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The Large Hadron Collider @ CERN 

Proton-proton collisions at 7 TeV (2010/11) & 8 TeV (2012)  
(and ~14 TeV after 2013/14 upgrade) 
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The Large Hadron Collider @ CERN 

Proton-proton collisions at 7 TeV (2010/11) & 8 TeV (2012)  
(and ~14 TeV after 2013/14 upgrade) 

ICHEP: ~5 fb-1 
       HCP: ~12 fb-1 

7 TeV: ~5 fb-1 
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The CMS Collaboration 

41 Countries, 179 institutes, ~3000 Authors including 
 ~2200 PhD’s and ~800 PhD students   
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The CMS Collaboration 

41 Countries, 179 institutes, ~3000 Authors including 
 ~2200 PhD’s and ~800 PhD students   
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SM Higgs Boson Production and Decay at LHC 

Gluon fusion (gg→H) it the dominant production 
mechanism at LHC but VBF, VH  and ttH allow to 
test H properties.  
 
WW and ZZ decays are largest contributions but 
γγ, ττ and bb decays important at low mass due 
to large SM irreducible backgrounds: WW, ZZ, …  

gg→H  

VBF 

VH 

ttH 
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Look for a “Higgs”–needle in a “SM process”–stack 

Collision rate: ~20 MHz 
 à 2 staged trigger system  
Recording rate: o(300) HZ  
 à still: ~3 PetaByte/Year 

Analysed data ~10 to ~17 fb-1 

( ~1/3 at 7 TeV in 2011  
   + ~2/3 at 8TeV in 2012) 
 
This corresponds to: 
~ 1.7 1015 collisions 
~ 7 109 recorded ones 
~ 350000 produced Higgs 
                bosons (125 GeV) 
But only 
~700 decaying via Hàγγ 
~50 decaying via HàZZà4l 
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Observation of a new boson at a mass of 125 GeV 
Results from “July 4th” papers: 

CMS 
Local  p-value 5.0 σ + Nothing else significant 
Mass [GeV] 125.3 ± 0.4 (stat.) ± 0.5 (syst.) 

Signal Strength  
(γγ+ZZ+WW+ττ+bb) 0.87 ± 0.23  

Phys. Lett. B 716 (2012)  
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Observation of a new boson at a mass of 125 GeV 
Results from “July 4th” papers: 

 
 
 
 
 

à Compatible with Standard Model expectation   

But is it THE  Standard Model Higgs Boson ? 
q  Does it decay to fermions (τ, b) as expected in the SM ?            
q  Are all the couplings (γ, W, Z, t, b, gluons, … ) SM-like ?                            
q What are its quantum numbers (Spin and CP) ? 
q What about individual production mechanism strength (gg, VBF, VH, ttH) ? 

CMS ATLAS 
Local  p-value 5.0 σ + Nothing else significant 6.0 σ  + Nothing else significant 
Mass [GeV] 125.3 ± 0.4 (stat.) ± 0.5 (syst.) 126.0 ± 0.4 (stat.) ± 0.4 (syst.)  

Signal Strength  0.87 ± 0.23  1.4 ± 0.3  
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CMS Higgs Analyses Overview  

Higgs 
decay 
 mode 

Higgs 
production 
mechanism 

Mass 
range 
[GeV] 

Data used 
Mass 

resolution 
Used in the 

combination   7 TeV 
[fb-1] 

 8 TeV 
[fb-1] 

γγ	

 Untag (~gg) 
VBF-tag 

110 – 150 
110 – 150 

5.1 
5.1 

5.3 
5.3 

1–2% 
1–2%  

✔ 
✔ 

bb VH-tag 
ttH-tag 

110 – 135 
110 – 140 

5.0 
5.0 

12.1 
–  

10% 
 –   

✔ 
✔ 

ττ	

 1-jet (~gg) 
VBF-tag 
ZH-tag 
WH-tag 

110 – 145 
110 – 145 
110 – 160 
110 – 140 

4.9 
4.9 
5.0 
4.9 

12.1 
12.1 

– 
–   

20% 
20% 

–  
–    

✔ 
✔ 
✔


✔ 

ZZ à 4l 
ZZ à 2l2τ	


ZZ à 2l2ν	


ZZ à lljj 

Inclusive 
Inclusive 
Inclusive 
Inclusive 

110 –1000 
180 –1000 
200 –  600 
120 –  600 

5.0 
5.0 
4.7 
4.7 

12.2 
12.2 
5.0 
–  

1–2% 
10–15%   

–  
–    

✔ 
✔���

 

 
WW à 2l2ν	


 
WW à lljj 

0/1-jets (~gg) 
VBF-tag 
WH-tag 

Untag (~gg) 

110 – 600 
110 – 600 
110 – 200 
170 – 600 

4.9 
4.9 
4.9 
5.0 

12.1 
12.1 
5.1 

12.1 

20% 
20% 

–  
–    

✔ 
✔ 
✔ 
✔ 
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CMS Higgs Expected Performance 

 
 
 

 
 
 

ICHEP/PLB: L = ~ 10 fb-1 HCP: L <= ~ 17 fb-1 

(γγ as ICHEP) 

Expected  
p-value  

@ 125 GeV 

ICHEP HCP 

5.8 7.8 

Increase in performance: 
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 H à γγ     	
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 H à γγ     	
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H à γγ : Limit and Significance 
q  Analysis separated in several di-

photon categories to exploit different 
S/B ratio. 

q  Dedicated VBF categories: 2 jets well 
separated in pseudo-rapidity 

q  Background shape fitted from the 
data   

q Nice peak around 125 GeV  
q Over 4σ observed local significance 
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H à γγ : Mass and signal strength 

gg 

VBF 

VBF 

gg 

       Μγγ = 125.1 ± 0.4 (stat) ± 0.6 (sys) GeV                         σ/σSM = 1.56 ± 0.43 
 
q Compatible with SM within the present uncertainties 
q No difference between gg and VBF signal strength within uncertainties 
q New data being analyzed but need a bit more time/scrutiny 
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The “golden channel”:  
H à ZZ à 4l	
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The “golden channel”:  
H à ZZ à 4l	



 
 Signal:     w  4 isolated high pT leptons  

    w  from same vertex 
     w  consistent with Z decays 

    w  good mass resolution à 2-4 GeV 
 
 
 Backgrounds:  w  Irreducible: ppàZZ(*) à4l   (precise EWK prediction) 

    w  Reducible:  Z+jets, Zbb, tt  (lepton from b-decays are  
            non–isolated / displaced) 

 
à Small Signal rates but high Signal/Background   

 
 

 Channels:  w ZZ à 4l ; l = e, µ 
   w ZZ à 2l2τ ; l = e, µ   

 
     à Both channels extended to mH = 1 TeV since ICHEP  
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HàZZà4l: Invariant mass  

à  Zà4l peak in agreement with expectation / 4l mass fit shows  
δm ~ 0.4±0.28 GeV à expected resolution    

à  Peak around 126 GeV increased since July 4th 
à  mZ1 vs mZ2 distributions in 126 GeV peak looks as expected 
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HàZZà4l: Kinematic Discriminant 
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HàZZà4l: Results 

 Observed p-value :  4.5 σ 
 Signal strength    :    0.8 +0.35 

-0.28   
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HàZZà4l: Parity Measurement 

0+ vs 0- 
 
q  Expected separation: ~2 σ	


q  Scalar (0+): data consistent (0.6 σ) 
q  Pseudo-scalar (0-): data different 

by 2.5 standard deviations  



     X. Janssen – 11/12/2012 
Higgs Results from CMS 

22 

HàZZà4l: Extending to 1 TeV 

àNo significant SM Higgs-like excess  
    beyond 126 GeV one 

New since ICHEP: 
q  Reweight of high mass Higgs 

lineshape Including interference 
effects according to: 

 - N. Kauer et al. [arXiv:1201.1667,1206.4803] 
 - G. Passarino [arXiv:1206.3824] 
 - S. Goria et al. [arXiv:1112.5517] 
 - J.-M. Campbell [arXiv:1107.5569] 
 - V. Hirshi et al. [in preparation] 

      à Effect important for mH >~ 500 GeV  
      à Also applied in all post-ICHEP high  
         mass analysis: 

      - H à WW à 2l2ν	


  - H à WW à lνjj 

        + future updates (HàZZà2l2ν, …) 
q Merged with H à ZZ à 2l2τ channel  
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H à WW à 2l2ν	





     X. Janssen – 11/12/2012 
Higgs Results from CMS 

24 

H à WW à 2l2ν	
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H à WW à2l2ν : Analysis Strategy 

q  12.1 fb-1 @ 8 TeV: 

q  Combine with published 7 TeV analysis (4.9 fb-1)  
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H à WW à2l2ν : Cut&Count (0 jet DF) 
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H à WW à2l2ν : 2D Shape Analysis 



     X. Janssen – 11/12/2012 
Higgs Results from CMS 

28 

H à WW à2l2ν : Results 

Large excess at low mH from  
2D 8 TeV + published 7 TeV analysis: 
    
q   3.1σ (expected 4.1σ) @ 125 GeV 
     à Compatible with signal injection 
q  µ = 0.74  0.25 @ 125 GeV 
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H à WW à lνjj 

CMS: 
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H à ττ	
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H à ττ : Analysis overview 
q  Search in ggH, VBF and VH production modes and five di-τ final states: 

q  Separation in categories to enhance S/B: 

VH (V = W or Z) 
smaller background w.r.t. inclusive Hàττ analysis 

Analysis Methods: 
§  0-jet categories only for 

background normalization 
in 1-jet and VBF analysis 

§  1-jet/VBF: Template fit to mττ 
with B and S+B model 

§  VH: Fit to visible mass   



     X. Janssen – 11/12/2012 
Higgs Results from CMS 

32 

Hàττ : Dominant backgrounds (0/1-jet & VBF) 
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Hàττ : VH Analysis 

q Signal extracted from mass of visible decay products (mvis).  
q Small background wrt. to inclusive H→ττ decay channels.  
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Hàττ : Results 
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VH à bb 

ZH à µµbb like event   

ZH à ννbb WH à lνbb ZH à llbb 

q Largest number of Higgs 
decays at low mass but Lots of 
background (jets) 

q Trigger based on leptons and 
missing ET  

q b-jets identified through 
displaced tracks 

q Go to high pT where Higgs is 
enhanced  

q Main background: W/Z+jets 
and top  
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VH à bb 

q  Extrapolate 
backgrounds  
from control 
regions: 

q  Multivariate Discriminants (BDT) to separate signal: 

    àSmall Excess of events observed for all channels in the BDT fit  
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VH à bb : Results 

 
q Mild excess of 2.2 

standard deviation 
building up  

 
q Coherent picture 

between the sub 
channels  

 
 
q Small excess in 

the signal region 
observed in the 
Mbb distribution  
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COMBINED RESULTS 
H à γγ	



H à ZZ 

H à WW 

H à bb 

H à ττ	
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Mass measurement & Signal strength 
q  Combine information from the high  

resolution channels measurements: 
- H à ZZ  
- H à γγ (ggH and VBF) 

q  Signal	
  cross	
  sec-on	
  for	
  the	
  channels	
  	
  
le1	
  floa-ng	
  independently	
  in	
  the	
  fit	
  

à mX = 125.8	
  ±	
  0.4	
  (stat)	
  ±	
  0.4	
  (syst)	
  GeV	
  

Signal strength from all channels 
at mH = 125.8 GeV if SM Higgs 

à σ/σSM =	
  0.88 ± 0.21 
à Compatible with SM Higgs 
à Compatibility within ~1σ for each  
     decay channel / production mode 
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Custodial symmetry & Coupling to fermions 
q Couplings to W and Z boson should  

scale together: cornerstone of 
electroweak Symmetry Breaking 

q Parameterization:  κF,	
  κZ,	
  λWZ=κW/κZ	
  

à λWZ	
  in	
  [0.57-­‐1.65]	
  at	
  95%	
  CL	
  	
  	
  	
  
à Result well consistent with theory 

q  Fermions versus vector bosons 

à Couplings consistent within 1σ  
     with SM Higgs 
à Fermiophobic scenario exclude  
     at >4σ level 
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Individual couplings 
q  Assess individual couplings assuming only custodial symmetry and without resolving  

the loops structure 
q  End up with 6 scale factors: κV,	
  κt,	
  κb,	
  κτ,	
  κg,	
  κγ	


q  Fit individually each of those, while profiling the others 
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Coupling summary 

à Overall compatibility with SM predictions 
à Still limited precision  
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CONCLUSIONS 
q The analyses performed on the dataset delivered by the LHC till 

September 2012 strengthened the significance of the new bosonic state 
announced on July 4th. 
 à Over 4σ in both Hàγγ and HàZZ 
 à 3.1σ evidence in HàWWà2l2ν (@ 125 GeV) 
 à Mild excess in Hàττ compatible with both SM Higgs and background 
 à 2.2σ excess in Hàbb   

 
q Mx = 125.8 ± 0.4 (stat) ± 0.4 (sys) GeV 
 
q Best fit value for σ/σSM = 0.88 ± 0.21 
 
q 2.5 standard deviations disfavoring particle to be pseudo-scalar  
 
q The coupling structure has been confronted to the SM predictions. 

 à Overall very good agreement observed but too early to draw any  
           conclusions although most couplings are within 1σ of SM 

à Everything still compatible with SM expectations 
à Stay tuned, winter conferences will include more data   
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BACKUP 
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HàZZà4l: CMS Data Reco&Sel    
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H à ZZ à 2l2ν 

q  No significant excess à Excluding SM Higgs for mH in [228,600] GeV 
q One of the most sensitive channel at high mass à looking forward for more 

luminosity and extending to 1 TeV mass range. 

u Well isolated ee or µµ with invariant 
mass compatible with Z boson 

u Missing ET from escaping ν’s 
u Main bacground: Z+jets with fake 

missing ET à modelled from γ+jets 
events 
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H à ZZ à 2l2j 



     X. Janssen – 11/12/2012 
Higgs Results from CMS 

48 

H à WW à2l2ν : Backgrounds 

W+Jets: 
q  Propagate fake lepton ID rate from di-

jet sample with looser lepton selection 
q  Cross-check in same-sign events 
q  Large uncertainties: 36% 

Drell-Yan in Same Flavour (ee/µµ): 
Estimate contribution from Z peak control 
region: 

 
 
 
 
 
 
 
 
 
 
 
 

DY->ττ in Different Flavour (eµ): 
 Use Zàll (l=2,µ) events and replace 
 by τ decayed via Tauola package    

Predictions taken from MC: 
q Wγ and Zγ	


q Wγ* (CMS: 1.6+-0.3 normalization from 

3 lepton events)  

q  Di-bosons: ZZ, WZ 
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H à WW à2l2ν : Backgrounds 

Top (tt & tW): 
q  Dominant background in 1 and 2 jet bins 
q Measure Top tagging efficiency from data 
q  Control region in data enriched in tt/tW by 

inverting top veto: 

 

Non resonant WW: 
q  For low mass Higgs, normalize WW from 

high lepton invariant mass region in data: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Control region 

0 Jet DF  



     X. Janssen – 11/12/2012 
Higgs Results from CMS 

50 

H à WW à2l2ν : CMS Cut&Count (1 jet DF) 
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H à WW à 2l2ν	
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H à WW à 2l2ν	
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H à WW à 2l2ν	
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H à WW à 2l2ν	
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H à WW à 2l2ν	
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WH à WWW à3l3ν	
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ttH , Hàbb 
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MSSM Hàbb 
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Hàττ: 0-jet Category (low+high pT) 
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Hàττ: 1-jet Category (low+high pT) 
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Hàττ: VBF Category 
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H à ττ	
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H à ττ	




