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The SM: a long journey 

•  54 Yang & Mills  
•  61 Glashow 
•  64 Borut, Englert, Higgs et al 
•  67-68 Weinberg and Salam 
•  70 ‘t Hooft 
•  73 Gargamelle : discovery of the week neutral current 
•  83: W and Z discovery 
•  89-2000 LEP: the triumph of the SM 
•  95: top quark discovery 
•  2012:  discovery of a Higgs like boson  
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..and the LHC, Atlas and CMS long 
journey  
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LHC in 2010-2011-2012 
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L =  0.07 fb-1   in 2010  @ 7 TeV 
L =  5.6 fb-1       in 2011   @ 7 TeV 
L = 23.3 fb-1    in 2012  @ 8 TeV 

Peak Lumi  7 x 1033  
Run can last up 24 hours 



Precise SM measurements  
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Good understanding of the detector + accurate theory predictions 
   à Precise measurements of the SM processes over many orders of magnitude 
   à Good knowledge of the background to Higgs  analyses 

Single	  top	  quark	  produc6on	  

H	  



The LHC Higgs Cross Section WG 

•  Created at the end of 2009, the exact day 
the LHC delivered the first pp interactions 
has provided from “day 0” the                
best theory predictions on XS, BR           
and their uncertainties 

 
•  Experiments are coherently using the 

COMMON INPUTS based on the 
interaction with the TH community. This  
facilitates the  comparison and the 
combination of the individual results 

 
       “Yellow Reports”:   YR1 (inclusive XS),   
                                          YR2 (differential XS)  
                                          YR3 (properties) 
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The channels at LHC 
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5 decay modes exploited 
 
                     Exp Sig        σM/M 
                       @125.7    
•  bb        2.2σ        10%               
•  ττ          2.7σ        10%       
•  WW      5.1σ        20%      
•  ZZ         7.1σ        1-2%     
•  γγ          4.2σ       1-2%    

•  and searches in Zγ, µµ	




H àγγ	  	  
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Mγγ=125.9	  GeV	  
σM/M=0.9%	  



H à γγ	
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	  γ1=	  86	  GeV	  

	  γ2=56	  GeV	  

Signature: 2 energetic, isolated γ, in 
a narrow mass peak on top of a 
steeply falling spectrum 

Relevant aspects: 
•  Photon identification/ background rejection 
•  Di-photon mass spectrum  
•  Background estimation 
•  Primary vertex determination (pile-up!) 

~1% 
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The mass distribution 
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High level analysis very, very similar between Atlas and CMS: 
– Categorization by S/B, resolution and pT   (ATLAS using cuts, CMS using a BDT) 
– Similar di-jet categories with O(70%) purity 
– Mass fit with polynomial background chosen to minimize the bias on the signal 
 

CMS ATLAS 



Compatibility with the 
background only hypthesis 
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         ATLAS                CMS 
•  Largest excess around          127 GeV             125 GeV 
•  Significance                     7.4σ  (4.3σ expected )                    3.2σ   (4.2σ expected) 
•  Signal Strenght         µ = 1.57±0.24(stat) ±0.22(syst)            0.78 ±0.27  
 



ATLAS: Differential XS 
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•   Bin events in variables of interest 
•   Background estimations from the mγγ side-band fit in    
          each bin 
•  Unfold the reconstructed distributions to truth 

distributions    (à differential cross-sections) 

Reco	  
level	  

Par6cle	  
level	  



The golden channel 
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The final states considered are 4µ, 4e, 2e2µ	

 
 
Very clean final state: 

 - 4 leptons  of high pT,  
 - isolated 
 - coming from the primary vertex 

 
 
 
Very tiny cross section à   
    thus highest efficiency must be conserved 

         
 huge effort on lepton ID and efficiency 
                            2l / 4l  mass resolution  
 

H à ZZ à 4l 
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pp à4l 

Significance 6.6 σ (4.4σ expected)                    Significance 6.7σ (7.1σ expected) 
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CMS ATLAS 



 Kinematic Discriminant 
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Matrix Element Likelihood Analysis: 
uses kinematic inputs for  

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

WE USE MELA IN THE FIT 

SIGNAL BACKGROUND 



 Kinematic Discriminant 
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Matrix Element Likelihood Analysis: 
uses kinematic inputs for  

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

WE USE MELA IN THE FIT 

SIGNAL BACKGROUND 

KD	  >0.5	  

Signal enhanced 

m(4l)	  (GeV)	  



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

p-value    Expected:     4.4 σ 
                 Observed:    6.6 σ 

σ/σSM @ 124.3 GeV = 1.7 +0.5-0.4 

CMS ATLAS 
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        H à WW à lvlv 

           H à WW à lvlv + 2 jets 



•  Channel with very high sensitivity 
•  No mass reconstruction, signal  
        extraction from event counting 
•  Clean signature:  

–  2 isolated, high pT leptons with small 
opening angle 

–  High MET 

–  Analysis performed on exclusive jet 
multiplicities (0, 1, 2-jet bins) 

•  Analysis optimized depending on the 
Higgs mass hypothesis  

–  pT
l, Mll, MT, Δφ as discriminating  

       variables 
–  VBF selections for the 2-jets case 

 
 

20	  

μ	  PT	  
32	  GeV	   e	  PT	  

34	  GeV	  

MET	  
47	  GeV	  

Vectors	  from	  the	  decay	  of	  
a	  scalar	  and	  V-‐A	  structure	  
of	  W	  decay	  lead	  to	  small	  
leptons	  opening	  angle	  
(especially	  true	  for	  on-‐
shell	  Ws)	  
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H à WWàlνlν	




H àWWàlvlv 
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0-jet   ee/eµ/µµ 

•  Drell –Yan:  
   Suppressed by Mll and MET cuts  
   (pileup affect MET) 
•  W+jets (with one jet  
  faking a lepton):  
   lepton ID is important 
•  Top (tt and single top):  
   b-tag veto (or additional soft 
muon) 
•  WW:   
   M(ll), MT and Δφ	

 
         All the background are  
          estimated from DATA  
            in “control regions” 
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Clear 
excess 



H →WW→2l2ν: Results 
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ATLAS:  Broad excess consistent with 125 GeV 
     Significance: 3.8 σ (3.8σ expected)  
     Fitted σ/σSM = 0.99 ± 0.30 

   CMS:  Broad excess consistent with 125 GeV 
        Significance:  4.0 σ (5.1 σ expected)  
         Fitted σ/σSM = 0.76 ± 0.21 



µ PT =20 GeV 

Jet2 ET =46 GeV  

Visible Mass(ττ) = 75 GeV 

Mass ( jj ) = 580 GeV 

Δη (jj) = 3.5 

τ  → π+π0 ν	

τ PT

vis = 70 GeV 

  H à ττ	
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Jet1 ET = 177 GeV	  

Missing ET = 97 GeV 

ggF, VBF production:  µµ,eµ,τhτh,eτ,µτh 

VH production:  lτhτh,llτhτh,llτh jet categories: 
0-jet:  used only to constrain the background 
1-jet: low pT  /   high pT  
2-jets (VBF). 
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Combine the sensitive 
categories of all channels 
with a S/B weight 
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  H à ττ	
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µ	  =	  1.1	  ±	  0.4	  

H à ττ : Results 



VH à bb results 
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ATLAS : cut then look at mbb ;         CMS : MVA (+cut based as cross check) 



VH à bb results 
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µ	  = 0.2 +0.7 -0.6	
 µ	  = 1.0 ± 0.49 	




ttH, Hàbb,γγ,ττ	
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@125 GeV: Exp:5.2,  
                      Obs:5.8 

Data compatible with background expectations 



Summary of the five main 
channels 
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3.6 σ   combined 

Observed Expected Observed Expected 
ZZ 6.6 4.4 6.7 7.1 
γγ	
 7.4 4.3 3.2 4.2 

WW 3.8 3.8 4.0 5.1 
ττ	
 1.1 1.7 2.9 2.7 
bb 1. 1.5 2.1 2.2 

ATLAS CMS 



Chiara	  Mario)	   30	  

Combination   



The Mass  
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mH = 125.7 ± 0.3(stat) ± 0.3(syst) GeV  
= 125.7 ± 0.4 GeV 

Chiara	  Mario)	  

mH = 125.5 ± 0.2(stat) ± 0.6(syst) GeV  
= 125.5 ± 0.6 GeV 

ΔmH=2.3±0.7(stat) ±0.6(syst) GeV    ~2.5 σ	


ATLAS CMS 



The mass 
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    H àZZà4l:  
Very small systematics due the very good control of the leptons scale and resolution.  
In CMS: Mass estimation with m4l,	  KD	  and	  σ(m4l). 
   H àγγ: 
Systematics on the  extrapolation from  the  Zàee to Hàγγ   
 (0.25% from e to γ, 0.4% from Z to H) 
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Mass:  all ττ channels combined: 
 mH = 120+9

-7 (stat+syst) GeV  

H à WW and H à ττ : Results 
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Consistency with SM hypothesis 

µ=0.80±0.14 µ=1.30±0.20 
Consistent	  with	  the	  SM	  predic6on	  for	  both	  ATLAS	  and	  CMS,	  	  with	  	  ~15%	  precision.	  
Theory	  uncertainty	  (QCD	  scale	  ±8%@NNLO	  and	  PDF+αs	  	  ±8%)	  is	  comparable	  to	  experimental.	  

µ =
� · BR

(� · BR)SM



Consistency with SM hypothesis 
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µ=0.80±0.14 µ=1.30±0.20 



Consistency in 2D 

•  Test  production modes   
     in the various decay   
      modes. 
 
•  Properly accounts for 

contamination in the 
tagged categories and 
their uncertainty. 

36	  Chiara	  Mario)	  



37	  

3.3σ	  evidence 
for VBF  
production 
(driven by H →	  γγ) 
	  

μVBF+VH	  /	  μggF+=H	  =	  1.4+0.4-‐0.3(stat)+0.6-‐0.4(sys)	  	  
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VBF production 



The couplings 
They can be extracted from the different final states at the LO EW 
and NLO QCD approximation: 
 
              σ(H) x BR( ii à H à xx) = σii x Γxx /  ΓH 
 
    We can measure deviations from the SM couplings, by    
    measuring ratios w.r.t. to the SM prediction. 
 
As an example for the ggà H à γγ process: 
       (σ x BR) ( gg à H à γγ) =σSM(gg à H) BR(H à γγ) �  κg

2
   κγ2 /  κH

2 

 
•  LHC XS WG benchmark models (arxiv:1209.0040): 

–  Fermionic vs bosonic couplings: κV κf  
–  Search for asymmetries: λWZ,  λdu,  λlq  
–  Search for new physics in loops: κg κγ BRBSM 
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Custodial symmetry 

All channels. κf  profiled. 
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ATLAS:	  	  	  λWZ	  ∈ [0.61,1.04]   at 68% C.L. 
CMS	  	  	  	  	  	  	  	  	  	  λWZ	  ∈	  [0.73,1.00]  at 68% CL 
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Testing custodial symmetry (measuring HWW/HZZ couplings) will tell us if the 
the object produced is Higgs-like. 

three degrees of freedom:  

         λWZ, κZ, and κf.  
 ΓBSM = 0. 
 fitted mH 



Couplings: κV, κf 
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@ fitted mH 
 
	  Γ(Hà	  γγ) ~	  |α κV	  +	  β κf|

2	  	  ,	  	  α/β = -	  0.2	  
 ΓBSM = 0 
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Assume all fermion couplings scale as κF while all vector boson couplings scale as κV. 



Search for new physics  
in loops and decays 

Effective couplings to  gluons and photons.   
Note best fit κγ  ~	  1,	  with	  κg < 1 in line with µ < 1 
in VV modes as well. 
ΓBSM = 0.	  
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 Loop-induced couplings free  
 (κγ ,	  κg  profiled).  
 Allowed for extra particles 
 in loop, i.e.  extra width. 

BRBSM < 0.52 
@ 95% CL 



Summary of all searches for 
coupling deviations 
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ΓBSM 	  =	  0.	  



Spin studies in Hàγγ	
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Spin studies in HàWWàlvlv 
Kinematical variables sensitive to JP: 
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��ll, Mll, mT ...
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Kinematic discriminant built to describe the kinematics  of production and    
  decay of different JP state of  "Higgs"  
 

0+ vs 0- 

CLs=0.16%	


More JP hypotheses have been tested in a similar way à 



Combination 
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JP 	  produc6on 	  par6cle 	  	  	  	  	  	  	  	  ATLAS	  CLs	  	  	  	  	  	  	  	  	  	  	  	  CMS	  CLs	  
	  
0-‐ 	  gg→X 	  	  	  	  	  pseudoscalar 	  2.2%	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.16%	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (H→ZZ*) 	  	  	  	  	  	  	  	  	  	  	  (H→ZZ*) 	  	  
	  
1+ 	  qq→X 	  	  	  	  	  	  	  	  exo6c	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.030%	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  <0.1%	  

	   	   	  pseudovect.	  	  	  	  	  	  	  	  (H→ZZ*,WW*)	  	  	  	  	  	  	  	  	  	  	  (H→ZZ*) 	  	  
	  
1-‐ 	  qq→X 	  exo6c	  vector 	  	  	  	  	  	  	  	  	  	  0.27%	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  <0.1%	  

	   	   	   	   	   	  	  	  	  	  (H→ZZ*,WW*)	  	  	  	  	  	  	  	  	  (H→ZZ*) 	  	  
	  
2+ 	  gg/qq→X	  	  	  	  	  graviton	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.042%	  (gg)	  	  	  	  	  	  	  	  	  	  	  0.6%	  (gg)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  minimal	  coupl	  	  	  	  	  	  (H→γγ,ZZ*,WW*) 	  (H→ZZ*,WW*)	  

	   	   	   	   	   	   	   	   	   	  	  	  	  	  60%	  
	   	   	   	   	   	   	   	   	   	  	  (H→γγ)	  
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High luminosity LHC: HL-LHC 
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Also the exclusive ttH,H ! µµ channel was studied. While the expected signal rate is only
⇠30 events at 3000 fb�1, a signal-to-background ratio of better than unity can be achieved and
hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on
the total signal strength of ⇠25%.

An overview of the expected measurement precision in each channel for the signal strength µ with
respect to the Standard Model Higgs boson expectation for a mass of 125 GeV is given in Figure 3(a)
for assumed integrated luminosities of 300 fb�1 and 3000 fb�1.
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Figure 3: (a): Expected measurement precision on the signal strength µ = (� ⇥ BR)/(� ⇥ BR)SM in
all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
without theory assumptions on the particle content in Higgs loops or the total width.
In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with
a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and
PDF variations [10, 11]) for luminosities of 300 fb�1 and 3000 fb�1. For the ⌧⌧ final state the thin brown
bars show the expected precision reached from extrapolating all ⌧⌧ channels studied in the current 7 and
8 TeV analysis to 300 fb�1, instead of using dedicated studies at 300 fb�1 that, together with those made
for 3000 fb�1, are based only on the VBF H ! ⌧⌧ channels.

The �� and ZZ⇤ final states profit most from the high luminosity, as both statistical and systematic
uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The �� final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.

In the ⌧⌧ channels dedicated studies for 300 fb�1 and 3000 fb�1 were done only for the VBF pro-
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Access to top-Yukawa coupling via ttH, and rare decay H→µµ. 
Coupling precision ~5% reachable (even few% in κγ/κZ).  
Theory uncertainty dominates  
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	  	  	  	  	  	  	  	  	  	  	  σ(14TeV)/σ(8TeV)	  
	  	  gg→H	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2.6	   	  	  
	  	  qq→qqH	  	  	  	  	  	  	  	  	  	  	  2.6	  	  
	  	  qq→VV 	  	  	  	  2.1	   	  	  
	  	  gg→vH 	  	  	  	  4.7 	  	  
	  

4-‐15%	  

2-‐10%	  



Conclusion 
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   A discovery of the whole experimental and theoretical  
        community: 

       a “Higgs boson” particle  
               at mH~126 GeV 
     
      
  A new era is beginning… 
 



backup 
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Pileup  

σHLT≈	  0.09μb	  

Trigger : almost insensitive to pileup 

50	  Chiara	  Mario)	  



       PU control 
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electrons 
MVA ID + isolation efficiency 
(Endcaps) 

Muon ID 

Muon	  
isola6on	  

Leptons and MET  
Almost  insensitive  
to pileup 

Hà	  ZZ	  à4l	  candidate	  
	  	  	  	  	  	  24	  ver6ces	  

MET	  resolu6on	  

#	  ver6ces	  
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Electrons and Muons 
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4µ: σ= 1.2 GeV 

momentum scale: 
  
  0.1% for muons 
 
  0.2% for electrons  
            of 35<pT<50 
      up to 1.5% at low pT 
 
 4e: σ= 2.o GeV 

Yà  µµ	


J/ψà  ee 

Yà  ee 



Resolution 
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Good understanding of 
the lepton, dilepton and 
 4 lepton  resolution 

Single	  µ	


2	  µ	


4	  leptons 

2e 

Lepton	  resolu6on=	  1	  -‐	  2%	  
uncertainty:	  20%	  

Validated	  in	  situ	  with	  Z(4l)	  



Higgs couplings 

54	  

Top	  is	  domina6ng	  

No	  direct	  coupling	  to	  massless	  par6cles	  

H	  à	  gg	  

H	  à	  γγ	


	  |α κV	  +	  β κf|
2	  	  ,	  	  α/β = -	  0.2	  

destruc6ve	  interference	  between	  W	  and	  top	  
Chiara	  Mario)	  



Custodial symmetry 

Only 0/1 jet ZZ, WW.  κf fixed to SM All channels. κf  profiled. 
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                 Consistent results with the two approaches. 
[0.73,1.00]	  @	  68%	  CL	  [0.75,1.13]	  @	  68%	  CL	  
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Testing custodial symmetry (measuring HW/HZ couplings) will tell us if the 
the object produced is Higgs-like. 



Couplings: κV, κf 

•  Good consistency with SM hypothesis. 
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[0.81,	  0.97]	  @	  1σ	  
[0.73,	  1.05]	  @	  95%	  	  

[0.71,	  1.11]	  @	  1σ	  
[0.55,	  1.31]	  @	  95%	  	  

Fermions W/Z bosons 
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Couplings: κV, κf teamwork 
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Exclusion	  of	  κf	  <	  0	  	  from	  
combina[on	  of:	  
•  VV	  modes:	  κV	  >	  0.7	  
•  ττ	  boosted:	  |κf|	  ~	  1	  	  

(ττ	  VBF	  sensi6ve	  to	  κV)	  
•  γγ:	  κf	  =	  -‐1,	  κV	  =	  1	  would	  require	  

BR(γγ)	  ~2.3*SM	  



Fit all couplings at once 
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Fermion universality 
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Λdu= κd/κu Λlu= κl/κu 



Total width with free couplings 

•  If no assumption is made, all 
couplings  are degenerate with 
the total width: 

All σ·BR scale as  κ4 / (κ2 ΓSM+ ΓBSM) 
 

•  However, in most EWSB models  
        κV ≤ 1 
•  If that constraint is imposed, one 

can put an upper limit on the 
total width with no other 
assumption on the other 
couplings. 

•  Upper limit to BSM 
decays imposing κV ≤ 1:  

BRBSM  < 0.64 
@ 95% CL 
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Summary of all searches for 
coupling deviations 
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ΓBSM	  =	  0.	  

ΓBSM 	  =	  0.	  
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   MELA:  JPC 

Chiara	  Mario)	   63	  

63	  Distributions after Dbkg > 0.5 (for illustration)  

JPC 

MELA:  
can describe 
the kinematics 
of different JPC 

boson decay  
 



Spin 2 combination: results 
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CLs values for 2+
m(gg) 

•  Expected results with µ=1”	  
	  	  	  	  	  	  	  	  	  	  	  	     ZZ          WW         Comb 
              6.8%       1.4%        0.2% 
 
•  Observed results at measured µ	

   ZZ          WW         Comb 
              1.4%        14%         0.6%   	


•  Observed	  results	  weaker	  than	  expected	  
	  	  	  	  	  	  especially	  for	  WW	  due	  to	  best	  fit	  μ	  <	  1	  
	  	  	  	  	  	  	  (like	  having	  less	  luminosity)	  
•  Observed	  bever	  than	  expected	  for	  ZZ	  
	  	  	  	  	  	  	  due	  to	  a	  fluctua6on	  

The	  observa[on	  is	  well	  compa[ble	  with	  	  
SM	  Higgs	  expecta[ons	  (0+).	  

The	  data	  disfavours	  the	  the	  2+m(gg)	  
hypothesis	  with	  a	  CLs	  value	  of	  0.6%	  
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H→ZZ →4l: Mixed parity 
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§  SM 0+ decay dominated by A1 
§  0- decay dominated by A3 
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Jet categories 
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Di-jet Tagged (>=2 jets) 
Use Fisher Discriminant (mjj, Δηjj) 

Un-tagged (0/1 jet) 
Use pTm4l/m4l 

(VBF fraction~20%) (VBF fraction~5%) 

121.5 < M(4l) < 130.5 GeV 
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Jet categories to measure couplings 
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σ/σSM @ 125.7 GeV = 0.92 ± 0.28 



H →WW→2l2ν: strategy 
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)Ecos(Ep2M miss

T
miss
TT T

−Δ= 
 φ
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•  Pre-selection cuts: 
      (on lepton pT, MET, anti-b-tag.. ) 
 
•  Jet categories:  0 Jet  

     1 Jet  
                                  2 Jets with VBF topology 
 
•  0 & 1 jet category subdivided in: 

•     Different Flavour (DF) 
            2D (MT, mll) shape analysis 
 
•       Same Flavour (SF) 

     Cut-based analysis 

 



WWàlνlν 2D analysis (0 jet bin) 
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BG	  subtracted	  data	  

•  aaa 
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Signal	  
region	  

MC	  Background	   Higgs	  signal	  at	  125	  GeV	  

Data	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  



Strategy: 
§  Select isolated, well-identified leptons, τh 
§  Topological cuts (e.g. mT in lτh) to suppress backgrounds 
§  Categorize events based on number of jets, τ pT 
§  Template fit to mττ shape 

Z→ττ Embedding: 
Z→µµ data, replace µ 
with simulated τ decay 
Normalization from 
Z→µµ data 
Syst: 5% 

W+jets 
Shape from 
simulation 
Normalization from 
control region 
Syst: 10-20%  

QCD 
SS data, corrected 
for SS/OS ratio 
Syst: 10% 

Anatomy of the analysis  
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