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The LHC in Run-2

• Excellent performance by the LHC this year. 
• The results shown here represent 13.3-14.8 fb-1 of data 
at 13 TeV recorded in 2015 and 2016. 

- Our sensitivity to the Higgs is now higher than it was in 
Run-1.
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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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Higgs Boson Production
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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]
ggF 87.2%

VBF 6.8%

VH 4.1%

bbH/ttH/tH 1.9%

𝛔tot(13 TeV)~2𝛔tot(8 TeV)

LHC Higgs XS WG

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]

arxiv 1101.0593 H->ZZ->4l BR~.013%
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Higgs boson production at LHC
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@13TeV ggH 87%  
mH=125 GeV 

@13TeV VBF 7%  
mH=125 GeV 

@13TeV VH 4%  
mH=125 GeV 

@13TeV ttH/bbH 2%  
mH=125 GeV 

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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8!13 TeV:
ggF: ×2.3  
ttH: ×3.9

Production cross section  
(mH=125 GeV) 

17.5 pb @ 7 TeV 
22.3 pb @ 8 TeV 

50.9 pb @ 13 TeV 
57.4 pb @ 14 TeV

LHC Higgs Cross Section Working Group

Η→ΖΖ*→4l 
(mH=125 GeV) 
BR 1.25E-04

(N3LO QCD + 
NLO EW)

(NLO QCD + 
NLO EW)

(NNLO QCD + 
NLO EW)

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
http://arxiv.org/abs/1101.0593


10th Annual Meeting of the Helmholtz Alliance, November 22, 2016, DESY Hamburg

H->ZZ->4l
• The “golden channel” 

- S/B of 2, making it easy to 
pick out Higgs decays. 

• ATLAS provides excellent 
lepton reconstruction and 
efficiency 

• Exploit properties of the event 
- 4l vertexing constraint in event 

selection 
- m12 (+FSR photons) 

kinematically constrained to 
mZ to improve the resolution. 

• Improvements in Run-2 
- IBL provides superior rejection 

of electron backgrounds 
- Muon pT cut from 6 to 5 GeV, 

+8% acceptance 4

ATLAS-CONF-2016-79

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-079/
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The Higgs Peak
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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.

22

 [GeV]4lm
200 300 400 500 600 700 800

E
ve

n
ts

/2
0

 G
e

V

1−10

1

10

210

310

ATLAS Preliminary
 4l, inclusive→ ZZ* →H 

-113TeV, 14.8 fb

Data

ZZ*

+V, VVVtt

tZ+Jets, t

Uncertainty

(a)

 [GeV]4lm
200 300 400 500 600 700 800

E
ve

n
ts

/2
0

 G
e

V

1−10

1

10

210

310

ATLAS Preliminary
 4l, ggF-enriched→ ZZ* →H 

-113TeV, 14.8 fb

Data

ZZ*

+V, VVVtt

tZ+Jets, t

Uncertainty

(b)

 [GeV]4lm
200 300 400 500 600 700 800

E
ve

n
ts

/1
0

0
 G

e
V

1−10

1

10

210
ATLAS Preliminary

 4l, VBF-enriched→ ZZ* →H 
-113TeV, 14.8 fb

Data

ZZ*

+V, VVVtt

tZ+Jets, t

Uncertainty

(c)

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)

23



10th Annual Meeting of the Helmholtz Alliance, November 22, 2016, DESY Hamburg

the precision on the selection e�ciencies obtained from the Z+X sample for the f and � estimates and
from the MC-based estimation for the heavy-flavour component.
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Figure 3: (a) The templates used in the 3l+X fit to the number of innermost pixel hits nInnerPix for the di↵erent
sources of background : � and f which are extracted from MC simulation in the Z+X control sample and corrected
using data. (b) The data 3`+X events and result of the fit to nInnerPix, combining 2µ2e and 4e channels. The fit
components modeling f and � contributions are also shown.

Table 7: The fit results for the yields in the 3`+X CR for 14.8 fb�1 at
p

s = 13 TeV with statistical errors, shown
together with the e�ciency used to extrapolate the yields to the SR. The SR yields for the f and � components are
quoted with the statistical uncertainty as returned from the data fit and a systematic uncertainty coming from the
e�ciency and the fit. For the q component the SR yield is evaluated directly from simulation and is quoted with its
total uncertainty.

type data fit e�ciency [%] SR yield
f 1228 ± 35 0.23 ± 0.03 2.62 ± 0.08 ± 0.36
� 79 ± 10 0.76 ± 0.05 0.55 ± 0.08 ± 0.04
q (MC-based estimation) 2.50 ± 0.77

4.3 Shape of the reducible background contribution and the estimates for the categories

The m4` distribution of the reducible backgrounds is required for the normalisation and shape of these
backgrounds in the di↵erent fit regions used in the analysis. The shape of the distribution is taken from
the Z+jets and tt̄ simulation and it is smoothed using the kernel density estimation method [87]. The
same shape is used for all channels while the di↵erence seen among `` + ee and `` + µµ final state is
taken as the systematic uncertainty. The shape of the background in the m4` distribution extrapolated to
the signal region can be seen in Fig. 4(a) and 5(a).
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Figure 2: The distributions of m12 for data in the three CRs used for the `` + µµ background estimate. The result of
the simultaneous fit to the data (continuous line) for the inverted-d0 and the eµ + µµ CRs is shown in (a) and (b).
The fit to data of the inverted-isolation CR is shown in (c). The dashed lines correspond to the Z+jets (green) and
tt̄ (yellow) components of the fit, where for (c) the Z+light jets has been fit with the Z+heavy yield scaled to the
result of the simultaneous fit of the other two CRs.

Table 6: The fitted yield estimated in the relaxed CR for Z+heavy-flavour jets and tt̄, and the inverted-isolation CR
for Z+light-flavour jets backgrounds in the `` + µµ final states for 14.8 fb�1 at

p
s = 13 TeV. The corresponding

extrapolation factors and signal region yields are also given. The uncertainties on the fit yields are statistical. Those
on the extrapolation factors are derived from the simulation sample size and contribute to the systematic uncertainty
on the SR yields. The statistical and systematic uncertainties are given for the extrapolated SR yields.

Background Fit yield in CR Extrapolation factor [%] Yield in SR
Z+heavy-flavour jets 348 ± 29 (0.60 ± 0.04) 2.10 ± 0.17 ± 0.13

tt̄ 351 ± 14 (0.21 ± 0.03) 0.74 ± 0.03 ± 0.00
Z+light-flavour jets 10 ± 15 (2.3 ± 0.3) 0.24 ± 0.35 ± 0.03

WZ (MC-based estimation) 0.63 ± 0.31

Each source of background has di↵erent properties and e�ciency, therefore the target of the background
estimation method is to disentangle the components with suitable discriminating variables. In MC simula-
tion, the actual origin is known and is extracted using truth information. For data, the various components
are unfolded directly using a template fit on the number of innermost (or next-to-innermost)3 pixel hits of
the track associated to the lepton (nInnerPix). The distribution of nInnerPix for events falling into this control
region is fitted with templates which characterize the � and f backgrounds in order to extract the yields
of each component. The templates, shown in Figure 3(a), are obtained from MC simulation from the
Z + X CR; small corrections are applied to the templates for � and f in order to better describe the data.
The small contribution of the ZZ⇤ with a charge flip and heavy-flavour electrons in the 3`+X CR are sub-
tracted from the fit result according to the expectation. Figure 3(b) shows the result of the fit performed
on data combining the 2µ2e and 4e channels. The e�ciency to estimate the SR background from the
CR for f and � is taken from simulation and corrected to data using the enriched Z+X CR samples. In
Table 7 the estimation of each background component in the SR together with the yield from the data fit
and the e�ciency averaged over pT is shown. The dominant uncertainties are systematic and come from

3 A hit in the next-to-innermost pixel layer is used when the innermost pixel layer module is not working.
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Background Estimates
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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.

22

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

• Main background is ZZ* 
production, taken from 
simulation. 

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

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

 [GeV]4lm
200 300 400 500 600 700 800

E
ve

n
ts

/2
0

 G
e

V

1−10

1

10

210

310

ATLAS Preliminary
 4l, inclusive→ ZZ* →H 

-113TeV, 14.8 fb

Data

ZZ*

+V, VVVtt

tZ+Jets, t

Uncertainty

(a)

 [GeV]4lm
200 300 400 500 600 700 800

E
ve

n
ts

/2
0

 G
e

V

1−10

1

10

210

310

ATLAS Preliminary
 4l, ggF-enriched→ ZZ* →H 

-113TeV, 14.8 fb

Data

ZZ*

+V, VVVtt

tZ+Jets, t

Uncertainty

(b)

 [GeV]4lm
200 300 400 500 600 700 800

E
ve

n
ts

/1
0

0
 G

e
V

1−10

1

10

210
ATLAS Preliminary

 4l, VBF-enriched→ ZZ* →H 
-113TeV, 14.8 fb

Data

ZZ*

+V, VVVtt

tZ+Jets, t

Uncertainty

(c)

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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Fiducial Cross-Section

• Fiducial cross-section is independent of assumptions about 
acceptance factors or branching ratios 

- Reduces model dependence 
- Only need to correct for detector efficiencies and resolution 

• 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.
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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 =
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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
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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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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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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
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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
provided.
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for the SM predictions, the errors are taken from Ref. [26] .
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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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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
provided.
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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
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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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• 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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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.

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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Cross-sections by Production Mode

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

- Except in VH-leptonic, a BDT is used to enhance sensitivity. 
•Signal obtained from a likelihood fit to the BDT output. 

- The cross-section is then obtained assuming mH=125.09 GeV.
8
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0jet! 1jet!

2 or more jets!
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Discriminant!
BDT-ZZ!

mjj<120 GeV! mjj>120 GeV!

Discriminant!
BDT-1j!
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Discriminant!
BDT-2jVH!

!

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

Just counting !
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•  pT4l   
•  η4l!
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log(MEHZZ/
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•  Δηjj!
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•  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-
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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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Cross section measurement per production mode

Compatibility to the SM prediction  
σggF+bbH+ttH· B(H → ZZ*) is 1.1σ  and σVBF · B(H → ZZ*) is 1.4σ.
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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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BSM Sensitivity

•Exclusive event category yields are also used to probe for 
BSM interactions. 

•BSM effects are parameterized using the Higgs 
characterization model 

-  BSM couplings kHVV (scalar) and kAVV (pseudo-scalar) are studied 
(assuming cos(α)=1 and the couplings are the same for W and Z). 

- VBF and VH production yields scale with kBSM
4.

9

BSM sensitivity

12L. Aperio Bella   

Yields in the exclusive event category are also sensitive to 
BSM interactions in the HZZ vertex.  

• BSM interactions, parametrised via additional effective 
Lagrangian terms.

MadGraph5_aMC@NLO used to generate 
BSM template 

Morphing techniques employed to predict 
observables shape for any value of the BSM 
couplings 

30% uncertainty on the BSM signal 
acceptance in each category assign to take 
into account possible higher order 
correction on the kinematic distribution
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to the other families and flavour-changing structures are trivial to implement, which can

be directly done by users of FeynRules. As mentioned above, the interaction of eq. (2.2)

can also parametrise the e↵ects of a Ldim=6
Y = (�†�)QL�̃tR operator. Note also that all

requirements listed above are satisfied at the price of a small redundancy in the number of

parameters. The SM is obtained when c↵ = 1 and Hff = 1. The pseudoscalar state of a

type-II CP -conserving 2HDM or SUSY is obtained by setting s↵ = 1 and Aff = cot� or

Aff = tan� for up or down components of the SU(2) fermion doublet, respectively. The

parametrisation of CP mixing is entirely realised in terms of the angle ↵, i.e. independently

of the parameters i, so that many interesting cases, such as again CP -violation in generic

2HDM, can be covered.

The e↵ective lagrangian for the interaction of scalar and pseudoscalar states with vector

bosons can be written as follows:

LV
0 =

⇢

c↵SM



1

2
gHZZ ZµZ

µ + gHWW W+
µ W�µ

�

� 1

4

⇥

c↵H��gH�� Aµ⌫A
µ⌫ + s↵A��gA�� Aµ⌫

eAµ⌫
⇤

� 1

2

⇥

c↵HZ�gHZ� Zµ⌫A
µ⌫ + s↵AZ�gAZ� Zµ⌫

eAµ⌫
⇤

� 1

4

⇥

c↵HgggHgg G
a
µ⌫G

a,µ⌫ + s↵AgggAgg G
a
µ⌫

eGa,µ⌫
⇤

� 1

4

1

⇤

⇥

c↵HZZ Zµ⌫Z
µ⌫ + s↵AZZ Zµ⌫

eZµ⌫
⇤

� 1

2

1

⇤

⇥

c↵HWW W+
µ⌫W

�µ⌫ + s↵AWW W+
µ⌫
fW�µ⌫

⇤

� 1

⇤
c↵
⇥

H@� Z⌫@µA
µ⌫ + H@Z Z⌫@µZ

µ⌫ +
�

H@W W+
⌫ @µW

�µ⌫ + h.c.
�⇤

�

X0 , (2.4)

where the (reduced) field strength tensors are defined as follows:

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , (2.5)

Ga
µ⌫ = @µG

a
⌫ � @⌫G

a
µ + gsf

abcGb
µG

c
⌫ , (2.6)

and the dual tensor is:

eVµ⌫ =
1

2
✏µ⌫⇢�V

⇢� . (2.7)

The parametrisation of the couplings to vectors follows the same principles as that of the

couplings to fermions. In particular, the mixing angle ↵ allows for a completely general de-

scription of CP -mixed states. We stress here that while in general in a given model CP vio-

lation depends on the whole set of possible interactions among the physical states and can-

not be established by looking only at a sub sector [46], in our parametrisation ↵ 6= 0 or ↵ 6=
⇡/2 (and non-vanishing Hff ,Aff ,HV V ,AV V ) implies CP violation. This can be easily

understood by first noting that in eq. (2.2) ↵ 6= 0 or ↵ 6= ⇡/2 always leads to CP violation

and that the corresponding terms in eq. (2.4) are generated via a fermion loop by the X0ff

interaction. The CP -odd analogues of the operators in the last line of eq. (2.4) do vanish.
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Figure 1: Schematic view of the exclusive event categories detailed in the text.

the transverse momentum of the di-jet plus four-lepton system (pT4` j j), the minimum angular separation256

between the leading dilepton pair and the two leading jets (min(�RZ j)) and the di↵erence in pseudorapid-257

ity between the four-lepton system and the average pseudorapidity of the two leading jets (�⌘4` j j). For258

the low-mass category the same variables are used with the exception of the pT4` j j (this variable brings259

very little improvement in the low-mass category).260

This experimental categorisation also provides sensitivity to possible BSM interactions. In particular,261

BSM interactions between the Higgs boson and the SM vector bosons W and Z would have a large im-262

pact on the yields in the VH and VBF production modes since they would modify simultaneously the263

production and the decay interactions. In order to study these interactions the BSM e↵ects are para-264

metrized following the Higgs characterization model described in Ref. [29]. Only the e↵ective Lag-265

rangian terms related to the BSM couplings kHVV and kAVV are considered as in previous ATLAS266

studies [12], where, however, these interactions were considered only in the Higgs boson decay. They267

describe BSM scalar (kHVV) and pseudo-scalar (kAVV) interactions between the Higgs boson and the Z268

and W SM vector bosons. The BSM couplings are assumed to be the same for the W and Z bosons (i.e.,269

kHVV = kHZZ = kHWW and kAVV = kAZZ = kAWW). The scale of the new physics described in270

the model (⇤) is fixed at 1 TeV and the coupling that describes the SM-like interaction is fixed to the SM271

value (kS M ·cos↵ = 1 of Ref [29]). For the BSM scalar interaction the value of cos↵ of Ref. [29] is fixed272

to 1, so that the interation is described by the single parameter kHVV . For the pseudo-scalar interaction273

19th July 2016 – 13:56 10

The scalar (kHVV) and pseudo-scalar (kAVV) BSM couplings are investigated:  
• The main sensitivity come from the VBF and VH production yields → expected to scale k4

BSM 

• Possible changes in the BR(H->ZZ*) proportional to k2
BSM in ggF production 

ATLAS-CONF-2016-079

• Madgraph5_aMC@NLO is used 
to generate template samples. 

• Then the morphing technique is 
used to obtain predictions for 
any value of the BSM couplings.
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BSM Sensitivity

• Limits are derived from a fit to the yields (no kinematic 
information is used), considering one coupling at a time. 

- ggF production is fixed to the SM value for the fit. 
• Limits are weaker than SM expectation. 

- kHVV is 2.1σ compatible with 0 and kAVV 1.8σ.
10

7.4 Study of BSM HVV and AVV · sin ↵

Table 12 shows the comparison of the number of observed events in the di↵erent categories with the SM
predictions. Limits on the BSM parameters HVV and AVV · sin↵ are derived with a fit of the yields in the
categories as described in Section 2, without exploiting any additional discriminant shape information.
In the fit, S M which simply scales the SM part of the interactions, is fixed to unity. This includes the
ggF production, which is fixed to the SM expectation. The decay branching fraction to ZZ⇤ is left free
along with the value of the BSM couplings. Only one of the two BSM couplings at a time is considered.
Figure 10 shows the SM expected and the observed negative log-likelihood scans as function of the BSM
coupling HVV 10(a) and AVV · sin↵ 10(b). In each scan the other BSM coupling parameter is left free
in the fit.
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Figure 10: Observed (solid black line) and SM expected (dashed blue line) negative log-likelihood scans for HVV
(a) and AVV · sin↵ (b) . The horizontal dashed lines indicate the value of the profile likelihood ratio corresponding
to the 68% (red) and 95% (green) CL intervals for the parameter of interest, assuming the asymptotic �2 distribution
of the test statistic.

In Table 13 the observed and expected limits at 95% CL for HVV and AVV · sin↵ obtained with the
analysis described in this note are reported. As can be seen in Fig. 10 and Table 13, the minima of the fits
are not at BS M = 0 and the observed exclusion limits are weaker than the expected limits. This is due to
the fact that the observed number of events is larger than those predicted by the SM in several categories,
in particular in the 2-jet VBF enriched category. The agreement between HVV = 0 and the observed value
is 2.1 standard deviations and between AVV · sin↵ = 0 and the observed value is 1.8 standard deviations.
These agreements are worse than what is observed in Section 7.3, and arise for two reasons. First, in the
BS M fits the ggF production is fixed to the SM (BS M enters only in the decay branching fraction and thus
has a much smaller e↵ect on the overall ggF rate than for the VBF and VH processes), and cannot absorb
part of the excess in the 2-jet VBF enriched category as has happened for the fits reported in Section 7.3.
Second, only the total yields in each category are used in this fit, while the BDT discriminant shapes are
used for the results of Section 7.3.

It has to be stressed that the Run�1 results [12] cannot be directly compared with those reported in

30

this note. The Run�1 limits have been obtained under very di↵erent assumptions: only the kinematic
properties of the four lepton decay were used to constraint the BSM couplings while the dependence of
the event yields on the BSM couplings was not considered in the fit. In this analysis only the yields in
categories sensitive to the production mode are used. In addition these results are obtained by fixing the
SM part of the interactions while in Run�1 the ratio of the BSM coupling to the SM one was left as a free
parameter.

Table 13: Observed and expected limits at 95% CL on HVV and AVV · sin↵.

Not excluded HVV AVV · sin↵
range at 95% CL expected observed expected observed

[�6.3, 5.1] [0.9, 7.5] [�6.3, 6.5] [�9.7, 11.0]

7.5 Results for the heavy scalar search

The parameter of interest in the search for an additional heavy scalar is the cross section times branching
ratio of heavy Higgs boson production. It is assumed that an additional scalar would be produced predom-
inantly via the ggF and VBF processes but that the ratio of the two production mechanisms is unknown in
the absence of a specific model. For this reason, fits for the ggF and VBF production processes are done
separately, and in each case the other production process is left free in the fit.

The maximum deviation from the SM background hypothesis is found at a mass around 705 GeV with a
narrow-width hypothesis using the inclusive analysis without ggF-VBF categories, and the corresponding
local p-value is about 2.9 standard deviations. The global p-value, taking into account that such excess
can happen anywhere in the mass spectrum, is about 1.9 standard deviations.

Since no significant excess in the search is found, limits on the cross section times branching ratio for
an additional heavy narrow resonance are obtained as a function of mS with the CLs procedure in the
asymptotic approximation for both ggF and VBF production modes.

Figure 11 presents the expected and observed limits at 95% confidence level on � ⇥ B(S ! ZZ ! 4`).
Since this analysis assumes a narrow intrinsic width for the heavy particle, the results are valid for models
in which the width is less than 0.5% of mS .

In the mass range considered for this search the 95% confidence level (CL) upper limits on the cross
section times branching ratio for heavy Higgs boson production vary between 4.6 fb at mS = 244 GeV
and 0.22 fb at mS = 1000 GeV in the ggF channel and between 1.9 fb at mS = 234 GeV and 0.2 fb at
mS = 1000 GeV in the VBF channel. A cross check using pseudo-experiments instead of the asymptotic
approximation, results in cross section limits that are higher by not more than 25% for mS above 550 GeV.
The e↵ect is much smaller at lower masses due to more statistics.

In the case of LWA, limits on the �ggF ⇥ B(S ! ZZ ! 4`) assuming intermediate widths of the heavy
scalar are also set. Figures 12(a), 12(b), 12(c) show the limits for a width of 1%, 5% and 10% of mS ,
respectively. The limits are set for masses of mS higher than 400 GeV.
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H->ɣɣ

• Events are split into 13 different exclusive categories, based on 
- Production modes 
- Decay products of particles produced with the Higgs 

• The fiducial measurement uses the inclusive distribution instead. 
• Background shape is parametrized in each category from MC, and fit to 
data. 

• Signal is extracted from a simultaneous fit to the mɣɣ distribution across all 
categories. 11
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Figure 6: The invariant mass spectrum in the tt̄H leptonic production mode category. The black data points show
the measured distribution, the blue dashed curve shows the result of a background-only fit to the data, the green
curve shows the signal+background distribution based on the predicted SM signal for a Higgs boson mass of mH =
125.09 GeV, and the red curve shows the signal+background distribution based on the fitted signal yields from the
combined fit to all event categories.
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Figure 7: The invariant mass spectrum combining all production mode categories. The black data points show
the measured distribution, where each event is weighted by the signal-to-background ratio of the event category it
belongs to. The blue dashed curve shows the result of a background-only fit to the data, the red curve shows the
signal+background distribution based on the fitted signal yields, and the black curve shows the signal component.
The bottom inset displays the residuals of the data with respect to the fitted background component (bkg).

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

19

ATLAS-CONF-2016-067

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/


10th Annual Meeting of the Helmholtz Alliance, November 22, 2016, DESY Hamburg

Signal Strength and Total Cross-Section

No deviations from the SM prediction are observed 
in the total cross-section or global signal strength.

12

measurements at 7 and 8 TeV are taken from Ref. [63]. The measured cross sections probe the properties
of the Higgs boson and can be compared to state-of-the-art theoretical calculations at the three di↵erent
centre-of-mass energies.
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Figure 6: Total pp ! H + X cross sections measured at di↵erent centre-of-mass energies compared to Standard
Model predictions at up to N3LO in QCD. The red triangles show the measurements from the H ! �� channel, the
green rectangles show the measurements from the H ! ZZ⇤ ! 4` channel, and the black dots show the combina-
tions of these two channels. The grey bands on the combined measurements represent the systematic uncertainty,
while the black lines are the total uncertainty. The SM predictions (for a Higgs boson mass of 125.09 GeV [9])
are shown as a smooth curve, which is obtained by applying a third-order polynomial fit to the values available
in Ref. [7]. The light (dark) blue band shows the uncertainty from missing higher-order QCD corrections (total
uncertainty). The theoretical uncertainties are partially correlated between di↵erent values of the centre-of-mass
energy.

The total pp! H + X cross sections at centre-of-mass energies of 7, 8 and 13 TeV measured in H ! ��
and H ! ZZ⇤ ! 4` are shown in Table 8 and Figure 6, along with their combination. For comparison,
the SM predictions for the total cross section at the three centre-of-mass energies are given. To derive the
breakdown of the uncertainties, the statistical uncertainties are obtained by fixing all nuisance parameters
for the systematic uncertainties to their best-fit values and taking the quadratic di↵erence with respect to
the result of the fit where all parameters are allowed to vary. The systematic uncertainties are smaller
than the statistical uncertainties for the measurements at all three center-of-mass energies. The results
of the two decay channels are compatible within the quoted uncertainties, and no deviation from the SM
predictions is observed.

7 Conclusions

Combined measurements based on Higgs boson production cross sections and branching ratios using
proton-proton collision data produced by the LHC at

p
s = 13 TeV and recorded by the ATLAS detector

16

significance of 4.0� (1.9� expected), based on the value of �2 ln⇤(�VBF/�ggF = 0) and assuming
asymptotic distribution of the test statistic.

Table 7: Best-fit values of the cross section (� ·B)ZZ
ggF and of the ratios �VBF/�ggF and B��/BZZ . The remaining ratios

between production cross sections and ggF are profiled in the combined fit. The SM predictions [7] are shown in
the last column.

Parameter Best-fit value SM prediction

(� · B)ZZ
ggF (pb) 1.67 +0.41

�0.37 1.18 ± 0.07

�VBF/�ggF 0.25 +0.15
�0.10 0.079 ± 0.004

B��/BZZ 0.041 +0.015
�0.013 0.086 ± 0.003

5 Signal strength measurements

The global signal strength µ is determined, following the measurements performed at
p

s = 7 and
8 TeV [3]. It is a single parameter, defined as the ratio of the observed yield and its SM expectation

µ =
� ⇥ B

(� ⇥ B)SM , (3)

and is a single scaling factor for all production processes and decay modes, after extrapolation to the
full phase space (including |yH | � 2.5). It depends on the SM predictions for each production mode
cross section and decay branching ratio, and the uncertainties on these predictions are folded into the
measurement as described in Section 3.

Higgs boson production is observed in the analysed dataset with a local significance of about 10� (8.6�
expected) , based on the value of �2 ln⇤(µ = 0) and assuming asymptotic distribution of the test statistic.
The global signal strength is measured to be µ = 1.13 +0.18

�0.17. The compatibility between the measurement
and the SM prediction corresponds to a p-value of pSM = 43%.

6 Combination of total cross sections

The measurements of the total cross section are based on the measured inclusive signal yields, and no
attempt is made to disentangle the di↵erent Higgs boson production modes. The event yields measured
in H ! �� [2] and H ! ZZ⇤ ! 4` [1] decays are corrected for detector e↵ects, fiducial acceptances, and
branching ratios. The corrections are derived assuming that the cross-section ratios between the di↵erent
production modes follow the SM prediction. Uncertainties are assigned on this assumption by allowing
for variations consistent with Ref. [3]. The combination of the two decay channels is performed using the
statistical framework presented in Section 3.

Results are presented for centre-of-mass energies of 7, 8, and 13 TeV, corresponding to integrated lumi-
nosities of 4.5 fb=1, 20.3 fb=1 and 13.3 fb�1 (H ! ��) – 14.8 fb�1 (H ! ZZ⇤ ! 4`), respectively. The

15

ATLAS-CONF-2016-081

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-081/


10th Annual Meeting of the Helmholtz Alliance, November 22, 2016, DESY Hamburg

Combined ɣɣ-4l Results

• Each σixBRf  parameter is treated as independent in 
the fit: results are shown upper left. 

• Upper right plot shows the fit result divided by the 
SM BR.

13
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Figure 2: Cross sections (� · B) f
i as given in Table 4 for ggF, VBF, VHhad, VHlep and top measured in H ! ��

and H ! ZZ⇤. The fit results are normalised to the SM predictions for the various parameters and the grey bands
indicate the theoretical uncertainties in these predictions. The blue error bars show the full uncertainty, including
experimental uncertainties and theoretical uncertainties that impact the measurements.

The compatibility between the measurement and the SM prediction corresponds to a p-value of pSM =

11%.

4.2 Parameterisation using independent production cross sections and assuming SM
Higgs decay branching fractions

The second model focuses on the measurement of the production cross sections assuming SM Higgs decay
branching fractions. In this model, the cross sections for ggF (�ggF), VBF (�VBF), VHhad (�VHhad), VHlep
(�VHlep) and top (�top) are measured in the central region. Theoretical uncertainties on the predicted SM
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branching fractions and assumed SM cross section ratios as described above are taken into account.

Figure 4 and Table 6 show the cross sections for ggF, VBF, VHhad, VHlep and top. The fit results
displayed in Figure 4 are normalised to the SM predictions for the various parameters and the grey bands
indicate the theoretical uncertainties in these predictions.

The compatibility between the measurement and the SM prediction corresponds to a p-value of pSM =

21%.

Table 6: Best fit values of the production cross sections �i assuming SM Higgs decay branching fractions. The SM
predictions [7] are shown for each �i.

Best fit value (pb) SM prediction (pb)

�ggF 47.8 +9.8
�9.4 44.5 ± 2.3

�VBF 7.9 +2.8
�2.4 3.52 ± 0.07

�VHhad �2.5 +2.9
�2.6 1.36 ± 0.03

�VHlep 0.32 +1.07
�0.79 0.64 ± 0.02

�top �0.11 +0.67
�0.54 0.60 ± 0.06
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where the �i are the cross sections considered in Section 4.2. With the present data sample and the decay
channels taken into account, the combined analysis is only sensitive to (�·B)ZZ

ggF, �VBF/�ggF and B��/BZZ .
In the combined fit, the remaining ratios between cross sections and ggF are profiled.

Parameter value norm. to SM value
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ZZ
ggF

 B)⋅ σ(

ATLAS Preliminary =125.09 GeVHm
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Figure 5: Measurement of (�·B)ZZ
ggF, �VBF/�ggF and B��/BZZ . The fit results are normalised to the SM predictions for

the various parameters and the grey bands indicate the theoretical uncertainties in these predictions. The remaining
ratios between production cross sections and ggF are profiled in the combined fit. The blue error bars show the full
uncertainty, including experimental uncertainties and theoretical uncertainties that impact the measurements.

Figure 5 shows the measurement of (� ·B)ZZ
ggF, �VBF/�ggF and B��/BZZ compared to their SM expectation.

The fit results displayed in Figure 5 are normalised to the SM predictions for the various parameters and
the grey bands indicate the theoretical uncertainties in these predictions.

The compatibility between the measurement and the SM prediction corresponds to a p-value of pSM =

5%.

Evidence for the the vector-boson fusion production process is established at
p

s = 13 TeV, with a local

14

Combined Cross-section Results

• Left: BRs are assumed to take their SM values. 
• Right: the σixBRf values are parameterized in terms of the ratios σi/
σggF and BRf/BRZZ. 

• All results are consistent with SM expectations.
14
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Figure 4: Cross sections for ggF, VBF, VHhad, VHlep and top measured with the assumption of SM branching
fractions. The fit results are normalised to the SM predictions for the various parameters and the grey bands
indicate the theoretical uncertainties in these predictions. The blue error bars show the full uncertainty, including
experimental uncertainties and theoretical uncertainties that impact the measurements.

4.3 Parameterisation using ratios of cross sections and of branching fractions

The third model provides measurements of ratios of cross sections and of branching fractions extracted
from a combined fit to the data by normalising the production cross section for process i to ggF and
the branching ratio for final state f to BZZ . The product of the cross section and the branching fraction
(� · B) f

i can then be expressed using the ratios as:

(� · B) f
i = (� · B)ZZ

ggF ·
 
�i

�ggF

!
·
 

B f

BZZ

!
, (2)

13

ATLAS-CONF-2016-081

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-081/


10th Annual Meeting of the Helmholtz Alliance, November 22, 2016, DESY Hamburg

Summary and Conclusions
•The Higgs is rediscovered at √s=13 TeV! 
•Utilizing the 4l decay channel, a number of measurements 
of Higgs properties are made with the new 13 TeV dataset. 

- Additionally, possible sources of BSM behavior are probed. 
- No significant deviations from the SM are observed. 

•Further precision can be obtained by combining 
measurements in the 4l channel with those in the ɣɣ 
channel. 

- Again, no significant deviations from the SM are found. 
•Since ICHEP 2016, our 13 TeV dataset has more than 
doubled. 

- New, more precise tests of the SM are on the way.
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Backup
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4l Event Selection

17

event selection 

18L. Aperio Bella   
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Table 1: Summary of the event selection requirements.

Physics Objects
Electrons

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

Loose identification
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 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 di-lepton mass requirement: 50 GeV < m12 < 106 GeV
Sub-leading di-lepton mass requirement: 12 < m34 < 115 GeV
Remove quadruplet if alternative same-flavour opposite-charge di-lepton 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.

19th July 2016 – 13:56 6



10th Annual Meeting of the Helmholtz Alliance, November 22, 2016, DESY Hamburg

Electron and Muon Performance

18

Electron and muons performance in Run2

19L. Aperio Bella   

Eur. Phys. J. C (2016) 76:292 ATLAS-CONF-2016-024

Good understanding of the detector performance ! 
• Efficiencies, energy scale, resolution are determined in data and used to correct simulation. 
Close to the Run1 precision  
• % level uncertainty on the lepton efficiency correction.

Detector performance well understood, data used to correct 
simulation.
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m4l distributions per channel
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m4l distributions per channel
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m4l distributions per channel (BDTZZ>0)m4l distributions per channel

21L. Aperio Bella   
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Table 2: List of the selections which define the fiducial region of the cross section measurement. Same flavor
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 lepton 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) flavor leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and208

decay channels are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller209

for the WH and ZH production modes due to the presence of the additional leptons from vector boson210

leptonic decays that can be selected in the quadruplet, causing the event failing the mass window cut. The211

lower values of the correction factors for the tt̄H production mode are due to the presence of several jets212

that can overlap with the Higgs boson decay leptons.213

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 51.2 55.0 43.8 46.5 53.6
4e 40.1 43.9 34.4 36.0 44.6
2µ2e 40.3 42.9 34.0 35.5 42.4
2e2µ 46.2 48.6 38.0 40.4 47.2

Table 4: The values of the correction 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.

Correction factors C
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 63.3 65.4 62.9 61.5 44.8
4e 44.3 46.1 44.1 46.9 40.0
2e2µ 53.3 54.6 52.6 50.5 38.0
2µ2e 49.7 53.0 51.8 51.0 41.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the214
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mass as m34.
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Pairing
Leading pair: SFOS lepton pair with smallest |mZ � m``|
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Lepton separation: �R(`i, ` j) > 0.1(0.2) for same (opposite) flavor leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and208

decay channels are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller209

for the WH and ZH production modes due to the presence of the additional leptons from vector boson210

leptonic decays that can be selected in the quadruplet, causing the event failing the mass window cut. The211

lower values of the correction factors for the tt̄H production mode are due to the presence of several jets212

that can overlap with the Higgs boson decay leptons.213

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 51.2 55.0 43.8 46.5 53.6
4e 40.1 43.9 34.4 36.0 44.6
2µ2e 40.3 42.9 34.0 35.5 42.4
2e2µ 46.2 48.6 38.0 40.4 47.2

Table 4: The values of the correction 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.

Correction factors C
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 63.3 65.4 62.9 61.5 44.8
4e 44.3 46.1 44.1 46.9 40.0
2e2µ 53.3 54.6 52.6 50.5 38.0
2µ2e 49.7 53.0 51.8 51.0 41.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the214
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Table 2: List of the selections which define the fiducial region of the cross section measurement. Same flavor
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 lepton 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) flavor leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and208

decay channels are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller209

for the WH and ZH production modes due to the presence of the additional leptons from vector boson210

leptonic decays that can be selected in the quadruplet, causing the event failing the mass window cut. The211

lower values of the correction factors for the tt̄H production mode are due to the presence of several jets212

that can overlap with the Higgs boson decay leptons.213

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 51.2 55.0 43.8 46.5 53.6
4e 40.1 43.9 34.4 36.0 44.6
2µ2e 40.3 42.9 34.0 35.5 42.4
2e2µ 46.2 48.6 38.0 40.4 47.2

Table 4: The values of the correction 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.

Correction factors C
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 63.3 65.4 62.9 61.5 44.8
4e 44.3 46.1 44.1 46.9 40.0
2e2µ 53.3 54.6 52.6 50.5 38.0
2µ2e 49.7 53.0 51.8 51.0 41.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the214
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model the lepton momentum response function with the Gaussian � set to the expected resolution for171

each lepton. The Z-mass constraint improves the m4` resolution by about 15%. For the high-mass region,172

the Z-mass constraint is applied to both pairs.173

Events satisfying the above criteria are considered candidate signal events for all the described analyses,174

defining a signal region independent of the value of m4`. The Higgs boson mass resolution is dependent175

on the final state and corresponds to 1.6 GeV, 1.7 GeV, 2.1 GeV and 2.4 GeV for 4µ, 2e2µ, 2µ2e and 4e at176

mH = 125 GeV, respectively. The strategies for the di↵erent measurements and searches on the selected177

signal candidates are outlined in the following.178

2.1 Fiducial cross-sections measurement179

The selected events in the mass region 115 < m4` < 130 GeV are analyzed to extract the fiducial and total180

cross sections. The m4` distribution is used as a discriminant to increase the sensitivity to the signal. The181

selected candidates in the signal region can be expressed as:182

NData(m4`)i = Lint · �tot · B(H ! 4`)·
⇣

fi · PDF(m4`)sig,i ·
X

proc
(rproc · Aproc,i · Cproc,i) + PDF(m4`)bkg,i · Nbkg,i

⌘
. (1)

where NData(m4`)i is the number of observed data candidates as a function of m4` in the decay channel i183

(i = 4µ, 4e, 2e2µ and 2µ2e), Lint the integrated luminosity, B(H ! 4`) is the branching ratio of the Higgs184

boson decay into the four lepton final state, Aproc,i are the acceptance factors (in the fiducial regions185

defined below) for a given production process (proc = gluon-fusion (ggF), vector boson fusion (VBF),186

associated production with a Z or W boson (ZH, WH), associated production with a top pair (tt̄H)) and187

decay channel i, and Cproc,i are detector correction factors, which accounts for e↵ects such as trigger,188

reconstruction and identification e�ciencies and reconstruction resolution (again for each production189

mode and decay channel). The detector correction factors are estimated from simulation and are given by190

the ratio of the number of selected reconstructed events relative to the number of particle-level events with191

Born leptons falling in the fiducial region. They include migration of events into and out of the fiducial192

region due to resolution e↵ects. The normalized m4` distributions are represented by the PDF(m4`)193

functions (given separately for each signal final state and for the di↵erent backgrounds). The background194

normalizations and their invariant mass distributions are derived with the methods described in Section 4.195

The fiducial acceptance factorsA correspond to the theory dependent fraction of H ! ZZ⇤ ! 4` decays196

that pass the fiducial selection. The rproc parameters represents the fraction of the cross section in a given197

production process with respect to the total one. The parameters fi = B(H ! i)/B(H ! 4`), are the198

relative branching fraction in each of the four final states. The values of rproc and fi are taken from the best199

available SM calculations [26, 27]. The associated systematic uncertainties are discussed in Section 6.200

In order to reduce the model dependence of the cross section measurement, the fiducial phase space201

definition follows closely the experimental requirements applied to the four leptons and is summarized in202

Table 2. The selection is applied at simulation generator level to electrons and muons before they emit203

photon radiation, referred to as Born-level leptons. No isolation requirement is applied in the fiducial204

selection, so that any isolation ine�ciency is included in C. The small residual model dependence is205

related to the in and out of acceptance corrections and to the few experimental selection criteria that are206

not implemented in the fiducial phase space definition (e.g., the lepton isolation criteria).207
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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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Table 2: List of the selections which define the fiducial region of the cross section measurement. Same flavor
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 lepton 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) flavor leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and208

decay channels are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller209

for the WH and ZH production modes due to the presence of the additional leptons from vector boson210

leptonic decays that can be selected in the quadruplet, causing the event failing the mass window cut. The211

lower values of the correction factors for the tt̄H production mode are due to the presence of several jets212

that can overlap with the Higgs boson decay leptons.213

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 51.2 55.0 43.8 46.5 53.6
4e 40.1 43.9 34.4 36.0 44.6
2µ2e 40.3 42.9 34.0 35.5 42.4
2e2µ 46.2 48.6 38.0 40.4 47.2

Table 4: The values of the correction 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.

Correction factors C
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 63.3 65.4 62.9 61.5 44.8
4e 44.3 46.1 44.1 46.9 40.0
2e2µ 53.3 54.6 52.6 50.5 38.0
2µ2e 49.7 53.0 51.8 51.0 41.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the214
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Table 2: List of the selections which define the fiducial region of the cross section measurement. Same flavor
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 lepton 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) flavor leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and208

decay channels are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller209

for the WH and ZH production modes due to the presence of the additional leptons from vector boson210

leptonic decays that can be selected in the quadruplet, causing the event failing the mass window cut. The211

lower values of the correction factors for the tt̄H production mode are due to the presence of several jets212

that can overlap with the Higgs boson decay leptons.213

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 51.2 55.0 43.8 46.5 53.6
4e 40.1 43.9 34.4 36.0 44.6
2µ2e 40.3 42.9 34.0 35.5 42.4
2e2µ 46.2 48.6 38.0 40.4 47.2

Table 4: The values of the correction 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.

Correction factors C
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 63.3 65.4 62.9 61.5 44.8
4e 44.3 46.1 44.1 46.9 40.0
2e2µ 53.3 54.6 52.6 50.5 38.0
2µ2e 49.7 53.0 51.8 51.0 41.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the214
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Table 2: List of the selections which define the fiducial region of the cross section measurement. Same flavor
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 lepton 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) flavor leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and208

decay channels are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller209

for the WH and ZH production modes due to the presence of the additional leptons from vector boson210

leptonic decays that can be selected in the quadruplet, causing the event failing the mass window cut. The211

lower values of the correction factors for the tt̄H production mode are due to the presence of several jets212

that can overlap with the Higgs boson decay leptons.213

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 51.2 55.0 43.8 46.5 53.6
4e 40.1 43.9 34.4 36.0 44.6
2µ2e 40.3 42.9 34.0 35.5 42.4
2e2µ 46.2 48.6 38.0 40.4 47.2

Table 4: The values of the correction 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.

Correction factors C
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 63.3 65.4 62.9 61.5 44.8
4e 44.3 46.1 44.1 46.9 40.0
2e2µ 53.3 54.6 52.6 50.5 38.0
2µ2e 49.7 53.0 51.8 51.0 41.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the214
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model the lepton momentum response function with the Gaussian � set to the expected resolution for171

each lepton. The Z-mass constraint improves the m4` resolution by about 15%. For the high-mass region,172

the Z-mass constraint is applied to both pairs.173

Events satisfying the above criteria are considered candidate signal events for all the described analyses,174

defining a signal region independent of the value of m4`. The Higgs boson mass resolution is dependent175

on the final state and corresponds to 1.6 GeV, 1.7 GeV, 2.1 GeV and 2.4 GeV for 4µ, 2e2µ, 2µ2e and 4e at176

mH = 125 GeV, respectively. The strategies for the di↵erent measurements and searches on the selected177

signal candidates are outlined in the following.178

2.1 Fiducial cross-sections measurement179

The selected events in the mass region 115 < m4` < 130 GeV are analyzed to extract the fiducial and total180

cross sections. The m4` distribution is used as a discriminant to increase the sensitivity to the signal. The181

selected candidates in the signal region can be expressed as:182

NData(m4`)i = Lint · �tot · B(H ! 4`)·
⇣

fi · PDF(m4`)sig,i ·
X

proc
(rproc · Aproc,i · Cproc,i) + PDF(m4`)bkg,i · Nbkg,i

⌘
. (1)

where NData(m4`)i is the number of observed data candidates as a function of m4` in the decay channel i183

(i = 4µ, 4e, 2e2µ and 2µ2e), Lint the integrated luminosity, B(H ! 4`) is the branching ratio of the Higgs184

boson decay into the four lepton final state, Aproc,i are the acceptance factors (in the fiducial regions185

defined below) for a given production process (proc = gluon-fusion (ggF), vector boson fusion (VBF),186

associated production with a Z or W boson (ZH, WH), associated production with a top pair (tt̄H)) and187

decay channel i, and Cproc,i are detector correction factors, which accounts for e↵ects such as trigger,188

reconstruction and identification e�ciencies and reconstruction resolution (again for each production189

mode and decay channel). The detector correction factors are estimated from simulation and are given by190

the ratio of the number of selected reconstructed events relative to the number of particle-level events with191

Born leptons falling in the fiducial region. They include migration of events into and out of the fiducial192

region due to resolution e↵ects. The normalized m4` distributions are represented by the PDF(m4`)193

functions (given separately for each signal final state and for the di↵erent backgrounds). The background194

normalizations and their invariant mass distributions are derived with the methods described in Section 4.195

The fiducial acceptance factorsA correspond to the theory dependent fraction of H ! ZZ⇤ ! 4` decays196

that pass the fiducial selection. The rproc parameters represents the fraction of the cross section in a given197

production process with respect to the total one. The parameters fi = B(H ! i)/B(H ! 4`), are the198

relative branching fraction in each of the four final states. The values of rproc and fi are taken from the best199

available SM calculations [26, 27]. The associated systematic uncertainties are discussed in Section 6.200

In order to reduce the model dependence of the cross section measurement, the fiducial phase space201

definition follows closely the experimental requirements applied to the four leptons and is summarized in202

Table 2. The selection is applied at simulation generator level to electrons and muons before they emit203

photon radiation, referred to as Born-level leptons. No isolation requirement is applied in the fiducial204

selection, so that any isolation ine�ciency is included in C. The small residual model dependence is205

related to the in and out of acceptance corrections and to the few experimental selection criteria that are206

not implemented in the fiducial phase space definition (e.g., the lepton isolation criteria).207
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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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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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Table 4: The values of the correction 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.

Correction factors C[%]
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 62.6 64.2 60.8 60.5 41.8
4e 42.1 43.2 43.0 42.7 38.7
2µ2e 46.9 50.9 49.1 48.6 41.7
2e2µ 53.1 54.7 51.8 50.2 36.7

assumption of the relative Higgs boson branching ratios. This approach is referred to as the sum. An
alternative approach is to combine the four decay channels assuming the relative branching ratios to be
those predicted by the SM. This approach is referred to as the combination. The first case is less model
dependent but it has a slightly reduced statistical sensitivity.

The total inclusive cross section is derived assuming SM values for the Higgs decay branching ratio in
the four channels.

2.2 Production mode studies and constraints on HVV and AVV · sin ↵

In order to gain sensitivity to the di↵erent production modes, the events selected in the mass region
118 < m4` < 129 GeV are classified into exclusive categories. The chosen mass range di↵ers from the one
used in the fiducial cross section measurement since in the categorisation analysis the mass distribution is
not used as a discriminant to allow for the use of jet-based discriminants. The narrower mass range gives
better performance when the mass is not used as a discriminant in the fit. Categories based on the presence
of additional leptons and the number of jets are used with discriminants optimized to disentangle the
di↵erent production modes. This categorisation is designed to measure the cross sections per production
mode, but it also gives sensitivity to BSM interactions between the Higgs boson and the SM vector bosons
W and Z, as described in the following. The schematic flow chart for the event categorisation is shown in
Fig. 1.

The events are first categorised in a VH-leptonic category by requiring at least one additional isolated
lepton (e or µ) with a transverse momentum greater that 8 GeV. The lepton isolation and transverse impact
parameter significance criteria are the same as those applied to the four lepton final state. The events that
do not pass this selection are classified into three exclusive categories depending on the number of jets
identified in the event. Jets are required to have transverse momentum greater than 30 GeV and a pseudo-
rapidity |⌘| < 4.0. The categories are 0-jet, 1-jet and 2-jet (where the last one includes events with two or
more jets). In the 2-jet category the events are further split into low and high dijet invariant mass. The dijet
invariant mass (m j j) is computed with the two highest transverse energy jets. The dijet mass categories
are defined by m j j < 120 GeV (low-mass) and m j j > 120 GeV (high-mass). This further division helps
to separate the VH-hadronic (where the vector boson decays to a quark pair) and the VBF production
processes. In addition to the event categorisation, a dedicated discriminant is used in each category to
improve the sensitivity to the di↵erent production modes with the exception of the VH-leptonic one.

For the 0-jet category, a dedicated boosted decision tree (BDT) [29] trained to separate the ggF process
from SM backgrounds (dominated by the non-resonant ZZ⇤ background) is used as in Ref. [11]. This

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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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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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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