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Higgs production
Dominant process: 
Gluon fusion
Also relevant

Vector Boson 
Fusion (VBF)
Associated 
production (VH) 

tt ̅H

ATLAS: Update of SM Higgs searches, 13/12/2011 8 

SM Higgs production cross-section and decay modes 

 Cross-sections computed to NNLO in most cases  theory uncertainties reduced to < 20% 
 Huge progress also in the theoretical predictions of numerous and complex backgrounds 
 Excellent achievements of the theory community; very fruitful discussions with the 
     experiments (e.g. through LHC Higgs Cross Section WG, LPCC, etc.) 

~ 20 x Tevatron 
for mH=120 GeV 

Experimentally most sensitive channels vs mH 
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Gluon fusion
Largest production rate for all 
Higgs masses at the LHC

Gluon-gluon initial state

sensitive to top quark Yukawa coupling

largest contribution in loop from top quark

b quark contribution small (about 5% in SM)

Effectively counts number of heavy fermions (F1/2 -> -4/3)

S."Dawson" 12"

Gluon Fusion at Higher Order 

•  Dominant production mode is gg→h 

–  NNLO in heavy mt limit (checked in Mh/mt expansion) 
–  Exact t,b loops at NLO 
–  N3LL resummation 
–  EW and mixed EW/QCD corrections 

t,b"

Precise predictions allow us to trust error estimates  
5
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Vector Boson Fusion
Vector Boson Fusion

Sensitive to VVH couplings
Interaction vanishes if vev=0
Needed to cancel divergence in 
WW scattering

Distinct event signature
2 “tagging” jets with high invariant dijet mass and large 
rapidity difference
No color flow between tagged jets - suppressed hadronic 
activity in central region

5"

Vector Boson Fusion 

•  Idea:  Tag 2 high-mass jets with large rapidity gap in 
between 

•  No color flow between tagged jets – suppressed 
hadronic activity in central region 
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Higgs decay
Most sensitive channels 
in low mass region:

H->WW

H->γγ

H->ZZ

H->bb ̅ 
only in VH production 
due to background 
and trigger

H->ττ 
7
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Higgs decays to photons

Dominant contribution is W loop!

Contribution from top is small and
has opposite sign

Rate of H->γγ can be changed by rescaling the couplings 
to fermions (cF) and to vector bosons (cV)

15"

Higgs"Decays"to"Photons"
•  Dominant contribution is W loops 
•  Contribution from top is small 
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topWSuppose we want to enhance h    γγ ? 

•  Rescale top quark Yukawa: 
 
•  Rescale W Yukawa:  

•  Or put something (without 
color) in loop to enhance 
rate…popular theorist’s sport 
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The challenge
Tiny cross 
section for 
Higgs production

need large 
integrated 
luminosity

Large 
background 
rates

needle in the 
haystack
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The first three years of the LHC

11

Amazing 
performance
of the LHC!



Need to understand the 
SM background!
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A not so clean environment ...
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H -> ZZ -> 4 Leptons
Challenges

very small rate 
lepton identification and
reconstruction efficiency
about 15 selected events
in 21fb-1

Advantage
Mass can be fully 
reconstructed -> narrow peak
Pure, i.e. S/B~1

Main backgrounds:
ZZ(*) production (irreducible)

ATLAS-CONF-2013-013 15

http://cds.cern.ch/record/1523699
http://cds.cern.ch/record/1523699


H -> ZZ -> 4l: backgrounds
Given the low rate, a precise 
background estimate is crucial

Use control regions to measure 
the background processes with 
cuts very close to actual 
analysis selection

Example on the right:
Z+jets and ttbar estimate by 
relaxing lepton criteria on the 
3rd and 4th lepton
Clear separation of the 
backgrounds allows for the 
extraction of both backgrounds
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H -> ZZ -> 4l: results
Table 7: The numbers of expected signal events for the mH=125 GeV hypothesis and background events
together with the numbers of observed events, in a window of ±5 GeV around 125 GeV for 20.7 fb�1 atp

s = 8 TeV and 4.6 fb�1 at
p

s = 7 TeV as well as for their combination.

total signal signal ZZ(⇤) Z + jets, tt̄ S/B expected observed
full mass range p

s = 8 TeV
4µ 5.8 ± 0.7 5.3 ± 0.7 2.3 ± 0.1 0.50 ± 0.13 1.9 8.1 ± 0.9 11

2µ2e 3.0 ± 0.4 2.6 ± 0.4 1.2 ± 0.1 1.01 ± 0.21 1.2 4.8 ± 0.7 4
2e2µ 4.0 ± 0.5 3.4 ± 0.4 1.7 ± 0.1 0.51 ± 0.16 1.5 5.6 ± 0.7 6

4e 2.9 ± 0.4 2.3 ± 0.3 1.0 ± 0.1 0.62 ± 0.16 1.4 3.9 ± 0.6 6
total 15.7 ± 2.0 13.7 ± 1.8 6.2 ± 0.4 2.62 ± 0.34 1.6 22.5 ± 2.9 27p

s = 7 TeV
4µ 1.0 ± 0.1 0.97 ± 0.13 0.49 ± 0.02 0.05 ± 0.02 1.8 1.5 ± 0.2 2

2µ2e 0.4 ± 0.1 0.39 ± 0.05 0.21 ± 0.02 0.55 ± 0.12 0.5 1.2 ± 0.1 1
2e2µ 0.7 ± 0.1 0.57 ± 0.08 0.33 ± 0.02 0.04 ± 0.01 1.5 0.9 ± 0.1 2

4e 0.4 ± 0.1 0.29 ± 0.04 0.15 ± 0.01 0.49 ± 0.12 0.5 0.9 ± 0.1 0
total 2.5 ± 0.4 2.2 ± 0.3 1.17 ± 0.07 1.12 ± 0.17 1.0 4.5 ± 0.5 5p

s = 8 TeV and
p

s = 7 TeV
4µ 6.8 ± 0.8 6.3 ± 0.8 2.8 ± 0.1 0.55 ± 0.15 1.9 9.6 ± 1.0 13

2µ2e 3.4 ± 0.5 3.0 ± 0.4 1.4 ± 0.1 1.56 ± 0.33 1.0 6.0 ± 0.8 5
2e2µ 4.7 ± 0.6 4.0 ± 0.5 2.1 ± 0.1 0.55 ± 0.17 1.5 6.6 ± 0.8 8

4e 3.3 ± 0.5 2.6 ± 0.4 1.2 ± 0.1 1.11 ± 0.28 1.1 4.9 ± 0.8 6
total 18.2 ± 2.4 15.9 ± 2.1 7.4 ± 0.4 3.74 ± 0.93 1.4 27.1 ± 3.4 32

using a maximum-likelihood fit of signal and background models to the observed m4` distribution. Fig-
ure 7 shows the observed and expected 95% CL cross section upper limits, as a function of mH , for the
combined

p
s = 8 TeV and

p
s = 7 TeV data sets. The observed exclusion starts only at around 130 GeV

due to the excess at 125 GeV.
The significance of an excess is given by the probability p0, that a background-only experiment is

more signal-like in terms of the test statistic than the observed data. In Figure 8 the local p0, obtained
using the asymptotic approximation discussed in Ref. [84], is presented as a function of the mH hypoth-
esis in the 110-180 GeV mass range for the combination of

p
s = 8 TeV and

p
s = 7 TeV data samples,

and for the two data samples separately.
Table 8 shows the lowest observed local p0-values and the corresponding mass and expected local

p0 at this mass for
p

s = 7 TeV,
p

s = 8 TeV and the combined result. The previous results of Ref. [8]
with 4.9 fb�1 at

p
s = 7 TeV and 13.0 fb�1 at

p
s = 8 TeV had a local p0 value of 0.0021% (4.1 standard

deviations), at mH =123.5 GeV. For the calculation of the expected p0, the nuisance parameters are
fixed to their best fit values obtained with the parameter µ (the ratio of the observed cross section to the
expected SM cross section) fixed to 0. With 6.6� at mH =124.3 GeV, the H ! ZZ(⇤) ! 4` channel alone
now surpasses the 5� discovery significance.
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H->γγ
Signature: 
2 isolated energetic photons
Small branching ratio but 
good signal yield

Expect O(500) signal events 
after selection in current data

Good mass resolution -> clear 
peak over smooth background
Main backgrounds:
γγ(30 pb, irreducible)
γj (200 pb, reducible)
jj (500 mub, reducible)
Need powerful γ-jet rejection O(104)

H ! ��: The Rare-But-Clean

Signature
2 energetic isolated photons

Small branching ratio, but good
signal yield

? Expect ⇠ 190 signal events after
all selections for
mH = 125GeV in current data

Good mass resolution ! clear
peak over smooth background

Main backgrounds
? irreducible (��) (30 pb)
? reducible (� jet) (200 pb)
? reducible (jetjet) (500 µb)

! Need powerful �/jet separation
(O(104))

Kerstin Tackmann (DESY) Status of the Higgs boson search at the LHC 23 / 40

H ! ��: The Rare-But-Clean

Signature
2 energetic isolated photons

Small branching ratio, but good
signal yield

? Expect ⇠ 190 signal events after
all selections for
mH = 125GeV in current data

Good mass resolution ! clear
peak over smooth background

Main backgrounds
? irreducible (��) (30 pb)
? reducible (� jet) (200 pb)
? reducible (jetjet) (500 µb)

! Need powerful �/jet separation
(O(104))

Kerstin Tackmann (DESY) Status of the Higgs boson search at the LHC 23 / 40

ATLAS-CONF-2013-01218

http://cds.cern.ch/record/1523698
http://cds.cern.ch/record/1523698


H->γγ 
categories

19



H->γγ: mass spectra and classes (ATLAS)
Enhance sensitivity by splitting into 
event categories

2 VBF + 3 VH + 9 ggF categories 
converted, central/forward,…

category weight = ln (1+ s/b) 
s/b evaluated in mass window 
containing 90% signal
analytic model for s and b
significant excess at M= 126.8 GeV 
signal strength 1.65±0.3 x SM

Category S/B σM/GeV
best 0.57 1.64
worst 0.01 2.52

inclusive 0.03 1.77

20



H->WW->lvlv
Most sensitive channel in a 
wide mass range
Signature: 

2 oppositely charged leptons
large missing ET

Challenge: poor mass resolution due to 2 neutrinos
Use Transverse mass
Fit shape of mT to extract signal contribution
Classify events by number of jets

0 jets dominated by WW background, sensitive to ggF
1+2 jets dominated by top background
2 jets selection to isolate VBF production

mT =
q

(Ell
T + Emiss

T )2 � |~pllT + ~pmiss
T |2

ATLAS-CONF-2013-03021

http://cds.cern.ch/record/1527126
http://cds.cern.ch/record/1527126


H->WW->lvlv: Results

Signal strength:

Table 10: Selection table for Njet ! 2 in 8 TeV data. More details are given in the caption of Table 8.
In this table, the Nsig,ggF is included in Nbkg; the Nsig,VH is included in Nsig,VBF, but the contributions

are negligible after the VBF-related criteria. The y gap is described in Table 2.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig,VBF

Njet ! 2 48723 47740± 80 43± 1
Nb-jet = 0 5852 5690± 30 31± 1
ptot
T
< 45 4790 4620± 30 27± 1

Z" !! veto 4007 3840± 30 25± 1
|!y j j |> 2.8 696 680± 10 12± 0.2
mj j > 500 198 170± 4 7.5± 0.1
No jets in y gap 92 77± 2 6.3± 0.1
Both " in y gap 78 59± 2 6.1± 0.1
m"" < 60 31 16± 1 5.5± 0.1
|!#"" |< 1.8 23 12± 1 5.1± 0.1

Nsig,ggF NWW NVV Ntt̄ Nt NZ/$# NW+ jets

67± 1 940± 10 300± 20 41800± 70 2370± 20 1800± 30 440± 10
49± 1 690± 10 200± 10 2930± 20 350± 10 1300± 20 171± 5
41± 1 590± 10 160± 10 2320± 20 290± 10 1100± 20 126± 4
38± 1 540± 10 140± 10 2150± 20 260± 10 600± 20 108± 4
9.5± 0.3 100± 2 25± 3 380± 10 55± 3 95± 5 19± 2
2.9± 0.2 34± 1 5.6± 0.6 93± 3 11± 1 19± 2 4.4± 0.7
1.7± 0.2 25± 1 2.8± 0.4 30± 2 5.2± 0.8 9± 1 3.1± 0.6
1.6± 0.1 19± 1 2.1± 0.3 22± 1 4.3± 0.7 7± 1 2.4± 0.5
1.5± 0.1 3.8± 0.4 0.7± 0.2 4.5± 0.7 0.7± 0.3 4.4± 0.8 1.0± 0.4
1.3± 0.1 3.5± 0.4 0.6± 0.2 3.7± 0.7 0.7± 0.3 1.9± 0.5 0.6± 0.3

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig,VBF

Njet ! 2 32877 32300± 100 26± 0.7
Nb-jet = 0 65388 6370± 80 19± 0.6
ptot
T
< 45 4903 4830± 70 17± 0.5

|!y j j |> 2.8 958 930± 30 8.1± 0.2
mj j > 500 298 245± 6 5.5± 0.1
No jets in y gap 147 119± 4 4.7± 0.1
Both " in y gap 108 85± 3 4.5± 0.1
m"" < 60 52 40± 2 4.0± 0.1
|!#"" |< 1.8 42 34± 2 3.7± 0.1

Nsig,ggF NWW NVV Ntt̄ Nt NZ/$# NW+ jets

40± 1 540± 6 180± 10 24540± 60 1390± 20 5420± 90 190± 10
30± 1 390± 5 130± 10 1750± 20 200± 10 3810± 80 58± 4
24± 1 340± 4 92± 5 1370± 10 170± 10 2790± 70 43± 3
6.2± 0.3 61± 2 12± 1.3 252± 6 35± 2 560± 30 6± 1
2.1± 0.2 23± 1 4.1± 1.1 62± 3 9± 1 142± 5 1.4± 0.6
1.1± 0.1 17± 1 2.8± 1.1 19± 1 4.1± 0.7 74± 3 0.7± 0.4
0.9± 0.1 12± 1 2.3± 1.1 14± 1 3.1± 0.6 51± 3 0.3± 0.3
0.8± 0.1 3.2± 0.3 1.6± 1.1 3.7± 0.6 0.8± 0.3 30± 2 0.1± 0.2
0.7± 0.1 2.8± 0.3 1.6± 1.1 3.3± 0.5 0.7± 0.3 25± 2 0.1± 0.2

Table 11: Summary selection table for 8 TeV data for events in the mT range noted in Section 3.5. The

uncertainty on Nbkg accounts for the correlations among the sources. More details are given in the

caption of Table 7.

Njet Nobs Nbkg Nsig

= 0 831 739± 39 97± 20
= 1 309 261± 28 40± 13
! 2 55 36± 4 10.6± 1.4

NWW NVV Ntt̄ Nt NZ/$# NW+ jets

551± 41 58± 8 23± 3 16± 2 30± 10 61± 21
108± 40 27± 6 68± 18 27± 10 12± 6 20± 5
4.1± 1.5 1.9± 0.4 4.6± 1.7 0.8± 0.4 22± 3 0.7± 0.2

no signal and µ = 1 corresponding to the SM hypothesis. As the parameter of interest it is allowed

to move freely to best fit the data. The expected signal and background yields in the Poisson are

allowed to vary within the allowed range of the relevant systematic uncertainties. Such an uncertainty

is parametrised by the corresponding nuisance parameter % (its collection is !) that is constrained by

the Gaussian. The parametrisations are implemented as log-normal distributions in order to restrict

the nuisance parameters from taking unphysical values.

The signal strength µ is found by maximisingL that is defined using the mT distribution for events
after the selections in Tables 8–10. As mentioned in Section 3.5, the samples for the eµ+ µe channel

in Njet $ 1 are split at m"" = 30GeV, treating them as separate signal regions. The full mT distribution
is divided into five, three, and four bins for Njet = 0, = 1, and ! 2, respectively. For Njet $ 1, the bins are

23

µ
obs

= 1.01± 0.31
µ
obs,ggF = 0.82± 0.36

µ
obs,VBF

= 1.66± 0.79
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Inputs to the combination
Combination of many different channels. Further subdivision 
enhances sensitivity (e.g. H->γγ)

20
11

20
12

24

is introduced. For each analysis category (k) the number of signal events (nk
signal) is parametrized as:

nk
signal =

!
"""""#
$

i

µi!i,SM ! Ak
i f ! "k

i f

%
&&&&&' ! µ f ! Bf ,SM !Lk (1)

where A represents the detector acceptance, " the reconstruction e!ciency and L the integrated lumi-
nosity. The number of signal events expected from each combination of production and decay mode
is scaled by the corresponding product µiµ f , with no change to the distribution of kinematic or other
properties. This parametrization generalizes the dependence of the signal yields on the production cross
sections and decay branching fractions, allowing for a coherent variation across several channels. This
approach is also general in the sense that it is not restricted by any relationship between production cross
sections and branching ratios. The relationship between production and decay in the context of a specific
theory or benchmark is achieved via a parametrization of µi, µ f " f (!), where ! are the parameters of

Table 1: Summary of the individual channels entering the combined results presented here. In channels
sensitive to associated production of the Higgs boson, V indicates a W or Z boson. The symbols # and $
represent direct products and sums over sets of selection requirements, respectively. The abbreviations
listed here are described in the corresponding References indicated in the last column. For the determi-
nation of the combined signal strength µ, reported in Section 4, the inclusive H" ZZ(%)" 4# analysis [8]
is used.

Higgs Boson Subsequent Sub-Channels
(

L dt Ref.Decay Decay [fb&1]

2011
'

s =7 TeV
H " ZZ(%) 4# {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, #-tag} 4.6 [8]

H " $$ – 10 categories 4.8 [7]{pTt # %$ # conversion} $ {2-jet VBF}
H " WW (%) #&#& {ee, eµ, µe, µµ} # {0-jet, 1-jet, 2-jet VBF} 4.6 [9]

H " ''
'lep'lep {eµ} # {0-jet} $ {##} # {1-jet, 2-jet, pT,'' > 100 GeV, VH} 4.6
'lep'had {e, µ} # {0-jet, 1-jet, pT,'' > 100 GeV, 2-jet} 4.6 [10]
'had'had {1-jet, 2-jet} 4.6

VH " Vbb
Z " && Emiss

T ( {120 & 160, 160 & 200,) 200 GeV} # {2-jet, 3-jet} 4.6
W " #& pW

T ( {< 50, 50 & 100, 100 & 150, 150 & 200,) 200 GeV} 4.7 [11]
Z " ## pZ

T ( {< 50, 50 & 100, 100 & 150, 150 & 200,) 200 GeV} 4.7

2012
'

s =8 TeV
H " ZZ(%) 4# {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, #-tag}} 20.7 [8]

H " $$ – 14 categories 20.7 [7]{pTt # %$ # conversion} $ {2-jet VBF} $ {#-tag, Emiss
T -tag, 2-jet VH}

H " WW (%) #&#& {ee, eµ, µe, µµ} # {0-jet, 1-jet, 2-jet VBF} 20.7 [9]

H " ''
'lep'lep {##} # {1-jet, 2-jet, pT,'' > 100 GeV, VH} 13
'lep'had {e, µ} # {0-jet, 1-jet, pT,'' > 100 GeV, 2-jet} 13 [10]
'had'had {1-jet, 2-jet} 13

VH " Vbb
Z " && Emiss

T ( {120 & 160, 160 & 200,) 200 GeV} # {2-jet, 3-jet} 13
W " #& pW

T ( {< 50, 50 & 100, 100 & 150, 150 & 200,) 200 GeV} 13 [11]
Z " ## pZ

T ( {< 50, 50 & 100, 100 & 150, 150 & 200,) 200 GeV} 13
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is introduced. For each analysis category (k) the number of signal events (nk
signal) is parametrized as:

nk
signal =

!
"""""#
$

i

µi!i,SM ! Ak
i f ! "k

i f

%
&&&&&' ! µ f ! Bf ,SM !Lk (1)

where A represents the detector acceptance, " the reconstruction e!ciency and L the integrated lumi-
nosity. The number of signal events expected from each combination of production and decay mode
is scaled by the corresponding product µiµ f , with no change to the distribution of kinematic or other
properties. This parametrization generalizes the dependence of the signal yields on the production cross
sections and decay branching fractions, allowing for a coherent variation across several channels. This
approach is also general in the sense that it is not restricted by any relationship between production cross
sections and branching ratios. The relationship between production and decay in the context of a specific
theory or benchmark is achieved via a parametrization of µi, µ f " f (!), where ! are the parameters of

Table 1: Summary of the individual channels entering the combined results presented here. In channels
sensitive to associated production of the Higgs boson, V indicates a W or Z boson. The symbols # and $
represent direct products and sums over sets of selection requirements, respectively. The abbreviations
listed here are described in the corresponding References indicated in the last column. For the determi-
nation of the combined signal strength µ, reported in Section 4, the inclusive H" ZZ(%)" 4# analysis [8]
is used.

Higgs Boson Subsequent Sub-Channels
(

L dt Ref.Decay Decay [fb&1]

2011
'

s =7 TeV
H " ZZ(%) 4# {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, #-tag} 4.6 [8]

H " $$ – 10 categories 4.8 [7]{pTt # %$ # conversion} $ {2-jet VBF}
H " WW (%) #&#& {ee, eµ, µe, µµ} # {0-jet, 1-jet, 2-jet VBF} 4.6 [9]

H " ''
'lep'lep {eµ} # {0-jet} $ {##} # {1-jet, 2-jet, pT,'' > 100 GeV, VH} 4.6
'lep'had {e, µ} # {0-jet, 1-jet, pT,'' > 100 GeV, 2-jet} 4.6 [10]
'had'had {1-jet, 2-jet} 4.6

VH " Vbb
Z " && Emiss

T ( {120 & 160, 160 & 200,) 200 GeV} # {2-jet, 3-jet} 4.6
W " #& pW

T ( {< 50, 50 & 100, 100 & 150, 150 & 200,) 200 GeV} 4.7 [11]
Z " ## pZ

T ( {< 50, 50 & 100, 100 & 150, 150 & 200,) 200 GeV} 4.7

2012
'

s =8 TeV
H " ZZ(%) 4# {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, #-tag}} 20.7 [8]

H " $$ – 14 categories 20.7 [7]{pTt # %$ # conversion} $ {2-jet VBF} $ {#-tag, Emiss
T -tag, 2-jet VH}

H " WW (%) #&#& {ee, eµ, µe, µµ} # {0-jet, 1-jet, 2-jet VBF} 20.7 [9]

H " ''
'lep'lep {##} # {1-jet, 2-jet, pT,'' > 100 GeV, VH} 13
'lep'had {e, µ} # {0-jet, 1-jet, pT,'' > 100 GeV, 2-jet} 13 [10]
'had'had {1-jet, 2-jet} 13

VH " Vbb
Z " && Emiss

T ( {120 & 160, 160 & 200,) 200 GeV} # {2-jet, 3-jet} 13
W " #& pW

T ( {< 50, 50 & 100, 100 & 150, 150 & 200,) 200 GeV} 13 [11]
Z " ## pZ

T ( {< 50, 50 & 100, 100 & 150, 150 & 200,) 200 GeV} 13

3
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Signal strength 
Significant excess in all three dominant channels (γγ, 
ZZ, WW) compared to background only

H->bb ̅ and H->ττ not yet updated to full dataset

25

strengths of the five channels and the SM expectation of one is about 8%. The compatibility between
the combined best-fit signal strength µ̂ and the best-fit signal strengths of the five channels is 13%. The
dependence of the combined value of µ̂ on the assumed mH has been investigated and is relatively weak:
changing the mass hypothesis between 124.5 and 126.5 GeV changes the value of µ̂ by about 4%.

Table 2: Summary of the best-fit values and uncertainties for the signal strength µ for the individual
channels and their combination at a Higgs boson mass of 125.5 GeV.

Higgs Boson Decay µ
(mH=125.5 GeV)

VH ! Vbb "0.4 ± 1.0
H ! !! 0.8 ± 0.7

H ! WW (#) 1.0 ± 0.3
H ! "" 1.6 ± 0.3

H ! ZZ(#) 1.5 ± 0.4
Combined 1.30 ± 0.20

)µSignal strength (
  -1  0 +1

Combined

 4l→ (*) ZZ→H 

γγ →H 

νlν l→ (*) WW→H 

ττ →H 

 bb→W,Z H 

-1Ldt = 4.6 - 4.8 fb∫ = 7 TeV:  s
-1Ldt = 13 - 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 20.7 fb∫ = 8 TeV:  s

-1Ldt = 4.6 fb∫ = 7 TeV:  s
-1Ldt = 13 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s
-1Ldt = 13 fb∫ = 8 TeV:  s

 = 125.5 GeVHm

 0.20± = 1.30 µ

ATLAS Preliminary

Figure 1: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-
nels and their combination.

In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from di!erent production modes. Furthermore, fixing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in di!erent decay modes, the signal strengths of di!erent Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed

5

µ = �
obs

/�
SM



Compatibility of mH and µ
Mass information from high resolution channels H->γγ and 
H->ZZ->4l
H->WW->lνlν has only poor resolution due to the 
neutrinos in the final state

26
mH = 125.5± 0.2(stat)+0.5

�0.6(sys)GeV
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4μ candidate with m4μ= 125.1 GeV 

pT (muons)=  36.1, 47.5, 26.4, 71 .7GeV   m12= 86.3 GeV, m34= 31.6 GeV 
15 reconstructed vertices 

27



Is it the SM Higgs?
New particle decays into two particles 
with identical spin and charge sum 0

Discovery of a neutral boson
Overall signal strength consistent with 
SM prediction (also for individual 
channels with still large uncertainties)
Couplings of the Higgs in the SM are fixed for a given mH

Need to probe coupling structure of new particle!
Spin and CP?

Spin 1 hypothesis very unlikely due to the decay into 
two photons (disfavoured for spin 1 by Landau-Yang 
theorem)
Selection in H->WW makes use of predictions for spin 0 
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Group the production modes into 2 groups
ggF and tt ̅H scale with the tt ̅H coupling in the SM
VBF and VH scale with the WWH/ZZH coupling in the 
SM

 mH fixed to 125.5 GeV

Production mechanism

30
µVBF+V H/µggF+tt̄H = 1.2+0.7

�0.5



Closer look at couplings
Assumptions:

Signals originate from a single resonance with mass of 
125.5 GeV with a negligible width. 
Narrow width approximation can be used:

Only modifications of coupling strengths, i.e. absolute 
values of couplings, are taken into account: the 
observed state is assumed to be scalar, CP even

Introduce scale factors ki such that the cross sections 
and partial decay width associated with particle i scale 
with ki2 

31



Summary of coupling tests

32

F = t = b = ⌧

V = W = Z

ZZ = Z · Z/H

�WZ = W /Z

�FZ = F /Z

�FV = F /V

�H = H(i)
1�BRinv.,undet.

�SM
H
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Maybe it is a spin-2 particle?

General amplitude for decay into two identical vector 
bosons contains 10 effective coupling constants gi

Assume g1=g5=1 (graviton like tensor with minimal 
couplings)

Production mode can be via ggF as well as via qqbar

Scan as function of the qqbar fraction
34

A(H ! V V ) = ⇤�1
⇥
2g1tµ⌫f⇤1,µ↵f⇤2,⌫↵ + 2g2tµ⌫

q↵q�
⇤2 f⇤1,µ↵f⇤2,⌫�

+g3
q̃� q̃↵

⇤2 t�⌫(f⇤1,µ⌫f⇤2
µ↵ + f⇤2,µ⌫f⇤1

µ↵) + g4
q̃⌫ q̃µ

⇤2 tµ⌫f
⇤1,↵�f

⇤(2)
↵�

+m2
V

⇣
2g5tµ⌫✏

⇤µ
1 ✏⇤⌫2 + 2g6

q̃µq↵
⇤2 tµ⌫(✏⇤⌫1 ✏⇤↵2 � ✏⇤↵1 ✏⇤⌫2 ) + g7

q̃µq̃⌫

⇤2 tµ⌫✏
⇤
1✏

⇤
2

⌘

+g8
q̃µq̃⌫
⇤2 tµ⌫f

⇤1,↵� f̃
⇤(2)
↵� + g9tµ↵q̃

↵✏µ⌫⇢�✏
⇤⌫
1 ✏⇤⇢2 q�

+ g10tµ↵q̃↵

⇤2 ✏µ⌫⇢�q
⇢q̃�(✏⇤⌫1 (q✏⇤2) + ✏⇤⌫2 (q✏⇤1))

i
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Information on spin from decay 
angle distribution

Kinematics fully described by five 
angles and two invariant masses 
(assuming fixed mH)

Only ZZ events can provide full 
information (but low statistics)
Other channels in principle less 
sensitive (but higher statistics)

35
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FIG. 2: Distributions of some of the representative observables: m1 in the X ! ZZ analysis (left), ! in the X ! WW
analysis (middle), and cos !! in the X ! "" analysis. Four signal hypotheses are shown: SM Higgs boson (red circles), 0"

(magenta squares), 2+m (blue triangles), 2+h (green diamonds), as defined in Table I. Points show simulated events and lines show
projections of analytical distributions. Here and throughout the paper, where only shapes of the distributions are illustrated
and unless otherwise noted, units on the y axis are arbitrary.

dominates the production mechanism, which is the case for the minimal coupling Kaluza-Klein graviton (2+m) [17], and
this assumption may have an impact on the final results for the achievable significance of spin hypotheses separation.
On the other hand, for the spin-zero scenarios, the production mechanism does not a!ect the angular and mass
distributions. The chosen scenarios listed in Table I are similar to those considered in our earlier paper [20].
Distributions of some of the representative observables are shown in Fig. 2 for mX = 125 GeV. A complete set of

distributions in the ZZ and WW final states is shown in Appendix B in Figs. 11, 12, 13. Throughout the paper we
consider

!
s = 8 TeV proton-proton collisions and use the CTEQ6L1 parton distribution functions [37].

In the following we describe a simplified treatment of the detector e!ects which is not meant to reproduce exactly
any of the LHC experiments, but still allows us to reliably understand feasibility of spin-parity studies at the LHC.
We introduce smearing of the track momentum transverse to the collision axis, pT , and photon cluster energy.
However, the exact resolution parameterization is not crucial as long as the overall signal-to-background separation
is reproduced well. We mimic detector acceptance e!ects by cutting on geometric and kinematic parameters, such as
pT and pseudorapidity, ! = " ln tan("/2). Both leptons and photons are required to be in the e!ective acceptance
range |!| < 2.5.
The main backgrounds in the X # ZZ, WW , and ## analyses are the continuum di-boson production, includ-

ing Z#! for ZZ [1, 2]. These are modeled with POWHEG [38] (ZZ) and MadGraph [39] (WW, ##). Additional
contributions of backgrounds with fake vector boson reconstruction requires special treatment. However, their con-
tributions are smaller and observable distributions are similar to the V V background, so their contributions can be
e!ectively accounted for by rescaling the di-boson background rate to match total background rates observed by the
LHC experiments.

IV. ANALYSIS METHODS

In this Section, we illustrate the application of the matrix element analysis formalism to distinguishing di!erent
spin-parity hypotheses for the observed boson near 125 GeV. We illustrate this with the seven scenarios defined in
Table I and comment on future direction of the measurements.
In Ref. [20] we pointed out that the ultimate goal of the analysis should be the experimental determination of all

helicity amplitudes that involve X and two gauge bosons. The techniques discussed here and in Ref. [20] are ideally
suited for such measurements since parameters in the angular and mass distributions become fit parameters in analysis
of data. However, such multi-parameter fits require large samples of the signal events which are not yet available.
Therefore, in our opinion, the first step in understanding the spin-parity of the resonance should be distinguishing
between di!erent hypotheses. For such a goal, a simplified, but still optimal, analysis approach can be developed that
employs just two observables. A simple extension of this analysis, which naturally arises if we assume, for example,
that the observed resonance is a mixed spin-parity state, is to fit for ratios of couplings. Ultimately, this approach
will lead to a complete multi-dimensional fit of all coupling parameters using a complete set of kinematic observables.

ZZ WW 𝛾𝛾 0+

0-

2+
arXiv:1208.4018

http://arxiv.org/abs/1208.4018
http://arxiv.org/abs/1208.4018


Spin in H->WW: method
Nominal H->WW analysis makes use of 
spin-0 nature of SM Higgs boson via cut on 
angle between leptons
Need to relax this cut (and others) in order 
to maximize sensitivity to spin-2

Use 2 BDTs with 4 variables to deal with 
increased background and spin separation
Train spin-0/spin-2 vs. background
Input variables:

36

��ll, mll, p
ll
T, mT

ATLAS-CONF-2013-031
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Spin in H->WW: result
Benchmark spin-2 model 
excluded at 95% confidence 
level in favour of SM Higgs 
boson
even stronger (up to 99%) 
with increased qqbar fraction

37
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Spin in H->γγ
Method: fit background 
subtracted cos(theta*) 
distribution
Result: benchmark spin-2 
model excluded with up to 
99% CL (0% qqbar) in favour 
of SM Higgs

38
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Spin in H->ZZ
BDT with decay angles and invariant masses trained to separate 
between spin hypotheses
In addition to spin-2 also spin-1 has been investigated
Results: 
spin-1 excluded at 99.8% CL
spin-2 excluded with >=83% CL

39
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Summary on Spin

All three channels clearly prefer the SM Higgs over the 
benchmark spin-2 model
WW and γγ have complementary sensitivity as a function 
on the production mode

beneficial for combination!!
40
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CP in H->ZZ
Similar BDT with decay angles and invariant masses trained to 
separate between CP hypotheses (0+ and 0-)
Result: 
CP odd (spin-0) excluded at 97.8% CL

41

ATLAS-CONF-2013-013

http://cds.cern.ch/record/1523699
http://cds.cern.ch/record/1523699


Overview
Higgs production and
 decay

Challenges

Higgs search in 
individual channels

Combination of signal 
strength and mass

Is it the SM Higgs?

Couplings

Spin and CP

Other searches

Summary & Outlook

ATLAS: Status of SM Higgs searches, 4/7/2012 36 

4μ candidate with m4μ= 125.1 GeV 

pT (muons)=  36.1, 47.5, 26.4, 71 .7GeV   m12= 86.3 GeV, m34= 31.6 GeV 
15 reconstructed vertices 

42



SUSY: search for stop particle
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SUSY search summary
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Searches for other particles
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Summary & Conclusions 
Neutral boson discovered last year

Overall production cross section compatible with 
prediction for SM Higgs

Mass of the new particle:

First coupling measurements in agreement with SM 
Higgs prediction

Dedicated spin and CP studies exclude alternative 
models (0-, 1+, 1-, 2+) in favour of SM Higgs 

Everything points to the new particle being a Higgs 
boson! 47

mH = 125.5± 0.2(stat)+0.5
�0.6(sys)GeV

µ = 1.30± 0.13(stat)± 0.14(sys)



Time evolution

48



Backup
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H->bb ̅ & H->ττ



Couplings to Gauge Bosons and Fermions
2 Fit parameters:

Assumption: 

only SM particles contribute to the total width

F = t = b = ⌧

V = W = Z

51



Couplings to Gauge Bosons and Fermions

2 Fit parameters:

No assumption on total width

�FV = F /V

V V = V · V /H

52



Symmetry of the W and Z coupling
3 Fit parameters:

Again no assumption on total width

53

ZZ = Z · Z/H

�WZ = W /Z

�FZ = F /Z



Test statistics Q as ratio of likelihoods:

Confidence level for signal+background 
hypothesis

Consistency with background hypothesis

To avoid excluding low sensitivity regions define CLS

Signal hypothesis is excluded at 95% C.L. if CLS < 0.05

CLs method

1� CLb = P (Q � Q

obs

|background)

Q =

L
Poiss

(data|signal + background)

L
Poiss

(data|background)

54

CLs = CLs+b/(1� CLb)



Inclusion of systematic uncertainties
Systematic uncertainties included in the likelihood using 
nuisance parameter (Θ) pdf’s

Test statistics now defined after maximizing likelihood 
with respect to nuisance parameters

Ad hoc improvement of systematic uncertainties 

Data can tell us the preferred value
55

L(data|µ, ✓) = Poisson(data|µ · s(✓) + b(✓)) · ⇢(˜✓|✓)

0  µ̂  µQµ = �2 ln
L(data|µ, ✓̂µ)
L(data|µ̂, ✓̂)
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