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Higgs @ LHC 

SM Higgs production (mH = 125 GeV c-2 @ 8 TeV): 

• gluon-gluon Fusion (ggF): 

 19.52 pb (uncertainty 15-20%); 

• Vector Boson Fusion (VBF): 

1.58 pb (uncertainty 5%); 

• Associated production with W/Z (VH): 

 0.7/0.4 pb (uncertainty 5%); 

• Associated production with ttbar (ttH): 

 0.13 pb (uncertainty 15%). 
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Higgs @ LHC 

Standard Model Higgs decays: 

• H → γγ:  

 low mass, high bkg and mass  resolution; 

• H → ZZ(*) → 4l:  

 full mass range, low BR, high purity 

 and mass resolution;  

• H → WW(*) → lν lν:  

 full mass range, small mass resolution, 

 high rate; 

• H → ττ: 

low mass; 

• VH → V + bb:  

associated production VH, V= Z or W. 

24/01/2013 
A. Gabrielli - INFN - Università di Roma 

"Sapienza" 
4 

125 300 

γγ 53 - 

ZZ 2.9 5.6 

WW 59 32 

ττ 1500 - 

bb 
Only VH 

600 
Only VH 

- 

Expected events per fb-1, BEFORE the selection:  
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Large Hadron Collider 

Performance of LHC: 

• Proton-proton collider  

@ 𝑠  = 7 (2011) and 8 (2012) TeV; 

• Peak luminosity 7.7 1033 cm-2 s-1; 

• Integrated lumi delivered:  

~ 23 fb-1 at 8 TeV and ~ 5 fb-1 at 7 TeV; 

• Bunch crossing 50 ns.  
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A candidate Z boson event in the dimuon decay  
with 25 reconstructed vertices:  



A Toroidal Lhc ApparatuS 
Inner detector: 

 Silicon; 

 Transition radiation Tracker; 

 Solenoid (2 T). 

EM calorimeter: 

 Sampling LAr. 

HAD calorimiter: 

 Plastic scintillator (barrel); 

 LAr technology (endcap). 

Muon system: 

 3 air-core toroids; 

 Reco and trigger chambers. 
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Higgs discovery 

[1] ATLAS Collaboration, Observation of a new particle in the search for the Standard Model Higgs boson with the 
ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1–29, arXiv:1207.7214 [hep-ex]. 
 
[2] CMS Collaboration, Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC, 
Phys. Lett. B 716 (2012) 30–61, arXiv:1207.7235 [hep-ex]. 

4th July 2012, ATLAS [1] and CMS 
[2] collaborations announced the 
observation of a new particle. 

ATLAS channels 7 + 8 TeV  

(4.8 fb-1 7 TeV and 5.8 fb-1 8 TeV) : 

• H → γγ; 

• H → ZZ → 4l; 

• H → WW → lν lν. 
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H → γγ 
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H → γγ 

   Higgs to gamma gamma: 

• BR: ~ 10-3 (@ mH = 125 GeV c-2); 

• Bkg: γγ, γ+jets, jet-jet; 

• Ten exclusive categories  

(to increase sensitivity): 

• γ converted (unconverted); 

• γ pseudorapidity; 

• PT trust γγ; 

• VBF selection; 

• Signal purity (S/B) ~ 2%-20%; 

• Strong jet rejection is needed; 

• Lumi 4.8 fb-1 @ 7 TeV and 5.8 fb-1 

@ 8 TeV (4th July 2012). 
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Signal: 

Irreducible bkg: pp→ γγ+ X (~ 75% total bkg) 
Normalization and shape from MC + control region: 

+ + … 

Reducible bkg: pp→ γj, jj, D-Y 
Normalization and shape from MC + control region : 

+ … + + 



H → γγ 
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Tracking calorimeter:  
measure the photon direction and the position of the 
primary vertex (small pileup dependence). 

Distribution of  expected mγγ for different algorithm 
used to determine the longitudinal vertex position:  

mγγ distribution for the combined √s = 7 TeV and 
√s = 8 TeV data:  

mγγ distribution for the combined √s = 7 TeV and 
√s = 8 TeV data weighted (ln (1 + Si/Bi)):  
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H → γγ 

Higgs to gamma gamma (4th July 2012): 

• The SM Higgs boson is excluded at 95% CL: 112-122.5 and 132-143 GeV c-2  

(exp. 110-139.5 GeV c-2);  

• Observed p0 ~ 4.5 standard deviation (exp 2.5) @ mH = 126.5 GeV c-2; 

• Signal strength μ = 1.9 +/- 0.5. 
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Observed and expected CLs limit on the normalized 
signal strength vs Higgs mass:  
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p-value = “probability”  that result is as or less compatible 
with the background only hypothesis 

Observed and expected p-value vs Higgs mass:  
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Higgs to gamma gamma update: 

• Lumi 4.8 fb-1 @ 7 TeV and 13 fb-1 @ 8 TeV (Council December 2012); 

• Analysis has been re-optimized; 

• Added two new categories for the VH production. 

mγγ distribution for the combined √s = 7 TeV and 
√s = 8 TeV data:  

mγγ distribution for the combined √s = 7 TeV and 
√s = 8 TeV data weighted (ln (1 + Si/Bi)):  

H → γγ: latest results 



H → γγ: latest results 

Higgs to gamma gamma (Council 2012): 

• The SM Higgs boson is excluded at 95% CL: 110-122.5 and 129.5-144.5 GeV c-2 

(exp. 110-139.5 GeV c-2);  

• Observed p0 ~  6.1 standard deviation (exp 4.1) @ mH = 126.6 GeV c-2; 

• Signal strength  
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Observed and expected CLs limit on the normalized signal 
strength vs Higgs mass:  Observed and expected p-value vs Higgs mass:  
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The compatibility with the SM prediction is 
estimated to be at the 2.4 σ level  



H → ZZ(*) → 4l  
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H → ZZ(*) → 4l  

Higgs to four leptons (“golden channel”): 

• BR: ~ 10-4 (@ mH = 125 GeV c-2); 

• Bkg: ZZ, Z+jets, top; 

• Signal purity (S/B) ~ 1; 

• Lumi 4.8 fb-1 @ 7 TeV and 5.8 fb-1 @ 8 TeV 

 (4th July 2012). 
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Irreducible bkg: pp→ ZZ (~ 70 % total bkg) 
rejection: kinematic cuts e.g. m12 and m34  
Shape and normalization from MC: 

+ + … 

Signal: 

+ … + 

Reducible bkg: pp→ Z+jet, tt… rejection: isolation of leptons, … 
Z+jet from control region, Zbb shape from MC and normalization  
from data: 



H → ZZ(*) → 4l  
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m4l distribution for the combined √s = 7 TeV and √s = 8 TeV data:  
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Invariant mass distribution for simulated  
H → ZZ(*) → 4μ: 

m4μ distribution for the combined √s = 7 TeV  
and √s = 8 TeV data:  



H → ZZ(*) → 4l  

Higgs to four leptons (4th July 2012): 

• The SM Higgs boson is excluded at 95% CL:  

131-162 and 170-460 GeV c-2  

(exp. 124-164 and 176-500 GeV c-2);  

• Observed p0 ~ 3.6 standard deviation (exp 2.7) 

@ mH = 125 GeV c-2; 

• Signal strength μ = 1.2 +/- 0.6. 
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Observed and expected CLs limit on the 
normalized signal strength vs Higgs mass:  

Observed and expected p-value vs Higgs mass:  

Fitted signal strength parameter vs mH:  
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Higgs to four leptons update: 

• Lumi 4.8 fb-1 @ 7 TeV and 13 fb-1 @ 8 TeV (Council December 2012); 

• Analysis has been re-optimized. 

m4l distribution for the combined √s = 7 TeV and √s = 8 
TeV data:  

H → ZZ(*) → 4l: latest results  

m4μ distribution for the combined √s = 7 TeV and √s = 8 
TeV data:  



H → ZZ(*) → 4l: latest results  

Higgs to four leptons (Council 2012): 

• The SM Higgs boson is excluded at 95% CL: 127.7-166 and 174-600 GeV c-2 

(exp. 120-580 GeV c-2);  

• Observed p0 ~ 4.1 standard deviation (exp 3.1) @ mH = 123.5 GeV c-2; 

• Signal strength 
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Observed and expected CLs limit on the 
normalized signal strength vs Higgs mass:  

Observed and expected p-value vs Higgs mass:  
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H → WW (*) → lν lν  
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Higgs to WW: 

• BR: ~ 2.5x10-3 (@ mH = 125 GeV c-2); 

• Bkg: WW, W+jets, jet-jet, top; 

• Different-flavour e/μ (D-Y rejection); 

• Signal purity (S/B) ~ 10%; 

• Discriminant variables: mll, Δφll, mT; 

• Lumi 4.8 fb-1 @ 7 TeV and 13 fb-1 @ 8 TeV 

(HCP 2012). 

H → WW (*) → lν lν  
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Reducible bkg: pp→ WZ, Z/W+jet, tt. rejection: 
isolation of leptons , …, W+jets from data, other 
simulation + control region: 

Signal: 

+ + … 

Irreducible bkg: pp→ WW, rejection: Δφll H has 
spin 0, WW bkg from simulation + control region: 



H → WW (*) → lν lν  
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mT distribution for events satisfying all criteria: 

Δφll distribution after full event selection: multiplicity of jets for events satisfying the 
dilepton and ET

miss
rel selection: 

mT distribution in data with the estimated 
background subtracted with the predicted signal: 
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H → WW (*) → lν lν: latest results  
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Higgs to WW (HCP 2012): 

• Only Different-flavour e/μ updated (higher 

sensitivity); 

• Observed p0 ~ 2.8 standard deviation (exp 3.1) 

@ mH = 125 GeV c-2; 

• Signal strength μ = 1.5 +/- 0.6. 

Observed and expected CLs limit on the 
normalized signal strength vs Higgs mass:  

Observed and expected p-value vs Higgs mass:  

Fitted signal strength parameter vs mH:  
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H → ττ 
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H → ττ 
Higgs to ττ: 

• BR: ~ 6x10-2 (@ mH = 125 GeV c-2); 

• Bkg: Z, Z+jets, top; 

• Signal purity (S/B) ~ 0.3%-30%; 

• Many exclusive categories  

τlep, τhad: boosted, 0-1-2 jets (2 jets for VBF)… 

to increase sensitivity; 

• Lumi 4.8 fb-1 @ 7 TeV and 13 fb-1 @ 8 TeV 

(HCP 2012). 
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Z→ττ from embedding: Start from real Z→μμ events, 
replace muons with fully-simulated taus with proper 
polarization and spin correlations: 

Other backgrounds: W/Z + jet, WW, ZZ, tt…  from simulation: 

+ + … 

τlepτlep τlepτhad τhadτhad 

12% 46% 42% 

Signal: 
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H → ττ 

MMC mass distributions for the τ-embedded 
Z→μμ data and simulated Z→ττ events: 

MMC mass distributions of the selected  
events: 



Higgs to τ τ  (HCP 2012):  

• 2-3 times SM Higgs boson is excluded at 95% CL: ~ 100-150 GeV c-2; 

• Observed p0 ~ 1.1 standard deviation @ mH = 125 GeV c-2; 

• Signal strength μ = 0.7 +/- 0.7.  
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Observed and expected CLs limit on the normalized 
signal strength vs Higgs mass:  

Observed and expected p-value vs Higgs mass:  

H → ττ 
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VH → V+bb 
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VH → V+bb 
Higgs to bb: 

• BR: ~ 0.6 (@ mH = 125 GeV c-2); 
• Production: VH;  
• Bkg: Zbb, Wbb, top…; 
• Three channels:  
 0 leptons: Z → ν ν + H → bb; 
 1 lepton: W → l ν + H → bb; 
 2 leptons: Z → l l + H → bb; 
• Signal purity (S/B) ~ 1%-10%; 
• Discriminant variables: lep, Et

miss, mjj…; 
• Lumi 4.8 fb-1 @ 7 TeV and 13 fb-1 @ 8 TeV  

(HCP 2012). 

24/01/2013 
A. Gabrielli - INFN - Università di Roma 

"Sapienza" 
29 

Signal: 

Backgrounds: W/Z + jet, tt…  are estimated using a combination of techniques based on the 
comparison of data and MC predictions. ZZ, WW from simulation and MultiJet only form data: 

+ + … + 



VH → V+bb 
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mbb distributions after full event selection for 

2jets and 0-1-2 leptons. 

The normalizations of backgrounds are determined by a 
maximum likelihood fit to control and signal regions. 



VH → V+bb 

Higgs to bb (HCP2012): 

• The SM Higgs boson is excluded @ 95% CL: 110 GeV c-2; 

• 2 times SM Higgs boson is excluded at 95% CL:  ~ 110-130 GeV c-2; 

• No significant excess is observed. 

24/01/2013 
A. Gabrielli - INFN - Università di Roma 

"Sapienza" 
31 

Observed and expected CLs limit on the normalized 
signal strength vs Higgs mass:  
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Observed and expected p-value vs Higgs mass:  



What is it? 
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What is it? 

Is it really the Standard Model Higgs boson? 

Needed study its properties: 

• Mass; 

• Couplings; 

• Spin/CP. 

? 

? 

? 

? 



Higgs combination 
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Higgs combination (July 2012): 

• The SM Higgs boson is excluded at 95% CL: 111-122 and 131-559 

GeV c-2 (exp 110-582 GeV c-2);  

• Observed p0 ~ 6.0 standard deviation (exp 4.9) @ mH = 126 GeV c-2; 

• Signal strength μ = 1.4 +/- 0.3.  
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Observed and expected p-value vs Higgs mass:  
Observed and expected CLs limit on the normalized signal 
strength vs Higgs mass:  



Higgs combination: latest results  
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Signal strength for all channels and combined: Observed and expected p-value vs Higgs mass:  

Expected significance : 5.9 σ 

Observed significance: 7.0 σ  

Combined signal strength is:   
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Signal is confirmed!!! 



Higgs mass 
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H → γγ: 

Signal strenght  

Mass  

H → γγ and H → ZZ(*) → 4l best-fit values of mH and µ, and the corresponding 1-2 σ contours: 

H → ZZ(*) → 4l: 

Signal strenght  

Mass  

H → γγ  H → ZZ(*) → 4l  



Higgs mass 
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Combined mass measurement is: 

Combined signal strenght: 
 
Taking all systematics into account the two masses, the compatibility of the two masses is estimated to be at the 
2.7 σ level (A more conservative treatment of scale systematics (rectangular PDFs) leads to a compatibility of 2.3 σ). 
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Higgs couplings 
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The framework makes the following assumptions: 

• Only modifications of couplings strengths, i.e. of absolute values of couplings, 

are taken into account: the observed state is assumed to be a CP-even scalar as 

in the SM. 

• The signals observed in the different search channels originate from a single 

narrow resonance; 

• The width of the Higgs boson with a mass of 126 GeV is assumed to be 

negligible. 

Strategy: 

Choose a model: More accurate with higher order corrections and external 

constraints; 

Test small deviations from the SM predictions. 

 

 

 

Following prescriptions of LHC Higgs Cross-section Light Mass Subgroup. 
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Higgs couplings 
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Benchmark model kV-kF. 

Some sensitivity to the relative sign of kF 

gained from the negative interference 

between W and fermion-loop in H → γγ decay. 
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Scale factor for all fermions 

Scale factor for all vectors 



Higgs couplings 
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Benchmark model kg-kγ. 
The potential new particles contributing to the H→γγ and gg → H loops, may or 
may not contribute to the total width of the observed state from direct invisible 
decays. 
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gg → H loop 

H → γγ  loop 



Higgs couplings 
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Within the current statistical uncertainties and assumptions, no 
significant deviations from the Standard Model couplings are observed. 

Simplified benchmark models were used to study the correlations of production 

and decay modes in different final states, and compare them to the predictions 

for the SM Higgs boson: 

 Couplings to Fermions and Vector Gauge Bosons (kV-kF, kg-kγ, kVV-λFV); 

 Probing the custodial symmetry of the W and Z coupling (λWZ, kZZ, λFZ); 

 Probing the up- and down-type fermion symmetry (λdu, kuu, λVu); 

 Probing the quark and lepton symmetry(λVq, kqq, λlq). 



Higgs JP : H → ZZ(*) → 4l 
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Final state allows measuring  JP: 

  - 5 angles ( production, decay ); 

  - m12, m34; 

Discriminate 0+ (SM) hypothesis against: 0-, 2+
m  (graviton-like 

tensor with minimal couplings) 2-  (pseudo-tensor). 

Two Multi-Variate discriminants used: 

  - Boosted Decision Tree (BDT); 

  - Matrix-Element-Likelihood-Analysis (JP-MELA). 

Expected distributions for 0+ and 0- hypothesis of φ, cos θ1 and m34 for the combined √s = 8 TeV  and √ s = 7 TeV luminosity: 



Higgs JP : H → ZZ(*) → 4l  
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0+ vs 0-: 2.3 σ (2.7 σ) observed (1.7 σ, 1.9 σ expected); 
0+ vs 2+: excluded @ 85% CL. 

Distributions of the BDT and JP-MELA discriminants for data and Monte Carlo expectations for the combined √s = 8 TeV  
and √ s = 7 TeV data sets: 
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Higgs JP : H → γγ 
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Sensitive variable is di-photon cos θ* distribution: 

Expected sensitivity: exclusion of the spin 2+ hypothesis @ the 97% CL; 
Observed exclusion of spin 2+ hypothesis @the 91% CL. 
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Conclusions 
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 Excellent performance of LHC and of the ATLAS detector allowed to strengthen 

the observation of the new boson; 

 The discovery is fully confirmed on all the most sensitive channel; 

 First measurements of its coupling properties and its mass; 

 All properties measured until now are consistent with a SM Higgs; 

 The analyses are now moving from searches to measurement: more results to 

comeusing the full set of ~21 fb-1 collected in 2012. 
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Best fit value for the signal strength in the different categories and combined: 

The pTt of the diphoton system is defined as the transverse 
component of the diphoton momentum, when projected on the axis 
given by the difference of the photon momenta 
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m4l distribution at Z peak for the combined √s = 7 TeV and 
√s = 8 TeV data (loose selection):  

m12 distribution for the combined √s = 7 TeV and √s = 
8 TeV data (control region):  

m4l distribution at Z peak for the combined √s = 7 TeV 
and √s = 8 TeV data (loose selection):  
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H → WW (*) → lν lν  
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mT distribution in data with the estimated 
background subtracted with the predicted signal: 

mT distribution for events satisfying all criteria: 

Δφll distribution after full event selection: multiplicity of jets for events satisfying the 
dilepton and ET

miss
rel selection: 
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Higgs to WW (July 2012): 

• The SM Higgs boson is excluded at 95% CL: 137-261 GeV c-2 (exp 124-233 GeV c-2);  

• Observed p0 ~ 2.8 standard deviation (exp 2.3) @ mH = 125 GeV c-2; 

• Signal strength μ = 1.3 +/- 0.5.  

H → WW (*) → lν lν 
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Observed and expected CLs limit on the normalized signal 
strength vs Higgs mass:  

Observed and expected p-value vs Higgs mass:  
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ET
miss distributions for the Z→μμ data before and after 

muon embedding: 
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Relative global mass scale difference between the measured resonance 
mass and the PDG value 
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