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Introduction

Final measurements of the Higgs boson decaying into bosons with LHC 
run 1 data

– H→WW*→lνlν: submitted in December 2014

– H→ZZ*→4l: published in January 2015

– H→γγ: published in December 2014
  

Benefits from final performance of objects calibration, identification, ...

Improved analyses, to be sensitive to production modes

Here, only discussion of couplings, mass discussed in the talk by A. 
Armbruster 

– m
H
 = 125.36 GeV considered here Phys. Rev. D. 90, 052004 (2014)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052004
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Higgs boson production and decays modes

Production modes:

Measuring cross-sections and partial widths ⇒ go back to couplings

Parameter of interest: signal strength μ = Nobs/NSM

Decay modes:
b

b

τ

τ

W

W

Z

Z

ggF
86.4% VBF

7.1%

ZH, WH
5.0%

ttH
1.5%

    : fermions
    : vector bosons



02/23/12       E. Petit - XXIX Rencontres de physique de la vallée d'Aoste 4

Improvements of performance

 Eur. Phys. J. C 74 (2014) 3130

ATLAS-CONF-2014-032

Final performance for run 1

Some examples:

Muon calibration

– 0.04-0.2% uncertainty on energy scale (ES)

e/γ calibration

– e: 0.04% uncertainty on ES at 45 GeV

– γ from Higgs boson: 0.3% uncertainty on ES

– γγ mass resolution improved by 10%

electron ID

– >40% more rejection for same efficiency

http://link.springer.com/article/10.1140/epjc/s10052-014-3130-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-032/
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H→ZZ*→4l

Signal ZZ S/B Total expected Observed
16.2 7.4 3.0 1.6 26.6 37

Z+jets, tt
7+8 TeV

Two same-flavour, opposite-sign lepton pairs
– well identified and isolated

– p
T

l > 20/15/10/6-7 GeV

– FSR photon correction

– Z-mass constraint (15% improvement on resolution)

50 < m
12

 < 106 GeV

12-50 < m
34

 < 115 GeV

Number of events in 120 < m
4l
 < 130 GeV

– ΖΖ* from simulation

– Z+jets and tt from data-driven estimates

Phys. Rev. D 91, 012006 (2015)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.012006
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H→γγ

Two well identified and isolated photons

– E
T

γ1 > 0.35*m
γγ

, E
T

γ2 > 0.25*m
γγ

– γγ purity: 77-84%

Divide events in exclusive categories

– with different resolution

– with different S/B

Signal+background fit of m
γγ

Number of expected signal events and 
measured background

– window with 90% of signal

signal background S/(S+B)
421.8 13196.4 0.037+8 TeV

Phys. Rev. D. 90, 112015 (2014)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112015
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H→W W*→lνlν

Two isolated well identified leptons

– pT > 22/10 GeV

E
T

miss cuts, Z veto, m
ll
, Δφ

ll
, etc

Events divided in exclusive categories
– eμ+μe, ee+μμ
– 0, 1, 2 jets

Background estimation
– normalisation: data (CR)

– extrapolation to SR: typically from MC

– shape of discriminating variable: typically from MC

Number of expected/observed events (7+8 TeV):
Signal Background S/B total expected observed

0 jet 358 4005 0.09 4363 4344
1 jet 138 1746 0.08 1884 1900

50 1017 0.05 1067 10172 jets, ggF

submitted to Phys. Rev. D

http://arxiv.org/abs/1412.2641
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Categorisation

Datasets divided in exclusive categories enriched in production modes

W W selection

0 jet 1 jet 2 jets
ggF

2 jets
VBF

4l selection

VBF enriched

VH hadronic

VH 1­lepton

1 untagged category

* in talk by F. Filthaut

ttH leptonic

VBF tight

di­photon selection

ttH hadronic

VH dilepton

VH ET
miss 

VH 1­lepton

VH hadronic

VBF loose

4 untagged categories

*

*
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VBF production mode (1)

Cross-section at 125 GeV: 1.578 pb

Higgs boson produced with 2 forward jets:

Usual cuts:

– Δη
jj

– m
jj

– veto 3rd central jet

η

φ

Higgs 
decays

Jets

no central jet
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VBF production mode (2)

BDT analyses for 4l, γγ, WW

Number of expected/observed events:

① ② ③

① ②

signal background observed
4l bin1 1.13 55% 0.16 1

7+8TeV
bin 1 11.0 60% 44.0
bin 2 6.7 80% 6.7

WW
bin 1 12.5 60% 82.0 90
bin 2 10.0 80% 14.9 28
bin 3 6.5 90% 2.3 12

VBF/Higgs
7+8 TeV

γγ

8 TeV

H → ZZ → 4l

H → γγ

H → WW → llνν

①



02/23/12       E. Petit - XXIX Rencontres de physique de la vallée d'Aoste 11

VH (1)

Cross-section at 125 GeV: 1.1 pb

Divide into categories depending on the W/Z decay

eν
μν

τν
hadrons

eeμμ
ττ

hadrons

νν

1 lepton + E
T

miss
2 leptons 0 lepton + E

T
miss

2 jets with m
jj
 close 

to 80-90 GeV

W Z
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VH (2)

signal background Observed

4l
0.64 33% 0.18 0

1 lepton 0.08 84% 0.03 0
2 leptons 0.4 99% 0.27
1 lepton 2.0 96% 4.4

1.4 88% 3.2
3.8 49% 18

VH/Higgs
hadronic

γγ
ETmiss
hadronic

H → ZZ → 4l

– BDT analysis for VH hadronic

– 1 additional lepton

H → γγ

– 2 leptons

– 1 leptons + E
T

miss

– 0 lepton + E
T

miss

– VH hadronic

Number of expected/observed events (7+8 TeV):
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H→ZZ*→4l: global results

2D fit to m
4l
 and a BDT output designed to 

distinguish signal from ZZ* background
– mass

– inclusive μ

Local significance at mH = 125.36 GeV

– observed: 8.1 σ

– expected: 6.2 σ

Inclusive signal strength:

μ=1.50−0.31
+0.35 (stat)−0.13

+0.19 (syst)

μ=Nobs

NSM
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H→γγ: global results

Local significance at mH = 125.36 GeV

– observed: 5.2 σ

– expected: 4.6 σ

Signal strength:

–

– main systematic uncertainties:

● theory (yield): 0.09
● resolution: 0.07

– 0.7σ compatibility with SM prediction

– only slight dependence on m
H

μ=1.17−0.23
+0.23 (stat)−0.08

+0.10 (syst)−0.08
+0.12( theo)

μ=Nobs

NSM
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H→W W*→lνlν: global results

Fit procedure:

– binned likelihood function

● ggF: m
T
, p

T
sublead, m

ll

● VBF: BDT discriminant

– simultaneous fit to all the categories (SR, CR, 7/8TeV)

Local significance at m
H
 = 125.36 GeV

– observed: 6.1 σ

– expected: 5.8 σ

Inclusive signal strength:

μ=1.09−0.15
+0.16 (stat)−0.14

+0.17 (syst )

μ=Nobs

NSM
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Results for couplings (1)

Signal strength μ /production mode:

– all compatible with SM expectation

4l WW

 VBF
 WH

 ZH

γγ

 ggF 1.7+0.5
-0.4 1.32 ± 0.38 1.02+0.29

-0.26

0.3+1.6
-0.9 0.8 ± 0.7 1.27+0.53

-0.45

1.0 ± 1.6
0.1+3.7

-0.1

 ttH 1.6+2.7
-1.8

H→ZZ→4l
H→γγ H→WW→llνν

μ=Nobs

NSM
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Results for couplings (2)

4l WWγγ
μggF/μVBF 0.2+1.2

-0.5 0.6+0.8
-0.54 1.26+0.79

-0.53

Evidence of VBF production in WW channel!

– 3.2σ observed

– 2.7σ expected

Couplings scale factors κ to compare to SM 
prediction

– κ
F
 for fermionic couplings

– κ
V
 for bosonic couplings

Inputs to global coupling fits

H→ZZ→4l

H→WW→llνν

μ=Nobs

NSM
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One step further: cross-sections

Computed from number of observed signal events:

– A = acceptance correction factor

– C = detector correction factor

– L = integrated luminosity

Allows easier comparison to theory predictions

Total cross-sections in ZZ, γγ, WW

Fiducial cross-sections in ZZ, γγ

All measurements compatible with 
expectation within ~2σ

σ fid (tot). BR=
Nsig ,obs

(A).C.L

JHEP09(2014)112

http://link.springer.com/article/10.1007/JHEP09%282014%29112
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One step further: differential cross-sections

JHEP09(2014)112

Phys Lett B738 (2014) Allows for:

– detailed checks on the Higgs boson kinematics and properties

– direct comparisons with theoretical predictions with less model dependence

Variables sensitive to 
– Higgs production
– spin/CP 
– QCD effect

New! Combination of γγ and 4l channels (reduces uncertainty by ~30%)

combination to be submitted

http://link.springer.com/article/10.1007/JHEP09%282014%29112
http://www.sciencedirect.com/science/article/pii/S0370269314007126
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Conclusions

Final ATLAS results on study of the Higgs boson decaying into bosons 
with run 1 data

Separate production modes to go back to couplings

– data divided in categories enriched in production modes

Signal strengths /production modes compatible with expectations

Total, fiducial and differential cross-sections

More on the combinations of the different channels in the talk by 
A. Armbruster 



02/23/12       E. Petit - XXIX Rencontres de physique de la vallée d'Aoste 21

Back-up slides
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H → 4l: selection

Two same-flavour, opposite sign lepton pairs

p
T

1 > 20 GeV, p
T

2 > 15 GeV, p
T

3 > 10 GeV, p
T

4 > 7/6 (e/μ) GeV

50 < m
12

 < 106 GeV

m
min

 < m
34

 < 115 GeV with m
min

 from 12 to 50 GeV for m
4l
 < 190 GeV, 50 

GeV above

ΔR > 0.1 between same flavour leptons, ΔR > 0.2 otherwise

 |d
0
|/σd

0
 < 6.5/3.5 (e/μ)

p
T

iso, track, ΔR=0.2/p
T
 < 0.15

E
T

iso, calo, ΔR=0.2/E
T
 

– < 0.3/0.2 (7/8 TeV) for electrons

– <0.3 for muons, <0.15 for standalone muons

Selection efficiency:
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H → 4l: FSR recovery

Some FSR photons can be identified in the calorimeter and incorporated to 
the 4-lepton measurements

Efficiency of recovery:
– 70% for collinear photons (85% purity)
– 60% for non-collinear photons (95% purity)

Expected fraction of corrected events:
– 4% of collinear photons
– 1% of non-collinear photons
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H → 4l: background

ZZ,WZ: from simulation

 Z+jets, tt: data-driven 

– llll+μμ: simultaneous unbinned fit of four orthogonal control regions 

– llll+ee: simultaneous unbinned fit of nblayer and rTRT in 3ll+X control region

– extrapolated to signal region with transfer factors

Number of expected and observed events in 120 < m4l < 130 GeV:
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H → 4l: multivariate discriminants

input
sample usage

variables

fitting observable

categories
 pTj2, ηj1 fitting observable

in VBF enriched
category

 pTj2, ηj1 selection requirement
for VH had category

BDTZZ*
KDZZ*, pT4l, η4l 115 < m4l < 130 GeV

signal vs ZZ in ggF enriched

BDTVBF

mjj, Δηjj, pTj1, mjj > 130 GeV
VBF vs ggF

BDTVH

mjj, Δηjj, pTj1, 40 < mjj < 130 GeV
VH vs ggF
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H → 4l: ggF enriched category

Signal: Background ZZ*: Background Z+jets:



02/23/12       E. Petit - XXIX Rencontres de physique de la vallée d'Aoste 27

H → 4l: VBF enriched category

VBF: ggF: Background ZZ*:
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H → 4l: systematic uncertainties (1)

For the combined analysis:
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H → 4l: systematic uncertainties (2)

In the different production mode categories:
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H → 4l: changes wrt last public paper

Phys. Lett. B 726 (2013)

electron identification: likelihood method: improve bkg rejection for same 
efficiency

electron transverse energy measurement improved: refined cluster energy 
reconstruction + combination of cluster energy and track momentum

energy scale of electrons and momentum scale of muons improved

correction of FSR for non-collinear photons

BDT against ZZ* background

better estimate of ll+jets and tt bkg

VH category with two jets + BDT for VBF

http://www.sciencedirect.com/science/article/pii/S0370269313006369
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H→WW: analysis strategy

Exclusive categories based on jet multiplicity and lepton flavour

Most sensitive categories:

– Njet = 0 and eμ for ggF

– Njet ≥ 2 and eμ for VBF
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H→WW: selection
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H→WW: background

Dominant background:

– Njet ≤ 1 : WW

– Njet ≥ 2, ggF : top

– Njet ≥ 2, VBF : top and Z→ll
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H→WW: systematic uncertainties

Three major categories of uncertainties:

– stat: for backgrounds which use data for 
normalization (sample statistics)

– experimental: leptons, jets, ETmiss, 
pTmiss, charge mis-identification, …

– theo.: x-sec scale, acceptance, 
modelling . . .

Leading sources of uncertainties on μ:

– WW generator modelling (on the mT 
shape and extrapolation)

– ggF, QCD scale on the total x-sec

– top generator modeling (on the 
extrapolation),

– corrections to the mis-identification 
factor, ...
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H→WW: fit model

Fit procedure:

– binned likelihood function 
constructed as a product of Poisson 
probabilities and systematic 
constraints,

– profile likelihood ratio test statistic is 
used

– simultaneous fit to all the categories 
(SR, CR, 7/8TeV)

Free parameters:

– μ - signal strength parameter

– β – background normalization

– θ - uncertainty constraint parameter
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H→WW: cross-sections

Total cross-sections (pb):

Fiducial cross-sections

– fiducial volume definition:

– cross-sections in fb:

observed expected

3.3 ± 0.4

4.6 ± 0.5

0.35 ± 0.02

7 GeV σggF.BR(H → WW*) 2.0 ± 1.7 (stat) +1.2-1.1 (syst)

8 GeV
σggF.BR(H → WW*) 4.6 ± 0.9 (stat) +0.8-0.7 (syst)
σVBF.BR(H → WW*) 0.51 +0.17-0.15 (stat) +0.13-0.08 (syst)

observed expected

8 GeV
σggF, 0 jet 27.6 +5.4-5.3 (stat) +4.1-3.9 (syst) 19.9 ± 3.3
σggF, 1 jet 8.3 +3.1-3.0 (stat) +3.1-3.0 (syst) 7.3 ± 1.8
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H→WW: changes wrt last public paper

Phys. Lett. B 726 (2013)

optimized object and event selection: pT , mT resolution, ...

increased signal acceptance: lower lepton pT thresholds, electron likelihood

background estimation techniques : b-tagging efficiency from data, jj 
estimate, Z + jets sample for Wj estimate, ...

optimized VBF signal category

new analysis category (Njet ≥ 2 ggF-enriched),

more powerful statistical treatment (binned in m
T
 and p

T
l2 )

50% increase in the expected sensitivity

http://www.sciencedirect.com/science/article/pii/S0370269313006369
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H→γγ: selection

E
T

γ1/m
γγ

 > 0.35, E
T

γ2/m
γγ

 > 0.25

tight identification

E
T

iso,calo < 6 GeV, E
T

iso,track < 2.6 GeV

γγ purity: 77±3% at 8 TeV
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H→γγ: systematic uncertainties

Main systematics and impact on μ:
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H→γγ: results

Signal strength /production mode:
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H→γγ: compatibility of results

checked with jackknife resampling technique

Phys. Lett. B 726 (2013) :

– 142681 events selected there

– 111791 events selected in current analysis

– 104407 events selected in both

– significance of the 0.4 difference between the μ (with effect of the 74% 
correlation between the two measurements): 2.3 σ.

Mass measurement : μ = 1.29 ± 0.30

– compatible within 1σ

Fiducial cross-sections: μ ≈ 1.4 (8 TeV only) 

– compatible within 1.2σ

μ=1.55−0.28
+0.33

http://www.sciencedirect.com/science/article/pii/S0370269313006369
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H→γγ: changes wrt last public paper

Phys. Lett. B 726 (2013)

Relative E
T
/m

γγ
 cuts

Improved material description

Improved calibrations

– mass resolution improved by 10%

– resolution uncertainty reduced by factor 2

Reduced uncertainties on photon ID and isolation

Categories changed

– added ttH leptonic, hadronic

– split VH into 1-lepton (WH) and 2-lepton (ZH)

– reduce number of untagged categories (without loss of sensitivity)

10% gain on combined signal strength

http://www.sciencedirect.com/science/article/pii/S0370269313006369
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H → γγ: Total and fiducial cross-sections

Fiducial volume:

– photons with E
T

γ1/m
γγ

 > 0.35, E
T

γ2/m
γγ

 > 0.25, |η| < 2.37

– particle isolation (in ΔR = 0.4) <14 GeV

Results:

Total cross-section: 31.4 ± 7.2(stat) ± 1.6(sys) pb
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H → 4l: Total and fiducial cross-sections

Fiducial volume:

Results:

– σ
fid

 = 2.11±0.53 (stat) ± 0.08(syst) fb

Total cross-section: 

– 5.1 ± 8.4(stat) ± 1.8(syst) pb
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