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September 29, 2010  Charged 
Higgs 2010 

Muon	
  Spectrometer:	
  |η|<2.7	
  
Air-­‐core	
  toroids	
  with	
  gas	
  based	
  muon	
  chambers	
  	
  
σ(pT)/pT	
  =	
  2%	
  @	
  50GeV	
  to	
  10%	
  @	
  1TeV	
  (ID+MS)	



Inner	
  Detector:	
  |η|<2.5,	
  B=2T	
  
Si	
  pixels/strips	
  and	
  Trans.	
  Rad.	
  Det.	
  
σ(pT)/pT	
  =	
  0.05%	
  pT	
  ⨁  1%	



Hadronic	
  Calorimeter:	
  |η|<4.9	
  
Fe/scinMllaMng	
  Tiles	
  (central),	
  Cu/W	
  LAr	
  (fwd)	
  	
  
σ(Ejet)/Ejet	
  =	
  50%	
  /√E	
  ⨁  3%	



EM	
  Calorimeter:	
  |η|<3.2	
  
Pb-­‐LAr	
  Accordion	
  	
  
σ(E)/E	
  =	
  10%/	
  √E	
  ⨁  0.7%	
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  EPS 
1.20 fb -1 

   LP 
2.30 fb-1 

2.47 fb -1 

2.78 fb -1 

A huge amount of data collected in 2011 :  
 

!  Thanks to the LHC teams for this great job 

!  ATLAS data taking in 2011: 
     - p-p collision at √s=7 TeV 
      - peak luminosity : ~3.65x1033 cm-2 s-1 

      - O(5) fb-1 for analysis  
     - data taking efficiency : ~93.5% 
          

Pile-up challenge :  
 

!  50 ns bunch train for ~all 2011 data 
    in-and out-of-time pile up : 
    <µ>~6    for 2.47 fb-1 of the data collected 
    <µ>~12  for 2.78 fb-1 of the data collected 
 
!  Continuing details performances studies in 
    presence of “high” pile-up  
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Standard Model : 

!  success 
    - prediction (W,Z boson, top quark) in  
      agreement with the experimental results 
    - precision measurements in agreement  
      with the theory 
 
!  limit of the Standard Model  
    - generate by the  Higgs mecanism 
    - problem of unitarity 
    - number of free parameter 
 

limits on the  mHiggs in the Standard Model : 

!  direct search limits (@95% CL) 
    SINDRUM, Barr et al. (π,K decays): ~10-110 MeV 
    CLEO+CUSB: ~2*mµ-5 GeV  
    LEP+Tevatron+ATLAS+CMS: <114.4, 141-476 GeV  
 
!  fit electroweak   
     mHiggs < 152 GeV@ 95% CL  
 
!  limit of the theory 
     mHiggs < 1 TeV/c2   
    (triviality, unitarity) 

most likely value : 90 +29 
-23 GeV 	
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Higgs Boson production at the LHC via :  
 

!  Gluon fusion : 
    - gg → H 
    - dominant mechanism 
    - channels : 
      H → WW ,ZZ, γγ 

 

!  Vector Boson fusion : 
   - qq → qqH 
   - smaller but distinct 
   - channels : 
     H → ττ  
 
 
!  Associated Production : 
    - qq → WH,ZH, ttH 
    - the smallest 
    - difficult 
    - channels : 
       H → bb  
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Dominant production processes are gluon fusion and vector boson fusion 
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Typical uncertainties on total cross-sections 

Gluon fusion  

Vector Boson fusion  

Higgs boson production 

 [GeV] HM
100 200 300 400 500 1000

 H
+X

) [
pb

]  
  

(p
p 

-210

-110

1

10
= 7 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

 H (NNLO+NNLL QCD + NLO EW)

pp 

 qqH (NNLO QCD + NLO EW)

pp 

 WH (NNLO QCD + NLO EW)

pp 
 ZH (NNLO QCD +NLO EW)

pp 

 ttH (NLO QCD)

pp 

CERN-2011-002; arXiv:1101.0593 

Dominant production processes are gluon fusion and vector boson fusion 

 [GeV]HM
100 200 300 1000

Br
an

ch
in

g 
ra

tio
s

-310

-210

-110

1

500

bb

cc

ttgg

Z

WW

ZZ

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

Higgs searches at ATLAS Carlos Solans 4 

Associated Production  

CERN-2011-002; arXiv:1101.0593 
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Most important channels :  
  

!  H → ZZ(*) :  
    - ZZ → llll    : “golden” mode 
    - ZZ → llνν  : good for high mass 
    - ZZ → llqq  : good at high mass 

!  H → WW(*) : 
    - WW → lνlν  : most sensitive 
    - WW → lνqq : important at high mass  

 
!  H → γγ :	


    - rare channel 
    - best for low mass 
   
!  H → ττ :	


    - good s/b 
    - low mass 
    - rare 
 
!  H → bb : 
    - with associated production 
    - useful but difficult 
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Used for individual channels and SM Higgs combination at ATLAS :  

!  Common parameters of interest is a cross-section scale factor : 
     µ=σ/σSM                 µ=0 is the background only model 
                             µ=1 correspond to the nominal signal model 
 
!  Combined probability model is formed by identifying nuisance parameters ν associated  
    to common systematic effects 
 
!  The profile likelihood ratio is used as a test statistics : 

 
    one-sided variants of the test statistic are used for the upper-limits and discovery 
     
!  Nuisance parameters are “profiled” based on the data 

!  The distribution of the test statistic is obtained  in two way : 
    - ensemble tests with with Toy Monte Carlo using a fully frequentist procedure   
    - using asymptotic distribution of likelihood ratio (improved χ2 method) 
 
!  Primary results based on CLs 
    - more relevant to protect against downward fluctuations 
     - additional comparison with Bayesian procedure with a uniform prior on µ=σ/σSM 

 
!  Use RooFit/RooStats 

Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

EPS-HEP 2011 - ATLAS Higgs Combination

Statistical Procedure
The full complexity of individual channels’ likelihood functions are packaged using 
RooFit/RooStats workspaces, and a combined probability model is formed by 
identifying nuisance parameters ! associated to common systematic effects

‣ the common parameter of interest is a cross-section scale factor: µ = ! / !SM

The profile likelihood ratio is used as a test statistic:
‣ nuisance parameters are “profiled” based on the data 
‣ one-sided variants of the test statistic are used for upper-limits and discovery

The distribution of the test statistic is obtained in two ways:
‣ Ensemble tests with toy Monte Carlo using a fully frequentist procedure

● randomize auxiliary measurements instead of randomizing nuisance parameters

‣ Using asymptotic distribution of likelihood ratio
● used for primary result

Primary result based CLs, conservatism introduced to protect against downward fluctuations

‣ results based on power-constrained CLs+b (“PCL”) in backup
‣ Additional comparisons with Bayesian procedure with a uniform prior on µ

11

Cowan, Cranmer, Gross, Vitells 
Eur.Phys.J. C71 (2011)

λ(µ) = Ls+b(µ, ˆ̂ν)/Ls+b(µ̂, ν̂)

CERN-2011-002; arXiv:1101.0593 
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Understanding of the Yellow and Green bands :  
 

!  Upper limit on the Standard Model (SM) Higgs Boson production cross section divided by 
the Standard Model expectation as a function of mHiggs 

 

 µ=σ/σSM 

 this is a 95% limit using  
 the CLs method 

 observed limit (data) 

 expected limit (without Higgs) 

Eilam Gross 
https://indico.cern.ch/conferenceOtherViews.py?view=standard&confId=141983 

CERN-2011-002; arXiv:1101.0593 
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p0 plot and signal  strength  :  

!  local p0 plot : 
      
 
 
 
 
 
 
 
 
 
!  signal strength plot 

CERN-2011-002; arXiv:1101.0593 

The observed local p-value characterize 
probabilities for the predicted background 
to fluctuate at least as high as the 
observed excesses  
→ probability that the excess is caused by   
     a background fluctuation 
 
The observed global p-value include the 
look-elsewhere effect  
→ probability for the fluctuation to occur on  
     the full range 
              
 
 
 
Best fit signal strength µ = σ/σSM  
→ the µ value indicates by what factor the   
     SM Higgs boson cross section would   
     have to be scaled to best match the  
     observed data 
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H → ZZ(*) → 4l : the “golden channel” :  
 

!  H → ZZ(*) → 4l :   
    signature   :  
                    4 leptons (e,µ) 
                       pT

1,2,3,4 > 20,20,7,7 GeV 
    low σ x BR : 
                      3.1 fb-1 (mHiggs=130 GeV) 
    sensibility between mHiggs :  
                   110 – 600 GeV 
    possibility to reconstruct the mass 
    good mass resolution 
    narrow peak on low background (S/B ~ 1 at low mass) 
    (limited by natural H width for mHiggs>>200 GeV) 
  
 
 

SM Higgs production σSM and BR 
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Electron reconstruction and identification in 2011 :  
 

!  H → ZZ(*) → 4e 
    crucial to understand low-pT electrons 
   use brem refitted track fro electrons (“GSF”)  
   mass resolution :   
                              2.5 GeV (2 %) 
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Muon reconstruction and identification in 2011 :  
 

!  H → ZZ(*) → 4µ 
    crucial to understand low-pT muons 
    mass resolution :   
                              2.0 GeV (1.5 %) 
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H → ZZ(*) → 4l  signal and background : 
  

!  Signal : 
   H → ZZ(*) → 4l  
   production mode : gg,VBF, ZH and WH 
    4 leptons : pT

1,2,3,4 > 20,20,7,7 GeV 
 
 
!  Backgrounds: 
    ZZ(*) (irréductible)  
        
     for m4l<2*mZ : 
                    Zbb, Z+jets and ttbar (reducible)    
                    (leptons venant de b/q-jets→l) 

H	
  →	
  ZZ(*)	
  →	
  4l	
  

	
  	
  	
  	
  	
  	
  ZZ(*)	
  →	
  4l	
   	
  	
  	
  	
  	
  	
  Zbb	
  and	
  Z+jets	
   	
  	
  	
  	
  	
  	
  ]bar	
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H → ZZ(*) → 4l event selection:  
 

!  selection : 
    - 4 leptons : pT

1,2,3,4 > 20,20,7,7 GeV 
 

   - two same-flavor/opposite-sign isolated lepton pairs 
       Z12 (m12), the reconstructed Z closer to the PDG 
       Z34 (m34) the other Z  
 

   - lepton pair mass cuts : 
       |m12-mZ|<15 GeV 
       m34<115 GeV and m34>mThreshodl(m4l)(15-60 GeV) 
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SM ZZ background :  
 

!  use MC simulation (Pythia) and MCFM shape and cross section   

 
 
!  but ATLAS is also doing a cross section measurement :   

 
    NLO prediction (MCFM) : 
         
!  Normalize ZZ production to MC expectation 
    including both qq/gq → ZZ and gg → ZZ  
    Theory uncertainty ∼15% (arXiv:0906.2500)  
        

Z  

Z*/γ*	
  	
  

Z ! Z*/γ*	
  	
  

Z !

Z !

Z !

Z* !
•	



•	



•	



•	



•	

 •	


•	



•	



•	

•	



•	

 •	



•	

 •	

 •	


•	
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Background estimation using data driven method :  

!  Normalize top production to MC expectation 
     verified in control region  : 
      ➝ e±µ∓ pair consistent with mZ and  
         two additional same-flavor leptons 
     theory uncertainty 10% 
 
!  Normalize Z+jets production using control regions 
     control region :   
     ➝ without charge, isolation and impact parameter criteria  
         on the second lepton pair : Z(➝ll) + µµ/ee  
      separate different components 
      eventually extrapolate to signal region  
      uncertainties 40-45 % 
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Systematic uncertainties :  

!  Experimental systematic uncertainties  

 
 
 
!  For background estimated with data-driven, systematic uncertainties are uncorrelated 
 
 
 
 
 
!  Careful treatment of theory uncertainties (ATLAS-CMS LHC combination working group) 

	
  	
  Process	
   QCD	
  Scale	
  (depend	
  of	
  mH)	
   PDF+αS	
   Total	
  

ggF	
  	
   +12/-­‐7	
  	
  %	
   ±8	
  %	
   +20/-­‐15	
  %	
  

VBF	
   ±1	
  %	
   ±4	
  %	
   ±5	
  %	
  

WH/ZH	
   ±1	
  %	
   ±4	
  %	
   ±5	
  %	
  

]bar	
   ±4	
  %	
   ±4	
  %	
   ±10	
  %	
  

ZZ	
  (SM)	
   ±5	
  %	
  	
  +	
  10%	
  	
  (gg	
  →	
  ZZ)	
  +	
  shape	
   ±4	
  %	
   ±12	
  %	
  

CERN-2011-002; arXiv:1101.0593 

	
  	
  SystemaOc	
  uncertainOes	
   Total	
  

luminosity	
   3.9	
  	
  %	
  

muon	
  efficiency	
   0.16-­‐0.22	
  %	
  

electron	
  efficiency	
   1.6-­‐8.0	
  %	
  

electron	
  energy	
  scale	
   0.3-­‐0.6	
  %	
  

	
  	
  SystemaOc	
  uncertainOes	
   Total	
   staOsOcal	
  uncertainty	
  	
  

Z+jet	
   45	
  %	
  +shape	
   in	
  the	
  control	
  sample	
  and	
  the	
  MC-­‐based	
  extrapolaMon	
  to	
  the	
  signal	
  region	
  

Zbb	
   40	
  %	
  +shape	
   in	
  the	
  control	
  sample	
  and	
  the	
  MC-­‐based	
  extrapolaMon	
  to	
  the	
  signal	
  region	
  

	
  	
  line	
  shape	
  (150%)	
  x	
  (mHiggs(TeV))3	
   Total	
  

mHiggs= 300	
   ±4	
  %	
  

mHiggs= 400 GeV	
   ±10	
  %	
  

mHiggs= 500 GeV	
   ±19	
  %	
  

mHiggs=	
  600 GeV ±32	
  %	
  

  cut efficiency for electrons low-ET electrons 
   ➝ overall systematic uncertainty (5% for Et<15 GeV) 
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Some kinematic distribution after the full analysis :  
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Expected and observed signal and background :  
 

!  Mass distribution after the full selection  
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ATLAS - over all good agreement data/MC 
  71 candidates (data) : 
  62 ± 9 expected events (MC) 
 
- in details    
  candidates (data) : 
     24 4µ  
     30 2e2µ 
     17 4e  
  expected events (MC) 
     18.6 ± 2.8 4µ 
     29.7 ± 4.5 2e2µ  
     13.4 ± 2.0 4e. 
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In the region m4l < 140 GeV  
3 events are observed:  

- two 2e2µ events  
  m4l=123.6 GeV 
  m4l=124.3 GeV 
 
- one 4µ event  
  m4l=124.6 GeV 

Expected and observed signal and background :  
 

!  Mass distribution after the full selection  
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4µ candidate :  
 

!  Thanks to the LHC teams for this great job 
                   
m4l= 124.6 GeV m12= 89.7 GeV, m34= 24.6 GeV 
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2e2µ candidate :  
 

!  Thanks to the LHC teams for this great job 
                   
m4l= 124.3 GeV m12= 76.8 GeV, m34= 45.7 GeV 
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2e2µ candidate :  
 

!  Thanks to the LHC teams for this great job 
                   
m4l= 123.6 GeV m12= 89.3 GeV, m34= 30.0 GeV 
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Exclusion limits with H → ZZ(*) → 4l :  
 

!  Standard Model Higgs Boson excluded at 95% CL : 
     134−156 GeV 
     182−233 GeV  (137-157 GeV) 
     256−265 GeV 
     268−415 GeV  (184-400 GeV) 
 

zoom at low mass 	
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Local and global p0-value :  
 

!   Local p0-value express compatibility to no signal hypothesis 

 

!   Global p0 include Look Elsewhere Effect 
    (probability for the fluctuation to occur on the full range)                   

mHiggs	
  (GeV)	
   Local	
  p0	
   Global	
  p0	
   Expected	
  from	
  SM	
  

125	
  	
   	
  2.1	
  σ	
   0(50%)	
   1.3	
  σ	
  

244	
   	
  2.2	
  σ	
   0(50%)	
   3.0	
  σ	
  

500  	
  2.1	
  σ	
   0(50%)	
   1.5	
  σ	
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CERN-2011-002; arXiv:1101.0593 

Summary :  
 

!  A search for the Standard Model Higgs boson in the decay channel H →ZZ(∗)→4l 
    has been performed using the ∼4.8 fb−1 of pp collisions at √s = 7 TeV  
 
!  The background yields have been studied with looser event selections, demonstrating 
     good agreement of the background modeling with the observation 

!  71 candidates fulfilling all the selection criteria have been identified 
 
!  We can exclude the following mass range using only  H →ZZ(∗)→4l : 
     134−156 GeV 
     182−233 GeV 
     256−265 GeV 
     268−415 GeV  

 
!  The largest deviations from the background expectation are observed for 
     mH = 125 GeV  with a p0-value of 2.1 σ 
     mH = 244 GeV  with a p0-value of 2.2 σ  
     mH = 500 GeV  with a p0-value of 2.1 σ 
 
    These p0-values increase substantially once the “look-elsewhere” effect is considered 
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channels used in the SM Higgs combination at ATLAS :  
 

!  Low mass searches :  mHiggs < 140 GeV 
   W/ZH with H → bb, H → ττ , H → γγ 

!  Intermediate mass searches : 120 GeV <  mHiggs < 180 GeV 
     H → WW(*) → lνlν  

!  Higgs mass searches :  180 GeV <  mHiggs < 600 GeV 
     H → WW → lνqq, H → ZZ(*) → llll, H → ZZ → llνν, H → ZZ → llqq  
   
 Channel	
   Mass	
  range	
  (GeV)	
   Backaground	
   Int	
  Luminosity	
  ([-­‐1)	
  

H →	
  γγ	
  	
   110	
  –	
  150	
  	
   γγ,	
  γj,	
  jj	
   4.9	
  	
  

H →	
  bb (WH,ZH)	
   100	
  -­‐	
  	
  130	
   W/Z	
  +jets,	
  ]bar	
   4.7	
  	
  	
  	
  	
  	
   	
  
H → ττ 	
   100	
  -­‐	
  150	
   Z	
  →	
  τ	
  τ	
  ,	
  ]bar	
   4.7	
  	
  	
  	
  	
  	
   	
  

H →	
  WW(*) →	
  lνlν 	
   110	
  -­‐	
  600	
   WW,	
  ]bar,	
  W/Z	
  +jet	
   4.7	
  	
  	
  	
  	
  	
   	
  

H →	
  WW → lνqq 	
   200	
  -­‐	
  600	
   W	
  +	
  jets,	
  ]bar,	
  mulMjets	
   4.7	
  	
  	
  	
  	
  	
   	
  

H →	
  ZZ(*) → llll 	
   110	
  -­‐	
  600	
   ZZ(*),	
  Z	
  +jets,	
  ]bar	
   4.8	
  

H →	
  ZZ → llνν 	
   200	
  -­‐	
  600	
   diboson,	
  ]bar,	
  Z	
  +	
  jets	
   4.7	
  	
  	
  	
  	
  	
   	
  

H →	
  ZZ → llqq 	
   300	
  -­‐	
  600	
   Z	
  +	
  jets,	
  ]bar,	
  diboson	
   4.7	
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combined H→γγ  search 

CERN-2011-002; arXiv:1101.0593 
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Key points of the analysis :  
 

!  H → γγ (4.9 fb-1) 
     mH : 110-150 GeV 
    9 categories 
     ET

1,2(γ1,γ2)>40,25 GeV 
    good mass resolution (1.7%) 
     mγγ shape and unbinned 
    bkg : γγ, γj, jj (from side band) 
    exclusion limit : 113-115, 134.5-136 GeV 
 
    local significance : 2.8 σ  at 126 GeV 
    global signifiance : 1.5 σ (for mH =110-150 GeV) 
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Key points of the analysis :  
 

!  H → ττ→(ll ((4ν, l (τhad3ν, τhadτhad2ν) (4.7 fb-1) 
     mH : 100-150 GeV 
    12 category (0-jet, 1-jet, 2-jet VH, 2-jet VBF) 
     Et

τhad>15,20 GeV 
    mass resolution (∼10 %) 
     mττ shape 
    bkg : Z/γ*→ ττ +jets, ttbar 
 
    No significant excess is observed in  
    the mass range : 100 - 150 GeV 
 
 

CERN-2011-002; arXiv:1101.0593 

observed limit : 2.5-11.9xσSM  

combined H→ττ  search 
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Key points of the analysis :  
     

!  H → bb (4.7 fb-1) 
     mH : 110-130 GeV 
     11 category (pT, ET

miss, (lνbb, llbb,ννbb) 
     Et

b-,jet>45,25 GeV 
    mass resolution (∼10 %) 
     mbb shape  
    bkg : W/Z+(b)jets, ttbar 
 
    No significant excess is observed in  
    the mass range : 110–130 GeV 

observed limit : 2.7-5.3xσSM  

CERN-2011-002; arXiv:1101.0593 

	



combined H→bb  search 
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CERN-2011-002; arXiv:1101.0593 
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zoom at low mass 	
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Key points of the analysis :  

!  H → WW(*) → lνlν (4.7 fb-1) 
     mH : 110-600 GeV 
    9 category (0-jet,1-jet, VBF) 
     Et

l1,l2>20,15 GeV 
    mass resolution (∼20 %) 
     mT shape : 0-jet,1-jet 
     cutting and counting : VBF   
    bkg : WW,W+jets, Z+jets, ttbar 
 
    No significant excess is observed no significant  

excess 	



	


combined  
H→WW→ lνlν  search 
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Key points of the analysis :  
 

!  H → ZZ → llνν (4.7 fb-1) 
     mH : 200-600 GeV 
    4 category (low/high pile up) 
     Et

l1,l2>20,15 GeV 
    mass resolution (∼20 %) 
     mT shape  
    bkg : bkg : ZZ, WZ, WW, ttbar 
 
    No significant excess is observed 
 
 

observed exclusion : 320 < mHiggs< 560 GeV 

CERN-2011-002; arXiv:1101.0593 

different selections for mH <280 GeV 
and  mH ≥280 GeV 

 [GeV]Tm
150 200 250 300 350 400 450

Ev
en

ts
 / 

30
 G

eV

0

20

40

60

80

100
-1 L dt = 2.3 fbData 

Total BG
Top
ZZ,WZ,WW
Z,W

 = 200 GeV)
H

Signal (m

ATLAS Preliminary  = 7 TeVs   
 ll ZZ H 

Low pile-up data

 [GeV]Tm
150 200 250 300 350 400 450

Ev
en

ts
 / 

30
 G

eV

0
50

100

150
200

250
300

350 -1 L dt = 2.4 fbData 
Total BG
Top
ZZ,WZ,WW
Z,W

 = 200 GeV)
H

Signal (m

ATLAS Preliminary  = 7 TeVs   
 ll ZZ H 

High pile-up data

	



low-pileup dataset  
<µ>∼6 

high-pileup dataset  
<µ>∼12 

combined  
H→ZZ→ llνν  search 
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Key points of the analysis :  
 

!  H → ZZ → llqq/bb (4.7 fb-1) 
     mH : 200-600 GeV 
     2 category (untag, 2 b-tag) 
     Et

j>25 GeV 
    mass resolution (∼20 %) 
     mlljj/bb shape 
     bkg : Z+jets, ttbar 
 
    No significant excess is observed 
 

CERN-2011-002; arXiv:1101.0593 
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observed exclusion : 300 < mHiggs< 310 GeV and 360 < mHiggs< 400 GeV 

different selections for mH <300 GeV 
and  mH ≥300 GeV 

b-tag 
low mass 

untag 
high mass 

combined  
H→ZZ→ llqq/bb  search 
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Key points of the analysis :  
 

!  H → WW → lνqq (4.7 fb-1) 
     mH : 110-600 GeV 
    6 category (0-jet,1-jet, VBF) 
     Et

l1,l2>20,15 GeV 
    mass resolution (∼20 %) 
     mlνqq shape 
    bkg : W+jets, ttbar 
 
    No significant excess is observed 
 

observed limit : 2-10xσSM  

CERN-2011-002; arXiv:1101.0593 
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Summary of the individual channels (Moriond 2012) :  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

!  Expected limit :  

!  Observed limit : 

H→ZZ→llνν	



H→ZZ(*)→llll	



H→WW(*)→lνlν	



CERN-2011-002; arXiv:1101.0593 

H→γγ	
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Treatment of the systematic uncertainties between the different channels  :  
 

!  Correlated systematic uncertainties (Jet Energy Scale, Luminosity, …) 

 
!  For background estimated with data-driven, systematic uncertainties are uncorrelated 
 
!  Careful treatment of theory uncertainties (ATLAS-CMS LHC combination working group) 

Table 3: Main correlated systematic uncertainties used in the analysis. These relative uncertainties (%)

correspond to the overall effect on the per-event signal efficiency of the ±1σ variation of the source of

systematic uncertainty. Some of them, such as the energy scale in the H → γγ search, are included but

are not apparent in this table as they do not affect event rates.

H → τ+τ−
H → γγ H → bb̄

H →WW (∗) H → ZZ(∗)

τ!τhad τ!τ!+ jet !ν!ν !!!! !!νν !!qq

Luminosity ±3.7 ±3.7 ±3.7 ±3.7 ±3.7 ±3.7 ±3.7 ±3.7

e/γ eff. ±3.5 +2.0
−2.1

+11.6
−10.4 ±2.3 ±2.2 ±3.3 ±1.2 ±1.1

e/γ E. scale +1.3
−0.1

+0.2
−0.5 - +1.5

−1.6 ±0.1 - +0.8
−1.1 -

e/γ res. - ±3.7 - +2.1
−1.5 ±0.1 - - -

µ eff. ±1.0 +2.0
−2.1 - +1.1

−2.0 ±0.6 ±1.2 +0.8
−0.7 ±0.6

µ res. - +0.4
−0.6 - ±5.8 ±1.6 - - -

Jet/τ/MET E. scale +19
−16

+3.3
−10.0 - +21

−17 ±6.1 - +5.9
−4.0

+3.7
−10.4

JER - ±2.0 - ±2.5 +2.2
−1.8 - - +2.1

−0.0

MET - +4.4
−5.3 - +5.5

−6.1 - ±0.6 +6.6
−4.2 -

b-tag eff. - - - +37
−33 ±0.1 - +4.3

−4.4 -

of events is observed. This probability is displayed as a function of the Higgs boson mass hypothesis in

Figs. 5(a) and 5(b). There were three excesses of events reported in Ref. [7]. The first excess, peaking at

a Higgs boson mass hypothesis of 127 GeV, was due to the combined effect of a broad excess of events

in the H → WW (∗) → !+ν!−ν channel and an excess in the H → γγ channel. As reported in Ref. [13]

the latter excess in the updated H → WW (∗) → !+ν!−ν analysis is less significant. This first excess is

as a consequence also less significant. The second was peaking at a Higgs boson mass hypothesis of

245 GeV. It was not very significant (∼ 2σ ) and was due essentially to an accumulation of events in

the H → ZZ(∗) → !+!−!+!− analysis. The significance of this excess has decreased with the additional

data. Finally the third was corresponded to the most extreme value of the p0 which was observed at

144 GeV and resulted from the excess in the H →WW (∗) → !+ν!−ν channel and one event observed in

the H → ZZ(∗) → !+!−!+!− analysis. The significance of this excess was 2.8σ , and the probability of

such an excess in the range studied was estimated to be approximately 10%. The excess is still observed,

but mainly because of the less significant broad excess in the H → WW (∗) → !+ν!−ν analysis, its sig-

nificance has decreased to 2σ , corresponding to a probability of a background fluctuation at the percent

level. This probability is the so-called local probability of a background fluctuation. The approximate

trial factor or Look Elsewhere Effect computation described in Refs. [8,26] does not apply in cases where

the local probability is at the percent level. Given the global probability of approximately 10% for the

most significant excess reported in Ref. [7], the fluctuation observed here is highly likely. The overall

consistency of these excesses with an expected signal is shown in Figs. 5(a) and 5(b) where the expected

p0 in presence of a Standard Model signal is displayed.

The significance with which the Standard Model Higgs boson is excluded is shown in Fig. 6(a)

and 6(b). It can be noted that a signal of the Standard Model strength is excluded at high confidence

for 360 GeV, while an exclusion Confidence Level (CLs) in excess of 99% is observed in the regions

between 160 GeV and 220 GeV and between 300 GeV and 420 GeV. At an exclusion level of 90% the

picture is not very different from the 95% level used herein.

8

	
  	
  ProducOon	
  Mode	
   QCD	
  Scale	
   PDF+αS	
   Total	
  

ggF	
  	
   +12/-­‐7	
  	
  %	
   ±8	
  %	
   +20/-­‐15	
  %	
  

VBF	
   ±1	
  %	
   ±4	
  %	
   ±5	
  %	
  

WH/ZH	
   ±1	
  %	
   ±4	
  %	
   ±5	
  %	
  

]H	
   ±4	
  %	
   ±8	
  %	
   ±12	
  %	
  

 change with mHiggs 

CERN-2011-002; arXiv:1101.0593 

HCP, Nov 2011 
systematic values	
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SM Higgs Combination at ATLAS with 2010 and 2011 data (HCP 2011) : 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 

!  Expected limit exclusion :             131 - 450 GeV 

!  Observed limit exclusion :             146 - 230 GeV and 256 - 282 GeV  and 296 - 459 GeV 
               
  

ex
cl

ud
ed

 b
y 

LE
P 

ex
cl

ud
ed

 b
y 

Te
va

tro
n 

CERN-2011-002; arXiv:1101.0593 

HCP, November 2011	
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SM Higgs Combination at ATLAS with all 2011 data (Moriond 2012) : 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 

!  Expected limit exclusion :            120 - 555 GeV 

!  Observed limit exclusion :            110.0–117.5 GeV and 118.5-122.5 GeV and 129–529 GeV 
               
  

CERN-2011-002; arXiv:1101.0593 

Moriond, March 2012	
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SM Higgs Combination at ATLAS with 2011 data :  
 

!  Standard Model Higgs Boson excluded at 95% CL : 
     110.0 < mHiggs < 117.5 GeV 
     118.5 < mHiggs < 122.5 GeV 
     129   < mHiggs <  439 GeV 
     (expected :  120   < mHiggs <  555 GeV ) 
 
!  Still some “excess” that leads to  weaker- 
    than-expected limit 
 
!  Some “hole” in the exclusion range 
    due to some “excess” in around 
    mHiggs 110.0 -117.5 GeV 
    mHiggs 118.5 -122.5 GeV 
    mHiggs~ 439 GeV 
      
 
!  Interesting region now : 
     mHiggs 118.5 - 122.5 GeV 
    more channels 
    but difficult one 

CERN-2011-002; arXiv:1101.0593 

6.5 GeV 
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CERN-2011-002; arXiv:1101.0593 

SM Higgs Combination at ATLAS with 2011 data (Moriond 2012) : 
 
 
 
 
 
 
 
 
  
 
 
 
 
 

!  Observed limit exclusion :              ~115 GeV and 130–486 GeV at 99% 
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Local p-value of the SM Higgs combination at ATLAS (Moriond 2012):  
 

!  The observed local p-value characterize probabilities for the predicted background 
to fluctuate at least as high as the observed excesses  

 
 
 
  

H→ZZ(*)→llll 

 ~2.5 σ 

hypothesis of a Standard Model  
Higgs boson production signal 

H→ZZ 

p-values do not include !
the trials factor arising!
from the look-elsewhere !
effect (LEE)	



CERN-2011-002; arXiv:1101.0593 
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Local p-value of the SM Higgs combination at ATLAS (Moriond 2012) :  

!  The observed local p-value characterize probabilities for the predicted background 
to fluctuate at least as high as the observed excesses  

 
!  Excess of 2.5 σ is observed for 126 GeV  

!  For a SM Higgs at 126 GeV : 2.9 σ expected  
 
  

hypothesis of a Standard Model  
Higgs boson production signal 

p-values do not include !
the trials factor arising!
from the look-elsewhere !
effect (LEE)	



CERN-2011-002; arXiv:1101.0593 
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Best fit signal strength µ = σ/σSM :  
 

!  The µ value indicates by what factor the SM Higgs boson cross section would have 
to be scaled to best match the observed data  

 
!  Best-fit signal strength at 126 GeV: µ = 0.9+0.4 

-0.3 
 
  

CERN-2011-002; arXiv:1101.0593 

^ 
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Observed excess :  

!  Excess is mainly observed in two high-resolution channels:  
     H → γγ and H → ZZ(*) → 4 (  :  3.4 σ local significance (combined) 
 
!  No such excess in : 
    H →WW(*) →lνlν, H →ττ, H →bb   
    All channels combined: 2.5σ local significance 
 
!  Global probability of such a background fluctuation anywhere in the full explored  
    mass range (110-600 GeV) : 30% 
    mass range (110-146 GeV) : 10% 

CERN-2011-002; arXiv:1101.0593 
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SM Higgs Combination at ATLAS vs CMS with 2011 data : 
  

CERN-2011-002; arXiv:1101.0593 

	


CMS :!
127.5- 600 GeV!
(at 95% CL)!
129 - 525 GeV !
(at 99% CL)!
!
some excess :!
125 GeV!
local 2.8σ !
global 0.8σ (110-600 GeV)!
global 2.1σ (110-145 GeV)!
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CERN-2011-002; arXiv:1101.0593 

SM Higgs Combination at ATLAS, CMS and Tevatron, January 2011 : 
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CERN-2011-002; arXiv:1101.0593 

SM Higgs Combination at Tevatron (Moriond 2012) : 
  	



Tevatron :!
147 - 179 GeV!
(at 95% CL)!
!
some excess :!
115 - 135 GeV!
 2.7 σ (2.2 σ)!
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CERN-2011-002; arXiv:1101.0593 

What we can expect in  2012 :  
 

!  Exclusion or evidence at 5 σ with 15-20 fb-1 

    whole mass range between 110-600 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

!  challenges for 2012 :  
             √s=8 TeV of p-p collisions 
              pic  luminosity : ~6.2-6.8x1033 cm-2 s-1 (2 x maximum pic in 2011 data) 
              <µ> : ~31-35 (3 x maximum average value in 2011 data 

              O(15-20) fb-1 1 (3-4 x 2011 data 

ATLAS Higgs combination Moriond 2012 Pile-up in 2011 data  



54 

Conclusion :  
!  Thanks to the excellent LHC operations,  ATLAS has collected more than 5 fb-1 of data 
     (p-p collision at 7 TeV) 
  
!  The LHC dominates the SM Higgs with 5 fb-1 

!  ATLAS has performed a Higgs Boson search corresponding to and integrated luminosity 
between 4.6 and 4.9 fb-1 using several  channels 

 
!  Modest excesses observed of 2.5 σ (2.9 σ) is found (expected) at 126 GeV 

!  Exclusion limits at 95% C.L are set for a SM-like Higgs boson in the mass region : 
    110.0 < mHiggs < 117.5 GeV 
    118.5 < mHiggs < 122.5 GeV 
    129   < mHiggs <  439 GeV 
 
!   In the low-mass region no exclusion was possible due to a moderate excess of observed 

events compared to the expectation 

!  The excess is most compatible with the Standard Model Higgs boson hypothesis with mH 
around 126 GeV. Statistical significance not large enough to distinguish signal from the 
background fluctuations (yet) 

CERN-2011-002; arXiv:1101.0593 
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Outlook :  
!  Possibility to have LHC and/or LHC+Tevatron SM Higgs combination before the summer 
 
!  Prepare 2012 analysis: 
    - by optimizing the object performances (e, µ, τ, …)  
   -  by reducing the systematic and optimizing the selections 
 
!  By the end of 2012 with O(15-20 fb-1) a conclusive answer on the Standard Model Higgs will 

be obtained 
 
!  If 126 GeV persists and becomes significant: 
      - measurement of mass  
      - ττ, bb, WW, ZZ decays all accessible for measurements  
      - consequences for BSM… 
 
!  If not: 
       - go down in the couplings 
       - don’t forget high mass 
       - other signatures (e.g. invisible) 
 
!  Very exiting times ahead … 

	



CERN-2011-002; arXiv:1101.0593 
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ATLAS Public Documents : 
 
         https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults 
 
 

!  ATLAS Luminosity and pile-up 
      https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults 
 
!  LHC Higgs Cross-section working group 
      https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections  
 
!  Handbook of LHC Higgs Cross Sections: 1. Inclusive Observables 
      CERN-2011-002, arXiv:1101.0593 
      http://cdsweb.cern.ch/record/1318996 
 
 
!  Search for the Standard Model Higgs boson in the diphoton decay channel with 4.9 fb−1 of ATLAS data at sqrt(s) =7 TeV      

arXiv:1202.1408 
      http://arxiv.org/abs/1202.1408        
 
!  Search for the Standard Model Higgs boson produced in association with a vector boson and decaying to a b-quark pair 

using up to 4.7 fb−1 of pp collision data at sqrt(s) = 7 TeV with the ATLAS detector at the LHC 
      ATLAS-CONF-2012-015 
      https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-015  
 
!  Search for the Standard Model Higgs boson in the H-> tau^+ tau^- decay mode with 4.7 fb^-1 of ATLAS data at 7 TeV       

ATLAS-CONF-2012-014     
      https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-014  

CERN-2011-002; arXiv:1101.0593 
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ATLAS Public Documents  : 

!  Search for the Standard Model Higgs boson in the H->WW->lvlv decay mode with 4.7 fb−1 of ATLAS data at sqrt(s) = 7 
TeV 

       ATLAS-CONF-2012-012 
       https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-012 
 
!  Search for the Standard Model Higgs boson in the decay channel H -> ZZ -> 4l with 4.8 fb−1 of ATLAS data at sqrt(s) = 7 

TeV 
      arXiv:1202.1415 
      http://arxiv.org/abs/1202.1415 
 
!  Search for a Standard Model Higgs in the H->ZZ->llvv decay channel with 4.7 fb-1 with the ATLAS detector 
      ATLAS-CONF-2012-016 
      https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-016 
 
!  Search for a Standard Model Higgs boson in the mass range 200--600 GeV in the H->ZZ->llqq decay channel with the 

ATLAS detector 
      ATLAS-CONF-2012-017 
      https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-017 
 
!  Search for the Higgs boson in the H->WW->lvjj decay channel using 4.7 fb-1 of pp collisions at sqrt{s} = 7 TeV with the 

ATLAS detector 
      ATLAS-CONF-2012-018 
      https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-018  
 

CERN-2011-002; arXiv:1101.0593 
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ATLAS Public Documents : 
          

!  Combined search for the Standard Model Higgs boson using up to 4.9 fb−1 of pp collisions at sqrt(s) = 7 TeV with the 
ATLAS detector at the LHC 

       arXiv:1202.1408 
       http://arxiv.org/abs/1202.1408 
        
!  An update to the combined search for the Standard Model Higgs boson with the ATLAS detector at the LHC using up to 

4.9 fb−1 of pp collision data at sqrt(s) = 7 Tev 
      ATLAS-CONF-2012-019 
      https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-019  
 
 
 
      

CERN-2011-002; arXiv:1101.0593 
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Data and MC expectations :  
 

CERN-2011-002; arXiv:1101.0593 

The expected numbers of background events, with their systematic uncertainty, 
separated into “Low-m4l” (m4l < 180 GeV) and “High-m4l” (m4l ≥ 180 GeV) 
regions, compared to the observed numbers of events.	
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Correlated Uncertainties  

Aug. 29, 2011 LHC Higgs Cross Section Working Group 26

Table 3: List of nuisance parameters for systematic uncertainties assumed to be 100%
correlated between ATLAS and CMS.

PDF+αs uncertainties

nuisance groups of physics processes
pdf gg gg → H, tt̄H, V QQ, tt̄, tW , tb (s-channel), gg → V V

pdf qqbar VBF H, V H, V , V V , γγ
pdf qg tbq (t-channel), γ+jets

QCD scale uncertainties

nuisance groups of physics processes
QCDscale ggH total inclusive gg → H

QCDscale ggH1in inclusive gg/qg → H+ ≥ 1 jets
QCDscale ggH2in inclusive gg/qg → H+ ≥ 2 jets
QCDscale qqH VBF H

QCDscale VH associate V H

QCDscale ttH tt̄H

QCDscale V W and Z
QCDscale VV WW, WZ, and ZZ up to NLO
QCDscale ggVV gg → WW and gg → ZZ

QCDscale ZQQ Z with heavy flavor qq̄-pair
QCDscale WQQ W with heavy flavor qq̄-pair
QCDscale ttbar tt̄, single top productions are lumped here for simplicity

Phenomenological uncertainties

nuisance groups of physics processes
UEPS all processes sensitive to modeling of UE and PS

Acceptance uncertainties

nuisance comments
QCDscale WW EXTRAP extrap. factor α for deriving WW bkgd in HWW analysis
QCDscale ttbar EXTRAP extrap. factor α for deriving tt̄ bkgd in HWW analysis

Instrumental uncertainties

nuisance comments
lumi uncertainties in luminosities

19

ATL-PHYS-PUB-2011-011 
CMS NOTE-2011/005Theoretical Systematics 	



Instrumental Systematics 	



CERN-2011-002; arXiv:1101.0593 
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Instrumental Systematics 	



CERN-2011-002; arXiv:1101.0593 
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Higgs Decay Width and Mass Resolution :  
 

!  Prepared for the LHC combination (ATLAS+CMS) 

Higgs Decay Width and Mass Resolution 

Aug. 29, 2011 LHC Higgs Cross Section Working Group 27
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  four-muon mass resolution (1%) 

  di-photon mass resolution (0.5%) 

  Higgs boson half-width 
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CERN-2011-002; arXiv:1101.0593 
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SM Higgs Combination at ATLAS with 2011 data (Moriond 2012) : 
  

CERN-2011-002; arXiv:1101.0593 
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CERN-2011-002; arXiv:1101.0593 

Moriond, March 2012	



SM Higgs Combination at ATLAS with all 2011 data (Moriond 2012) : 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 

!  Expected limit exclusion :            120 - 555 GeV 

!  Observed limit exclusion :            110.0–117.5 GeV and 118.5-122.5 GeV and 129–529 GeV  
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CERN-2011-002; arXiv:1101.0593 

SM Higgs Combination at ATLAS with 2011 data (Moriond 2012) : 
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CERN-2011-002; arXiv:1101.0593 

SM Higgs Combination at ATLAS with 2011 data (Moriond 2012) : 
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CERN-2011-002; arXiv:1101.0593 

SM Higgs Combination at ATLAS with 2011 data (Moriond 2012) : 
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SM Higgs Combination at ATLAS with 2011 data (Moriond 2012) : 
  

CERN-2011-002; arXiv:1101.0593 
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SM Higgs Combination at ATLAS with 2011 data (Moriond 2012) : 
  

CERN-2011-002; arXiv:1101.0593 
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SM Higgs Combination at ATLAS with 2011 data (Moriond 2012) : 
  

CERN-2011-002; arXiv:1101.0593 
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SM Higgs Combination at ATLAS with 2011 data (Moriond 2012) : 
  

CERN-2011-002; arXiv:1101.0593 



74 

SM Higgs Combination at ATLAS with 2011 data (Moriond 2012) : 
  

CERN-2011-002; arXiv:1101.0593 
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CERN-2011-002; arXiv:1101.0593 

SM Higgs Combination at ATLAS vs CMS with 2011 data (Moriond 2012) : 
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ATLAS SM Higgs Combination with the addition of a 4th generation of fermions :  
 

!  Expected exclusion :             116 - 600 GeV 
!  Observed exclusion :             119 - 593 GeV 
               

CERN-2011-002; arXiv:1101.0593 

Standard Model with the addition of a 
heavy fourth generation of fermions 



77 

CERN-2011-002; arXiv:1101.0593 

A fermiophobic benchmark model, in which 
the Higgs field couplings to all fermions are 
set to zero while the couplings to bosons 
are kept at their SM values 

Fermiophobic Higgs at ATLAS with 2011 data (Moriond 2012): 
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SM Higgs Combination at ATLAS with 2011 data (LP 2011) : 
  

CERN-2011-002; arXiv:1101.0593 
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µ95
up = µ(CLs = 0.05)

CLs

µ95
up

Profile likelihood ratio: CLs and µup
95 :  

 
  

pµ : test signal+background 
CLs : ~test signal 
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^	



p0 to test 
background 
hypothesis 

     to estimate 
signal strength 
µ̂ µ̂

p0

Profile likelihood ratio: p0 and µ :  

!  The observed local p-value characterize probabilities 
for the predicted background to fluctuate at least as 
high as the observed excesses  
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3/12/12 

Look-elsewhere effect (LEE) :  
 

!   We need to calculate the chance of observing a statistical fluctuation as large as or 
larger than that in our data, in this larger class of searches.  

     This is the Look Elsewhere Effect (LEE) 
 
 
 
 
 
 
 
 
 
 
 
 
 
!  Note: Approximation best above 3σ 
    Example: 
         - qtest= 4.5 (2.1σ)  
        - 3 crossings at 0.5σ  
        - Local significance of 2.1σ reduced to global significance of about 0.3σ  
        -  trials factor p0

global /p0
 local ≅22 

 
  

p0
global ! p0

local + N(qref )  e"(qtest"qref )/2

3 crossings 

qtest = 2 ! log(L(m))
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pp 

Z
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l- 

Z(*) l+ 

l- 

pp 

Z l- 

q/b 

“l-”	


q/b 
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l+ 

Irreducible bkg 

Reducible bkg: Z + jets 

H 

Z
l+ 

l- 

Z(*) l+ 

l- 

Signal 
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W+ 
l+ 

ν	



b t 

W- 
l- 

ν	



b 
“l+”	



“l-”	

 Reducible bkg:tt 
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!  Impulsion	
  resoluOon	
  :	
  
      σ(p)/p = 0.05 % p (GeV) ⊕  1%  for |η|<2.5 

 Central Solenoid 2T 

inner detector : 
  pixels detector 
  SCT (Semi-Conductor Tracker)  
  TRT (Transition Radiation Tracker)  
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!  Energy	
  resoluOon	
  (GeV)	
  :	
  	
  
	
  	
  	
  	
  	
  	
  	
  electromagnetic :	
  σ(E)/E = 10%/√E ⊕  0.3/E ⊕ 0.7% for |η|<3.2 
	
  	
  	
  	
  	
  	
  	
  hadronic    :	
  σ(E)/E =  50%/√E ⊕ 3%   for |η|<3 
                           : σ(E)/E = 100%/√E ⊕ 5%   for 3<|η|<5 
 

Calorimeters : 
   electromagnetic 
   hadronic 



85 

!  Impulsion	
  resoluOon	
  :	
  
	
  	
  	
  	
  	
  	
  σ(pT)/pT < 3%  for 10<pT<250 GeV and for |η|<2.7	
  
       σ(pT)/pT = 10 %  at1 TeV 
  
	
  

 barrel toroid: 8 separate coils 
 and  2 end-cap toroids 

Muon spectrometer : 
  MDT (Monitored Drift Tubes)  
  CSC (Cathode Strips Chambers)  
  RPC (Resistive Plate Chambers)  
  TGC (Thin Gap Chambers ) 


