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ATLAS and the LHC in Run-2

• Excellent performance by the LHC last year. 
• The results shown here represent up to 14.8 fb-1 of data at 13 TeV 
recorded in 2015 and up to June of 2016. 

- Our sensitivity to the Higgs is now higher than it was in Run-1. 
• Improvements to ATLAS as well 

- Insertable B-layer: new pixel layer at 3.3 cm from the beam 
- Improved Muon Spectrometer coverage
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	Run	2:	15	fb-1

Run2 @13TeV 

• Outstanding performance of LHC in 2016 

•  14.8 fb-1 are used for the results showed here  

• 11.6 fb-1(2016) + 3.2 fb-1(2015) @ 13 TeV 

• Higgs sensitivity exceeds Run1 

3L. Aperio Bella   

2016 
19.2 fb-1  
@13TeV

2015 
3.2 fb-1  
@13TeV

New pile-up 
challenge for the 
2016 data taking

As of June
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Text

Daniela Rebuzzi (Pavia University)

Higgs boson production at LHC

• A lot of progress on 
cross section and BR 
computation 

• Uncertainties O(10%) in 
ggF, dominated by QCD 
scale and PDF+αS 
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Production Cross section [pb] Order of
process

p
s = 7 TeV

p
s = 8 TeV calculation

ggF 15.0 ± 1.6 19.2 ± 2.0 NNLO(QCD)+NLO(EW)
VBF 1.22 ± 0.03 1.58±0.04 NLO (QCD+EW)/NNLO(QCD)
WH 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD)+NLO(EW)
ZH 0.357 ± 0.015 0.446 ± 0.019 NNLO(QCD)+NLO(EW)
bb̄H 0.156 ± 0.021 0.203 ± 0.028 5FS + 4FS NLO(QCD)
tt̄H 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)

[LHC Higgs Cross Section W
G - arXiv:1101.0593, 

arXiv:1201.3084 and arXiv:1307.1347]

Channel BR

H->ZZ*->4l 0.013%

H->ɣɣ 0.2%

H->WW*->l𝝼l𝝼 1%

𝛔tot(13 TeV)~2𝛔tot(8 TeV)

LHC Higgs XS WG
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Higgs boson production at LHC

 [TeV] s
6 7 8 9 10 11 12 13 14 15

 H
+X

) [
pb

]  
  

→
(p

p 
σ

2−10

1−10

1

10

210 M(H)= 125 GeV

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

 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 + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD)
→pp 

@13TeV ggH 87%  
mH=125 GeV 

@13TeV VBF 7%  
mH=125 GeV 

@13TeV VH 4%  
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@13TeV ttH/bbH 2%  
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Production cross section 
@mH=125 GeV 
19.3 pb @7 TeV 
24.5 pb @8 TeV 

55.7 pb @13 TeV 
62.7 pb @14 TeV

K. Nikolopoulos Mar 21st, 2016Status of the Higgs sector at the LHC

SM Higgs boson production versus √s 
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Text

Daniela Rebuzzi (Pavia University)

Higgs boson decays

• All hadronic decay modes (                                                    ) dominant but 
overwhelmed by QCD backgrounds → final states with isolated leptons, photons, missing 
transverse energy are the only viable ones at LHC
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[LHC Higgs Cross Section W
G - arXiv:1101.0593, 

arXiv:1201.3084 and arXiv:1307.1347]

H->ZZ->4l BR~.013%

arxiv 1101.0593

• High S/B 
• Low BR

87.2% 6.8% 4.1% 1.9%

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
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Text

Daniela Rebuzzi (Pavia University)

Higgs boson production at LHC

• A lot of progress on 
cross section and BR 
computation 

• Uncertainties O(10%) in 
ggF, dominated by QCD 
scale and PDF+αS 
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Production Cross section [pb] Order of
process

p
s = 7 TeV

p
s = 8 TeV calculation

ggF 15.0 ± 1.6 19.2 ± 2.0 NNLO(QCD)+NLO(EW)
VBF 1.22 ± 0.03 1.58±0.04 NLO (QCD+EW)/NNLO(QCD)
WH 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD)+NLO(EW)
ZH 0.357 ± 0.015 0.446 ± 0.019 NNLO(QCD)+NLO(EW)
bb̄H 0.156 ± 0.021 0.203 ± 0.028 5FS + 4FS NLO(QCD)
tt̄H 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)

[LHC Higgs Cross Section W
G - arXiv:1101.0593, 

arXiv:1201.3084 and arXiv:1307.1347]

𝛔tot(13 TeV)~2𝛔tot(8 TeV)
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Higgs boson production at LHC
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SM Higgs boson production versus √s 
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Text

Daniela Rebuzzi (Pavia University)

Higgs boson decays

• All hadronic decay modes (                                                    ) dominant but 
overwhelmed by QCD backgrounds → final states with isolated leptons, photons, missing 
transverse energy are the only viable ones at LHC
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[LHC Higgs Cross Section W
G - arXiv:1101.0593, 

arXiv:1201.3084 and arXiv:1307.1347]

H->ɣɣ BR~.2%

arxiv 1101.0593

• Larger BR 
• Relatively clean signal

Channel BR

H->ZZ*->4l 0.013%

H->ɣɣ 0.2%

H->WW*->l𝝼l𝝼 1%
LHC Higgs XS WG

87.2% 6.8% 4.1% 1.9%

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
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Text

Daniela Rebuzzi (Pavia University)

Higgs boson production at LHC

• A lot of progress on 
cross section and BR 
computation 

• Uncertainties O(10%) in 
ggF, dominated by QCD 
scale and PDF+αS 
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Production Cross section [pb] Order of
process

p
s = 7 TeV

p
s = 8 TeV calculation

ggF 15.0 ± 1.6 19.2 ± 2.0 NNLO(QCD)+NLO(EW)
VBF 1.22 ± 0.03 1.58±0.04 NLO (QCD+EW)/NNLO(QCD)
WH 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD)+NLO(EW)
ZH 0.357 ± 0.015 0.446 ± 0.019 NNLO(QCD)+NLO(EW)
bb̄H 0.156 ± 0.021 0.203 ± 0.028 5FS + 4FS NLO(QCD)
tt̄H 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)

[LHC Higgs Cross Section W
G - arXiv:1101.0593, 

arXiv:1201.3084 and arXiv:1307.1347]

𝛔tot(13 TeV)~2𝛔tot(8 TeV)
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Higgs boson production at LHC
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SM Higgs boson production versus √s 
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Text

Daniela Rebuzzi (Pavia University)

Higgs boson decays

• All hadronic decay modes (                                                    ) dominant but 
overwhelmed by QCD backgrounds → final states with isolated leptons, photons, missing 
transverse energy are the only viable ones at LHC
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[LHC Higgs Cross Section W
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arXiv:1201.3084 and arXiv:1307.1347]

H->WW*->l𝝼l𝝼 BR~1%

arxiv 1101.0593

• Larger BR, many backgrounds 
• Final state not fully reconstructed

LHC Higgs XS WG

Channel BR

H->ZZ*->4l 0.013%

H->ɣɣ 0.2%

H->WW*->l𝝼l𝝼 1%

87.2% 6.8% 4.1% 1.9%

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
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• The “golden channel” 
- S/B of 2 
- But very low branching ratio 
- Acceptance*efficiency of 16%(4e)-31%(4μ) 

- Loose particle ID and isolation selections 
• Improvements in Run-2 

- IBL provides superior rejection of electron backgrounds. 
- Muon pT cut lowered from 6 to 5 GeV, +8% acceptance.
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•Exploit properties of the event 
- 4l vertexing constraint in event selection. 
- m12 (+FSR photons) kinematically constrained to mZ to 
improve the resolution.
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Figure 4: (a) The m4` distribution of the selected candidates, compared to the background expectation in the low
mass region. (b) The distribution of data (filled circles) and the expected signal and backgrounds events in the
m34 – m12 plane with the requirement of m4` in 115–130 GeV . The projected distributions are shown for (c) m12
and (d) m34. The signal contribution is shown for mH = 125 GeV as blue histograms in (a), (c) and (d). The
expected background contributions, ZZ⇤ (red histogram), Z+ jets plus tt̄ (purple histogram) and tt̄V plus VVV
(yellow histogram), are shown in (a), (c) and (d); the systematic uncertainty associated to the total signal plus
background contribution is represented by the hatched areas. The expected distributions of the Higgs signal (blue)
and total background (red) are superimposed in (b), where the box size (signal) and colour shading (background)
represent the relative density.
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• Main background is 
ZZ* production 

- qq->ZZ simulated at 
NLO with POWHEG, 
QCD+EW 
corrections as 
function of mZZ. 

- gg->ZZ simulated at 
LO with gg2VV, with 
k-factor for higher-
order QCD effects

Reducible background 
from Z+jets and tt 
estimated using data-
driven methods

14.8 fb-1

ATLAS-CONF-2016-079
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Fiducial Cross-Section

• Fiducial cross-section is independent of assumptions about acceptance 
or BR. 

- Reduces model dependence 
- Only need to correct for detector efficiencies and resolution (C) 
- Fiducial region based on lepton pT and η, dilepton masses, and the lepton 

separation 
• Fiducial cross-section is obtained from a likelihood fit to the m4l distribution 
for 115< m4l <130 GeV. 

- Total cross-section is then obtained assuming SM BR and acceptance and 
mH=125.09 GeV. 8
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Figure 6: The values of the test statistics �2� ln L as a function of (a) the fiducial cross section and (b) of the total
cross section. The solid black (blue) lines shows the observed (expected SM) results including all uncertainties
while the dashed red lines show the observed results without including the systematic uncertainties.

7.3 Cross sections by production mode from event categorisation

The number of expected and observed events in each of the categories, which were introduced in Section 2
and are used to enhance the sensitivity to the di↵erent Higgs boson production modes, are summarized in
Table 12.

Table 12: The expected and observed yields in the 0-jet, 1-jet, 2-jet with mj j > 120 GeV (VBF-enriched), 2-jet
with mj j < 120 GeV (VH-enriched) and VH-leptonic categories. The yields are given for the di↵erent production
modes, assuming mH = 125 GeV, the ZZ⇤ and reducible background for 14.8 fb�1 at

p
s = 13 TeV. The estimates

are given for the m4` mass range 118–129 GeV. Full uncertainties are provided.

Analysis Signal Background Total Observed
category ggF + bb̄H + tt̄H VBF WH ZH ZZ⇤ Z + jets, tt̄ expected

0-jet 11.2 ± 1.4 0.120 ± 0.019 0.047 ± 0.007 0.060 ± 0.006 6.2 ± 0.6 0.84 ± 0.12 18.4 ± 1.6 21
1-jet 5.7 ± 2.4 0.59 ± 0.05 0.137 ± 0.012 0.091 ± 0.008 1.62 ± 0.21 0.44 ± 0.07 8.5 ± 2.4 12

2-jet VBF enriched 1.9 ± 0.9 0.92 ± 0.07 0.074 ± 0.007 0.052 ± 0.005 0.22 ± 0.05 0.24 ± 0.11 3.4 ± 0.9 9
2-jet VH enriched 1.1 ± 0.5 0.084 ± 0.009 0.143 ± 0.012 0.101 ± 0.009 0.166 ± 0.035 0.088 ± 0.011 1.6 ± 0.5 2

VH-leptonic 0.055 ± 0.004 < 0.01 0.067 ± 0.004 0.011 ± 0.001 0.016 ± 0.002 0.012 ± 0.010 0.16 ± 0.01 0
Total 20 ± 4 1.71 ± 0.14 0.47 ± 0.04 0.315 ± 0.027 8.2 ± 0.9 1.62 ± 0.07 32 ± 4 44

The distributions of the BDT output used in each category are shown in Fig. 8. The cross section for the
di↵erent production modes are evaluated assuming the mH =125.09 GeV. Given the limited sensitivity
to the tt̄H and bb̄H production mechanisms, their cross sections are evaluated together with the ggF
under the assumption that the relative contribution of these production modes follows the SM prediction.
Figure 9 shows the negative log-likelihood scans as function of the measured cross sections as well as
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Uncertainties are still statistically dominated.  
Compatible with SM at 1.6 σ.

cross sections: �� and ZZ⇤
•Fiducial � extracted for �� and ZZ⇤ •Measurements extrapolated to total � and combined

Fiducial selection: designed to closely replicate the analysis selection at particle level

�tot =
Ns

A.C.B.Lint

�fid
channel =

Ns

C.Lint

Ns: # of observed signal
events

A: kinematic and
geometric acceptance in
the fiducial region

C: detector correction
factor (reco, trigger and id
efficiences, reco
resolution)

C = # of selected reco events
# of particle level events 10

Fiducial cross section

9L. Aperio Bella   

• Fiducial cross sections extracted with a likelihood fit on m4l 
distribution in a range 115 <m4l< 130 GeV 

• Detector level bin-by-bin correction factor for unfolding 
from simulation 

• Fid. cross section extracted by final state and separately 
for the same and opposite flavour  

• Total cross-section calculated assuming SM BR. 
• Measurement still dominated by statistic  

• Main sys uncertainty Luminosity and lepton SF ~3%.

 [fb]fid
4lσ

2 4 6 8 10 12 14

 ln
(L

)
∆

-2
 

0

1

2

3

4

5

6  PreliminaryATLAS
 4l→ * ZZ→H 

-113 TeV, 14.8 fb

Obs. stat. + syst. unc.
Obs. stat. unc.
Exp. stat. + syst. unc.

Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
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�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05
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2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73
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�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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Compatibility 
σtot and σtot,SM 

1.6σ

Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.
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section measurements presented, the dominant uncertainty is statistical.
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cross sections: �� and ZZ⇤
•Fiducial � extracted for �� and ZZ⇤ •Measurements extrapolated to total � and combined

Fiducial selection: designed to closely replicate the analysis selection at particle level
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Ns: # of observed signal
events
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geometric acceptance in
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C: detector correction
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resolution)

C = # of selected reco events
# of particle level events 10
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• Fiducial cross sections extracted with a likelihood fit on m4l 
distribution in a range 115 <m4l< 130 GeV 

• Detector level bin-by-bin correction factor for unfolding 
from simulation 

• Fid. cross section extracted by final state and separately 
for the same and opposite flavour  

• Total cross-section calculated assuming SM BR. 
• Measurement still dominated by statistic  

• Main sys uncertainty Luminosity and lepton SF ~3%.
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
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final state, and A is the kinematic and geometric acceptance.270
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criteria, cannot be directly measured in data since most of the non-fiducial events are not detectable (they272
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Cross-sections by Production Mode

•Events in the 118<m4l<129 GeV range are sorted into 
exclusive categories. 

- Use  BDT to enhance sensitivity (except VH-leptonic category). 
•Signal obtained from a likelihood fit to the BDT output. 

- Cross-sections obtained assuming mH=125.09 GeV.
9

m4l [118-129] GeV!

0jet! 1jet!

2 or more jets!

pT, j > 30 GeV!

Discriminant!
BDT-ZZ!

mjj<120 GeV! mjj>120 GeV!

Discriminant!
BDT-1j!

Discriminant!
BDT-2jVBF!

Discriminant!
BDT-2jVH!

!

>=1 leptons 
(pT, l > 8 GeV)!

Just counting !

BDT_ZZ:!
•  pT4l   
•  η4l!
•  KD = 

log(MEHZZ/
MEZZ)!

BDT_1jet:!
•  pT,j!
•  ηj!
•  ΔR4lj!

BDT_2jet_VH:!
•  pT,j1!
•  pT,j2!
•  ηj1!
•  Δηjj!
•  Δη4ljj!
•  mjj!
•  min(ΔRZj)!

BDT_2jet_VBF:!
•  pT,j1!
•  pT,j2!
•  pT,4ljj!
•  Δηjj!
•  Δη4ljj!
•  mjj!
•  min(ΔRZj)!

Figure 1: A schematic view of the exclusive event categories detailed in the text.

BDT is based on the 4` system pseudo-rapidity, transverse momentum and on the logarithm of ratio of
the signal and background matrix elements (the KD discriminant) computed with the lepton kinematics
(as detailed in Ref. [11]).

For the 1-jet category a BDT trained to disentangle the ggF production mode from the VBF mode is used.
The variables used in this BDT are: the transverse momentum (pT, j) and the pseudorapidity (⌘ j) of the
jet and the angular separation between the four-lepton system and the jet (�R4` j).

Similarly, for the 2-jet categories two BDTs trained to disentangle the ggF production mode from the
VH-hadronic and from the VBF mode are used in the low-mass and high-mass category, respectively.
The BDT used in the high-mass category is based on the following variables: the jet transverse momenta
(pT, j1and pT, j2), the dijet invariant mass (m j j), the pseudorapidity separation (�⌘ j j) of the two leading jets,
the transverse momentum of the di-jet plus four-lepton system (pT,4` j j), the minimum angular separation
between the leading dilepton pair and the two leading jets (min(�RZ j)) and the di↵erence in pseudorapid-
ity between the four-lepton system and the average pseudorapidity of the two leading jets (�⌘4` j j). For
the low-mass category the same variables are used with the exception of the pT,4` j j(this variable brings
little improvement in the low-mass category).

This experimental categorisation also provides sensitivity to possible BSM interactions. In particular,
BSM interactions between the Higgs boson and the SM vector bosons W and Z would have a large im-

9

 ZZ*) [pb]→BR(H×ggH+bbH+ttHσ

0 0.5 1 1.5 2 2.5 3 3.5 4

ln
(L

)
∆

-2

0

5

10

15

20

25

30

σ1 

σ2 

σ3 

 PreliminaryATLAS

 4l→ ZZ* →H 
-113 TeV, 14.8 fb

Obs.: stats. + syst. unc.

Obs.: stats. unc. only

Exp.: stats. + syst. unc.

(a)

 ZZ*) [pb]→BR(H ×VBFσ

0 0.2 0.4 0.6 0.8 1 1.2 1.4

ln
(L

)
∆

-2

0

5

10

15

20

25

30

σ1 

σ2 

σ3 

 PreliminaryATLAS

 4l→ ZZ* →H 
-113 TeV, 14.8 fb

Obs.: stats. + syst. unc.

Obs.: stats. unc. only

Exp.: stats. + syst. unc.

(b)

 ZZ*) [pb]→BR(H ×VHσ

0 0.2 0.4 0.6 0.8 1 1.2 1.4

ln
(L

)
∆

-2

0

2

4

6

8

10

12

14

16

18

20

σ1 

σ2 

σ3 

 PreliminaryATLAS

 4l→ ZZ* →H 
-113 TeV, 14.8 fb

Obs.: stats. + syst. unc.

Obs.: stats. unc. only

Exp.: stats. + syst. unc.

(c)

 ZZ*) [pb]→BR(H ×ggH+bbH+ttHσ

0 0.5 1 1.5 2 2.5 3 3.5

 Z
Z

*)
 [
p

b
]

→
B

R
(H

 
×

V
B

F
+

V
H

σ

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

 4l→ ZZ* →H 
-113 TeV, 14.8 fb

 PreliminaryATLAS Best fit

68% CL

95% CL

SM

(d)

Figure 9: (a)–(c) The observed negative log-likelihood scans for �ggF+bb̄H+tt̄H ·B(H ! ZZ⇤) (a), �VBF ·B(H ! ZZ⇤)
(b) and �VH · B(H ! ZZ⇤) (c) with (solid black line) and without (dashed red line) systematics. The expected SM
negative log-likelihood scan (solid blue line) with systematics is also shown. The green horizontal lines indicate the
value of the profile likelihood ratio corresponding to 1, 2 and 3 � intervals for the parameter of interest, assuming
an asymptotic �2 distribution for the test statistic. (d) Shows the negative log-likelihood contours at 68% (solid
line) and 95% CL (dashed line) in the �ggF+bb̄H+tt̄H · B(H ! ZZ⇤) - �VBF+VH · B(H ! ZZ⇤) plane as well as the SM
predictions (blue filled circle), with their theoretical uncertainties taken from Ref [26, 27]. The �VBF+VH · B(H !
ZZ⇤) is evaluated under the assumption that the relative contribution of these two production modes follows the SM
prediction.
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the �ggF+bb̄H+tt̄H · B(H ! ZZ⇤) versus �VBF+VH · B(H ! ZZ⇤). The measured values for �ggF+tt̄H+bb̄H ·
B(H ! ZZ⇤), �VBF · B(H ! ZZ⇤) and �VH · B(H ! ZZ⇤) with their SM expectations (on the right) are
respectively:

�ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.80+0.49
�0.44 pb �SM,ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.31 ± 0.07 pb

�VBF · B(H ! ZZ⇤) = 0.37+0.28
�0.21 pb �SM,VBF · B(H ! ZZ⇤) = 0.100 ± 0.003 pb

�VH · B(H ! ZZ⇤) = 0+0.15 pb �SM,VH · B(H ! ZZ⇤) = 0.059 ± 0.002 pb
(8)

The compatibility between the measured �ggF+bb̄H+tt̄H ·B(H ! ZZ⇤) and the SM prediction is at the level
of 1.1 standard deviations, while for the �VBF · B(H ! ZZ⇤) the compatibility with the SM prediction is
at the level of 1.4 standard deviations.

The cross section results by production mode from the event categorisation can also be interpreted in the
LO framework [40, 96] ( framework) in which coupling modifiers, i are introduced to parameterise
possible deviations from the SM predictions of the Higgs boson couplings to SM bosons and fermions.
One interesting benchmark allows for two di↵erent Higgs boson coupling strength modifiers to fermions
and bosons, reflecting the di↵erent structure of the interactions of the SM Higgs sector with gauge bosons
and fermions. The universal coupling-strength scale factors F for all fermions and V for all vector
bosons are defined as V = W = Z and F = t = b = ⌧ = g = µ. The likelihood contours at 68%
CL (solid line) and 95% CL (dashed line) in the V � F plane are shown in Figure 7 (only the quadrant
F > 0 and V > 0 is shown since this channel is not sensitive to the relative sign of the two coupling
modifiers). The Higgs boson mass is assumed to be mH = 125.09 GeV and no undetected or invisible
Higgs boson decays is assumed to exist.
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ATLAS-CONF-2016-079

Compatibility to the SM prediction: 
𝜎ggF+bbH+ttH*BR(H->ZZ*): 1.1𝜎 

𝜎VBF*BR(H->ZZ*): 1.4𝜎
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H->ɣɣ

• Tight ID and isolation requirements for the 
photons. 

- Diphoton vertex found using neural network 
- Acceptance*efficiency of ~30-45% depending on 

production mode
10
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• Higgs peak sits on top of smoothly falling diphoton background. 
- Signal extracted via signal+background fit to mɣɣ distribution. 
- Background from diphoton processes and jets faking photons. 
- Background models chosen to minimize spurious signal. 

‣ Defined as the amount of measured signal when doing S+B fit to 
background-only simulation
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Figure 1: The data-driven determination of event yields (left) and event fractions (right) for ��, � j and j j events
as a function of m�� in the baseline diphoton event selection. The shaded regions show the total uncertainty on the
measured yield and fraction, and the error bars show the statistical uncertainties.

6.2 Background composition

The ��, � j and j j background composition is studied using a double two-dimensional sideband method [71].
In the signal region, each photon is required to pass the tight photon identification as well as photon isola-
tion criteria. Three control regions are then defined by reversing one or both of these requirements (when
the tight identification is reversed, the photon is still required to pass the loose identification). Reversing
each of the criteria for each photon results in 15 control regions in addition to the signal region. The num-
ber of events from each background source in each region are related via the photon and jet e�ciencies
for passing the photon identification and isolation requirements, which are determined from simulation.
Systematic uncertainties on the e�ciencies are propagated through the method to give an uncertainty on
the background composition in the signal region.

The number and relative fraction of the ��, � j and j j backgrounds is shown in Figure 1 as a function
of m�� for the baseline diphoton event selection. The total fraction of each of these background sources
is 78.9 ± 0.2 +1.9

�4.0%, 18.6 ± 0.2 +3.5
�1.7% and 2.5 ± 0.1 +0.5

�0.4% respectively, which are comparable to previous
results at

p
s =7 and 8 TeV [10, 13].

6.3 Background model

The background functional form is chosen, in each region, to minimise the bias observed in the ex-
tracted signal yield [3]. For the majority of regions, the potential bias (or ‘spurious signal’) is estimated
by performing a signal+background fit to a background-only distribution. This is constructed from the
�� simulated sample. The contributions from �-jet and jet-jet are included by taking their m�� shape
(normalisation) relative to the simulated �� background (measured �� contribution) from the result of
the data-driven background measurement described in Section 6.2 6. The di↵erent contributions are nor-
malised according to their relative fractions determined in the previous section. The spurious signal is
required to be less than 10% of the expected signal yield or less than 20% of the expected statistical un-
certainty on the extracted signal yield. In the case when two or more functions satisfy those requirements,

6 For the background model studies for the di↵erent production mode event categories, the � j and j j backgrounds are assumed
to have the same shape as the �� background.

9

H->ɣɣ
ATLAS-CONF-2016-067

Background Only

13.3 fb-1
Signal+Background
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Figure 11: The di↵erential cross section for pp ! H ! �� as a function of the jet multiplicity. The left panel
shows the cross section in bins of exclusive jet multiplicity and the data and theoretical predictions are presented
the same way as in Figure 10. The right panel shows the cross section in bins of inclusive jet multiplicity and the
data are compared to a variety of state-of-the-art calculations for gluon fusion, after correcting for the H ! ��
branching ratio and the fiducial acceptance as defined in the text.
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Figure 12: The di↵erential cross section for pp ! H ! �� as a function of the leading jet transverse momentum
(left) and the dijet invariant mass in H + 2jet events (right). The data and theoretical predictions are presented the
same way as in Figure 10.
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Fiducial and Differential Cross-Sections

•Cross-sections extracted using bin-by-bin correction factors, assuming mH=125.09 GeV. 
•Fiducial region defined by photon ET, η, and isolation: 𝜎fid=43.2±14.9 (stat)±4.9 (syst) fb. 

- Agrees with SM prediction 𝜎fid,SM=62.8+3.4/-4.4 fb 

•Differential cross-sections produced for a number of variables, compared to multiple 
calculations: no significant disagreements with the SM observed.

12
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Production Mode Cross-Sections

• Reconstructed events are divided into 13 exclusive categories 
enriched in different production modes. 

• A simultaneous fit is performed to the mɣɣ distributions in all 
categories.

13
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9 Systematic uncertainties

Several sources of systematic uncertainty are considered in this measurement, which can be grouped into
three categories: uncertainties associated with the parameterisation of the signal and background when
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•Signal strength results from Run-1 and Run-2 are not directly comparable 
- N3LO ggH cross-section used in Run-2 is 10% larger 
- For a direct comparison the full Run-1 analysis would have to be re-run 

•Stage-0 STXS results are for |yH|<2.5 
- VH assumes WH/ZH production ratio follows the SM 

•All results agree with the SM within 1-2 𝜎
14
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Figure 14: The signal strength measured for the di↵erent production processes (ggH, VBF, VH and tt̄H) and
globally (µRun�2), compared to the global signal strength measured at 7 and 8 TeV (µRun�1) [13]. The error bar
shows the total uncertainty. The µRun�1 is taken from Ref. [13], and is derived assuming the Higgs production cross
section based on Ref. [19, 87]. In the more recent theoretical predictions used in this analysis [24, 28], the gluon
fusion production cross section is larger by approximately 10%.

10.2.3 Impact of fixing the Higgs mass

Figure 9 shows that the nuisance parameter associated with the photon energy scale uncertainty is slightly
pulled, which indicates that the best value for the Higgs boson mass in the dataset analysed here is a bit
di↵erent from 125.09 GeV. When the Higgs boson mass is left free in the fit, the measured cross sections
and signal strengths di↵er only by a small fraction of the statistical uncertainty from the results with
mH = 125.09 ± 0.24 GeV. The fitted Higgs boson mass is compatible with mH = 125.09 ± 0.24 GeV
within its statistical uncertainty.

11 Conclusion

Measurements of the Higgs boson cross sections in the Higgs boson diphoton decay channel are per-
formed using pp collision data recorded by the ATLAS experiment at the LHC. The data were taken at
a centre-of-mass energy of

p
s = 13 TeV and correspond to an integrated luminosity of 13.3 fb�1. Fidu-

cial cross sections in several phase space regions and di↵erential cross sections as a function of several
kinematic variables are performed in an almost model-independent way. The fiducial cross section is
measured to be �fid = 43.2±14.9 (stat.)±4.9 (syst.) fb for a Higgs boson of mass 125.09 GeV decaying to
two isolated photons that have transverse momentum greater than 35% and 25% of the diphoton invariant
mass and each with absolute pseudorapidity |⌘| < 2.37, excluding the region 1.37 < |⌘| < 1.52. The Stan-
dard Model prediction for the same fiducial region is 62.8 +3.4

�4.4 fb. Simplified template cross sections and

31

Production Mode Cross-Sections
be

�ggH ⇥ B(H ! ��) = 63 +30
�29 fb

�VBF ⇥ B(H ! ��) = 17.8 +6.3
�5.7 fb

�VHlep ⇥ B(H ! ��) = 1.0 +2.5
�1.9 fb

�VHhad ⇥ B(H ! ��) = �2.3 +6.8
�5.8 fb

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

They avoid the extrapolation to the full phase space by restricting the measurement to |yH | < 2.5. The
�VHlep ⇥ B(H ! ��) is only based on leptonic decays of the vector bosons, W ! `⌫, Z ! ``, and
Z ! ⌫⌫ (` = e, µ), and �VHhad ⇥ B(H ! ��) is only based on hadronic decays of the vector bosons,
following [12]. The VH production cross sections are determined under the assumption that the ratio of
the WH and ZH production cross sections is as predicted by the SM, and includes both production from
quark and gluon initial states (see Section 4).

10.2.2 Total production process cross sections and signal strengths

The production mode cross sections for mH = 125.09 ± 0.24 GeV are measured to be

�ggH ⇥ B(H ! ��) = 65 +32
�31 fb

�VBF ⇥ B(H ! ��) = 19.2 +6.8
�6.1 fb

�VH ⇥ B(H ! ��) = 1.2 +6.5
�5.4 fb

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

The VH production cross sections are determined under the assumption that the ratio of the WH and
ZH production cross sections is as predicted by the SM, and includes both production from quark and
gluon initial states (see Section 4). The corresponding signal strengths measured for the di↵erent pro-
duction processes, and globally (i.e. assuming one common signal strength parameter for all production
processes), are summarised in Figure 14, which also shows the global signal strength measured in Run-I.
The µRun�1 is taken from Ref. [13], and is derived assuming the Higgs production cross section based on
Ref. [19, 87]. In the more recent theoretical predictions used in this analysis [24, 28], the gluon fusion
production cross section is larger by approximately 10%.

As for the signal strength measurements previously published using the
p

s = 7 and 8 TeV data [13],
the measurements presented above are dominated by the statistical uncertainties. The measurements
agree with the SM expectations within 1 to 2�. The tendencies for the gluon fusion cross section to be
slightly smaller than the SM expectation, and the VBF cross section to be slightly larger than the SM
expectation, are compatible with the di↵erential measurements shown in Section 10.1. In Figure 10, the
data slightly undershoot the theoretical prediction at low diphoton transverse momentum and low rapidity,
whilst slightly overshooting the prediction at large transverse momentum. Although these features are
not significant, they impact upon the measurements of the production cross sections and signal strengths,
which rely on the predicted Standard Model Higgs boson kinematic distributions to separate the di↵erent
Higgs boson production processes.

The slightly high measured VBF cross section is qualitatively compatible with the slightly high measured
fiducial cross section in the VBF-enriched phase space region (see Table 5).

30

Stage 0 simplified template cross-section measurements
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Combined Results

Results are compatible with SM expectations
15

(SM acceptance and BF)

|yH|<2.5
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Figure 4: The m`0`2 distribution in (a) the Z-dominated category and (b) the Z-depleted category after the Njet 
1, Nb-jet = 0 requirements in the WH analysis. The VV category includes WZ/W�⇤, ZZ (⇤), WW , Z�, W�; the
VVV category includes WWW , WWZ , WZZ ; the Other Higgs category includes ggF, VBF, ZH , VH(⌧+⌧�). The
NFs extracted by the likelihood fit are applied. The error band includes MC statistical, experimental, and theory
systematic uncertainties associated with the prediction of the signal and background processes.

m``` , the invariant mass of the three-lepton system: events that satisfy the condition of |m``` � mZ | <
15GeV are categorised as Z� while events that fail the condition are categorised as Z+jets. In the WH

analysis this definition of Z+jets and Z� background is used consistently everywhere.

5.2.1 Background estimation

Important background processes for this analysis are WZ/W�⇤, Z�, Z+jets, and top-quark processes.
The normalisations of all these processes are estimated using control regions. The definitions of these
CRs are briefly described below and summarised in Table 4. Except for the top-quark background where
di↵erent CRs are defined for the Z-dominated and Z-depleted categories, all measured NFs are applied
to both categories.

TheWZ/W�⇤ and Z� CRs are defined by modifying one or a few selection criteria from the Z-dominated
SR. In case of the WZ/W�⇤ CR the Z-mass veto is inverted, resulting into a WZ/W�⇤ purity of 92%.
The resulting NF for the WZ/W�⇤ process is 1.24 ± 0.09 (stat) ± 0.07 (sys). The largest contributions to
the systematic uncertainties on the WZ/W�⇤ NF arise from uncertainties on the energy scale of the jets
and on the pile-up. The Z� CR is defined by removing the Z-mass veto and reversing the cut on Emiss

T ,
and by requiring |m``` � mZ | < 15 GeV. Additionally, this CR is required to contain only µµe and eee

events. The purity of the Z� CR is 83% and the extracted Z� NF is 0.83 ± 0.08(stat) ± 0.20 (sys).

Events entering the CRs that target backgrounds with one fake lepton, i.e. Z+jets and top-quark, are
required to have one lepton without any isolation requirement. This requirement significantly increases
the statistics and purity in these CRs, without significantly changing the fake lepton composition in the
relevant SRs.

The Z+jets CRs are defined by reversing the Emiss
T cut and the Z-mass veto from the definition of the

Z-dominated SR, as well as requiring |m``` � mZ | � 15GeV. Since the normalisation of the Z+jets
background is expected to be di↵erent when the additional fake lepton is identified as an electron or a

12

H->WW*->lνlν
•Highest BF, but very 
challenging analysis 

- Lots of backgrounds 
‣ Top, V+jets, WW, Z->𝜏𝜏, ggF, 

VV 
- Final state not fully 
reconstructed 

•Background suppression is 
key 

- Use e/μ final state to avoid 
Drell/Yan backgrounds. 

- Tight lepton ID and isolation 
- b-jet veto against top quarks 

•Results here for the VBF and 
WH production modes only. 

- Extra jet or lepton signatures 
reduce backgrounds.

16

Background normalizations are determined in 
dedicated control regions

WH candidates are split into two categories 
depending on the dominant backgrounds

5.8 fb-1
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Results
• VBF: 2 jets in addition to the eμ pair 

- Both leptons must be between the two jets, which must also have no 
additional jet between them. 

- Z->𝜏𝜏 is explicitly vetoed, as is a 3rd lepton. 

• WH: Exactly three leptons with total charge of ±1 
- Max of 1 jet allowed, Z veto, ET

miss>50 GeV 
- The closest eμ pair must have ΔR<2 

• Signals are extracted from a simultaneous fit to signal and 
control region yields (assuming mH=125.09 GeV). 

- Control regions chosen to be enriched in leading backgrounds. 
- VBF uses a BDT: the signal region is split in two based on the BDT 

score.

17

Table 7: MC and Data yields for the VBF analysis in the SRs and CRs. SR1 corresponds to �0.8 < BDT < 0.7 and
SR2 to 0.7 < BDT < 1. Normalisation factors derived from maximising the likelihood function are applied. The
errors include MC statistical uncertainties on the yield, NF statistical uncertainties, detector systematic uncertainties
and theory systematic uncertainties. The sum of all the contributions may di↵er from the total value due to rounding.
In the determination of the uncertainties on the total background correlations have been taken into account.

Category SR1 SR2 Top CR Z+jets CR

VBF 9.3± 3.6 5.1± 1.8 1.7± 0.6 1.1± 0.4
Other Higgs 8.0± 4.0 0.7± 0.4 1.1± 0.2 1.2± 0.0

WW 13.0± 8.0 0.4± 0.2 1.4± 0.5 2.0± 0.9
Other VV 6.6± 2.6 0.2± 0.1 0.2± 0.0 0.8± 0.2
Top quark 42.2± 7.6 0.9± 0.7 186 ± 17 3.6± 1.6
W+jets 24.3± 9.2 1.2± 0.7 8.8± 4.0 4.4± 2.2
Z+jets 18.0± 9.9 0.1± 0.1 1.3± 1.0 27 ± 10

Total background 115 ± 13 3.5± 1.9 199 ± 17 38.8± 9.8
Observed 120 9 202 41

In the VBF analysis a simultaneous fit is performed to two ranges of the BDT output distribution in the
signal region as well as to the yields of the top-quark CR and the Z ! ⌧⌧ CR. An overview of the fit
regions is given in Fig. 6(a) comparing the observed yields to the post-fit yields. Details on the yields in
SR and CRs are given in Table 7. Anti-correlations between the uncertainty on the Z ! ⌧⌧ normalisation,
the top-quark normalisation, theW+jets background estimation, and the jet energy scale yield a reduction
in uncertainty on the total estimated background. The observed (expected) significance in the presented
measurement of VBF production is 1.9� (1.2�) assuming a Higgs boson mass of 125GeV.

In case of the WH analysis the simultaneous fit is performed to the yields of the Z-dominated and Z-
depleted SRs as well as to the top-quark CRs, the WZ/W�⇤ CR, the Z� CR, and the Z+jets CRs. The
measurement of WH production has an observed (expected) significance of 0.77� (0.24�). The post-fit
yields are given in Tables 8 and 9, respectively for SRs and CRs, and the fit regions are illustrated in
Fig. 6(b).

The VBF-specific result is extracted by considering the ggF and VH production modes as background,
using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case
of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.

The fit results for the signal strength for the VBF and WH production modes are respectively:

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not negli-
gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A
scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,
i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is
well below the precision of the given measurement.
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Summary

• Diboson channels continue to provide lots of 
information about the Higgs boson 

• So far, no deviations from the SM observed 
• Expecting many interesting new results once the full 
2015+2016 dataset of 36.1 fb-1 is analyzed. 

- In 2017 our dataset should more than double 
- Lots more to come!
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Backup
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The ATLAS Detector

• An all-purpose particle detector with excellent detection 
and reconstruction capabilities. 

• New features for Run-2: 
- Inner B-layer: pixel layer at 3.3 cm from the beam 
- Increased muon coverage

20
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Daniela Rebuzzi (Pavia University)

ATLAS Detector



DIS2017, April 3-7, 2017, Birmingham UK

H->4l Event Selection

21

Table 1: A summary of the event selection requirements.

Leptons and Jets requirements
Electrons

Loose Likelihood quality electrons with hit in innermost layer, ET > 7 GeV and |⌘| < 2.47
Muons

Loose identification |⌘| < 2.7
Calo-tagged muons with pT > 15 GeV and |⌘| < 0.1

Combined, stand-alone (with ID hits if available) and segment tagged muons with pT > 5 GeV
Jets

anti-kt jets with pT > 30 GeV, |⌘| < 4.5 and passing pile-up jet rejection requirements
Event Selection

Quadruplet Require at least one quadruplet of leptons consisting of two pairs of same flavour
Selection opposite-charge leptons fulfilling the following requirements:

pT thresholds for three leading leptons in the quadruplet - 20, 15 and 10 GeV
Maximum of one calo-tagged or standalone muon per quadruplet
Select best quadruplet to be the one with the (sub)leading dilepton mass
(second) closest the Z mass
Leading dilepton mass requirement: 50 GeV < m12 < 106 GeV
Sub-leading dilepton mass requirement: 12 < m34 < 115 GeV
Remove quadruplet if alternative same-flavour opposite-charge dilepton gives m`` < 5 GeV
�R(`, `0) > 0.10 (0.20) for all same(di↵erent)-flavour leptons in the quadruplet

Isolation Contribution from the other leptons of the quadruplet is subtracted
Muon track isolation (�R  0.30): ⌃pT/pT < 0.15
Muon calorimeter isolation (�R = 0.20): ⌃ET/pT < 0.30
Electron track isolation (�R  0.20) : ⌃ET/ET < 0.15
Electron calorimeter isolation (�R = 0.20) : ⌃ET/ET < 0.20

Impact Apply impact parameter significance cut to all leptons of the quadruplet.
Parameter For electrons : |d0/�d0 | < 5
Significance For muons : |d0/�d0 | < 3
Vertex Require a common vertex for the leptons
Selection �2/ndof < 6 for 4µ and < 9 for others.
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H->4l Fiducial Selection
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Table 2: The list of the selections which define the fiducial region of the cross section measurement. Same-flavour
opposite-sign lepton pairs are denoted as SFOS, the leading lepton pair mass as m12, and the subleading lepton pair
mass as m34.

Lepton definition
Muons: pT > 5 GeV, |⌘| < 2.7 Electrons: pT > 7 GeV, |⌘| < 2.47

Pairing
Leading pair: SFOS lepton pair with smallest |mZ � m``|
Sub-leading pair: Remaining SFOS lepton pair with smallest |mZ � m``|

Event selection
Lepton kinematics: Leading leptons pT > 20, 15, 10 GeV
Mass requirements: 50 < m12 < 106 GeV; 12 < m34 < 115 GeV
Lepton separation: �R(`i, ` j) > 0.1(0.2) for same(opposite)-flavour leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

In order to minimize the model dependence of the cross section measurement, the fiducial phase space
definition follows closely the experimental requirements applied to the four leptons and is summarized in
Table 2. The selection is applied at simulation generator level to electrons and muons before they emit
photon radiation, referred to as Born-level leptons. No isolation requirement is applied in the fiducial
selection, so that any isolation ine�ciency is included in C. The small residual model dependence is
related to the in and out of acceptance corrections and to the few experimental selection criteria that are
not implemented in the fiducial phase space definition (e.g., the lepton isolation criteria).

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and
decay channel are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller for the
WH and ZH production modes due to the presence of the additional leptons from vector boson leptonic
decays that can be selected in the quadruplet, causing the event to fail the mass window cut. The lower
values of the correction factors for the tt̄H production mode are due to the presence of several jets that
can overlap with the Higgs boson decay leptons.

Table 3: The values of the acceptance factors in % per production mode and decay channel. They are computed for
a SM Higgs boson with a mass of 125.09 GeV and a signal mass window of 115 � 130 GeV.

Acceptance factorsA[%]
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 50.9 55.0 43.8 46.5 53.6
4e 39.6 43.9 34.4 36.0 44.6
2µ2e 40.0 42.9 34.0 35.5 42.4
2e2µ 45.9 48.6 38.0 40.4 47.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the
signal mass window under di↵erent assumptions. The fit is based on the profiled likelihood test statistic
under the asymptotic approximation [28]. With the parameterisation described above, the fiducial cross
section in each final state can be defined as an independent parameter of interest. The total fiducial cross
section can be obtained by defining as parameter of interest the sum of the four final states, without any
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H->4l Category BDT Distributions
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Figure 8: The distributions of the BDT output of the discriminants used in the di↵erent analysis categories for the
selected events and expected signal and background yields: 0-jet (a), 1-jet (b), 2-jet VBF (c), and 2-jet VH-
hadronic (d). The expected Higgs signal contributions from the ggF (blue histogram), VBF (green histogram)
and VH (orange histogram) production modes are included. The expected background contributions, ZZ⇤ (red
histogram) and Z + jets plus tt̄ (violet histogram), are also shown; the systematic uncertainty associated to the total
signal plus background contribution is represented by the hatched areas.
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Interpretation in the 𝛋 Framework

• 𝛋V parametrizes deviations from the SM in Higgs couplings to vector bosons 
and 𝛋F the same but for fermions: it is assumed that no undetected or invisible  
Higgs decays exist.
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Figure 7: The likelihood contours at 68% CL (solid line) and 95% CL (dashed line) in the V � F plane derived
from the event categorisation results as described in the text (only the quadrant F > 0 and V > 0 is shown since
this channel is not sensitive to the relative sign of the two coupling modifiers). The Higgs boson mass is assumed
to be mH = 125.09 GeV and no undetected or invisible Higgs boson decays is assumed to exist.
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H->ɣɣ Event Selection

• Two photons with ET>25 GeV and |η|<2.37 
- Excluding the region 1.37<|η|<1.52 

• Both must pass tight ID and isolation selections 
- Identification is based on shower shape: different for 

converted and unconverted photons 
- Isolation wrt to both the calorimeter and tracking 

detectors 
• Leading and subleading photons must satisfy ET/
mɣɣ>.35 and .25 respectively, once mɣɣ has been 
determined using the diphoton vertex.
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Further H->ɣɣ Differential Cross-Sections
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Figure 10: The di↵erential cross section for pp ! H ! �� as a function of the diphoton transverse momentum
(left) and the absolute rapidity of the diphoton system (right). The data are shown as filled (black) circles. The
vertical error bar on each data point represents the total uncertainty on the measured cross section and the size of
the shaded (grey) band is the systematic component. The SM prediction, defined using the NNLOPS prediction
for gluon fusion and the default MC samples for the other production mechanisms, is presented as a hatched (blue)
band, with the depth of the band reflecting the total theoretical uncertainty.

The di↵erential cross sections for pp! H ! �� as a function of the diphoton transverse momentum and
rapidity are shown in Figure 10. The data slightly undershoot the theoretical prediction at low transverse
momentum and low rapidity, and slightly overshoot at large transverse momentum. The slightly harder
Higgs boson transverse momentum is consistent with the ATLAS Run-I measurements in both the H !
�� and H ! ZZ⇤ ! 4l decay channels [10, 80].

The di↵erential cross sections for pp! H ! �� as a function of the jet multiplicity are shown in Figure
11. The left panel shows the result for the exclusive jet bins and the data are in agreement with the Stan-
dard Model prediction constructed from NNLOPS, although there is a deficit for Njets = 0 which is con-
sistent with the deficit of low-p��T events shown in Figure 10(a). The right panel shows the cross section
in bins of inclusive jet multiplicity, where the data in each bin is compared to a variety of state-of-the-art
theoretical calculations for gluon fusion, after correcting the predictions to the fiducial acceptance of the
measurement as defined using NNLOPS. The STWZ-BLPTW prediction [81, 82] is a NNLL’+NNLO
resummation for the pT of the leading jet, combined with a NLL’+NLO resummation for the sublead-
ing jet.8 It also provides a resummation-improved total cross section with a central value and accuracy
comparable to N3LO. The JVE+N3LO prediction [83] includes NNLL resummation of the pT of the lead-
ing jet with small-R resummation and is matched to the N3LO total cross section. NNLOJET [84] is a
parton-level prediction for inclusive H + 1-jet production at NNLO QCD. GoSam+Sherpa [54, 85, 86] is
a fixed-order calculation that is accurate to NLO QCD in the inclusive H + 1-jet, H + 2-jet, and H + 3-jet
regions. No significant deviation from the SM expectation is seen.

The jet activity produced in association with the Higgs boson is probed in more detail in Figure 12,

8 The theoretical calculations take di↵erent approaches to applying corrections for electroweak and heavy quark mass e↵ects.
Details can be found in the specific references.
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Figure 11: The di↵erential cross section for pp ! H ! �� as a function of the jet multiplicity. The left panel
shows the cross section in bins of exclusive jet multiplicity and the data and theoretical predictions are presented
the same way as in Figure 10. The right panel shows the cross section in bins of inclusive jet multiplicity and the
data are compared to a variety of state-of-the-art calculations for gluon fusion, after correcting for the H ! ��
branching ratio and the fiducial acceptance as defined in the text.
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Figure 12: The di↵erential cross section for pp ! H ! �� as a function of the leading jet transverse momentum
(left) and the dijet invariant mass in H + 2jet events (right). The data and theoretical predictions are presented the
same way as in Figure 10.
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Figure 11: The di↵erential cross section for pp ! H ! �� as a function of the jet multiplicity. The left panel
shows the cross section in bins of exclusive jet multiplicity and the data and theoretical predictions are presented
the same way as in Figure 10. The right panel shows the cross section in bins of inclusive jet multiplicity and the
data are compared to a variety of state-of-the-art calculations for gluon fusion, after correcting for the H ! ��
branching ratio and the fiducial acceptance as defined in the text.
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Figure 12: The di↵erential cross section for pp ! H ! �� as a function of the leading jet transverse momentum
(left) and the dijet invariant mass in H + 2jet events (right). The data and theoretical predictions are presented the
same way as in Figure 10.
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Figure 13: The di↵erential cross section for pp ! H ! �� as a function of the cosine of the angle between the
beam axis and the photons in the Collins–Soper frame (left) and the dijet azimuthal separation in H + 2jet events
(right). The data and theoretical predictions are presented the same way as in Figure 10.

where the leading jet transverse momentum is shown for events containing at least one jet, as well as the
dijet invariant mass for events containing two or more jets. Aside from the undershoot compared to the
theoretical prediction in the low-p j1

T region, the data agree well the theoretical prediction.

The di↵erential cross sections for pp ! H ! �� as a function of |cos ✓⇤| and |�� j j| are shown in
Figure 13. These distributions are sensitive to the spin-CP nature of the Higgs boson and the data are in
reasonable agreement with the Standard Model prediction for a CP-even scalar particle.

The compatibility between the extracted number of signal events from the baseline selection and from
summing over all bins of a given di↵erential distribution has been investigated. For the p��T distribution,
which shows the largest discrepancy in this respect, the compatibility is found to be 2.3� taking into
account statistical and background modelling uncertainties.

10.2 Production mode cross sections

The production mode event categories are used to determine simplified template cross sections and total
production mode cross sections, as well as the corresponding signal strengths. In these fits, the cross
section of the bb̄H and tH production processes are fixed to the expected values from the SM.

With the present dataset, the observed significance of the H ! �� signal is 4.7�, while 5.4� is expected
for a SM Higgs boson.

10.2.1 Simplified template cross sections

The ’stage 0’ simplified template cross sections for gluon fusion, vector boson fusion production, and
production in association with a vector boson or a tt̄ pair for mH = 125.09 ± 0.24 GeV are measured to
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Figure 13: The di↵erential cross section for pp ! H ! �� as a function of the cosine of the angle between the
beam axis and the photons in the Collins–Soper frame (left) and the dijet azimuthal separation in H + 2jet events
(right). The data and theoretical predictions are presented the same way as in Figure 10.

where the leading jet transverse momentum is shown for events containing at least one jet, as well as the
dijet invariant mass for events containing two or more jets. Aside from the undershoot compared to the
theoretical prediction in the low-p j1

T region, the data agree well the theoretical prediction.

The di↵erential cross sections for pp ! H ! �� as a function of |cos ✓⇤| and |�� j j| are shown in
Figure 13. These distributions are sensitive to the spin-CP nature of the Higgs boson and the data are in
reasonable agreement with the Standard Model prediction for a CP-even scalar particle.

The compatibility between the extracted number of signal events from the baseline selection and from
summing over all bins of a given di↵erential distribution has been investigated. For the p��T distribution,
which shows the largest discrepancy in this respect, the compatibility is found to be 2.3� taking into
account statistical and background modelling uncertainties.

10.2 Production mode cross sections

The production mode event categories are used to determine simplified template cross sections and total
production mode cross sections, as well as the corresponding signal strengths. In these fits, the cross
section of the bb̄H and tH production processes are fixed to the expected values from the SM.

With the present dataset, the observed significance of the H ! �� signal is 4.7�, while 5.4� is expected
for a SM Higgs boson.

10.2.1 Simplified template cross sections

The ’stage 0’ simplified template cross sections for gluon fusion, vector boson fusion production, and
production in association with a vector boson or a tt̄ pair for mH = 125.09 ± 0.24 GeV are measured to
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Simplified Template Cross-Section Stage 0
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Event Selection for H->WW*->lνlν VBF
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Figure 1: Distributions of m`` and �y j j in the VBF SR. The backgrounds are normalised as is described in Sec-
tion 5.1.1. The dashed histogram represents the VBF signal scaled with a factor of 10. The hatched band (denoted
as “SM (sys)”) includes MC statistical, experimental, and theory systematic uncertainties associated with the pre-
diction of the signal and background processes.

Signal region Z ! ⌧⌧ CR Top-quark CR

Preselection
Two isolated leptons (` = e, µ) with opposite charge

plead
T > 25GeV (plead

T > 22GeV for muons in 2015), psublead
T > 15GeV

m`` > 10GeV, Njet � 2
Nb-jet = 0 Nb-jet = 0 Nb-jet = 1

A BDT is trained at this level.
Eight discriminant variables are used: ��`` , m`` , mT, �y j j , m j j , ptot

T ,
P

` , j m` j , and ⌘centrality
`

Selection m⌧⌧ < 66.2GeV |m⌧⌧ � mZ | < 25GeV –
– m`` < 80GeV –

OLV applied, CJV applied, BDT > �0.8
SR1: �0.8 < BDT  0.7 – –
SR2: 0.7 < BDT  1 – –

Table 2: Event selection criteria used to define the signal and control regions in the VBF analysis. Definitions
including the pT thresholds for jet counting are given in the text.

(1490 events), is dominated by top-quark background, and has a very small signal-to-background ratio.
It is therefore not used in the statistical analysis. The remaining BDT distribution in the signal region is
shown in Figure 2. In the following the bin [�0.8, 0.7] is denoted SR1 and the bin [0.7, 1] is denoted
SR2.

5.1.1 Background estimation

Several processes contribute to the background in the VBF analysis: t t̄ and single top-quark production
(denoted as “top-quark”), non-resonant WW , Z ! ⌧⌧ production, W+jets production, ggF Higgs boson

8
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Event Selection for H->WW*->lνlν WH
Category Z-dominated SR Z-depleted SR

� 1 SFOS pair no SFOS pair

Preselection
Three isolated leptons (pT >15 GeV)

total charge = ±1
� 1 lepton matches to the trigger

Background Rejection Njet  1, Nb-jet = 0
Emiss

T > 50 GeV –
|m`+`� � mZ | > 25 GeV Z/�⇤ ! ee veto

mmax
`+`� < 200 GeV

mmin
`+`� > 12 GeV mmin

`+`� > 6 GeV

H!WW ⇤! `⌫`⌫ topology �R`0`1 < 2.0

Table 3: Event selection criteria used to define the signal categories in the WH analysis. The preselection and the
cuts on Njet , Nb-jet ,mmax

`+`� and �R`0`1 are common to both Z-dominated and Z-depleted categories.

flavour opposite sign (SFOS) leptons from events without any such pair. The sample with SFOS pairs
contains 3/4 of the signal but su↵ers from the irreducible backgrounds containing Z bosons, while the
sample without such pairs contains only 1/4 of the signal and is mainly a↵ected by backgrounds that are
reducible through stringent lepton identification criteria. Events with at least one pair of SFOS leptons
are classified in the “Z-dominated” category, while events without any SFOS pairs are classified in the
“Z-depleted” category.

The selection criteria for both categories are summarised in Table 3. Top-quark background is rejected
by requiring fewer than two jets in each event and by applying a b-jet veto on jets with pT > 20GeV
and |⌘ | < 2.4. A selection criterion of Emiss

T > 50GeV is applied in the Z-dominated category to reject
background events without neutrinos in the final state. A “Z-mass veto” is applied in the Z-dominated
category by requiring the invariant masses of all SFOS pairs to be 25GeV away from the Z boson mass.
To reduce the WZ/W�⇤ background, the largest opposite-sign di-lepton invariant mass is required to be
less than 200GeV. In the Z-depleted category, WZ/W�⇤ events also enter via a charge-flip of an electron
when the Z/�⇤ decays to an electron pair. Such events are suppressed by rejecting any same-sign electron
pairs with a mass within 10GeV from the Z boson mass if one or both electrons have |⌘ | > 0.8, denoted as
Z/�⇤ ! ee veto. Background events containing non-prompt leptons from heavy flavoured meson decays
are rejected by requiring the smallest invariant opposite-sign di-lepton mass in the event to be larger than
12GeV (6GeV) in the Z-dominated (Z-depleted) category.

Finally the angular separation between `0 and `1, �R`0 ,`1 , is required to be smaller than 2 radians. This
cut favours the Higgs boson decay topology with respect to that of WZ/W�⇤ events.

Figure 4 shows the m`0`2 distribution, namely the invariant mass of opposite charge leptons, after the
Njet  1 and Nb-jet = 0 requirements in the Z-dominated and the Z-depleted categories, respectively. The
variable m`0`2 is used in the event selection to reduce the background from Z bosons. The Z-dominated
category is dominated by the diboson processes with Z bosons and Z+jets events with a jet faking a
lepton. The Z-depleted category is dominated by the top background, with marginal contamination from
the WZ/W�⇤ and Z+jets events.

In this analysis, Z� events are separated from Z+jets events according to their event kinematics, utilising

11
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Figure 2: Distribution of the BDT output score in the VBF SR. The backgrounds are normalised as is described
in Section 5.1.1. The dashed histogram represents the VBF signal scaled with a factor of 10. The hatched band
(denoted as “SM (sys)”) includes MC statistical, experimental, and theory systematic uncertainties associated with
the prediction of the signal and background processes.

production, and diboson production other than WW (denoted as “Other VV”) including W�⇤, W�, WZ ,
and ZZ events. The top-quark and the Z ! ⌧⌧ background normalisations are estimated from data using
control regions, that are fitted simultaneously together with the SR to extract the NFs. The definitions of
these control regions are given below and summarised in Table 2.

The top-quark CR is defined to be the same as the SR, except that exactly one b-tagged jet is required to
enrich the region in top-quarks, while keeping the flavour composition similar with respect to the SR. The
purity of top-quark events in the CR is 92% and the resulting top-quark NF is 0.91± 0.06(stat)+0.44

�0.30(sys).
The largest contributions to the systematic uncertainties on the NF arise from uncertainties on the MC
modelling of t t̄ , on the energy scale and resolution of the jets, and on the b-tagging. The BDT score
distribution in the top-quark CR is shown in Figure 3 (a).

The Z ! ⌧⌧ CR is defined using the invariant mass of the ⌧⌧ system (m⌧⌧). The Z ! ⌧⌧ CR requires
events with m⌧⌧ within 25GeV of mZ , otherwise passing the full VBF selection as described in Sec-
tion 5.1, and in addition requiring m`` less than 80GeV to suppress top contamination, resulting into a
purity of Z ! ⌧⌧ events of 61%. The resulting Z ! ⌧⌧ NF is 0.87 ± 0.20(stat)+0.21

�0.18(sys) where the
systematic uncertainties are dominated by the limited MC statistics and the uncertainties on the energy
scale and resolution of the jets. The BDT score distribution of the Z ! ⌧⌧ CR can be found in Figure 3
(b).

The background contribution due to mis-identified leptons, consisting mainly of W+jets events, is esti-
mated using a control sample of events in which one of the two lepton candidates satisfies the identific-
ation and isolation criteria used to define the signal sample, and the other lepton, called anti-identified,
fails to meet the nominal identification and isolation criteria but satisfies less restrictive ones. Events
in this sample are otherwise required to satisfy all of the SR selection criteria. The contamination of
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(a) Top-quark CR
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Figure 3: Observed distributions of BDT score in (a) the VBF top-quark CR and (b) the VBF Z ! ⌧⌧ CR after the
NF have been applied. The hatched band (denoted as “SM (sys)”) includes MC statistical, experimental, and theory
systematic uncertainties associated with the prediction of the signal and background processes.

mis-identified leptons in the SR is determined by scaling the number of events in the control region,
after subtracting contributions from prompt leptons, by an extrapolation factor, called the fake factor.
The fake factors are measured in two di-jet data samples that are collected either using low-pT single-
lepton prescaled triggers or using the single-lepton triggers that define the signal region. In each of the
data samples the fake factor is the ratio of the number of fully identified leptons to the number of anti-
identified leptons, measured in bins of anti-identified lepton pT and ⌘. If the anti-identified lepton in the
W+jets control sample matches the triggered lepton, the fake factors measured in the di-jet sample using
signal triggers are applied. Otherwise, the fake factors measured in the prescaled data are used. This es-
timation method has been validated in MC-based closure tests. Uncertainties are applied on the di↵erence
in sample composition between the di-jet and the W+jets dataset, as described in Section 6.1.

The small background contributions from non-resonant diboson processes (WW , W�⇤, W�, and WZ) are
estimated from the predicted inclusive cross sections and MC acceptance. Due to the signal-like final
state of non-resonant WW a CR with su�cient statistics and purity is not defined. The modelling of
the MC prediction for all non-resonant diboson processes has been checked in a validation region and
corresponding theoretical uncertainties are assigned as described in Section 6.

5.2 The WH analysis

The pre-selection of the WH analysis requires exactly three isolated leptons (electrons or muons) with
pT > 15GeV of total charge ±e. After these requirements, contributions from background processes
that include more than one misidentified lepton, such as the W+jets production and the production of
bb̄ pairs, are negligible. The three leptons in an event are classified by identifying `0 as the lepton with
unique charge, `1 as the lepton closer in �R =

p
(�⌘)2 + (��)2 to `0, and `2 as the remaining one.

The selection criteria described in this section have been optimised in order to reduce the most relevant
background processes, such as WZ/W�⇤, Z�, Z+jets , and top-quark processes.

To separate the sample populated by backgrounds with Z bosons, such as WZ/W�⇤, ZZ (⇤) with a misid-
entified lepton, and Z� with � conversion, the analysis distinguishes events with at least one pair of same

10
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H->WW*->lνlν WH BackgroundsTable 4: Event selection criteria used to define the control regions in the WH analysis given with respect to the cuts
of the corresponding reference SR.

CR Process Reference SR Changes w.r.t. reference SR

CRa WZ/W�⇤ Z-dominated � 1 SFOS pair with |m`` � mZ | < 25 GeV

CRb Z� Z-dominated no Z-mass veto
|m``` � mZ | < 15 GeV
Emiss

T < 50 GeV
only eee, µµe

CRc Z+jets Z-dominated � 1 SFOS pair with |m`` � mZ | < 25 GeV
Emiss

T < 50 GeV
|m``` � mZ | > 15 GeV
one lepton without an isolation requirement
(NFs are derived for e-fake sample
and µ-fake sample separately)

CRd Top quark Z-dominated no mmax
`+`� and �R`0`1 cuts

at least 1 jet
one b-jet
one lepton without an isolation requirement

CRe Top quark Z-depleted no mmax
`+`� and �R`0`1 cuts

at least 1 jet
one b-jet
one lepton without an isolation requirement

muon, two distinct NFs are derived from the CR: one for events with the flavour combinations µµe + eee
(e-fake) and the other for µµµ + eeµ (µ-fake). The purity in the e-fake (µ-fake) sample is 58% (55%).
The obtained Z+jets NFs are 0.69 ± 0.07(stat) ± 0.14 (sys) for the e-fake sample, and 0.70 ± 0.07(stat) ±
0.13 (sys) for the µ-fake sample.

Two top-quark CRs are defined with respect to the Z-dominated and Z-depleted SRs. This is done to take
into account the di↵erences in the top-quark contributions entering each category, which could possibly
be introduced by the di↵erent threshold of the Emiss

T selection. The top-quark background is the dominant
background in the Z-depleted SRs. Events in the top-quark CRs are required to have at least one jet and
exactly one b-jet. In addition, the selection criteria on the largest and smallest invariant mass of opposite
sign leptons, and �R`0`1 are removed. The purity of the top-quark CR is 98% (99%) in the Z-dominated
(Z-depleted) category. The top NF is 0.97 ± 0.06(stat) ± 0.04 (sys) in the Z-dominated category, and
0.89 ± 0.06(stat) ± 0.04 (sys) in the Z-depleted category. The largest contribution to the systematic
uncertainties on the top NF arises from the b-tagging uncertainty. In addition to the background processes
mentioned above, triboson production, in particular WWW (⇤), represents an irreducible background. The
contribution of this process in the SRs is compatible with the WH signal. Due to the low cross-section
for this process it is di�cult to define a control region wich would be statistically meaningful, therefore
the MC prediction is taken for this process.

13

Figure 5 shows the m`0`2 distribution in the most important CRs in the Z-dominated and Z-depleted
categories, i.e. the WZ/W�⇤ CR and the Z-depleted Top CR, with the normalisation factors applied.
Good agreement of the modeling prediction with the measured data is observed.
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Figure 5: The m`0`2 distribution in (a) the WZ/W�⇤ CR and (b) the Z-depleted top-quark CR. The VV category
includes WZ/W�⇤, ZZ (⇤), WW , Z�, W�; the VVV category includes WWW , WWZ , WZZ ; the Other Higgs
category includes ggF, VBF, ZH , VH(⌧+⌧�). The NFs extracted by the likelihood fit are applied. The error band
includes MC statistical, experimental, and theory systematic uncertainties associated with the prediction of the
signal and background processes.

6 Systematic uncertainties

The systematic uncertainties on the measured signal strength can be grouped into two categories: experi-
mental and theoretical uncertainties. Experimental uncertainties include uncertainties on the selection and
reconstruction e�ciencies and on the calibration of physics objects, such as the jet energy scale and res-
olution, as well as uncertainties on the procedure used to derive the data-driven background estimations.
Theoretical uncertainties include uncertainties on the modelling of signal and background processes, such
as the choice of the QCD renormalisation and factorisation scales, the PDF model used, the estimation of
the underlying event properties, and the way hadronization and showering are modelled.

In this section the sources of systematic uncertainties are discussed. The determination of the impact
of each uncertainty on the results is described in Section 7. The leading systematic uncertainties in the
measurements of the coupling strength and cross section are summarised in Table 5 for the VBF and in
Table 6 for the WH analysis.

6.1 Experimental uncertainties

To estimate the uncertainties on lepton reconstruction, identification, momentum/energy scale and resol-
ution, and isolation criteria, J/ ! `+`� and Z ! `+`� decays in data and simulation are exploited [57,
58]. In particular, muon momentum resolution and scale calibrations are derived from a template fit that
compares the invariant di-muon mass evaluated in Z ! µµ and J/ ! µµ candidate events in data and
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H->WW*->lνlν Fit Results

7 Results

The extraction of the signal yields and the determination of the signal strength parameter µ individually
in the VBF and in the WH analysis, are the result of a statistical analysis of the data samples described in
Section 5.

The signal yields are extracted using the profile likelihood ratio method that consists in maximising a
binned likelihood function L(n | µ;✓). The signal extraction and the likelihood are described in full detail
in Ref. [8] and briefly summarised in the following. The likelihood is the product of Poisson distributions
for each signal and control region, where the mean values are chosen as the sum of the expected yields
of signal and background contributions in each bin. The symbol n represents the observed events in each
bin of all signal and control regions. The signal and background expectations are functions of µ and a set
of nuisance parameters, ✓. The signal strength µ multiplies the SM predicted signal event yield of each
category, while background NFs, included as nuisance parameters, represent corrections for background
sources normalised to data. Signal and background predictions depend on systematic uncertainties that are
described by nuisance parameters. The normalisation factors are left free when maximising the likelihood
function, while the constraints are chosen to be log-normal distributions.

The profile likelihood-ratio test statistic is used to test the background-only or background-and-signal
hypotheses. It is defined as qµ = � 2 ln

�L(µ; ✓̂µ)/L(µ̂; ✓̂)
�
. The denominator does not depend on µ. The

quantities µ̂ and ✓̂ are the values of µ and ✓, respectively, that maximise L. The numerator depends on
the values ✓̂µ that maximise L for a given value of µ. One can extract the statistical significance Z from
p0 by translating from the Gaussian tail probability. The p0 value is computed from the test statistic qµ ,
evaluated at µ = 0, and is defined to be the probability to obtain a value of qµ larger than the observed
value under the background-only hypothesis. More details on the statistical methods used can be found
in Ref. [83].
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Figure 6: Fit regions of (a) the VBF analysis and (b) the WH analysis. The signal and background predictions
are normalised to the results of the corresponding likelihood fit. The most sensitive SR categories, SR2 in case of
VBF and Z-dominated, Z-depleted SRs in case of WH , are displayed with a di↵erent y axis to make the signal
contribution more visible. The hatched band (denoted as “SM (sys)”) includes MC statistical, experimental, and
theory systematic uncertainties associated with the prediction of the signal and background processes.
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