data for trigger efficiency (1.5 %), lepton recon-
struction and identification (2-3 %), isolation efficiencies (2 %), and energy-momentum cal-
ibration (0.5 %). Additional systematic uncertainties on exclusion limits arise from limited
statistics in the reducible background regions that are propagated to the region of signal. All
major background sources are derived from control regions, and the comparison of data with
the background expectation in the signal region is independent of the uncertainty on the LHC
integrated luminosity of the data sample. This uncertainty (4.5 %) enters the calculation of the
cross section limit through the normalization of the signal. Systematics uncertainties on the
Higgs boson cross section (17-20 %) and branching ratio (2 %) are taken from Ref. [21]. The un-
certainty assigned to the electron energy scale is propagated through the shape of the expected
signal and background reconstructed mass distributions.

The reconstructed four-lepton invariant mass distributions obtained in the 4e, 4µ and 2e2µ
channels with the baseline selection are shown in Fig. 1a and compared to expectations from
the SM backgrounds. The low mass range is shown in Fig. 1b together with the mass of each
candidate and its uncertainty. The reducible and instrumental background rates are very small.
These rates have been obtained from data and the corresponding shapes for the m4� distribu-
tions are obtained from MC samples. The number of events observed, as well as the back-
ground rates in the signal region are reported in Table 1 for the baseline selection.

Table 1: Number of event candidates observed, and background and signal rates for each final
state for 100 < m4� < 600 GeV/c2 for the baseline selection. For the Z+X background, data
driven estimations are used.

Baseline 4e 4µ 2e2µ
ZZ 12.27 ± 1.16 19.11 ± 1.75 30.25 ± 2.78
Z+X 1.67 ± 0.55 1.13 ± 0.55 2.71 ± 0.96
All background 13.94 ± 1.28 20.24 ± 1.83 32.96 ± 2.94
mH = 120 GeV/c2 0.25 0.62 0.68
mH = 140 GeV/c2 1.32 2.48 3.37
mH = 350 GeV/c2 1.95 2.61 4.64
Observed 12 23 37

The measured distribution is seen to be compatible with the expectation from SM continuum
production of ZZ(∗) pairs. We observe seventy-two events event candidates, 12 in 4e, 23 in 4µ

H → ZZ → 4l	


Baseline Selection 
50 < MZ1 < 120 GeV/c2 

12 < MZ2 < 120 GeV/c2 

Event Yields: 

M4l >100 GeV/c2   Observed: 72    Expected: 67.1 ± 6.0 events       
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H → ZZ → 4l	


Baseline Selection 
50 < MZ1 < 120 GeV/c2 

12 < MZ2 < 120 GeV/c2 

Event Yields: 

100 < M4l  <  160 GeV/c2   Observed: 13    Expected: 9.5 ± 1.3 events       100 110 120 130 140 150 160
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Baseline selection ZOOM
50  < mZ1 < 120     12  < mZ2 < 120

100 < m4l < 160 GeV/c2

Observed events: 13 
Expected  events: 9.5 ± 1.3

Central values 
Event-by-event mass uncertainties
4e / 4μ / 2e2μ

Final state:      4e  4μ 2e2μ
Obs. events:     3   5    5 
Exp. events:     1.7 3.3 4.5

34

!for PRL

ε(MH~120) ~ 20% (4e),  40% (4µ), 25% (2e2µ) 

ε(MH~160) ~ 42% (4e),  75% (4µ), 55% (2e2µ) 
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4e Candidate 

MZ1= 92 GeV/c2 

MZ2 = 27 GeV/c2 

M4l = 126 GeV/c2 
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4µ Candidate 

MZ1= 90 GeV/c2 

MZ2 = 25 GeV/c2 

M4l = 119 GeV/c2 
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110

H → 4l 	


Excluded: MH > 134 GeV/c2 

Expected sensitivity: 130 GeV/c2 
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Measurement of the ZZ cross section 
with both Z on shell (60<MZ<120): 

To be compared with the SM XS  = 27.9 +- 1.9 fb 

H → ZZ → 4l	


!"#$%&'()*)+,&-$

!"#$%&'()*+),+-./01+

.+/&'-$01&-213$4567$ 8)+'9!:'';'$#'*)+,&<$6'&*)(,=<$>?$@'A$BC>>$ DC$

+23'*4'%4+5'*41$+,)%+6./--./01+#$'%578+
•  49%$53+5'19"%'()*+),+:01+#5'1$+
•  49%$53+:$'#;%$+),+:01+%$#)1;()*+
•  &'194'()*+),+$<59$*59$#+

•  =937+5;%%$*3+1;:98+:>?@ABCDAE+F$G+

@)E('F21+$*,;;$AG2$);$&'(,H'/$21$D$I'J$



Y. Sirois, LLR Ecole Polytechnique, CNRS/IN2P3	
 52 

HIG-11-030 

H → γγ	
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Signature:!
Narrow peak in di-photon 
mass distribution 

Four categories with different S/B: 
 γ in central (ECAL barrel) or  
   forward (ECAL endcaps) 
 γ leading to compact or broad 
   showers as expected from 
   non-converted and converted     
   photons respectively 

Total: 4 “exclusive” final states 

!"#$$%&'()*+,-.%

!"#$%&'()$&*)+',-./' 01"%234%%5%'6%71"8$9'.%$71:8;9'<='>%?'@A<<' @B'
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Selection:  
photons with PT

γ1 > mγγ/3 and PT
γ2 > mγγ/4 

Backgrounds: from sidebands 
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H → γγ	
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+ use BDT regression technique trained on γ+jet MC to correct raw super-cluster energies 
   (use cluster position and shower shape)     10% gain in resolution 
+ correct residual MC-Data differences on DY peak 
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VERTEX DETERMINATION

7

ECAL

! cluster

correct vtx PU vtx

beam spot ~ 6cm

mistake 
in "!

Vertex ID efficiency
Higgs(120GeV)
MC

1.3m

Fraction of Higgs boson vertices found  
within 10 mm of their true location 

Vertex: 
BDT Trained using input variables  
computed from track momenta 
(tracks recoiling against the  
γγ and/or converted γ’s) and  
photon kinematics  
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H → γγ	
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HIG-11-029 

H → ττ	




Y. Sirois, LLR Ecole Polytechnique, CNRS/IN2P3	
 60 

Signature:!
Broad excess in mττ distribution in the eµ, eτh and µτh final states 

Three categories with different S/B and B composition: 
  0 high ET jet, 1 high ET jet or 2 jets optimized for VBF 

Total: 9 exclusive final states 
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HIG-11-031 

H → bb 
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Signature:!
W+jets or Z+jets with  
W → eν, µν and Z → ll ; l = e , µ , ν 	


Two b tagged jets boosted  
in the transverse plane  

Total: 5 exclusive final states 
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Combination  
and 

Interpretation 
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1

1 Introduction
The discovery of the mechanism for electroweak symmetry breaking is one of the key parts
of the physics program at the Large Hadron Collider (LHC) . In the Standard Model (SM),
this is achieved by introducing a complex scalar doublet, leading to spontaneous electroweak
symmetry breaking and the prediction of the Higgs boson (H) [1–6]. In the simplest realization
of the model, the mass of the Higgs boson is the only unknown, all other parameters being
reasonably well constrained by existing measurements. To date, the experimental searches for
this elusive particle have yielded negative results, and limits on its mass have been placed
by experiments at LEP, mH > 114.4 GeV/c

2 [7], the Tevatron, mH /∈ [100, 108] and mH /∈
[156, 177] GeV/c

2 [8], and LHC mH /∈ [141, 476] GeV/c
2 [9]. All limits quoted in this note are at

95% C.L. unless explicitly stated otherwise. The Tevatron and LHC results are preliminary. Fits
of the electroweak precision measurements, not taking into account the direct search results,
constrain indirectly the SM Higgs boson mass to be relatively light, mH < 158 GeV/c

2 [10].

In this Letter, we report on the overall combination of Higgs boson searches in five decay modes
(γγ, bb, ττ, WW, and ZZ) carried out by the CMS Collaboration [11]. Each of these analyses
has a number of independent sub-channels adding up to a total of 42 exclusive signatures in
the overall combination.

The cross sections for each Higgs boson production mechanism, together with their uncertain-
ties, and the Higgs decay branching ratios are taken from the LHC Higgs Cross Section Group
report [12]. The gg-fusion cross section is calculated at NNLOQCD + NNLLQCD + NLOEWK

precision, the vector boson fusion (VBF) and the associated WH and ZH cross sections at
NNLOQCD + NLOEWK precision, and tt̄H at NLOQCD precision.

2 Searches entering the combination
Table 1 lists individual analyses used in the combination and summarizes some of their main
characteristics: mass range of the search, integrated luminosity used, number of exclusive final
states, and relative mass resolution.

The H → γγ analysis [13] is a search for a narrow peak in the di-photon mass distribution. All
events are split into four categories based on whether both photons are in the central part of
the CMS detector and whether both photons have produced compact electromagnetic showers.
This is motivated by the differences in the photon energy resolutions of the barrel/endcap elec-
tromagnetic calorimeters and for photons showering or non-showering in the detector volume

Table 1: Summary information on the analyses included in the combination (� = e, µ).

Channel mH range Lumi sub- mH reso-
(GeV/c

2) (fb−1) channels lution
H → γγ 110 − 150 4.7 4 1–3%
H → ττ 110 − 145 4.6 9 20%
H → bb 110 − 135 4.7 5 10%
H → WW → �ν�ν 110 − 600 4.6 5 20%
H → ZZ → 4� 110 − 600 4.7 3 1–2%
H → ZZ → 2�2τ 190 − 600 4.7 8 10–15%
H → ZZ → 2�2ν 250 − 600 4.6 2 7%

H → ZZ → 2�2q

�
130 − 164
200 − 600 4.6 6 3%

42 exclusive final states 
About 200 nuisance parameters  
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Outlook  
and  

Conclusions 
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Excluded 
by CMS 
99% C.L. 
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Barbara Mele Roma,   23  Sept  2011

for MH < 120 GeV, 

excess over SM 

in all decay channels 

WW, ZZ, !!, !Z
( larger BRFP compensates

!!for lower x-sections !)

VBF kinematics easier to 

distinguish from bckgr

7

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/Fermiophobic

Fermiophobic Higgs Model 
! " Assume Yukawa coupling off and SM like HVV coupling. 

! " For Higgs production cross sections, NNLO VBF, WH/ZH numbers can be used. 

! " EW radiative corrections are unknown in fermiophobic scenario, assign ±5%. 

Aug. 29, 2011! LHC Higgs Cross Section Working Group! !"!
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How Higgses are born – SM 

Sep 1, 2011 - LHC implications André David (LIP) 
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[Krämer (’02)]

t

t

t

H

q

q
V

H

V

W

q H

q
_

, Z

q

t

_

t

q
_

H

LHC 

http://goo.gl/PJqQn 

Tevatron 

http://goo.gl/G9Zu5 

4 



Y. Sirois, LLR Ecole Polytechnique, CNRS/IN2P3	
 78 

•  The 2010-2012 has brought major analysis developments  
  and results  in the Higgs sector at the LHC 

•  Only a very narrow mass range [114.4 – 127 GeV/c2] remains 
  compatible in CMS with the existence of the SM Higgs boson 

•  An excess of events is observed, most significant in the  
  4l and γγ channels, in the range 119 – 125 GeV  

•  2012 data is very likely  
  to be decisive 
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2009 
2010 
2011 
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021 
2022 
2023 
… 
2030 

Démarrage à √spp = 900 GeV 

√spp = 7 – 8 TeV 
L = 1032 cm-2s-1 

L = 5 x 1033 cm-2s-1 

~ 15 fb-1 / exp. 

Montée à l’énergie et la luminosité nominale 

… 

√spp = 13 – 14 TeV 
L  ~ 1034 cm-2s-1 

~ 50 fb-1 / exp. 

√spp = 14 TeV 
L  ~ 2 x 1034 cm-2s-1 

~ 300 fb-1 / exp. 

L = 5 x 1033 cm-2s-1 

√spp = 14 TeV 
L  ~ 5 x 1034 cm-2s-1 

~ 3000 fb-1 / exp. Luminosity Levelling 

ILC ? 

Upgrades « PHASE I » – Injecteur, LHC + Détecteurs  

Upgrades « PHASE II » – sLHC + Crab cavities + Détecteurs  

Prospective  
LHC 
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