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▸ The H→ZZ→4l (l=e,μ) channel: 
▸ Large S/B rat io, excel lent resolut ion, complete 

reconstruction of the final state 
▸ “Golden channel” for discovery and propert ies 

measurements 

▸ In this talk new results from CMS-PAS-HIG-18-001 
▸ Results with 41.5/fb collected in 2017 
▸ Combination with published analysis JHEP 11 (2017) 047 

of 35.9/fb collected in 2016 

▸ New with respect to 2016 analysis: 
▸ Improved BDT electron ID 
▸ New ttH categories 
▸ New discriminants targeting VBF and VH production modes
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More on differential cross section 
measurements in talk by Vittorio today at 10:00

RESULTS WITH 2016 DATA �3
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Figure 10. The measured fiducial cross section as a function of
√
s (top left). The acceptance is

calculated using nnlops at
√
s = 13TeV and hres [39, 40] at

√
s = 7 and 8TeV and the total

cross sections and uncertainties are taken from ref. [34]. The fiducial volume for
√
s = 7 and 8TeV

uses the lepton isolation definition from ref. [22], while for
√
s = 13TeV the definition described

in the text is used. The results of the differential cross section measurements are shown for pT(H)
(top right), N(jets) (bottom left) and pT(jet) of the leading associated jet (bottom right). The
acceptance and theoretical uncertainties in the differential bins are calculated using powheg and
nnlops. The subdominant component of the signal (VBF + VH + ttH) is denoted as XH. In the
differential cross section measurement for pT(H), the last bin represents the integrated cross section
for pT(H) > 200GeV and is scaled by 1/50 for presentation purposes. No events are observed with
pT(H) > 200GeV.

scan with the systematic uncertainties removed, so that its uncertainty is included in the

statistical uncertainty. As in the measurement of the signal strengths, the relative fraction

of 4e, 4µ, and 2e2µ signal events is fixed to the SM prediction. If the relative fractions are

allowed to float, the change in the fitted mass value is much smaller than the uncertainty.

The best fit masses and the expected increase in the uncertainty relative to the 3D fit

with them(Z1) constraint for each of the six fits are shown in table 6. The nominal result for
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Figure 11. Left: 1D likelihood scans as a function of the Higgs boson mass for the 1D, 2D, and
3D measurement. Right: 1D likelihood scans as a function of mass for the different final states
and the combination of all final states for the 3D mass measurement. The likelihood scans are
shown for the mass measurement using the refitted mass distribution with the m(Z1) constraint.
Solid lines represent scans with all uncertainties included, dashed lines those with only statistical
uncertainties.

No m(Z1) constraint 3D: L(m4ℓ,Dmass,Dkin
bkg) 2D: L(m4ℓ,Dmass) 1D: L(m4ℓ)

Expected mH uncertainty change +8.1% +11% +21%

Observed mH (GeV) 125.28±0.22 125.36±0.24 125.39±0.25

With m(Z1) constraint 3D: L(m′
4ℓ,D′

mass,Dkin
bkg) 2D: L(m′

4ℓ,D′
mass) 1D: L(m′

4ℓ)

Expected mH uncertainty change — +3.2% +11%

Observed mH (GeV) 125.26±0.21 125.30±0.21 125.34±0.23

Table 6. Best fit values for the mass of the Higgs boson measured in the 4ℓ final states, with the
1D, 2D, and 3D fit, respectively, as described in the text. All mass values are given in GeV. The
uncertainties include both the statistical and systematic components. The expected mH uncertainty
change shows the change in the expected precision on the measurement for the different fit scenarios,
relative to 3D L(m′

4ℓ,D′
mass,Dkin

bkg).

The joint constraint on the width ΓH and mass mH of the Higgs boson is shown in

figure 12 (left). Figure 12 (right) shows the likelihood as a function of ΓH with the mH

parameter unconstrained. The width is constrained to be ΓH < 1.10GeV at 95% CL.

The observed and expected results are summarized in table 7 and are consistent with the

expected detector resolution. The dominant sources of uncertainty are the uncertainty

in the lepton momentum scale when determining the mass and the uncertainty in the

four-lepton mass resolution when determining the width.

11 Summary

The first results on Higgs boson production in the four-lepton final state at
√
s = 13TeV

have been presented, using 35.9 fb−1 of pp collisions collected by the CMS experiment at the
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Figure 12. (Left) Observed likelihood scan of mH and ΓH using the signal range 105 < m4ℓ <
140GeV. (Right) Observed and expected likelihood scan of ΓH using the signal range 105 < m4ℓ <
140GeV, with mH profiled.

Parameter m4ℓ range Expected Observed

ΓH (GeV) [105, 140] 0.00+0.75
−0.00 [0.00, 1.60] 0.00+0.41

−0.00 [0.00, 1.10]

Table 7. Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges in
square brackets) intervals on the width ΓH of the Higgs boson. The expected results are quoted for
the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of mH = 125GeV.
In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

LHC. The signal strength modifier µ, defined as the ratio of the observed Higgs boson rate

in the H → ZZ → 4ℓ decay channel to the standard model expectation, is measured to be

µ = 1.05 +0.15
−0.14 (stat)

+0.11
−0.09 (syst) = 1.05+0.19

−0.17 atmH = 125.09GeV, the combined ATLAS and

CMS measurement of the Higgs boson mass. Two signal strength modifiers associated with

the fermion- and vector-boson induced contributions to the expected standard model cross

section are measured to be µggH, ttH = 1.19+0.21
−0.20 and µVBF,VH = 0.00+0.81

−0.00, respectively. The

cross section at
√
s = 13TeV in a fiducial phase space defined to match the experimental

acceptance in terms of the lepton kinematics and event topology, predicted in the standard

model to be 2.76 ± 0.14 fb, is measured to be 2.92 +0.48
−0.44 (stat)

+0.28
−0.24 (syst) fb. Differential

cross sections are reported as a function of the transverse momentum of the Higgs boson,

the number of associated jets, and the transverse momentum of the leading associated

jet. The mass is measured to be mH = 125.26 ± 0.20 (stat) ± 0.08 (syst) GeV and the

width is constrained to be ΓH < 1.10GeV at 95% confidence level. The production and

decay properties of the Higgs boson are consistent, within their uncertainties, with the

expectations for the standard model Higgs boson.
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Figure 10. The measured fiducial cross section as a function of
√
s (top left). The acceptance is

calculated using nnlops at
√
s = 13TeV and hres [39, 40] at

√
s = 7 and 8TeV and the total

cross sections and uncertainties are taken from ref. [34]. The fiducial volume for
√
s = 7 and 8TeV

uses the lepton isolation definition from ref. [22], while for
√
s = 13TeV the definition described

in the text is used. The results of the differential cross section measurements are shown for pT(H)
(top right), N(jets) (bottom left) and pT(jet) of the leading associated jet (bottom right). The
acceptance and theoretical uncertainties in the differential bins are calculated using powheg and
nnlops. The subdominant component of the signal (VBF + VH + ttH) is denoted as XH. In the
differential cross section measurement for pT(H), the last bin represents the integrated cross section
for pT(H) > 200GeV and is scaled by 1/50 for presentation purposes. No events are observed with
pT(H) > 200GeV.

scan with the systematic uncertainties removed, so that its uncertainty is included in the

statistical uncertainty. As in the measurement of the signal strengths, the relative fraction

of 4e, 4µ, and 2e2µ signal events is fixed to the SM prediction. If the relative fractions are

allowed to float, the change in the fitted mass value is much smaller than the uncertainty.

The best fit masses and the expected increase in the uncertainty relative to the 3D fit

with them(Z1) constraint for each of the six fits are shown in table 6. The nominal result for
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More on mass and width measurements  
in talk by Nicholas tomorrow at 15:00

https://indico.cern.ch/event/686555/contributions/2971057/
https://indico.cern.ch/event/686555/contributions/2971062/
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▸ Analysis strongly depends on (efficiency)4 of selecting leptons: 
▸ electrons (muons) reconstructed down to 7 (5) GeV 
▸ new electron identification BDT now includes electron isolation variables and is retrained for 

the upgraded pixel detector leading to strongly reduced misidentification of electrons 
▸ time-dependent lepton momentum calibrations 
▸ thorough corrections for efficiencies in data measured by Tag&Probe 

▸ ZZ candidates built from selected leptons  

▸ Background and signal modelling: 
▸ Irreducible: qq→ZZ and gg→ZZ from simulation with additional QCD and EW k-factors as a 

function of m4l 
▸ Reducible: Z+X estimated from data in control regions using 2 independent methods  
▸ Signal: ggH, VBF, WH, ZH, ttH, bbH, tqH production modes considered from simulation

ANALYSIS STRATEGY �4

Simon Regnard (LLR / École polytechnique) HIG-15-004 approval presentation - March 10th 201614

ZZ candidate selection
‣ Z candidates = OSSF pairs of fully selected leptons,  

12 < mll(!) < 120 GeV

‣ ZZ candidates: defined Z1 as Z candidate with mll(!) closest to PDG Z0 
mass, the other one as Z2. Impose:

‣ Unchanged candidate choice: if >1 ZZ candidates remain, choose 
the one with mZ1 closest to PDG Z0 mass, then the Z2 with largest 
scalar sum of lepton pT.

Za Zb

Z1

Z2

✦ mZ1 > 40 GeV,    pT(l1) > 20 GeV,    pT(l2) > 10 GeV
✦ ghost removal: ∆R > 0.02 between any two leptons
✦ QCD suppression: mll > 4 GeV for OS pairs, 

irrespective of flavor 
✦ Discard 4μ/4e candidates where alternate pairing ZaZb  

satisfies |mZa-mZ| < |mZ1-mZ| and mZb < 12 GeV 
(➔ reject « Z + low-mass dilepton »)

✦ m4l > 70 GeV

+ -

+-

???
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▸ ZZ candidates c lass ified into 7 
categories: 
▸ hunt for H(125) production modes 
▸ new ttH categories 
▸ selection based on number of jets, b-tags, 

extra leptons and cuts on the 3 matrix-element 
based production discriminants (D2jet, D1jet and 
DVH)

EVENT CATEGORISATION �5
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Figure 20: Illustrations of H particle production and decay gg/qq̄ ! H ! ZZ ! 4`± (top-left),
VBF qq0 ! qq0H (top-right), qq̄ ! V⇤ ! VH (bottom-left), and gg/qq̄ ! tt̄H (bottom-right).
Angles and invariant masses fully characterize the orientation of the production and decay
chain and are defined in the suitable rest frames [26, 40, 41].

haronic VH tagged categories are then defined as:476

DVBF+dec
bkg =

PVBF+VH+dec
sig (~W)

PVBF+VH+dec
sig (~W) + cVBF2jet(m4`)⇥ (PVBS+VVV

bkg (~W) + PQCD+dec
bkg (~W))

DVH+dec
bkg =

PVBF+VH+dec
sig (~W)

PVBF+VH+dec
sig (~W) + chad.VH(m4`)⇥ (PVBS+VVV

bkg (~W) + PQCD+dec
bkg (~W))

, (3)

where cp(m4`) for category p is the m4`-dependent constant to calibrate the distribution. The477

performance of the new background discriminants in these categories are compared to Dkin
bkg on478

Fig. 22 as ROC curves.479

A test of this new discriminant was performed, running the full statistical analysis. The like-480

lihood scans for the expected signal strength modifiers corresponding to the five main Higgs481

poduction modes were computed for the nominal configuration and for the one using kine-482

matic discriminant with jet information:483

• µVBF went from +0.999+1.224
�0.937 to +0.999+1.152

�0.783484

118< m4l <130 GeV
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▸ Two observables used in all PDFs: m4l and kinematic discriminant 
▸ Previously in all categories decay only based         was used  
▸ Now depending on event category 3 different kinematic discriminants used: 
▸         provides separation between Higgs signal and SM backgrounds 
▸ New discriminants developed providing separation of VBF (               ) and VH (              ) from 

gluon fusion signal and SM backgrounds using additional jet information (information 
about production) in combination with decay variables to build matrix elements

OBSERVABLES �6
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▸ Good data/MC agreement over the 
whole m4l range in all 3 final states 
(4e, 4μ, 2e2μ)

RESULTS OF EVENT SELECTION �7

12

Table 1: The number of expected background and signal events and number of observed can-
didates after full analysis selection, for each final state, for the full mass range m4` > 70 GeV
and for an integrated luminosity of 41.5 fb�1. Signal and ZZ backgrounds are estimated from
Monte Carlo simulation, Z+X is estimated from data. The uncertainties include both statistical
and systematic sources.

Channel 4e 4µ 2e2µ 4`
qq̄ ! ZZ 235+32

�36 443+36
�40 572+50

�54 1250+104
�114

gg ! ZZ 49.1+8.7
�8.8 81.8+11.2

�10.7 121.5+17.1
�16.3 252.4+35.1

�33.5
Z + X 17.1+6.4

�6.1 35.4+12.7
�11.4 47.8+16.4

�15.8 100.3+21.3
�20.6

Sum of backgrounds 301+39
�43 560+43

�47 741+62
�65 1602+126

�135
Signal (mH = 125 GeV) 13.9+1.9

�2.1 28.9+2.5
�2.6 35.8 ± 3.3 78.5+7.0

�7.1
Total expected 315+41

�45 589+45
�49 777+64

�67 1681+131
�140

Observed 307 602 797 1706

40 50 60 70 80 90 100 110 120
 (GeV)

1Zm
0

5

10

15

20

25

30

35

Ev
en

ts
 / 

2 
G

eV Data
H(125)

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 < 130 GeVl4118 < m

 (13 TeV)-141.5 fbPreliminary CMS

20 40 60 80 100 120
 (GeV)

2Zm
0

2

4

6

8

10

12

14

16

18

20

22

24

Ev
en

ts
 / 

2 
G

eV Data
H(125)

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 < 130 GeVl4118 < m

 (13 TeV)-141.5 fbPreliminary CMS

40 50 60 70 80 90 100 110 120
 (GeV)

1Zm

20

40

60

80

100

120

 (G
eV

)
2Z

m

0

0.02

0.04

0.06

0.08

0.1

0.12

Ev
en

ts
 / 

bi
n

4e
µ4

µ2e2

 < 130 GeVl4118 < m

 (13 TeV)-141.5 fbPreliminary CMS

Figure 4: Distribution of the Z1 (left) and Z2 (center) reconstructed invariant masses and corre-
lation between the two (right) in the mass region 118 < m4` < 130 GeV. The stacked histograms
and the gray scale represent expected distributions of the signal and background processes,
and points represent the data. The SM Higgs boson signal with mH = 125 GeV, denoted as
H(125), and the ZZ backgrounds are normalized to the SM expectation, the Z+X background
to the estimation from data. The order in perturbation theory used for the normalization of the
irreducible backgrounds is described in Section 7.1.

m4` and the Dkin
bkg discriminant. We define the two-dimensional likelihood function as:

L2D(m4`,Dkin
bkg) = L(m4`)L(D

kin
bkg|m4`). (5)

The kinematic discriminant is different for each category. In VBF-2jet-tagged category we use
D

VBF+dec
bkg which is sensitive to the VBF production mechanism. Similarly, in VH-hadronic-

tagged the D
VH+dec
bkg discriminant is used. In all other categoris we use a decay only kinematic

discriminant to separate Higgs signal from the SM background. The mass dimension is un-
binned and uses the model described in Section 8. The conditional 2D term is implemented by
creating a two-dimensional template of m4` vs. Dkin

bkg normalized to 1 for each bin of m4`. Gluon
fusion, VBF, WH and ZH samples are used to build different templates for each of the corre-
sponding production modes. For all other production modes gluon fusion templates are used.
Based on the seven event categories and the three final states (4µ, 4e, 2e2µ), the (m4`,Dkin

bkg)
unbinned distributions of selected events are split into 21 categories.

 (GeV)l4m
0

20

40

60

80

100

Ev
en

ts
 / 

4 
G

eV Data
H(125)

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 (13 TeV)-141.5 fbPreliminary CMS

80 100 200 300 400 500 700 90080 100 120 140 160
 (GeV)l4m

0

20

40

60

80

100

Ev
en

ts
 / 

2 
G

eV Data
H(125)

*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 (13 TeV)-141.5 fbPreliminary CMS



HIGGSPRO

▸ 2D maximum-likelihood fit in 3 final states x 7 categories 
▸ mass dimension un-binned, uses signal shape parametrised as a function of m4l 
▸ 2D templates normalized to 1 for each bin of m4l

MEASUREMENT STRATEGY �8

ℒ2D(m4ℓ, Dkin
bkg) = ℒ(m4ℓ)ℒ(Dkin

bkg |m4ℓ)
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▸ Combined signal strength at mH=125.09 GeV 
▸ Extract signal strength in every category 
▸ Extract signal strength of production processes in a 2-parameter model

PROBING H(125) PRODUCTION MODES �9
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▸ Extract signal strength of production processes in a 5-parameter model 
▸ Define simplified fiducial volume as |yH| < 2.5 and remove theoretical 

uncertainties on the overall signal cross section

PROBING H(125) PRODUCTION MODES �10
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▸ A combined fit to 2016 and 2017 data is performed to extract signal 
strength of production processes in a 2 and 5-parameter model

COMBINING 2016 AND 2017 DATA �11
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COMBINATION RESULTS �12
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▸ Properties of Higgs boson in H→ZZ→4l at √s=13 TeV using 2017 data 
presented 
▸ Several improvements introduced 
▸ All measurements compatible with SM predictions 

▸ CMS Combination of 2016 and 2017 data  
▸ Improves on previously published CMS results 
▸ Precision compatible with LHC Run I combination  
▸ Inclusive analysis no longer dominated by statistical uncertainties 

▸ More than 100/fb of data expected in Run II 
▸ Full Run II analysis will reach new levels of precision in Higgs properties measurements

SUMMARY �13

μ = 1.10+0.19
−0.17

μ = 1.06 ± 0.10(stat)+0.11
−0.08(syst)
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MATRIX ELEMENT DISCRIMINANTS �15

5. Kinematic discriminants 5

to satisfy m`+`0� > 4 GeV, where selected FSR photons are disregarded in the invariant mass
computation. Finally, the four-lepton invariant mass m4` must be larger than 70 GeV, which
defines the mass range of interest for the subsequent steps of the analysis.

In events where more than one ZZ candidate passes the above selection, the candidate with the
highest value of Dkin

bkg (defined in Section 5) is retained, except if two candidates consist of the
same four leptons in which case the candidate with the Z1 mass closest to the nominal Z boson
mass is retained.

5 Kinematic discriminants
The full kinematic information from each event using either the Higgs boson decay products or
associated particles in its production is extracted using matrix element calculations and used
to form several kinematic discriminants. These computations rely on the MELA package [1,
29–31] and use JHUGEN matrix elements for the signal and MCFM matrix elements for the
background. Both H boson decay kinematics and kinematics of associated production of H+jet,
H+2 jets, VBF, ZH, WH are explored in this analysis. The full event kinematics is described by
decay observables ~WH!4` or observables describing associated production ~WH+JJ.

The discriminant sensitive to the gg/qq̄ ! 4` kinematics is calculated as [1, 16]

D
kin
bkg =

2

41 +
P

qq
bkg(

~WH!4`|m4`)

P
gg
sig(~WH!4`|m4`)

3

5
�1

, (2)

where Pgg
sig is the probability for the signal and P

qq
bkg is the probability for the dominant qq̄ ! 4`

background process, all calculated either with the JHUGEN or MCFM matrix elements within
the MELA framework.

In VBF and VH-hadronic categories, the contamination from gluon fusion process is still sig-
nificant. The new dedicated production-dependent Dbkg discriminants used in the VBF-2jet
tagged and hadronic VH tagged categories are then defined as:

D
VBF+dec
bkg =

P
VBF+VH+dec
sig (~W)

P
VBF+VH+dec
sig (~W) + cVBF2jet(m4`)⇥ (PVBS+VVV

bkg (~W) + P
QCD+dec
bkg (~W))

D
VH+dec
bkg =

P
VBF+VH+dec
sig (~W)

P
VBF+VH+dec
sig (~W) + chad.VH(m4`)⇥ (PVBS+VVV

bkg (~W) + P
QCD+dec
bkg (~W))

, (3)

where P
VBF+VH+dec
sig is the probability for VBF and VH signal, PVBS+VVV

bkg is the probability for
vector boson scattering and tri-boson background, PQCD+decbkg is the probability for QCD pro-
duction and c

p(m4`) for category p is the m4`-dependent constant to calibrate the distribution.

A test of new discriminants was performed, running the full statistical analysis. The likeli-
hood scans for the expected signal strength modifiers corresponding to the five main Higgs
poduction modes were computed using Dkin

bkg as a second dimension in all categories and us-
ing new kinematic discriminants with jet information in their dedicated categories instead. An
improvement in sensitivity of about 10 to 15% was observed.

Four discriminants calculated following prescription in Ref. [18, 49] are used to enhance the
purity of event categories as described in Section 6. The discriminant sensitive to the VBF
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EVENT CATEGORIES �16

6

signal topology with two associated jets, the VBF signal topology with one associated jet, and
to the VH (either ZH or WH) signal topology with two associated jets are

D2jet =

"
1 +

PHJJ(~WH+JJ|m4`)

PVBF(~WH+JJ|m4`)

#�1

D1jet =

"
1 +

PHJ(~WH+J|m4`)R
dhJPVBF(~WH+JJ|m4`)

#�1

DWH =

"
1 +

PHJJ(~WH+JJ|m4`)

PWH(~WH+JJ|m4`)

#�1

DZH =

"
1 +

PHJJ(~WH+JJ|m4`)

PZH(~WH+JJ|m4`)

#�1 (4)

where PVBF, PHJJ, PHJ and PVH are probabilities obtained from the JHUGEN matrix elements
for the VBF process, the gluon fusion (technically combination of gg/qg/qq0 parton collisions)
in association with two jets (H + 2jets), the gluon fusion in association with one jet (H + 1jet),
and the VH process. The

R
dhJPVBF is the integral of the two-jet VBF matrix element probability

discussed above over the hJ values of the unobserved jet with the constraint that the total
transverse momentum of the H + 2jets system is zero.

6 Event categorization
In order to improve the sensitivity to the Higgs boson production mechanisms, the selected
events are classified into mutually exclusive categories. Category definitions exploit the mul-
tiplicity of jets, b-tagged jets and additional leptons (defined as leptons that are not involved
in the ZZ candidate selection and that pass identification, vertex compatibility, and isolation
requirements), and requirements on the kinematic discriminants described in Section 5.

Seven categories are defined, using the following criteria applied in this exact order (i.e. an
event is considered for the subsequent category only if it does not satisfy the requirements of
the previous category):

• VBF-2jet-tagged category requires exactly 4 leptons. In addition there must be either
2 or 3 jets of which at most 1 is b-tagged, or at least 4 jets and no b-tagged jets. Finally,
D2jet > 0.5 is required.

• VH-hadronic-tagged category requires exactly 4 leptons. In addition there must be 2
or 3 jets, or at least 4 jets and no b-tagged jets. Finally, DVH ⌘ max(DZH,DWH) > 0.5
is required.

• VH-leptonic-tagged category requires no more than 3 jets and no b-tagged jets in the
event, and exactly 1 additional lepton or 1 additional pair of opposite sign same fla-
vor leptons. This category also includes events with no jets and at least 1 additional
lepton.

• tt̄H-hadronic-tagged category requires at least 4 jets of which at least 1 is b-tagged
and no additional leptons.

• tt̄H-leptonic-tagged category requires at least 1 additional lepton in the event.
• VBF-1jet-tagged category requires exactly 4 leptons, exactly 1 jet and D1jet > 0.5.
• Untagged category consists of the remaining events.

Figure 1 shows the signal relative purity of the seven event categories in terms of Higgs boson
production processes. The VBF-1jet-tagged and VH-hadronic-tagged categories are expected
to have substantial contamination from gluon fusion, while the purity of the VBF process in
the VBF-2jet-tagged category is expected to be about 49%. The purity of the tt̄H process in the
tt̄H-leptonic-tagged category is expected to be about 87%.
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SYSTEMATIC UNCERTAINTIES �17
60

Table 21: Summary of the theory systematic uncertainties in the H ! 4` measurements for the
inclusive analysis

Summary of inclusive theory uncertainties

QCD scale (gg) ± 3.9 %
PDF set (gg) ± 3.2 %
Bkg K factor (gg) ± 10 %
QCD scale (VBF) +0.4/-0.3 %
PDF set (VBF) ± 2.1 %
QCD scale (WH) +0.5/-0.7 %
PDF set (WH) ± 1.9 %
QCD scale (ZH) +3.8/-3.1 %
PDF set (ZH) ± 1.6 %
QCD scale (tt̄H) +5.8/-9.2 %
PDF set (tt̄H) ± 3.6 %
BR(H ! ZZ ! 4`) 2 %
QCD scale (qq̄ ! ZZ) +3.2/-4.2 % %
PDF set (qq̄ ! ZZ) +3.1/-3.4 %
Electroweak corrections (qq̄ ! ZZ) ± 0.1 %
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Figure 44: Conditional distribution of DVBF+dec
bkg in the VBF-2 jets tagged category for the 4mu

channel, as a function of m4`, for ggH (top row), VBF (middle row) and WH (bottom row). Tem-
plates are shown for the nominal configuration (left column), the dominant uncertainties (jet
energy scale for ggH, pythia tune for VBF and WH) in the middle column and a sub-dominant
one (uncertainties on leptons momentum) in the right column.
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yield. In the case of event categorization, experimental and theoretical uncertainties which ac-878

count for possible migration of signal and background events between categories are included.879

The main sources of uncertainty on the event categorization include the QCD scale, PDF set,880

and the modeling of hadronization and the underlying event. These uncertainties amount to881

between 4–20% for the signal and 3–20% for the background depending on the category. The882

lower range corresponds to the VBF and VH processes and the upper range corresponds to the883

gg ! H process yield in the VBF-2jet-tagged category. Additional uncertainties come from the884

imprecise knowledge of the jet energy scale (from 2% for the gg ! H yield in the untagged885

category to 22% for gg ! H yield in the VBF-2jet-tagged category) and b-tagging efficiency886

and mistag rate (up to 10% in the tt̄H-tagged category).887

Uncertainties affecting the shape of the kinematic discriminants have been studied as well.888

While none is affecting Dkin
bkg, there are several sources that could affect the shape of DVBF+dec

bkg889

or DVH+dec
bkg : jet energy scale or resolution uncertainty, Pythia tune, variations on QCD renor-890

malization scale or PDF weights, etc... Only the leading one in each category and process is891

tested. These uncertainties are modeled as alternative templates of the kinematic discrimi-892

nants in the final fit. The Fig 44 shows examples of nominal and alternative templates for the893

VBF-2 jets tagged category. One should stress here is that there are two sources of the shape894

change; first one comes from the reduced efficiency of the category due to variation affecting895

categorisation variables and discriminants (for example number of jets and D2jets variable) and896

the second one from the actual shape change of the new discriminant inside the category. From897

our studies we have concluded that the first effect has a much greater impact and this can be898

shown from the 1D projection (see Fig. 45) of the new discriminant for VBF where balck full899

line shows nominal distribution and blue dashed lines up and down variations of pythia tune.900

Both of variations end up being shifted towards 0 because pythia tune degrades VBF efficiency.901

This is fully taken into account in the QCD scale migration uncertainty which consists of pythia902

tune, pythia scale, and QCD scale variations. We have tested the effect from intriducing this903

shape uncertainty in our framework and running the full statistical analysis and found that904

already large overal uncertainty grew for < 1% (it is a 100% uncertainty due to low statistics).905

This is even though we double count for pythia tune effect (trough shape + trough log normal906

nusiance QCD scale). Thanks to this study we have concluded that it is safe to drop the shape907

uncertainty because it is well covered by the QCD scale category migration and it slows down908

the actual fit time by several orders of magnitude.909

Table 20: Summary of the experimental systematic uncertainties in the H ! 4` measurements.

Summary of relative systematic uncertainties

Common experimental uncertainties
Luminosity 2.3 %
Lepton identification/reconstruction efficiencies 3. – 12.5 %

Background related uncertainties
Reducible background fake rate variation (Z+X) 31 – 45 %

Signal related uncertainties
Lepton energy scale 0.05 – 0.3 %
Lepton energy resolution 20 %

Theoretical systematics on scale and category migrations due to QCD scale in gluon fusion are910

calculated using the so called WG1 uncertainty scheme. There are 9 uncertainties in total, 2 of911

which correspond to scale change (THU ggH Mu and THU ggH Res) and 7 others to category912
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Table 10: Systematic uncertainties in categorization. Several production mechanisms are con-
sidered for either signal or background. Uncertainties either on the yields in each of the seven
categories are reported. All variations are correlated. Three main uncertainties are reported:
QCD scale, PDF set and the electroweak scale uncertainty. The former also incorporates Pythia
tune variation for gluon fusion process, as discussed in text. � is written when either the un-
certainty is not applied or it is < 0.1%.

Summary of theory uncertainties in categorization

Category QCD scale PDF set EW corr.

gg
Untagged +4.9 /-1.2 % - -
VBF 2 -jet +39.9 /-9.4 % ± 0.5 % -
Had. VH +60 /-30 % ± 0.3 % -
Lep. VH +3.5 /-4.6 % ± 0.2 % -
ttH Lep. +45.5 /-12.8 % ± 0.4 % -

ttH Hadr. +11.9 /-29.9 % ± 0.6 % -
VBF 1-jet +24.8 /-7.5 % ± 0.2 % -

VBF
Untagged +8.5/-2.2 % ± 0.1 % -
VBF 2 -jet +8.4/-1.7 % ± 0.1 % -
Had. VH +13.3/-10.0 % +0.1/-0.2 % -
Lep. VH +72/-79 % +0.9/-1.0 % -
ttH Lep. +2.6/-4.4 % +12.0/-13.0 % -
ttH Had. +30.9/-24.0 % +0.8/-0.9 % -
VBF 1-jet +2.2/-1.7 % ± 0.1 % -

WH � leptonic
Untagged +9.0/-9.2 % ± 0.1 % -
VBF 2 -jet +41.5/-25.0 % ± 1.1 % -
Had. VH +53.4/-29.1 % ± 1.2 % -
Lep. VH +7.8/-6.4 % ± 0.1 % -
ttH Lep. +35.9/-57.3 % ± 0.1 % -
ttH Had. +53.5/-16.0 % ± 1.2 % -
VBF 1-jet +17.2/-27.8 % ± 0.1 % -

WH � hadronic
Untagged +7.1/-7.5 % ± 0.1 % -
VBF 2 -jet +13.6/-11.0 % ± 1.1 % -
Had. VH +8.5/-2.1 % ± - % -
Lep. VH +63/-43 % ± 0.2 % -
ttH Lep. +73.3/-9.8 % ± 1.4 % -
ttH Had. +59/-35.5 % ± 1.0 % -
VBF 1-jet +3.8/-3.4 % ± 0.2 % -

ZH � leptonic
Untagged +0.3/-6.1 % ± 0.1 % -
VBF 2 -jet +29.1/-17.9 % ± 1.5 % -
Had. VH +9.0/-2.3 % ± 0.3 % -
Lep. VH +7.6/-3.6 % ± 0.1 % -
ttH Lep. +8.1/-38.3 % ± 1.7 % -
ttH Had. +3.6/-16.8 % ± 1.4 % -
VBF 1-jet +6.9/-3.5 % ± 0.3 % -

ZH � hadronic
Untagged +0.3/-6.1 % ± 0.1 % -
VBF 2 -jet +29.1/-17.9 % ± 1.2 % -
Had. VH +9.0/-2.3 % ± 0.1 % -
Lep. VH +7.6/-3.6 % ± 0.1 % -
ttH Lep. +8.1/-38.3 % ± 0.5 % -
ttH Had. +3.6/-16.8 % ± 1.4 % -
VBF 1-jet +6.9/-3.5 % ± 0.5 % -

tt̄H � leptonic
Untagged +6.9/-2.9 % ± 0.1 % -
VBF 2 -jet +27.2/-8.0 % ± 0.3 % -
Had. VH +9.1/-12.8 % ± 0.3 % -
Lep. VH +2.2/-8.8 % ± 0.1 % -
ttH Lep. +2.6/-4.3 % ± 0.1 % -
ttH Had. +12.9/-8.2 % ± 0.2 % -
VBF 1-jet +25.8/-7.9 % ± 0.2 % -

tt̄H � hadronic
Untagged +21.8/-5.8 % ± 0.1 % -
VBF 2 -jet +46.5/-8.9 % ± 0.5 % -
Had. VH +16.3/-6.2 % ± 0.1 % -
Lep. VH +36.3/-11.2 % ± 0.7 % -
ttH Lep. +73.5/-6.8 % ± 0.4 % -
ttH Had. +17.6/-3.9 % ± 0.1 % -
VBF 1-jet +14.9/-47.3 % ± 0.4 % -

qq̄ ! ZZ
Untagged - % ± 0.1 % -
VBF 2 -jet ± 0.2 % ± 0.1 % -
Had. VH ± 0.1 % ± 0.2 % -
Lep. VH ± 0.2 % ± 0.1 % ± 1.0 %
ttH Lep. +3.4/-1.7 % ± 12.0 % ± 0.1 %
ttH Had. +3.4/-1.7 % ± 1 % ± 0.1 %
VBF 1-jet ± 0.2 % ± 0.1 % -
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VBF 2 -jet +46.5/-8.9 % ± 0.5 % -
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ttH Had. +17.6/-3.9 % ± 0.1 % -
VBF 1-jet +14.9/-47.3 % ± 0.4 % -

qq̄ ! ZZ
Untagged - % ± 0.1 % -
VBF 2 -jet ± 0.2 % ± 0.1 % -
Had. VH ± 0.1 % ± 0.2 % -
Lep. VH ± 0.2 % ± 0.1 % ± 1.0 %
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Table 9: Experimental systematic uncertainties in categorization. Several production mecha-
nisms are considered for either signal or background. Uncertainties on the the yield in each
of the seven categories are reported. All variations are correlated. Two main uncertainties are
reported: jet energy scale and b-tagging.

Process Category JES b-tagging
gg sig. or bkg. UnTagged 0.9798 / 1.0191 - / -
gg sig. or bkg. VBF1jTagged 1.0434 / 0.9419 - / -
gg sig. or bkg. VBF2jTagged 1.2240 / 0.8468 0.9987 / 1.0012
gg sig. or bkg. LepVHTagged 0.9923 / 1.0000 0.9961 / 1.0000
gg sig. or bkg. HadVHTagged 1.0764 / 0.9430 1.0000 / 1.0005
gg sig. or bkg. ttHLepTagged 1.1830 / 1.0000 1.0536 / 1.0000
gg sig. or bkg. ttHHadTagged 1.1216 / 0.8195 1.1063 / 0.9048
VBF sig. UnTagged 0.9732 / 1.0584 0.9997 / 1.0001
VBF sig. VBF1jTagged 0.9199 / 1.0610 - / -
VBF sig. VBF2jTagged 1.0823 / 0.9009 0.9998 / 1.0003
VBF sig. LepVHTagged 0.9941 / 1.0000 0.9961 / 1.0000
VBF sig. HadVHTagged 1.0457 / 0.9582 - / -
VBF sig. ttHLepTagged 1.0809 / 1.0000 1.0536 / 1.0000
VBF sig. ttHHadTagged 1.2087 / 0.8411 1.0614 / 0.9361
WH-leptonic sig. UnTagged 0.9743 / 1.0196 - / -
WH-leptonic sig. VBF1jTagged 1.0583 / 0.9271 - / -
WH-leptonic sig. VBF2jTagged 1.2386 / 0.8331 0.9998 / 1.0022
WH-leptonic sig. LepVHTagged 0.9976 / 1.0016 0.9991 / 1.0009
WH-leptonic sig. HadVHTagged 1.0949 / 0.9406 - / -
WH-leptonic sig. ttHLepTagged 1.1183 / 0.9235 1.0438 / 0.9569
WH-leptonic sig. ttHHadTagged 1.1007 / 0.8613 1.0624 / 0.9355
WH-hadronic sig. UnTagged 0.9809 / 1.0235 0.9996 / 1.0007
WH-hadronic sig. VBF1jTagged 0.9527 / 1.0353 - / -
WH-hadronic sig. VBF2jTagged 1.1201 / 0.9001 0.9981 / 1.0013
WH-hadronic sig. LepVHTagged 0.9922 / 1.0000 0.9971 / 1.0000
WH-hadronic sig. HadVHTagged 1.0290 / 0.9656 0.9997 / 1.0003
WH-hadronic sig. ttHLepTagged 1.0934 / 1.0000 1.0345 / 1.0000
WH-hadronic sig. ttHHadTagged 1.1383 / 0.9001 1.0567 / 0.9301
ZH-leptonic sig. UnTagged 0.9788 / 1.0173 0.9996 / 1.0000
ZH-leptonic sig. VBF1jTagged 1.0366 / 0.9873 - / -
ZH-leptonic sig. VBF2jTagged 1.1519 / 0.8450 1.0000 / 1.0049
ZH-leptonic sig. LepVHTagged 0.9984 / 1.0021 0.9988 / 1.0016
ZH-leptonic sig. HadVHTagged 1.0344 / 0.9540 - / -
ZH-leptonic sig. ttHLepTagged 1.0473 / 0.9371 1.0363 / 0.9521
ZH-leptonic sig. ttHHadTagged 1.1507 / 0.8306 1.0425 / 0.9729
ZH-hadronic sig. UnTagged 0.9896 / 1.0174 0.9996 / 1.0006
ZH-hadronic sig. VBF1jTagged 0.9421 / 1.0467 - / -
ZH-hadronic sig. VBF2jTagged 1.1326 / 0.9004 0.9977 / 1.0019
ZH-hadronic sig. LepVHTagged - / - 0.9838 / 1.0000
ZH-hadronic sig. HadVHTagged 1.0151 / 0.9734 - / -
ZH-hadronic sig. ttHLepTagged - / - 1.0462 / 1.0000
ZH-hadronic sig. ttHHadTagged 1.1334 / 0.8918 1.0161 / 0.9804
ttH-leptonic sig. UnTagged 0.9656 / 1.0349 0.9932 / 1.0046
ttH-leptonic sig. VBF1jTagged 0.7857 / 0.9644 - / -
ttH-leptonic sig. VBF2jTagged 1.0033 / 0.9772 0.9867 / 1.0099
ttH-leptonic sig. LepVHTagged 0.9529 / 1.0556 0.9667 / 1.0414
ttH-leptonic sig. HadVHTagged 0.9387 / 1.0654 0.9987 / 1.0039
ttH-leptonic sig. ttHLepTagged 1.0089 / 0.9894 1.0063 / 0.9922
ttH-leptonic sig. ttHHadTagged 1.0788 / 0.9314 1.0116 / 0.9907
ttH-hadronic sig. UnTagged 0.9617 / 1.0472 0.9822 / 1.0207
ttH-hadronic sig. VBF1jTagged 0.9339 / 1.1479 - / -
ttH-hadronic sig. VBF2jTagged 0.9718 / 1.0126 0.9774 / 1.0330
ttH-hadronic sig. LepVHTagged 0.9181 / 1.0382 0.9655 / 1.0165
ttH-hadronic sig. HadVHTagged 0.8949 / 1.0879 0.9873 / 1.0163
ttH-hadronic sig. ttHLepTagged 1.0179 / 0.9917 1.0075 / 0.9964
ttH-hadronic sig. ttHHadTagged 1.0338 / 0.9661 1.0104 / 0.9872
tq sig. UnTagged 0.9811 / 1.0244 1.0002 / 0.9997
tq sig. VBF1jTagged 0.8522 / 1.1452 - / -
tq sig. VBF2jTagged 1.0116 / 0.9721 0.9947 / 1.0092
tq sig. LepVHTagged 0.9879 / 1.0102 0.9933 / 1.0015
tq sig. HadVHTagged 0.9478 / 1.0511 - / -
tq sig. ttHLepTagged 1.0133 / 0.9888 1.0549 / 0.9876
tq sig. ttHHadTagged 1.1768 / 0.8450 1.0107 / 0.9715
bb sig. UnTagged 0.9733 / 1.0248 0.9992 / 1.0005
bb sig. VBF1jTagged 1.0262 / 0.9449 - / -
bb sig. VBF2jTagged 1.3053 / 0.7929 0.9967 / 1.0044
bb sig. LepVHTagged 0.9955 / 1.0042 0.9853 / 1.0152
bb sig. HadVHTagged 1.1004 / 0.9233 0.9977 / 1.0026
bb sig. ttHLepTagged 1.0369 / 0.9655 1.0162 / 0.9832
bb sig. ttHHadTagged 1.6079 / 0.5978 1.0162 / 0.9815
qq bkg. UnTagged 0.9862 / 1.0087 - / -
qq bkg. VBF1jTagged 1.0765 / 0.9409 - / -
qq bkg. VBF2jTagged 1.4252 / 0.7386 - / -
qq bkg. LepVHTagged - / - 0.9987 / 1.0024
qq bkg. HadVHTagged 1.1059 / 0.9654 - / -
qq bkg. ttHLepTagged - / - 1.0380 / 0.9333
qq bkg. ttHHadTagged 1.5051 / 1.0000 - / -

6. Event Categorization 39

Table 9: Experimental systematic uncertainties in categorization. Several production mecha-
nisms are considered for either signal or background. Uncertainties on the the yield in each
of the seven categories are reported. All variations are correlated. Two main uncertainties are
reported: jet energy scale and b-tagging.

Process Category JES b-tagging
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gg sig. or bkg. VBF2jTagged 1.2240 / 0.8468 0.9987 / 1.0012
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gg sig. or bkg. HadVHTagged 1.0764 / 0.9430 1.0000 / 1.0005
gg sig. or bkg. ttHLepTagged 1.1830 / 1.0000 1.0536 / 1.0000
gg sig. or bkg. ttHHadTagged 1.1216 / 0.8195 1.1063 / 0.9048
VBF sig. UnTagged 0.9732 / 1.0584 0.9997 / 1.0001
VBF sig. VBF1jTagged 0.9199 / 1.0610 - / -
VBF sig. VBF2jTagged 1.0823 / 0.9009 0.9998 / 1.0003
VBF sig. LepVHTagged 0.9941 / 1.0000 0.9961 / 1.0000
VBF sig. HadVHTagged 1.0457 / 0.9582 - / -
VBF sig. ttHLepTagged 1.0809 / 1.0000 1.0536 / 1.0000
VBF sig. ttHHadTagged 1.2087 / 0.8411 1.0614 / 0.9361
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WH-leptonic sig. VBF2jTagged 1.2386 / 0.8331 0.9998 / 1.0022
WH-leptonic sig. LepVHTagged 0.9976 / 1.0016 0.9991 / 1.0009
WH-leptonic sig. HadVHTagged 1.0949 / 0.9406 - / -
WH-leptonic sig. ttHLepTagged 1.1183 / 0.9235 1.0438 / 0.9569
WH-leptonic sig. ttHHadTagged 1.1007 / 0.8613 1.0624 / 0.9355
WH-hadronic sig. UnTagged 0.9809 / 1.0235 0.9996 / 1.0007
WH-hadronic sig. VBF1jTagged 0.9527 / 1.0353 - / -
WH-hadronic sig. VBF2jTagged 1.1201 / 0.9001 0.9981 / 1.0013
WH-hadronic sig. LepVHTagged 0.9922 / 1.0000 0.9971 / 1.0000
WH-hadronic sig. HadVHTagged 1.0290 / 0.9656 0.9997 / 1.0003
WH-hadronic sig. ttHLepTagged 1.0934 / 1.0000 1.0345 / 1.0000
WH-hadronic sig. ttHHadTagged 1.1383 / 0.9001 1.0567 / 0.9301
ZH-leptonic sig. UnTagged 0.9788 / 1.0173 0.9996 / 1.0000
ZH-leptonic sig. VBF1jTagged 1.0366 / 0.9873 - / -
ZH-leptonic sig. VBF2jTagged 1.1519 / 0.8450 1.0000 / 1.0049
ZH-leptonic sig. LepVHTagged 0.9984 / 1.0021 0.9988 / 1.0016
ZH-leptonic sig. HadVHTagged 1.0344 / 0.9540 - / -
ZH-leptonic sig. ttHLepTagged 1.0473 / 0.9371 1.0363 / 0.9521
ZH-leptonic sig. ttHHadTagged 1.1507 / 0.8306 1.0425 / 0.9729
ZH-hadronic sig. UnTagged 0.9896 / 1.0174 0.9996 / 1.0006
ZH-hadronic sig. VBF1jTagged 0.9421 / 1.0467 - / -
ZH-hadronic sig. VBF2jTagged 1.1326 / 0.9004 0.9977 / 1.0019
ZH-hadronic sig. LepVHTagged - / - 0.9838 / 1.0000
ZH-hadronic sig. HadVHTagged 1.0151 / 0.9734 - / -
ZH-hadronic sig. ttHLepTagged - / - 1.0462 / 1.0000
ZH-hadronic sig. ttHHadTagged 1.1334 / 0.8918 1.0161 / 0.9804
ttH-leptonic sig. UnTagged 0.9656 / 1.0349 0.9932 / 1.0046
ttH-leptonic sig. VBF1jTagged 0.7857 / 0.9644 - / -
ttH-leptonic sig. VBF2jTagged 1.0033 / 0.9772 0.9867 / 1.0099
ttH-leptonic sig. LepVHTagged 0.9529 / 1.0556 0.9667 / 1.0414
ttH-leptonic sig. HadVHTagged 0.9387 / 1.0654 0.9987 / 1.0039
ttH-leptonic sig. ttHLepTagged 1.0089 / 0.9894 1.0063 / 0.9922
ttH-leptonic sig. ttHHadTagged 1.0788 / 0.9314 1.0116 / 0.9907
ttH-hadronic sig. UnTagged 0.9617 / 1.0472 0.9822 / 1.0207
ttH-hadronic sig. VBF1jTagged 0.9339 / 1.1479 - / -
ttH-hadronic sig. VBF2jTagged 0.9718 / 1.0126 0.9774 / 1.0330
ttH-hadronic sig. LepVHTagged 0.9181 / 1.0382 0.9655 / 1.0165
ttH-hadronic sig. HadVHTagged 0.8949 / 1.0879 0.9873 / 1.0163
ttH-hadronic sig. ttHLepTagged 1.0179 / 0.9917 1.0075 / 0.9964
ttH-hadronic sig. ttHHadTagged 1.0338 / 0.9661 1.0104 / 0.9872
tq sig. UnTagged 0.9811 / 1.0244 1.0002 / 0.9997
tq sig. VBF1jTagged 0.8522 / 1.1452 - / -
tq sig. VBF2jTagged 1.0116 / 0.9721 0.9947 / 1.0092
tq sig. LepVHTagged 0.9879 / 1.0102 0.9933 / 1.0015
tq sig. HadVHTagged 0.9478 / 1.0511 - / -
tq sig. ttHLepTagged 1.0133 / 0.9888 1.0549 / 0.9876
tq sig. ttHHadTagged 1.1768 / 0.8450 1.0107 / 0.9715
bb sig. UnTagged 0.9733 / 1.0248 0.9992 / 1.0005
bb sig. VBF1jTagged 1.0262 / 0.9449 - / -
bb sig. VBF2jTagged 1.3053 / 0.7929 0.9967 / 1.0044
bb sig. LepVHTagged 0.9955 / 1.0042 0.9853 / 1.0152
bb sig. HadVHTagged 1.1004 / 0.9233 0.9977 / 1.0026
bb sig. ttHLepTagged 1.0369 / 0.9655 1.0162 / 0.9832
bb sig. ttHHadTagged 1.6079 / 0.5978 1.0162 / 0.9815
qq bkg. UnTagged 0.9862 / 1.0087 - / -
qq bkg. VBF1jTagged 1.0765 / 0.9409 - / -
qq bkg. VBF2jTagged 1.4252 / 0.7386 - / -
qq bkg. LepVHTagged - / - 0.9987 / 1.0024
qq bkg. HadVHTagged 1.1059 / 0.9654 - / -
qq bkg. ttHLepTagged - / - 1.0380 / 0.9333
qq bkg. ttHHadTagged 1.5051 / 1.0000 - / -
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Systematic source Impact

Lepton efficiency ~6%

QCD scale ggH ~4%

PDF ggH ~3%

Luminosity ~3%

Branching fraction ~2%

others < 2%

μ = 1.10+0.14
−0.13(stat)+0.13

−0.11(syst)
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Table 1: The number of expected background and signal events and number of observed can-
didates after full analysis selection, for each final state, for the full mass range m4` > 70 GeV
and for an integrated luminosity of 41.5 fb�1. Signal and ZZ backgrounds are estimated from
Monte Carlo simulation, Z+X is estimated from data. The uncertainties include both statistical
and systematic sources.

Channel 4e 4µ 2e2µ 4`
qq̄ ! ZZ 235+32

�36 443+36
�40 572+50

�54 1250+104
�114

gg ! ZZ 49.1+8.7
�8.8 81.8+11.2

�10.7 121.5+17.1
�16.3 252.4+35.1

�33.5
Z + X 17.1+6.4

�6.1 35.4+12.7
�11.4 47.8+16.4

�15.8 100.3+21.3
�20.6

Sum of backgrounds 301+39
�43 560+43

�47 741+62
�65 1602+126

�135
Signal (mH = 125 GeV) 13.9+1.9

�2.1 28.9+2.5
�2.6 35.8 ± 3.3 78.5+7.0

�7.1
Total expected 315+41

�45 589+45
�49 777+64

�67 1681+131
�140

Observed 307 602 797 1706
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Figure 4: Distribution of the Z1 (left) and Z2 (center) reconstructed invariant masses and corre-
lation between the two (right) in the mass region 118 < m4` < 130 GeV. The stacked histograms
and the gray scale represent expected distributions of the signal and background processes,
and points represent the data. The SM Higgs boson signal with mH = 125 GeV, denoted as
H(125), and the ZZ backgrounds are normalized to the SM expectation, the Z+X background
to the estimation from data. The order in perturbation theory used for the normalization of the
irreducible backgrounds is described in Section 7.1.

m4` and the Dkin
bkg discriminant. We define the two-dimensional likelihood function as:

L2D(m4`,Dkin
bkg) = L(m4`)L(D

kin
bkg|m4`). (5)

The kinematic discriminant is different for each category. In VBF-2jet-tagged category we use
D

VBF+dec
bkg which is sensitive to the VBF production mechanism. Similarly, in VH-hadronic-

tagged the D
VH+dec
bkg discriminant is used. In all other categoris we use a decay only kinematic

discriminant to separate Higgs signal from the SM background. The mass dimension is un-
binned and uses the model described in Section 8. The conditional 2D term is implemented by
creating a two-dimensional template of m4` vs. Dkin

bkg normalized to 1 for each bin of m4`. Gluon
fusion, VBF, WH and ZH samples are used to build different templates for each of the corre-
sponding production modes. For all other production modes gluon fusion templates are used.
Based on the seven event categories and the three final states (4µ, 4e, 2e2µ), the (m4`,Dkin

bkg)
unbinned distributions of selected events are split into 21 categories.

J
H
E
P
1
1
(
2
0
1
7
)
0
4
7

Channel 4e 4µ 2e2µ 4ℓ

qq → ZZ 193+19
−20 360+25

−27 471+33
−36 1024+69

−76

gg → ZZ 41.2+6.3
−6.1 69.0+9.5

−9.0 102+14
−13 212+29

−27

Z+X 21.1+8.5
−10.4 34+14

−13 60+27
−25 115+32

−30

Sum of backgrounds 255+24
−25 463+32

−34 633+44
−46 1351+86

−91

Signal 12.0+1.3
−1.4 23.6± 2.1 30.0± 2.6 65.7± 5.6

Total expected 267+25
−26 487+33

−35 663+46
−47 1417+89

−94

Observed 293 505 681 1479

Table 1. The numbers of expected background and signal events and the number of observed
candidate events after the full selection, for each final state, for m4ℓ > 70GeV. The signal and
ZZ backgrounds are estimated from simulation, while the Z+X event yield is estimated from data.
Uncertainties include statistical and systematic sources.

Event category

Untagged VBF-1j VBF-2j VH-hadr. VH-lept. VH-Emiss
T ttH Inclusive

qq → ZZ 19.18 2.00 0.25 0.30 0.27 0.01 0.01 22.01

gg → ZZ 1.67 0.31 0.05 0.02 0.04 0.01 <0.0 2.09

Z+X 10.79 0.88 0.78 0.31 0.17 0.30 0.27 13.52

Sum of backgrounds 31.64 3.18 1.08 0.63 0.49 0.32 0.28 37.62

uncertainties +4.30
−3.42

+0.37
−0.32

+0.29
−0.21

+0.13
−0.09

+0.07
−0.07

+0.14
−0.11

+0.09
−0.07

+5.19
−4.18

gg → H 38.78 8.31 2.04 1.41 0.08 0.02 0.10 50.74

VBF 1.08 1.14 2.09 0.09 0.02 <0.01 0.02 4.44

WH 0.43 0.14 0.05 0.30 0.21 0.03 0.02 1.18

ZH 0.41 0.11 0.04 0.24 0.04 0.07 0.02 0.93

ttH 0.08 <0.01 0.02 0.03 0.02 <0.01 0.35 0.50

Signal 40.77 9.69 4.24 2.08 0.38 0.11 0.51 57.79

uncertainties +3.69
−3.62

+1.13
−1.17

+0.55
−0.55

+0.23
−0.23

+0.03
−0.03

+0.01
−0.02

+0.06
−0.06

+4.89
−4.80

Total expected 72.41 12.88 5.32 2.71 0.86 0.43 0.79 95.41

uncertainties +7.35
−6.27

+1.25
−1.21

+0.78
−0.65

+0.34
−0.28

+0.10
−0.09

+0.15
−0.12

+0.14
−0.12

+9.86
−8.32

Observed 73 13 4 2 1 1 0 94

Table 2. The numbers of expected background and signal events and the number of observed
candidate events after the full selection, for each event category, for the mass range 118 < m4ℓ <
130GeV. The yields are given for the different production modes. The signal and ZZ backgrounds
yields are estimated from simulation, while the Z+X yield is estimated from data.

– 17 –

2017 - 41.5/fb

2016 - 35.9/fb



HIGGSPRO

YIELDS IN CATEGORIES �22

10. Results 13

Table 2: The number of expected background and signal events and number of observed can-
didates after full analysis selection, for each event category, for the mass range 118 < m4` <
130 GeV and for an integrated luminosity of 41.5 fb�1. The yields are given for the different
production modes. Signal and ZZ backgrounds are estimated from Monte Carlo simulation,
Z+X is estimated from data. The uncertainties include both statistical and systematic sources.

Event Category

Untagged VBF-1j VBF-2j VH-lept. VH-hadr. ttH-lept. ttH-hadr. Inclusive
qq̄ ! ZZ 22.72 1.91 0.13 0.23 0.19 0.00 0.01 25.19
gg ! ZZ 1.93 0.30 0.03 0.04 0.02 0.00 0.00 2.32

Z + X 9.60 0.80 0.56 0.17 0.56 0.04 0.15 11.87
Sum of backgrounds 34.25 3.00 0.72 0.44 0.77 0.04 0.16 39.38

Uncertainties +2.79
�2.91

+0.30
�0.29

+0.14
�0.13

+0.04
�0.05

+0.12
�0.12

+0.01
�0.01

+0.10
�0.03

+3.29
�3.39

ggH 46.94 9.90 1.74 0.06 1.29 < 0.01 0.04 59.96
qq ! qqH 1.68 1.57 1.89 0.01 0.08 < 0.01 0.01 5.24

WH-lep 0.18 0.02 0.01 0.28 0.01 0.01 < 0.01 0.50
WH-had 0.48 0.16 0.05 0.00 0.32 < 0.01 0.01 1.02
ZH-lep 0.29 0.02 0.01 0.07 0.03 < 0.01 < 0.01 0.43
ZH-had 0.32 0.10 0.03 0.00 0.23 < 0.01 0.01 0.69

tt̄H 0.11 < 0.01 0.02 0.03 0.04 0.18 0.25 0.65
bb̄H 0.48 0.10 0.02 0.01 0.02 < 0.01 < 0.01 0.63
tqH 0.03 < 0.01 0.02 0.01 0.01 0.01 0.01 0.09

Signal 50.51 11.87 3.79 0.47 2.03 0.20 0.33 69.21
Uncertainties +4.68

�4.74
+1.41
�1.45

+0.68
�0.59

+0.04
�0.04

+0.28
�0.25

+0.03
�0.02

+0.05
�0.04

+6.13
�6.21

Total expected 84.76 14.87 4.51 0.91 2.80 0.24 0.49 108.58
Uncertainties +6.52

�6.71
+1.59
�1.63

+0.74
�0.64

+0.07
�0.07

+0.32
�0.29

+0.03
�0.03

+0.11
�0.05

+8.21
�8.42

Observed 103 14 5 2 2 0 0 126
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Figure 5: Distribution of categorization discriminants in the mass region 118 < m4` < 130 GeV:
(left) D2jet, (middle) D1jet, (right) DVH = max(DWH,DZH). Points with error bars represent the
data and stacked histograms represent expected distributions of the signal and background
processes. The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ
backgrounds are normalized to the SM expectation, the Z+X background to the estimation
from data. The vertical gray dashed lines denote the working points used in the event catego-
rization. The SM Higgs boson signal is separated into two components: the production mode
which is targeted by the specific discriminant, and other production modes, where the gluon
fusion process dominates. The order in perturbation theory used for the normalization of the
irreducible backgrounds is described in Section 7.1.
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tainty from experimental and theoretical sources are found to be similar in magnitude.

A fit is performed for five signal-strength modifiers (µggH,bb̄H, µVBF, µVHhad, µVHlep, and µtt̄H,tqH)
controlling the contribution of the main SM Higgs boson production modes. The WH and ZH
processes are merged, and then split based on the decay of the associated V into either VHhad
(hadronic decays) or VHlep (leptonic decays). Contributions of the bb̄H and tqH production
modes are also taken into account in the fit. The bb̄H contribution is floated together with
gluon fusion and tqH production mode is floated with tt̄H.

The results are reported in Fig. 8 (top right) and compared to the expected signal-strength
modifiers in Table 3.

Table 3: Expected and observed signal-strength modifiers with 2017 data.

Inclusive µggH,bb̄H µVBF µVHhad µVHlep µtt̄H,tqH

Expected 1.00+0.14
�0.13(stat)+0.11

�0.09(syst) 1.00+0.22
�0.20 1.00+1.19

�0.79 1.00+3.24
�1.00 1.00+3.36

�1.00 1.00+2.47
�1.00

Observed 1.10+0.14
�0.13(stat)+0.13

�0.11(syst) 1.14+0.23
�0.20 1.12+1.19

�0.83 0.00+1.54
�0.00 2.23+3.95

�2.12 0.00+0.93
�0.00

Two signal-strength modifiers µggH, ttH,bb̄H,tqH and µVBF,VH are introduced as scale factors for
the fermion and vector-boson induced contribution to the expected SM cross section. A two-
dimensional fit is performed assuming a mass of mH = 125.09 GeV leading to the measure-
ments of µggH, ttH,bb̄H,tqH = 1.11+0.23

�0.21 and µVBF,VH = 1.00+0.96
�0.71. The 68% and 95% CL contours in

the (µggH, ttH,bb̄H,tqH, µVBF,VH) plane are shown in Fig. 8 (bottom left).

We also present the results for simplified template cross sections, a measurement strategy de-
tailed in the CERN Yellow Report 4 of the LHC-HXSWG [63]. In this measurement, the cross
section for Higgs boson production in a simplified fiducial volume defined as |yH| < 2.5 for
various sub-processes is extracted. The theoretical uncertainties on the overall signal cross
sections are removed, while the theoretical uncertainties which can cause migration of events
between the various categories are kept. The measured cross sections, normalized to the SM
prediction (including the |yH| < 2.5 requirement) are also shown in Fig. 8 (bottom right). The
dominant experimental sources of systematic uncertainty are the same as in the measurement
of the signal strength, while the dominant theoretical source is the uncertainty in the category
migration for the gluon fusion process.

10.2 Combination of 2016 and 2017 data

A combined fit of the signal-strength modifiers corresponding to the main SM Higgs boson
production modes is performed. The most conservative scenario is taken under consideration
where experimental and theoretical systematic uncertainties are assumed to be fully correlated
between 2016 and 2017.

The reconstructed four-lepton invariant mass distribution combining 2016 and 2017 datasets
is shown in Fig. 9 for the sum of the 4e, 4µ and 2e2µ subchannels, and compared with the
expectations from signal and background processes.

The results for five signal-strength modifiers are reported in Fig. 10 (right) and compared to the
expected signal-strength modifiers in Table 4. A two-dimensional fit is performed assuming a
mass of mH = 125.09 GeV leading to the measurements of µggH, ttH,bb̄H,tqH = 1.12+0.16

�0.18 and
µVBF,VH = 0.60+0.62

�0.49. The 68% CL contours in the (µggH, ttH,bb̄H,tqH, µVBF,VH) plane are shown in
Fig. 10 (left) for results with 2016, 2017 data and their combination.

11. Summary 17
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Figure 9: Distribution of the four-lepton reconstructed invariant mass m4` in the full mass range
combining 2016 and 2017. Points with error bars represent the data and stacked histograms
represent expected distributions of the signal and background processes. The SM Higgs boson
signal with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds are normalized to the
SM expectation, the Z+X background to the estimation from data. The order in perturbation
theory used for the normalization of the irreducible backgrounds is described in Section 7.1.
No events are observed with m4` > 1.1 TeV.

11 Summary
Several measurements of Higgs boson production in the four-lepton final state at

p
s = 13 TeV

have been presented, using data samples corresponding to an integrated luminosity of 41.5 fb�1.
The measured signal strength modifier is µ = 1.10+0.19

�0.17, and the measured signal strength mod-
ifiers associated with fermions and vector bosons are µggH, ttH,bb̄H,tqH = 1.11+0.23

�0.21 and µVBF,VH =

1.00+0.96
�0.71, respectively. Results based on data collected in 2016 and 2017 are combined and the

measured signal strength modifier is µ = 1.06+0.15
�0.13. All results are consistent, within their un-

certainties, with the expectations for the SM Higgs boson.

Table 4: Expected and observed signal-strength modifiers for combined 2016 and 2017 data.

Inclusive µggH,bb̄H µVBF µVHhad µVHlep µtt̄H,tqH

Expected 1.00 ± 0.10(stat)+0.08
�0.06(exp. syst)+0.07

�0.05(th. syst) 1.00+0.17
�0.16 1.00+0.86

�0.67 1.00+2.39
�1.00 1.00+2.30

�1.00 1.00+1.80
�1.00

Observed 1.06 ± 0.10(stat)+0.08
�0.06(exp. syst)+0.07

�0.05(th. syst) 1.15+0.18
�0.16 0.69+0.75

�0.57 0.00+1.16
�0.00 1.25+2.46

�1.25 0.00+0.53
�0.00
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Table 2: The number of expected background and signal events and number of observed can-
didates after full analysis selection, for each event category, for the mass range 118 < m4` <
130 GeV and for an integrated luminosity of 41.5 fb�1. The yields are given for the different
production modes. Signal and ZZ backgrounds are estimated from Monte Carlo simulation,
Z+X is estimated from data. The uncertainties include both statistical and systematic sources.

Event Category

Untagged VBF-1j VBF-2j VH-lept. VH-hadr. ttH-lept. ttH-hadr. Inclusive
qq̄ ! ZZ 22.72 1.91 0.13 0.23 0.19 0.00 0.01 25.19
gg ! ZZ 1.93 0.30 0.03 0.04 0.02 0.00 0.00 2.32

Z + X 9.60 0.80 0.56 0.17 0.56 0.04 0.15 11.87
Sum of backgrounds 34.25 3.00 0.72 0.44 0.77 0.04 0.16 39.38

Uncertainties +2.79
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Figure 5: Distribution of categorization discriminants in the mass region 118 < m4` < 130 GeV:
(left) D2jet, (middle) D1jet, (right) DVH = max(DWH,DZH). Points with error bars represent the
data and stacked histograms represent expected distributions of the signal and background
processes. The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ
backgrounds are normalized to the SM expectation, the Z+X background to the estimation
from data. The vertical gray dashed lines denote the working points used in the event catego-
rization. The SM Higgs boson signal is separated into two components: the production mode
which is targeted by the specific discriminant, and other production modes, where the gluon
fusion process dominates. The order in perturbation theory used for the normalization of the
irreducible backgrounds is described in Section 7.1.
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Table 2: The number of expected background and signal events and number of observed can-
didates after full analysis selection, for each event category, for the mass range 118 < m4` <
130 GeV and for an integrated luminosity of 41.5 fb�1. The yields are given for the different
production modes. Signal and ZZ backgrounds are estimated from Monte Carlo simulation,
Z+X is estimated from data. The uncertainties include both statistical and systematic sources.
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Figure 5: Distribution of categorization discriminants in the mass region 118 < m4` < 130 GeV:
(left) D2jet, (middle) D1jet, (right) DVH = max(DWH,DZH). Points with error bars represent the
data and stacked histograms represent expected distributions of the signal and background
processes. The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), and the ZZ
backgrounds are normalized to the SM expectation, the Z+X background to the estimation
from data. The vertical gray dashed lines denote the working points used in the event catego-
rization. The SM Higgs boson signal is separated into two components: the production mode
which is targeted by the specific discriminant, and other production modes, where the gluon
fusion process dominates. The order in perturbation theory used for the normalization of the
irreducible backgrounds is described in Section 7.1.
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Table 1. The numbers of expected background and signal events and the number of observed
candidate events after the full selection, for each final state, for m4ℓ > 70GeV. The signal and
ZZ backgrounds are estimated from simulation, while the Z+X event yield is estimated from data.
Uncertainties include statistical and systematic sources.

Event category

Untagged VBF-1j VBF-2j VH-hadr. VH-lept. VH-Emiss
T ttH Inclusive

qq → ZZ 19.18 2.00 0.25 0.30 0.27 0.01 0.01 22.01

gg → ZZ 1.67 0.31 0.05 0.02 0.04 0.01 <0.0 2.09

Z+X 10.79 0.88 0.78 0.31 0.17 0.30 0.27 13.52
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Table 2. The numbers of expected background and signal events and the number of observed
candidate events after the full selection, for each event category, for the mass range 118 < m4ℓ <
130GeV. The yields are given for the different production modes. The signal and ZZ backgrounds
yields are estimated from simulation, while the Z+X yield is estimated from data.
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