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Outline	


¨  Statistical  procedure  used  in  separate  channels  
and  combined  search	


¨  Status  of  the  search,  pre  July  4th	

¨  Input  channels,  including  updates	

¨  Results	
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Statistics  tools  and  techniques  I	
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Based  on  the  profile  likelihood  ratio,  the  test  statistic  used  is:	

"
"
"
"
"

q̃µ = −2 ln
L(data | µ, θ̂µ)
L(data | µ̂, θ̂)

(1)

1

:  all  the  nuisance  parameters	

:  signal  strength	

:  estimators  for  unconditional  likelihood  max.	

:  max.  likelihood  estimator  for  given  µμ	
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95%  confidence  level  on  exclusion  
limits  is  found  by  adjusting  µμ  until  
CLs=0.05	


q̃µ = −2 ln
L(data | µ, θ̂µ)
L(data | µ̂, θ̂)

(1)

next one
leave a gap

CLs(µ) =
pµ

1− pb
(2)

1

CLs  is  used  to  test  the  signal  
hypothesis.	

Expected  limits  (and  p0)  are  
estimated  using  a  representative  
(Asimov)  dataset	


ATL-­‐‑PHYS-­‐‑PUB-­‐‑2011-­‐‑11  CMS  NOTE-­‐‑2011/005	


0 ! µ̂ < µwith  condition:	




Statistics  tools  and  techniques  II	
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p0  tests  the  background  hypothesis  –  i.e.  quantifies  the  presence  of  a  signal  by  
showing  the  probability  a  fluctuation  in  the  background  could  reproduce  the  
same  excess  of  events.	

	

Using  a  test  statistic  defined  as;	


Calculate  the  p-­‐‑value  for  the  background-­‐‑only  hypothesis,  p0.  
(Calculated  for  every  mass  point,  =>  considered  as  a  ‘local’  p-­‐‑value.)	


        is  the  best  fit  value  of  the  signal  strength,  found  by  allowing  parameters  to  
float  and  minimising  the  test  statistic.  Colloquially            is  known  as  ‘the  cyan  
band  plot’.	


q̃µ = −2 ln
L(data | µ, θ̂µ)
L(data | µ̂, θ̂)

(1)

next one
leave a gap

CLs(µ) =
pµ

1− pb
(2)

q0 = −2 ln
L(data | 0, θ̂0)
L(data | µ̂, θ̂)

(3)

1

µ̂
µ̂



SM  Higgs  production  and  decay  
modes.	
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¨  ATLAS  searches  for  the  SM  Higgs  
in  multiple  channels	


¨  Channels  contribute  differently  
over  the  mH  search  region	


¨  Sensitivity  is  maximised  by  
combining  channels	
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Increased  SM  Higgs  production  with  8  
TeV  data.	

	

Backgrounds  increase  even  more.	




ATLAS  2011  data  results	


Combination  of  2011  data  representing  an  integrated  luminosity  of  between  4.6-­‐‑4.9  i-­‐‑1  per  
channel  at  a  centre  of  mass  energy  of  7  TeV.	

	

Excluded  at  95%  confidence  level:  110.0  to  117.5,  118.5  to  122.5,  and  129  to  539  GeV	

	

Excess  of  events  observed  around  mH  ~  126  GeV  with  a  local  significance  of  2.5σ.	

	

Best  fit  signal  strength  shows  that  the  excess  is  about  1  x  SM  production  cross  section.	

	

Plots  taken  from:  arXiv:1207.0319	
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Input  channels  used  in  summer  
2012  combination	
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Table 1: Summary of the individual channels entering the combination. The transition points between

separately optimized mH regions are indicated when applicable. The symbols ⊗ and ⊕ represent direct

products or sums over sets of selection requirements.

Higgs Decay
Subsequent

Sub-Channels
mH Range

∫

L dt
Ref.

Decay [GeV] [fb−1]

2011
√

s =7 TeV

H → γγ – 9 sub-channels {pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jets} 110–150 4.8 [14]

H → ZZ(∗)
###′#′ {4e, 2e2µ, 2µ2e, 4µ} 110–600 4.8 [15]

##νν̄ {ee, µµ} ⊗ {low, high pile-up} 200–280–600 4.7 [16]

##qq̄ {b-tagged, untagged} 200–300–600 4.7 [17]

H → WW (∗) #ν#ν {ee, eµ, µµ} ⊗ {0-jets, 1-jet, 2-jets} ⊗ {low, high pile-up} 110–200–300–600 4.7 [18]

#νqq′ {e, µ} ⊗ {0-jets, 1-jet, 2-jets} 300–600 4.7 [19]

H → τ+τ−
τlepτlep {eµ} ⊗ {0-jets} ⊕ {##} ⊗ {1-jet, 2-jets, VH} 110–150 4.7

τlepτhad
{e, µ} ⊗ {0-jets} ⊗ {Emiss

T < 20 GeV, Emiss
T ≥ 20 GeV}

110–150 4.7
[20]

⊕ {e, µ} ⊗ {1-jet} ⊕ {#} ⊗ {2-jets}
τhadτhad {1-jet} 110–150 4.7

VH → bb

Z → νν Emiss
T ∈ {120 − 160, 160 − 200,≥ 200 GeV} 110-130 4.6

W → #ν pW
T ∈ {< 50, 50 − 100, 100 − 200,≥ 200 GeV} 110-130 4.7 [21]

Z → ## pZ
T ∈ {< 50, 50 − 100, 100 − 200,≥ 200 GeV} 110-130 4.7

2012
√

s =8 TeV

H → γγ – 9 sub-channels {pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jets} 110–150 5.9 [14]

H → ZZ(∗) ###′#′ {4e, 2e2µ, 2µ2e, 4µ} 110–600 5.8 [15]

to the shape of the shower in the electromagnetic calorimeter. For the 2012 data analysis, a cut-based

identification algorithm is used. The analysis in this channel separates events into ten independent cat-

egories of varying sensitivity. Similarly to the analysis of Ref. [22], the categorization is based on the

pseudorapidity of each photon, whether it was reconstructed as a converted or unconverted photon, and

the momentum component of the diphoton system transverse to the diphoton thrust axis (pTt ).

An additional two-jets category, specifically aimed at selecting events produced in the vector boson

fusion (VBF) process, has been added to the analysis for both 2011 and 2012. In this category, events are

required to have at least two hadronic jets with pseudorapidities |ηjet| < 4.5 and transverse momenta in

excess of 25 GeV. For the 2012 data sample, the minimum p
jet
T

requirement is raised to 30 GeV for for-

ward jets (2.5 < |ηjet| < 4.5). The two jets are further required to have a large difference in pseudorapidity

(|∆η j j| >2.8) and a large reconstructed invariant mass (m j j >400 GeV). Jets in the acceptance of the inner

tracking system are required to have more than 75% of their associated track momentum matched to the

primary vertex. The azimuthal angle difference between the dijet and the diphoton systems is required to

be larger than 2.6.

For all categories the diphoton invariant mass distribution is fitted to estimate the background and

used as a discriminating variable to distinguish signal and background. The mass resolution is approxi-

mately 1.7 GeV for mH∼126.5 GeV, varying slightly by category. A detailed description of the H → γγ
analysis updates is reported in Ref. [14].

2.2 H → ZZ(∗) → #+#−#+#−

The H → ZZ(∗) → #+#−#+#− search is performed for mH hypotheses in the mass range between 110 GeV

to 600 GeV. The datasets correspond to an integrated luminosities of 4.8 fb−1 and 5.8 fb−1of pp for

2011 and 2012, respectively [15]. The main irreducible ZZ(∗) background is estimated using a Monte

Carlo simulation. The reducible Z+jets background, which has an impact mostly for low four-lepton

invariant masses, is estimated from control regions in the data obtained by loosening the isolation and

2

85  sub-­‐‑channels  in  total  go  into  this  combination.	




Additions  and  updates:  Hèγγ	
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¨  In  2011  data,  photon  identification  based  on  NN  combination  
of  calorimeter  shower  shape  variables.	


¨  2012  data  photon  identification  uses  re-­‐‑optimized  cuts.	

¨  In  both  2011  and  2012  analyses  a  10th  sub-­‐‑channel  has  been  

added  :  ‘VBF’  which  requires  2  jets  well  separated  in  pseudo-­‐‑
rapidity	


Sven Kreiss

H→γγ: 7 TeV analysis

9

 [GeV]Hm
105 110 115 120 125 130 135 140 145 150 155

0p

-410

-310

-210

-110

1

10

1

2

3

=7 TeVsData 2011, 
-1 Ldt = 4.9 fb

0Observed p

0 expected  pSM H

 [GeV]Hm
110 115 120 125 130 135 140 145 150

0
Lo

ca
l p

-410

-310

-210

-110

1

10 0Observed p

0 expected p SM H 

 (with energy scale uncertainty)0Observed p

 = 7 TeVsData 2011,  

-1Ldt = 4.9 fb

ATLAS

1

2

3

Results with 2011 data (7 TeV)

Expected significance at 126 GeV: 1.36 σ
Observed significance at 126 GeV: 2.85 σ

January paper New results

Expected significance at 126 GeV: 1.59 σ
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• 17% improvement on expected significance

• Changes on the observed p0 from:
!Event migrations from the different changes on the selection and computed invariant mass values.
!Change of the background model.
!The inclusion of the VBF category. It is significantly changing the observed (see next slide).
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January  paper	
 Summer  update	




Additions  and  updates:  HèZZè	
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!+!!!+!!

¨  Improved  electron  reconstruction  
and  identification.	


¨    Kinematic  selections  optimized  for  
a  low  mass  Higgs	


¨  Z  mass  constraint  introduced  to  
improve  resolution.  	

¤  Low  mass  events:  Z  required  to  be  

in  50-­‐‑106  GeV  window.  	

¤  Higher  mass  events:    both  lepton  

pairs  to  pass  this  constraint.	

¤  Constraint  leads  to  improvement  in  

mass  resolution  of  the  order  10%	




Systematic  Uncertainties	
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¨  The  same  systematic  uncertainty  may  affect  more  
than  one  channel  -­‐‑  correlated  effects.	


¨  Correlated  systematics  from:	

¤ Theoretical  predictions  e.g.  production  cross-­‐‑sections	

¤ Luminosity	

¤ Detector  uncertainty  e.g.  jet  energy  scale,  b-­‐‑tagging	


¨  Analyses  with  2012  and  2011  data:	

¤  In  γγ  channel  all  systematics  are  considered  100%  
correlated  between  years  except  luminosity	


¤  In  llll  channel  all  except  luminosity  and  data-­‐‑driven  
background  normalizations  are  100%  correlated  
between  years	




Combination  results  -­‐‑  CLs.	
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Expected  exclusion:    110-­‐‑582  GeV  (calculated  for  background  only  hypothesis)	

Observed  exclusion:  110-­‐‑122.6  &  129.7-­‐‑558  GeV	




Combination  results  -­‐‑p0	
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¨  Maximum  local  significance  (including  energy  scale  systematics)  =  5.0σ.  	

¨  Maximum  local  significance  at  mH  =  126.5  GeV	

¨  Expected  local  significance  here  is  4.6σ  (expected  is  calculated  for  signal

+background  hypothesis)	

¨  Away  from  excess  excellent  agreement  between  data  and  background-­‐‑only  

hypothesis	


Local  significance	




Combination  results  -­‐‑  	
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µ̂
Best  fit  of  the  signal  strength  at  mH  =  126.5  GeV:                        =  1.2  ±  0.3	
µ̂

The  best  fit  signal  strength  is  slightly    
higher  in  H-­‐‑>γγ  and  H-­‐‑>ZZ-­‐‑>llll  than  
in  other  channels  but  still  consistent  
with  the  SM.	


)µSignal strength (
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-1Ldt = 4.6-4.7 fb = 7 TeV:  s

)<1 Intervalsµ(-2ln 2011 + 2012 Data

-0.3
+0.3 = 1.2 µ
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Combination  results  -­‐‑  by  year/channel	

14	


¨  High  resolution  channels  
drive  sensitivity	


¨  Other  channels  still  important  
to  investigate  the  nature  of  
the  signal	
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¨  Similar  expected  significances	
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Combination  results  -­‐‑  contours	
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¨  Contours  can  be  used  to  check  the  consistency  of  the  global  
picture	


¨  The  test  statistic  is  based  on  a  2D  profile  likelihood  ratio,  
shown  as  a  function  of  µμ  and  mH.	


Without  a  strong  signal,  plots  
would  be  simply  a  horizontal  line.	

	

Curves  show  approximate  ~68%  
(solid)  and  ~95%  (dashed)  
confidence  limits.	

	

Cross  marks  best  fit  point.	

	

                    on  the  y-­‐‑axis  represents  the  
Standard  Model.	
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Figure 9: Likelihood contours in (µ,mH) for the H → ZZ
(∗) → �+�−�+�− and H → γγ channels including

energy scale systematics are shown in panel (a). The comparison of the contours with (thick lines) and

without (thin lines in lighter colors) energy scale systematics is shown in panel (b).

Appendix A: Contours in (µ,mH) for H → γγ and H → ZZ
(∗) → �+�−�+�−

The results presented so far do not give any information about the range of masses consistent with a

potential signal, because the statistical procedure is performed in a scan over mH with mH fixed in the

likelihood as if it were known a priori. These shortcomings are addressed by considering various contours

of the likelihood function.

In order to address the values of the signal strength and mass of a potential signal that are simultane-

ously consistent with the data, the following profile likelihood ratio is used:

λ(µ,mH) =
L
�
µ,mH ,

ˆ̂θ(µ,mH)
�

L(µ̂, m̂H , θ̂)
, (2)

were
ˆ̂θ(µ,mH) is the conditional maximum likelihood estimate with µ and mH fixed. In the presence of a

strong signal, this test statistic will produce closed contours about the best fit point (µ̂, m̂h); while in the

absence of a signal the contours will be upper limits on µ for all values of mH .

Asymptotically, the test statistic −2 ln λ(µ,mH) is distributed as a χ2
distribution with two degrees of

freedom. In particular, the 100(1 − α)% confidence level contours are defined by −2 ln λ(µ,mH) < kα,

where kα satisfies P(χ2

2
> kα) = α.

The 68% and 95% CL contours for the H → γγ channel are shown in Fig 9, where the asymptotic

approximations have been validated with ensembles of pseudo-experiments. Similar contours for the

H → ZZ
(∗) → �+�−�+�− channel are shown in Fig 9, where the distribution of −2 ln λ(µ,mH) is not

expected to have converged to the asymptotic distribution. These preliminary contours in the (µ,mH)

plane take into account uncertainty in the energy scale and resolution. The impact of these uncertainties

is illustrated in Fig. 9(b).

The probability for a single Higgs boson-like resonance to produce mass peaks separated by larger

than the amount observed in these two channels, allowing the signal strengths to vary independently, is

about 20%.
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Conclusions.	
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¨  ATLAS  has  performed  a  search  for  the  SM  
Higgs  over  the  mass  region  110-­‐‑600  GeV	


¨  12  channels  total  in  combination	

¤ 2  channels:  7  &  8  TeV  data,  ~10.7  i-­‐‑1	


¤ other  channels:  7  TeV  data,  ~4.9  i-­‐‑1	


¨  observed  an  excess  of  events  near  mH~126.5  
GeV  with  a  local  significance  of  5.0σ	


¨  Fiyed  signal  strength  of  1.2±0.3	

¨  More  work  to  come…	
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The  happy  news…	
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ATLAS and CMS 	


are pleased to announce the arrival of	



	



a bouncing baby boson!!!	


	



After a gestation period similar to an elephant, the proud parents are delighted by 
their latest discovery.	



	


The name of the new boson will be confirmed once a bit more is known about baby.	



	


More information on baby boson will come all in good time. Maybe they’ll even end 

up with siblings.	
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Table 3: Main correlated signal systematic uncertainties used in the analysis. These relative uncertainties

(%) correspond to the overall effect on the signal yield of the ±1σ variation of the source of systematic

uncertainty for a Higgs boson mass hypothesis of 120 GeV for the H → γγ , H → ττ → !τhad3ν , H →
ττ → !+!−4ν , H → WW (∗) → !+ν!−ν and H → ZZ(∗) → !+!−!+!− analyses and 300 GeV for the

H → ZZ → !+!−qq, H → ZZ → !+!−νν and H →WW → !νqq′ analyses.

H → τ+τ−
H → γγ

H →WW (∗) H → ZZ(∗)

!τhad3ν τ!τ!+ jet !ν!ν !νqq !!!! !!νν !!qq

Luminosity +3.8
−3.6

+3.8
−3.6

+4.0
−3.8

+3.8
−3.6

+3.8
−3.6

+3.9
−3.8

+3.8
−3.6

+3.8
−3.6

e/γ eff. ±3.5 ±2.0 +13.5
−11.9 ±2.0 ±0.9 ±2.9 ±1.2 ±1.2

e/γ E. scale +1.3
−0.1 ±0.3 - ±0.4 - - ±0.7 ±0.4

e/γ res. - +0.2
−0.5 - +0.20

−0.05 - - ±0.25 ±0.1

µ eff. ±1.0 ±2.0 - - ±0.3 ±0.16 ±0.7 ±0.5

µ res. Id. - +0.2
−0.5 - +0.02

−0.04 - - ±1.1 ±1.1

µ res. MS. - - - +0.04
+0.08 - - +1.1

−1.0 ±1.1

Jet/τ/MET E. scale +18.9
−16.4

+3.4
−10.0 - +4.46

−6.47
+18.4
−15.5 - ±1.6 ±15.0

JER - ±2.0 - +1.8
−1.7

+9.0
−8.2 - +0.3

−0.0
+4.0
−0.0

MET - +4.4
−5.3 - +1.8

−1.7 - - - -

b-tag eff. - - - ±0.5 - - ±0.3 ±3.7

τ eff. ±9.1 - - - - - -

Table 4: Main correlated background systematic uncertainties used in the analysis. These relative un-

certainties (%) correspond to the overall effect on the background yield of the ±1σ variation of the

source of systematic uncertainty for a Higgs boson mass hypothesis of 120 GeV for the H → γγ ,

H → ττ → !τhad3ν , H → ττ → !+!−4ν , H →WW (∗) → !+ν!−ν and H → ZZ(∗) → !+!−!+!− analyses

and 300 GeV for the H → ZZ → !+!−qq, H → ZZ → !+!−νν and H →WW → !νqq′ analyses.

H → τ+τ−
H → γγ

H →WW (∗) H → ZZ(∗)

!τhad3ν τ!τ!+ jet !ν!ν !νqq !!!! !!νν !!qq

Luminosity +3.0
−2.9

+3.8
−3.6 - ±0.2 - +3.7

−3.6
+2.4
−2.3

+0.3
−0.2

e/γ eff. ±2.4 +0.5
−1.6 - ±2.3 ±0.8 ±1.6 ±0.8 ±0.1

e/γ E. scale +0.9
−0.3 ±0.8 - +0.2

−0.1 - - +1.7
−1.6 ±0.1

e/γ res. - +0.3
−2.6 - +0.1

−0.0 - - ±0.6 ±0.2

µ eff. ±1.4 +0.5
−1.6 - - ±0.3 ±0.1 ±0.5 ±0.03

µ res. Id. - +0.3
−2.6 - −0.03

−0.06 - - +1.7
−1.6 ±0.2

µ res. MS. - - - +0.00
−0.02 - - +1.7

−1.6 ±0.2

Jet/τ/MET E. scale +10.0
−8.9

+7.0
−9.8 - +8.5

−10.4 - - +6.9
−5.2 ±1.0

JER - ±2.5 - +3.3
−3.0 - - +1.8

−0.0
+0.3
−0.0

MET - +0.4
−2.7 - +0.6

−0.5 - - - -

b-tag eff. - - - ±1.8 - - +7.0
−5.5 ±0.2

τ eff. ±7.2 - - - - - -

8

For  a  Higgs  mass  hypothesis  of  120  GeV  except  for  H-­‐‑>WW-­‐‑>lvqq,  H-­‐‑>ZZ-­‐‑>llvv  and  
H-­‐‑>ZZ-­‐‑>llqq  which  is  for  300  GeV	
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Table 3: Main correlated signal systematic uncertainties used in the analysis. These relative uncertainties

(%) correspond to the overall effect on the signal yield of the ±1σ variation of the source of systematic

uncertainty for a Higgs boson mass hypothesis of 120 GeV for the H → γγ , H → ττ → !τhad3ν , H →
ττ → !+!−4ν , H → WW (∗) → !+ν!−ν and H → ZZ(∗) → !+!−!+!− analyses and 300 GeV for the

H → ZZ → !+!−qq, H → ZZ → !+!−νν and H →WW → !νqq′ analyses.

H → τ+τ−
H → γγ

H →WW (∗) H → ZZ(∗)

!τhad3ν τ!τ!+ jet !ν!ν !νqq !!!! !!νν !!qq

Luminosity +3.8
−3.6

+3.8
−3.6

+4.0
−3.8

+3.8
−3.6

+3.8
−3.6

+3.9
−3.8

+3.8
−3.6

+3.8
−3.6

e/γ eff. ±3.5 ±2.0 +13.5
−11.9 ±2.0 ±0.9 ±2.9 ±1.2 ±1.2

e/γ E. scale +1.3
−0.1 ±0.3 - ±0.4 - - ±0.7 ±0.4

e/γ res. - +0.2
−0.5 - +0.20

−0.05 - - ±0.25 ±0.1

µ eff. ±1.0 ±2.0 - - ±0.3 ±0.16 ±0.7 ±0.5

µ res. Id. - +0.2
−0.5 - +0.02

−0.04 - - ±1.1 ±1.1

µ res. MS. - - - +0.04
+0.08 - - +1.1

−1.0 ±1.1

Jet/τ/MET E. scale +18.9
−16.4

+3.4
−10.0 - +4.46

−6.47
+18.4
−15.5 - ±1.6 ±15.0

JER - ±2.0 - +1.8
−1.7

+9.0
−8.2 - +0.3

−0.0
+4.0
−0.0

MET - +4.4
−5.3 - +1.8

−1.7 - - - -

b-tag eff. - - - ±0.5 - - ±0.3 ±3.7

τ eff. ±9.1 - - - - - -

Table 4: Main correlated background systematic uncertainties used in the analysis. These relative un-

certainties (%) correspond to the overall effect on the background yield of the ±1σ variation of the

source of systematic uncertainty for a Higgs boson mass hypothesis of 120 GeV for the H → γγ ,

H → ττ → !τhad3ν , H → ττ → !+!−4ν , H →WW (∗) → !+ν!−ν and H → ZZ(∗) → !+!−!+!− analyses

and 300 GeV for the H → ZZ → !+!−qq, H → ZZ → !+!−νν and H →WW → !νqq′ analyses.

H → τ+τ−
H → γγ

H →WW (∗) H → ZZ(∗)

!τhad3ν τ!τ!+ jet !ν!ν !νqq !!!! !!νν !!qq

Luminosity +3.0
−2.9

+3.8
−3.6 - ±0.2 - +3.7

−3.6
+2.4
−2.3

+0.3
−0.2

e/γ eff. ±2.4 +0.5
−1.6 - ±2.3 ±0.8 ±1.6 ±0.8 ±0.1

e/γ E. scale +0.9
−0.3 ±0.8 - +0.2

−0.1 - - +1.7
−1.6 ±0.1

e/γ res. - +0.3
−2.6 - +0.1

−0.0 - - ±0.6 ±0.2

µ eff. ±1.4 +0.5
−1.6 - - ±0.3 ±0.1 ±0.5 ±0.03

µ res. Id. - +0.3
−2.6 - −0.03

−0.06 - - +1.7
−1.6 ±0.2

µ res. MS. - - - +0.00
−0.02 - - +1.7

−1.6 ±0.2

Jet/τ/MET E. scale +10.0
−8.9

+7.0
−9.8 - +8.5

−10.4 - - +6.9
−5.2 ±1.0

JER - ±2.5 - +3.3
−3.0 - - +1.8

−0.0
+0.3
−0.0

MET - +0.4
−2.7 - +0.6

−0.5 - - - -

b-tag eff. - - - ±1.8 - - +7.0
−5.5 ±0.2

τ eff. ±7.2 - - - - - -
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