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1 Introduction

The observation of a new boson consistent with the standard model (SM) Higgs boson [1–6]

was reported by the ATLAS and CMS collaborations in 2012 [7, 8]. Subsequent measure-

ments confirmed that the properties of the new boson, such as its couplings and decay

width, are indeed consistent with expectations for the SM Higgs boson [9–13] (and refer-

ences given therein).

In this paper we present measurements of the integrated and differential cross sections

for the production of four leptons via the H → 4` decays (` = e, µ) in pp collisions at

centre-of-mass energies of 7 and 8 TeV. All cross sections are measured in a restricted part

of the phase space (fiducial phase space) defined to match the experimental acceptance

in terms of the lepton kinematics and topological event selection. The H → 4` denotes

the Higgs boson decay to the four-lepton final state via an intermediate pair of neutral

electroweak bosons. A similar study of the Higgs boson production cross section using the

H→ 4` decay channel has already been performed by the ATLAS Collaboration [14], while

measurements in the H → 2γ decay channel have been reported by both the ATLAS and

CMS collaborations [15, 16].

The integrated fiducial cross sections are measured using pp collision data recorded

with the CMS detector at the CERN LHC corresponding to integrated luminosities of

5.1 fb−1 at 7 TeV and 19.7 fb−1 at 8 TeV. The measurement of the ratio of cross sections
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at 7 and 8 TeV is also performed. The differential fiducial cross sections are measured

using just the 8 TeV data, due to the limited statistics of the 7 TeV data set. The cross

sections are corrected for effects related to detector efficiency and resolution. The fiducial

phase space constitutes approximately 42% of the total available phase space, and there

is no attempt to extrapolate the measurements to the full phase space. This approach is

chosen to reduce the systematic uncertainty associated with the underlying model of the

Higgs boson properties and production mechanism. The remaining dependence of each

measurement on the model assumptions is determined and quoted as a separate systematic

effect. Due to the strong dependence of the cross section times branching fraction on

the mass of the Higgs boson (mH) in the region around 125 GeV, the measurements are

performed assuming a mass of mH = 125.0 GeV, as measured by the CMS experiment using

the H→ 4` and H→ 2γ channels [11]. This approach also allows an easier comparison of

measurements with the theoretical estimations.

The differential fiducial cross sections are measured as a function of several kinematic

observables that are sensitive to the Higgs boson production mechanism: transverse mo-

mentum and rapidity of the four-lepton system, transverse momentum of the leading jet,

separation in rapidity between the Higgs boson candidate and the leading jet, as well as

the accompanying jet multiplicity. In addition, measurements of the Z → 4` fiducial cross

section, and of its ratio to the corresponding H → 4` fiducial cross section are also per-

formed using the 8 TeV data. These measurements provide tests of the SM expectations,

and important validations of our understanding of the detector response and methodology

used for the H → 4` cross section measurement. The results of the H → 4` cross sec-

tion measurements are compared to theoretical calculations in the SM Higgs sector that

offer up to next-to-next-to-leading-order (NNLO) accuracy in perturbative QCD, and up

to next-to-leading-order (NLO) accuracy in perturbative electro-weak corrections.

All measurements presented in this paper are based on the experimental techniques

used in previous measurements of Higgs boson properties in this final state [17, 18]. These

techniques include: algorithms for the online event selection, algorithms for the reconstruc-

tion, identification and calibration of electrons, muons and jets, as well as the approaches

to the event selection and background estimation.

This paper is organized as follows. The CMS detector and experimental techniques

are briefly described in section 2. The data sets and simulated samples used in the anal-

ysis are described in section 3. The event selection and background modelling are pre-

sented in section 4. The fiducial phase space used for the measurements is defined in

section 5, while the procedure for extracting the integrated and differential cross sections

is presented in section 6. Section 7 discusses the systematic uncertainties in the measure-

ments. Section 8 presents the results of all measurements and their comparison with the

SM-based calculations.

2 The CMS detector and experimental methods

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal

diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon
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pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass

and scintillator hadron calorimeter, each composed of a barrel and two endcap sections.

Forward calorimetry extends the pseudorapidity coverage provided by the barrel and end-

cap detectors to |η| < 5. Muons are measured in gas-ionization detectors embedded in the

steel flux-return yoke outside the solenoid. A more detailed description of the CMS detec-

tor, together with a definition of the coordinate system used and the relevant kinematic

variables, can be found in ref. [19].

The reconstruction of particles emerging from each collision event is obtained via a

particle-flow event reconstruction technique. The technique uses an optimized combina-

tion of all information from the CMS sub-detectors to identify and reconstruct individual

particles in the collision event [20, 21]. The particles are classified into mutually exclusive

categories: charged hadrons, neutral hadrons, photons, muons, and electrons. Jets are

reconstructed from the individual particles using the anti-kT clustering algorithm with a

distance parameter of 0.5 [22], as implemented in the fastjet package [23, 24]. Energy

deposits from the multiple pp interactions (pileup) and from the underlying event are sub-

tracted when computing the energy of jets and isolation of reconstructed objects using the

FastJet technique [24–26].

Details on the experimental techniques for the reconstruction, identification, and iso-

lation of electrons, muons and jets, as well as on the efficiencies of these techniques can be

found in refs. [21, 27–32]. Details on the procedure used to calibrate the leptons and jets

in this analysis can be found in ref. [17].

3 Data and simulation samples

The data set analyzed was collected by the CMS experiment in 2011 and 2012, and corre-

sponds to integrated luminosities of 5.1 fb−1 of 7 TeV collision data and 19.7 fb−1 of 8 TeV

collision data, respectively. The set of triggers used to collect the data set is the same

as the one used in previous measurements of Higgs boson properties in four-lepton final

states [17, 18].

Descriptions of the SM Higgs boson production in the gluon fusion (gg → H) process

are obtained using the HRes 2.3 [33, 34], Powheg V2 [35, 36], and Powheg MiNLO

HJ [37] generators. The HRes generator is a partonic level Monte Carlo (MC) generator

that provides a description of the gg → H process at NNLO accuracy in perturbative QCD

and next-to-next-to-leading-logarithmic (NNLL) accuracy in the resummation of soft-gluon

effects at small transverse momenta [33, 34]. Since the resummation is inclusive over the

QCD radiation recoiling against the Higgs boson, HRes is considered for the estimation of

fiducial cross sections that are inclusive in the associated jet activity. The HRes estima-

tions are obtained by choosing the central values for the renormalization and factorization

scales to be mH = 125.0 GeV. The Powheg generator is a partonic level matrix-element

generator that implements NLO perturbative QCD calculations and additionally provides

an interface with parton shower programs. It provides a description of the gg → H pro-

duction in association with zero jets at NLO accuracy. For the purpose of this analysis, it

has been tuned using the powheg damping factor hdump of 104.16 GeV, to closely match
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the Higgs boson pT spectrum in the full phase space, as estimated by the HRes gener-

ator. This factor minimises emission of the additional jets in the limit of large pT, and

enhances the contribution from the Sudakov form factor as pT approaches zero [35, 36].

The Powheg MiNLO HJ generator is an extension of the Powheg V2 generator based

on the MiNLO prescription [37] for the improved next-to-leading-logarithmic accuracy ap-

plied to the gg → H production in association with up to one additional jet. It provides

a description of the gg → H production in association with zero jets and one jet at NLO

accuracy, and the gg→ H production in association with two jets only at the leading-order

(LO) accuracy. All the generators used to describe the gg → H process take into account

the finite masses of the bottom and top quarks. The description of the SM Higgs boson

production in the vector boson fusion (VBF) process is obtained at NLO accuracy using the

powheg generator. The processes of SM Higgs boson production associated with gauge

bosons (VH) or top quark-antiquark pair (ttH) are described at LO accuracy using Pythia

6.4 [38]. The MC samples simulated with these generators are normalized to the inclusive

SM Higgs boson production cross sections and branching fractions that correspond to the

SM calculations at NNLO and NNLL accuracy, in accordance with the LHC Higgs Cross

section Working Group recommendations [39].The powheg samples of the gg → H and

VBF processes are used together with the pythia samples of the VH and ttH processes to

model the SM signal acceptance in the fiducial phase space and to extract the results of

the fiducial cross section measurements following the method described in section 6. These

samples, together with the HRes and Powheg MiNLO HJ samples of the alternative

description of the gg → H process, are used to compare the measurement results to the

SM-based theoretical calculations in section 8.

In order to estimate the dependence of the measurement procedure on the underlying

assumption for the Higgs boson production mechanism, we have used the set of MC samples

for individual production mechanisms described in the previous paragraph. In addition, in

order to estimate the dependence of the measurement on different assumptions of the Higgs

boson properties, we have also simulated a range of samples that describe the production

and decay of exotic Higgs-like resonances to the four-lepton final state. These include

spin-zero, spin-one, and spin-two resonances with anomalous interactions with a pair of

neutral gauge bosons (ZZ, Zγ∗, γ∗γ∗) described by higher-order operators, as discussed in

detail in ref. [18]. All of these samples are generated using the powheg generator for the

description of NLO QCD effects in the production mechanism, and JHUGen [40–42] to

describe the decay of these exotic resonances to four leptons including all spin correlations.

The MC event samples that are used to estimate the contribution from the background

process gg → ZZ are simulated using MCFM 6.7 [43], while the background process

qq → 4` is simulated at NLO accuracy with the powheg generator including s-, t-, and

u-channel diagrams. For the purpose of the Z → 4` cross section measurements, we have

also separately modelled contributions from the t- and u-channels of the qq (→ ZZ∗)→ 4`

process at NLO accuracy with powheg.

All the event generators described above take into account the initial- and final-state

QED radiation (FSR) effects which can lead to the presence of additional hard photons

in an event. Furthermore, the powheg and JHUGen event generators take into account
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interference between all contributing diagrams in the H → 4` process, including those

related to the permutations of identical leptons in the 4e and 4µ final states. In the case

of the LO, NLO, and NNLO generators, the sets of parton distribution functions (PDF)

CTEQ6L [44], CT10 [45], and MSTW2008 [46] are used, respectively.

All generated events are interfaced with Pythia 6.4.26 Tune Z2∗ to simulate the

effects of the parton shower, multi-parton interactions, and hadronization. The Pythia

6.4.26 Z2∗ tune is derived from the Z1 tune [47], which uses the CTEQ5L parton distri-

bution set, whereas Z2∗ adopts CTEQ6L [48]. The HRes generator does not provide an

interface with programs that can simulate the effects of hadronization and multi-parton

interactions. In order to account for these effects in the HRes estimations, the HRes gen-

erator is used to first reweight the Powheg+JHUGen events simulated without multi-

parton interaction and hadronization effects in a phase space that is slightly larger than

the fiducial phase space. After that, the multi-parton interaction and hadronization ef-

fects are simulated using pythia and the reweighted Powheg+JHUGen events. The

reweighting is performed separately for each observable of interest for the differential, as

well as for the integrated cross section measurements. This procedure effectively adds the

non-perturbative effects to the HRes partonic level estimations.

The generated events are processed through a detailed simulation of the CMS detector

based on Geant4 [49, 50] and are reconstructed with the same algorithms that are used for

data analysis. The pileup interactions are included in simulations to match the distribution

of the number of interactions per LHC bunch crossing observed in data. The average

number of pileup interactions is measured to be approximately 9 and 21 in the 7 and 8 TeV

data sets, respectively.

The selection efficiency in all the simulated samples is rescaled to correct for residual

differences in lepton selection efficiencies in data and simulation. This correction is based

on the total lepton selection efficiencies measured in inclusive samples of Z boson events

in simulation and data using a “tag-and-probe” method [29], separately for 7 and 8 TeV

collisions. More details can be found in ref. [17].

4 Event selection and background modelling

The measurements presented in this paper are based on the event selection used in the

previous measurements of Higgs boson properties in this final state [17, 18]. Events are

selected online requiring the presence of a pair of electrons or muons, or a triplet of electrons.

Triggers requiring an electron and a muon are also used. The minimum pT of the leading

and subleading lepton are 17 and 8 GeV, respectively, for the double-lepton triggers, while

they are 15, 8 and 5 GeV for the triple-electron trigger. Events with at least four well

identified and isolated electrons or muons are then selected offline, if they are compatible

with being produced at the primary vertex. The primary vertex is selected to be the one

with the highest sum of p2
T of associated tracks. Among all same-flavour and opposite-sign

(SFOS) lepton pairs in the event, the one with an invariant mass closest to the nominal Z

boson mass is denoted Z1 and retained if its mass, m(Z1), satisfies 40 ≤ m(Z1) ≤ 120 GeV.

The remaining leptons are considered and the presence of a second `+`− pair, denoted
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Z2, is required with condition 12 ≤ m(Z2) ≤ 120 GeV. If more than one Z2 candidate

satisfies all criteria, the pair of leptons with the largest sum of the transverse momenta

magnitudes, Σ|pT|, is chosen. Among the four selected leptons `i (i = 1 . . . 4) forming

the Z1 and Z2 candidates, at least one lepton should have pT ≥ 20 GeV, another one

pT ≥ 10 GeV, and any opposite-charge pair of leptons `+i and `−j , irrespective of flavor,

must satisfy m(`+i `
−
j ) ≥ 4 GeV. The algorithm to recover the photons from the FSR uses

the same procedure as described in ref. [17].

In the analysis, the presence of jets is only used to determine the differential cross

section measurements as a function of jet-related observables. Jets are selected if they

satisfy pT ≥ 30 GeV and |η| ≤ 4.7, and are required to be separated from the lepton

candidates and from identified FSR photons by ∆R ≡
√

(∆η)2 + (∆φ)2 > 0.5 (where φ is

the azimuthal angle in radians) [17].

After the event selection is applied, the dominant contribution to the irreducible back-

ground for the H → 4` process originates from the ZZ production via the qq annihila-

tion, while the subdominant contribution arises from the ZZ production via gluon fusion.

In those processes, at least one of the intermediate Z bosons is not on-shell. The re-

ducible backgrounds mainly arise from the processes where parts of intrinsic jet activity

are misidentified as an electron or a muon, such as: production of Z boson in association

with jets, production of a ZW boson pair in association with jets, and the tt pair produc-

tion. Hereafter, this background is denoted as Z+X. The other background processes have

negligible contribution.

In the case of the H → 4` cross section measurements, the irreducible qq → ZZ and

gg → ZZ backgrounds are evaluated from simulation based on generators discussed in

section 3, following ref. [17]. In the case of the gg→ ZZ background, the LO cross section

of gg → ZZ is corrected via a m4` dependent k-factor, as recommended in the study

of ref. [51].

The reducible background (Z + X) is evaluated using the method based on lepton

misidentification probabilities and control regions in data, following the procedure described

in ref. [17]. In the case of the integrated H → 4` cross section measurement, the shape

of the m4` distribution for the reducible background is obtained by fitting the m4` with

empirical analytical functional forms presented in ref. [17]. In the case of the differential

H → 4` measurements, the shapes of the reducible background are obtained from the

control regions in data in the form of template functions, separately for each bin of the

considered observable. The template functions are prepared following a procedure described

in the spin-parity studies presented in refs. [17, 18].

The number of estimated signal and background events for the H → 4` measurement,

as well as the number of observed candidates after the final inclusive selection in data in

the mass region 105 < m4` < 140 GeV are given in table 1, separately for 7 and 8 TeV.

In part of the m4` spectrum below 100 GeV, the dominant contribution arises from the

resonant Z→ 4` production (s-channel of the qq→ 4` process via the Z boson exchange).

The sub-dominant contributions arise from the corresponding t- and u-channels of the

qq → 4` process, from the reducible background processes (Z + X), as well as from the

gg → ZZ background. In the case of the Z → 4` measurements, contributions from s-, t-,
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Channel 4e 4µ 2e2µ

5.1 fb−1 (7 TeV)

qq→ ZZ 0.8 ± 0.1 1.8 ± 0.1 2.2 ± 0.3

Z + X 0.3 ± 0.1 0.2 ± 0.1 1.0 ± 0.3

gg→ ZZ 0.03 ± 0.01 0.06 ± 0.02 0.07 ± 0.02

Total background expected 1.2 ± 0.1 2.1 ± 0.1 3.4 ± 0.4

H→ 4` (mH = 125.0 GeV) 0.7 ± 0.1 1.2 ± 0.1 1.7 ± 0.3

Observed 1 3 6

19.7 fb−1 (8 TeV)

qq→ ZZ 3.0 ± 0.4 7.6 ± 0.5 9.0 ± 0.7

Z + X 1.5 ± 0.3 1.2 ± 0.5 4.2 ± 1.1

gg→ ZZ 0.2 ± 0.1 0.4 ± 0.1 0.5 ± 0.1

Total background expected 4.8 ± 0.7 9.2 ± 0.7 13.7 ± 1.3

H→ 4` (mH = 125.0 GeV) 2.9 ± 0.4 5.6 ± 0.7 7.3 ± 0.9

Observed 9 15 15

Table 1. The number of estimated background and signal events, as well as the number of observed

candidates, after final inclusive selection in the range 105 < m4` < 140 GeV, used in the H →
4` measurements. Signal and ZZ background are estimated from simulations, while the Z + X

background is evaluated using control regions in data.

and u-diagrams of the qq → 4` process (and their interference), and contribution of the

gg→ ZZ process are estimated from simulation. The Z + X background is evaluated using

control regions in data following an identical procedure as the one described above. The

expected number of events arising from the s-channel of the qq→ 4` process is 57.4± 0.3,

from all other SM processes is 3.6 ± 0.5, and 72 candidate events are observed after the

final inclusive selection in 8 TeV data in the mass region 50 < m4` < 105 GeV.

The reconstructed four-lepton invariant mass distributions in the region of interest for

the H→ 4` and Z→ 4` measurements (50 < m4` < 140 GeV) are shown in figure 1 for the

7 and 8 TeV data sets, and compared to the SM expectations.

5 Fiducial phase space definition

The acceptance and selection efficiency for the H→ 4` decays can vary significantly between

different Higgs boson production mechanisms and different exotic models of Higgs boson

properties. In processes with large jet activity (such as the ttH production), or with low

invariant mass of the second lepton pair (such as H→ Zγ∗(γ∗γ∗)→ 4` processes), or with

the H→ 4` kinematics different from the SM estimation (such as exotic Higgs-like spin-one

models), the inclusive acceptance of signal events can differ by up to 70% from the inclusive

acceptance estimated for SM H→ 4` decays.

In order to minimise the dependence of the measurement on the specific model assumed

for Higgs boson production and properties, the fiducial phase space for the H → 4` cross

section measurements is defined to match as closely as possible the experimental accep-
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Figure 1. Distributions of the m4` observable in 7 TeV (left) and 8 TeV (right) data, as well as

expectations for the SM Higgs boson (mH = 125.0 GeV) and other contributing SM processes,

including resonant Z→ 4` decays.

tance defined by the reconstruction-level selection. This includes the definition of selection

observables and selection requirements, as well as the definition of the algorithm for the

topological event selection.

The fiducial phase space is defined using the leptons produced in the hard scattering,

before any FSR occurs. This choice is motivated by the fact that the recovery of the

FSR photons is explicitly performed at the reconstruction level. In the case of differential

measurements as a function of jet-related observables, jets are reconstructed from the

individual stable particles, excluding neutrinos and muons, using the anti-kt clustering

algorithm with a distance parameter of 0.5. Jets are considered if they satisfy pT ≥ 30 GeV

and |η| ≤ 4.7.

The fiducial phase space requires at least four leptons (electrons, muons), with at least

one lepton having pT > 20 GeV, another lepton having pT > 10 GeV, and the remaining

electrons and muons having pT > 7 GeV and pT > 5 GeV respectively. All electrons and

muons must have pseudorapidity |η| < 2.5 and |η| < 2.4, respectively. In addition, each

lepton must satisfy an isolation requirement computed using the pT sum of all stable

particles within ∆R < 0.4 distance from that lepton. The pT sum excludes any neutrinos,

as well as any photon or stable lepton that is a daughter of the lepton for which the

isolation sum is being computed. The ratio of this sum and the pT of the considered

lepton must be less than 0.4, in line with the requirement on the lepton isolation at the

reconstruction level [17]. The inclusion of isolation is an important step in the fiducial

phase space definition as it reduces significantly the differences in signal selection efficiency

between different signal models. It has been verified in simulation that the signal selection

efficiency differs by up to 45% between different models if the lepton isolation requirement

is not included. This is especially pronounced in case of large associated jet activity as

in the case of ttH production mode. Exclusion of neutrinos and FSR photons from the

computation of the isolation sum brings the definition of the fiducial phase space closer

to the reconstruction level, and improves the model independence of the signal selection

efficiency by an additional few percent.
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Requirements for the H→ 4` fiducial phase space

Lepton kinematics and isolation

Leading lepton pT pT > 20 GeV

Sub-leading lepton pT pT > 10 GeV

Additional electrons (muons) pT pT > 7 (5) GeV

Pseudorapidity of electrons (muons) |η| < 2.5 (2.4)

Sum of scalar pT of all stable particles within ∆R < 0.4 from lepton < 0.4pT

Event topology

Existence of at least two SFOS lepton pairs, where leptons satisfy criteria above

Inv. mass of the Z1 candidate 40 < m(Z1) < 120 GeV

Inv. mass of the Z2 candidate 12 < m(Z2) < 120 GeV

Distance between selected four leptons ∆R(`i`j) > 0.02

Inv. mass of any opposite-sign lepton pair m(`+i `
−
j ) > 4 GeV

Inv. mass of the selected four leptons 105 < m4` < 140 GeV

Table 2. Summary of requirements and selections used in the definition of the fiducial phase space

for the H → 4` cross section measurements. For measurements of the Z → 4` cross section and

the ratio of the H → 4` and Z → 4` cross sections, the requirement on the invariant mass of the

selected four leptons is modified accordingly. More details, including the exact definition of the

stable particles and lepton isolation, as well as Z1 and Z2 candidates, can be found in the text.

Furthermore, an algorithm for a topological selection closely matching the one at the

reconstruction level is applied as part of the fiducial phase space definition. At least two

SFOS lepton pairs are required, and all SFOS lepton pairs are used to form Z boson

candidates. The SFOS pair with invariant mass closest to the nominal Z boson mass

(91.188 GeV) is taken as the first Z boson candidate (denoted as Z1). The mass of the

Z1 candidate must satisfy 40 < m(Z1) < 120 GeV. The remaining set of SFOS pairs are

used to form the second Z boson candidate (denoted as Z2). In events with more than one

Z2 candidate, the SFOS pair with the largest sum of the transverse momenta magnitudes,

Σ|pT|, is chosen. The mass of the Z2 candidate must satisfy 12 < m(Z2) < 120 GeV.

Among the four selected leptons, any pair of leptons `i and `j must satisfy ∆R(`i`j) > 0.02.

Similarly, of the four selected leptons, the invariant mass of any opposite-sign lepton pair

must satisfy m(`+i `
−
j ) > 4 GeV. Finally, the invariant mass of the Higgs boson candidate

must satisfy 105 < m4` < 140 GeV. The requirement on the m4` is important as the off-

shell production cross section in the dominant gluon fusion production mode is sizeable

and can amount up to a few percent of the total cross section [52]. All the requirements

and selections used in the definition of the fiducial phase space are summarised in table 2.

It has been verified in simulation that the reconstruction efficiency for events originat-

ing from the fiducial phase space defined in this way only weakly depends on the Higgs

boson properties and production mechanism. The systematic effect associated with the

remaining model dependence is extracted and quoted separately, considering a wide range

of alternative Higgs boson models, as described in section 7. The fraction of signal events
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Signal process Afid ε fnonfid (1 + fnonfid)ε

Individual Higgs boson production modes

gg→ H (Powheg+JHUGen) 0.422 ± 0.001 0.647 ± 0.002 0.053 ± 0.001 0.681 ± 0.002

VBF (powheg) 0.476 ± 0.003 0.652 ± 0.005 0.040 ± 0.002 0.678 ± 0.005

WH (pythia) 0.342 ± 0.002 0.627 ± 0.003 0.072 ± 0.002 0.672 ± 0.003

ZH (pythia) 0.348 ± 0.003 0.634 ± 0.004 0.072 ± 0.003 0.679 ± 0.005

ttH (pythia) 0.250 ± 0.003 0.601 ± 0.008 0.139 ± 0.008 0.685 ± 0.010

Some characteristic models of a Higgs-like boson with exotic decays and properties

qq→ H(JCP = 1−) (JHUGen) 0.238 ± 0.001 0.609 ± 0.002 0.054 ± 0.001 0.642 ± 0.002

qq→ H(JCP = 1+) (JHUGen) 0.283 ± 0.001 0.619 ± 0.002 0.051 ± 0.001 0.651 ± 0.002

gg→ H→ Zγ∗ (JHUGen) 0.156 ± 0.001 0.622 ± 0.002 0.073 ± 0.001 0.667 ± 0.002

gg→ H→ γ∗γ∗ (JHUGen) 0.188 ± 0.001 0.629 ± 0.002 0.066 ± 0.001 0.671 ± 0.002

Table 3. The fraction of signal events within the fiducial phase space (acceptance Afid), reconstruc-

tion efficiency (ε) for signal events from within the fiducial phase space, and ratio of reconstructed

events which are from outside the fiducial phase space to reconstructed events which are from

within the fiducial phase space (fnonfid). Values are given for characteristic signal models assuming

mH = 125.0 GeV,
√
s = 8 TeV, and the uncertainties include only the statistical uncertainties due to

the finite number of events in MC simulation. In case of the first seven signal models, decays of the

Higgs-like boson to four leptons proceed according to SM via the H → ZZ∗ → 4` process. Definition

of signal excludes events where at least one reconstructed lepton originates from associated vector

bosons or jets. The factor (1 + fnonfid)ε is discussed in section 6.

within the fiducial phase space Afid, and the reconstruction efficiency ε for signal events

within the fiducial phase space for individual SM production modes and exotic signal mod-

els are listed in table 3.

It should be noted that the cross section is measured for the process of resonant

production of four leptons via the H → 4` decays. This definition excludes events where

at least one reconstructed lepton originates from associated vector bosons or jets, and not

from the H → 4` decays. Those events present a broad m4` distribution, whose exact

shape depends on the production mode, and are treated as a combinatorial signal-induced

background in the measurement procedure. This approach provides a simple measurement

procedure with a substantially reduced signal model dependence. More details are discussed

in section 6.

In the case of the independent measurement of the Z → 4` fiducial cross section, the

fiducial phase space is defined in the analogous way, with the difference that the invariant

mass of the 4` candidate for the Z boson must satisfy 50 < m4` < 105 GeV. In the case of

the measurement of the ratio of the H → 4` and Z → 4` cross sections, the mass window

of 50 < m4` < 140 GeV is used.

6 Measurement methodology

The aim is to determine the integrated and differential cross sections within the fidu-

cial phase space, corrected for the effects of limited detection efficiencies, resolution, and
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known systematic biases. In order to achieve this goal, we estimate those effects using

simulation and include them in the parameterization of the expected m4` spectra at the

reconstruction level. We then perform a maximum likelihood fit of the signal and back-

ground parameterizations to the observed 4` mass distribution, Nobs(m4`), and directly

extract the fiducial cross sections of interest (σfid) from the fit. In this approach all sys-

tematic uncertainties are included in the form of nuisance parameters, which are effectively

integrated out in the fit procedure. The results of measurements are obtained using an

asymptotic approach [53] with the test statistics based on the profile likelihood ratio [54].

The coverage of the quoted intervals obtained with this approach has been verified for a

subset of results using the Feldman-Cousins method [55]. The maximum likelihood fit is

performed simultaneously in all final states and in all bins of the observable considered in

the measurement, assuming a Higgs boson mass of mH = 125.0 GeV. The integrated cross

section measurement is treated as a special case with a single bin. This implementation

of the procedure for the unfolding of the detector effects from the observed distributions

is different from the implementations commonly used in the experimental measurements,

such as those discussed in ref. [56], where signal extraction and unfolding are performed in

two separate steps. It is similar to the approach adopted in ref. [16].

The shape of the resonant signal contribution, Pres(m4`), is described by a double-

sided Crystal Ball function as detailed in ref. [17], with a normalization proportional to the

fiducial cross section σfid. The shape of the combinatorial signal contribution, Pcomb(m4`),

from events where at least one of the four leptons does not originate from the H → 4` decay,

is empirically modelled by a Landau distribution whose shape parameters are constrained

in the fit to be within a range determined from simulation. The remaining freedom in these

parameters results in an additional systematic uncertainty on the measured cross sections.

This contribution is treated as a background and hereafter we refer to this contribution as

the “combinatorial signal” contribution. This component in the mass range 105 < m4` <

140 GeV amounts to about 4%, 18%, and 22% for WH, ZH, and ttH production modes,

respectively.

An additional resonant signal contribution from events that do not originate from the

fiducial phase space can arise due to detector effects that cause differences between the

quantities used for the fiducial phase space definition, such as the lepton isolation, and

the analogous quantities used for the event selection. This contribution is also treated

as background, and hereafter we refer to this contribution as the “nonfiducial signal”

contribution. It has been verified in simulation that the shape of these events is identical to

the shape of the resonant fiducial signal and, in order to minimise the model dependence of

the measurement, its normalization is fixed to be a fraction of the fiducial signal component.

The value of this fraction, which we denote by fnonfid, has been determined from simulation

for each of the studied signal models, and it varies from ∼5% for the gg→ H production to

∼14% for the ttH production mode. The variation of this fraction between different signal

models is included in the model dependence estimation. The value of fnonfid for different

signal models is shown in table 3.

In order to compare with the theoretical estimations, the measurement needs to be

corrected for limited detector efficiency and resolution effects. The efficiency for an event
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passing the fiducial phase space selection to pass the reconstruction selection is measured

using signal simulation samples and corrected for residual differences between data and

simulation, as briefly described in section 3 and detailed in ref. [17]. It is determined from

simulations that this efficiency for the gg → H process is about 65% inclusively, and that

it can vary relative to the gg → H process by up to ∼7% in other signal models, as shown

in table 3. The largest deviations from the overall efficiency that correspond to the SM

Higgs boson are found to be from ttH production, the H→ Zγ∗ → 4` process, and exotic

Higgs-like spin-one models.

In the case of the differential cross section measurements, the finite efficiencies and

resolution effects are encoded in a detector response matrix that describes how events

migrate from a given observable bin at the fiducial level to a given bin at the reconstruction

level. This matrix is diagonally dominant for the jet inclusive observables, but has sizeable

off-diagonal elements for the observables involving jets. In the case of the jet multiplicity

measurement the next-to-diagonal elements range from 3% to 21%, while in the case of

other observables these elements are typically of the order of 1–2%.

Following the models for signal and background contributions described above, the

number of expected events in each final state f and in each bin i of a considered observable

is expressed as a function of m4` given by:

N f,i
obs(m4`) =N f,i

fid(m4`) +N f,i
nonfid(m4`) +N f,i

comb(m4`) +N f,i
bkd(m4`)

=
∑
j

εfi,j

(
1 + f f,i

nonfid

)
σf,j

fid LPres(m4`)

+N f,i
comb Pcomb(m4`) +N f,i

bkd Pbkd(m4`).

(6.1)

The components N f,i
fid(m4`), N

f,i
nonfid(m4`), N

f,i
comb(m4`), and N f,i

bkd(m4`) represent the reso-

nant fiducial signal, resonant nonfiducial signal, combinatorial contribution from fiducial

signal, and background contributions in bin i as functions of m4`, respectively. Simi-

larly, the Pres(m4`), Pcomb(m4`) and Pbkd(m4`) are the corresponding probability density

functions for the resonant (fiducial and nonfiducial) signal, combinatorial signal, and back-

ground contributions. The εfi,j represents the detector response matrix that maps the

number of expected events in a given observable bin j at the fiducial level to the number of

expected events in the bin i at the reconstruction level. The f inonfid fraction describes the

ratio of the nonfiducial and fiducial signal contribution in bin i at the reconstruction level.

The parameter σf,j
fid is the signal cross section for the final state f in bin j of the fiducial

phase space.

To extract the 4` fiducial cross-sections, σ4`,j
fid , in all bins j of a considered observable,

an unbinned likelihood fit is performed simultaneously for all bins i at reconstruction level

on the mass distributions of the three final states 4e, 4µ, and 2e2µ, using eq. (6.1). In each

bin j of the fiducial phase space the fitted parameters are σ4`,j
fid , the sum of the three final

state cross-sections, and two remaining degrees of freedom for the relative contributions of

the three final states.

The inclusive values of the factor (1 + fnonfid)ε from eq. (6.1) are shown in table 3

for different signal production modes and different exotic models. The relatively weak
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dependence of this factor on the exact signal model is a consequence of the particular

definition of the fiducial phase space introduced in section 5, and enables a measurement

with a very small dependence on the signal model.

In the case of the simultaneous fit for the H→ 4` signal in 7 and 8 TeV data sets, and

the measurement of the ratio of the H → 4` cross sections at 7 and 8 TeV, the procedure

described above is generalised to include two separate signals. The parameters extracted

simultaneously from the measurement are the 8 TeV fiducial cross section, and ratio of

7 TeV and 8 TeV fiducial cross sections.

In the case of the Z→ 4` cross section measurements, the definition of the fiducial phase

space and statistical procedure are analogous to the ones used for the H → 4` cross section

measurements with the Z boson mass fixed to the PDG value of mZ = 91.188 GeV [57].

Similarly, in the case of the simultaneous fit for the H → 4` and Z → 4` signals, and

the measurement of the ratio of the H → 4` and Z → 4` cross sections, the procedure

described above is generalised to include two separate signals. The parameters extracted

simultaneously from this measurement are the H → 4` fiducial cross section, and ratio of

the H→ 4` and Z→ 4` fiducial cross sections. Furthermore, this measurement is performed

in two scenarios. In the first scenario, we fix the Higgs boson mass to mH = 125.0 GeV and

the Z boson mass to its PDG value. Results of measurements obtained in this scenario are

reported in section 8. In the second scenario, we allow the masses of the two resonances

to vary, and we fit for the mass of the Higgs boson mH and the mass difference between

the two bosons ∆m = mH −mZ. This scenario allows for an additional reduction of the

systematic uncertainties related to the lepton momentum scale determination, and provides

an additional validation of the measurement methodology.

7 Systematic uncertainties

Experimental systematic uncertainties in the parameterization of the signal and the irre-

ducible background processes due to the trigger and combined lepton reconstruction, iden-

tification, and isolation efficiencies are evaluated from data and found to be in the range

4–10% [17]. Theoretical uncertainties in the irreducible background rates are estimated

by varying the QCD renormalization and factorization scales, and the PDF set following

the PDF4LHC recommendations [45, 58–60]. These are found to be 4.5% and 25% for the

qq→ ZZ and gg→ ZZ backgrounds, respectively [17]. The systematic uncertainties in the

reducible background estimate for the 4e, 4µ, and 2e2µ final states are determined to be

20%, 40%, and 25%, respectively [17]. In the case of the differential measurements, uncer-

tainties in the irreducible background rates are computed for each bin, while uncertainties

in the reducible background rates are assumed to be identical in all bins of the considered

observable. The absolute integrated luminosity of the pp collisions at 7 and 8 TeV has been

determined with a relative precision of 2.2% [61] and 2.6% [62], respectively. For all cross

section measurements, an uncertainty in the resolution of the signal mass peak of 20% is

included in the signal determination [17].

When measuring the differential cross section as a function of the jet multiplicity, the

systematic uncertainty in the jet energy scale is included as fully correlated between the
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signal and background estimations. This uncertainty ranges from 3% for low jet multi-

plicity bins to 12% for the highest jet multiplicity bin for the signal, and from 2% to

16% for background. The uncertainties related to the jet identification efficiency and

the jet energy resolution are found to be negligible with respect to the jet energy scale

systematic uncertainty.

The underlying assumption on the signal model used to extract the fiducial cross sec-

tions introduces an additional systematic effect on the measurement result. This effect is

estimated by extracting the fiducial cross sections from data assuming a range of alterna-

tive signal models. The alternative models include models with an arbitrary fraction of

the SM Higgs boson production modes, models of Higgs-like resonances with anomalous

interactions with a pair of neutral gauge bosons, or models of Higgs-like resonances with

exotic decays to the four-lepton final state. These exotic models are briefly introduced in

section 3 and detailed in ref. [18]. The largest deviation between the fiducial cross sections

measured assuming these alternative signal models and the fiducial cross section measured

under the SM Higgs boson assumption is quoted as the systematic effect associated with

the model dependence. If we neglect the existing experimental constraints [11, 18] on the

exotic signal models, the effect is found to be up to 7% in all reported measurements,

except in the case of the jet multiplicity differential measurement where in some bins the

effect can be as large as 25%. If we impose experimental constraints [11, 18] on the allowed

exotic signal models, the systematic effect associated with the model dependence reduces

to 3-5% for the jet multiplicity differential measurement, and it is smaller than 1% for

the other measurements. The more conservative case which does not take into account

existing experimental constraints is used to report a separate systematic uncertainty due

to the model dependence.

The effect on the cross section measurement due to mH being fixed in the fit procedure

is estimated from simulation to be about 1%. The additional uncertainty due to this effect

is negligible with respect to the other systematic uncertainties, and is not included in the

measurements. The overview of the main systematic effects in the case of the H → 4`

measurements is presented in table 4.

8 Results

The result of the maximum likelihood fit to the signal and background m4` spectra in data

collected at
√
s = 8 TeV, used to extract the integrated H → 4` fiducial cross section for

the m4` range from 105 to 140 GeV, is shown in figure 2 (left). Similarly, the result of

the maximum likelihood fit for the H → 4` and Z→ 4` contributions to the inclusive m4`

spectra in the range from 50 to 140 GeV is shown in figure 2 (right).

Individual measurements of integrated H → 4` fiducial cross sections at 7 and 8 TeV,

performed in the m4` range from 105 to 140 GeV, are presented in table 5 and figure 3.

The central values of the measurements are obtained assuming the SM Higgs boson sig-

nal with mH = 125.0 GeV, modelled by the Powheg+JHUGen for the gg → H con-

tribution, powheg for the VBF contribution, and pythia for the VH + ttH contribu-
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Summary of relative systematic uncertainties

Common experimental uncertainties

Luminosity 2.2% (7 TeV), 2.6% (8 TeV)

Lepton identification/reconstruction efficiencies 4–10%

Background related uncertainties

QCD scale (qq→ ZZ, gg→ ZZ) 3–24%

PDF set (qq→ ZZ, gg→ ZZ) 3–7%

Reducible background (Z + X) 20–40%

Jet resolution and energy scale 2–16%

Signal related uncertainties

Lepton energy scale 0.1–0.3%

Lepton energy resolution 20%

Jet energy scale and resolution 3–12%

Combinatorial signal-induced contribution

Effect on the final measurement 4–11%

Model dependence

With exp. constraints on production modes and exotic models 1–5%

No exp. constraints on production modes and exotic models 7–25%

Table 4. Overview of main sources of the systematic uncertainties in the H → 4` cross section

measurements. More details, including the definition of the model dependence are presented in

the text.
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Figure 2. Observed inclusive four-lepton mass distribution and the resulting fits of the signal

and background models, presented in section 6, in case of an independent H → 4` fit (left) and

a simultaneous H → 4` and Z → 4` fit (right). The gg → H → 4` process is modelled using

Powheg+JHUGen, while qq→ 4` process is modelled using powheg (both s- and t/u-channels).

The sub-dominant component of the Higgs boson production is denoted as XH = VBF + VH + ttH.

tions. In table 5 and hereafter, the sub-dominant component of the signal is denoted as

XH = VBF + VH + ttH.

The measured fiducial cross sections are compared to the SM NNLL+NNLO theoreti-

cal estimations in which the acceptance of the dominant gg → H contribution is modelled

using Powheg+JHUGen, MiNLO HJ, or HRes, as discussed in section 3. The total un-
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Fiducial cross section H→ 4` at 7 TeV

Measured 0.56+0.67
−0.44 (stat) +0.21

−0.06 (syst) ± 0.02 (model) fb

gg→ H(HRes) + XH 0.93+0.10
−0.11 fb

Fiducial cross section H→ 4` at 8 TeV

Measured 1.11+0.41
−0.35 (stat) +0.14

−0.10 (syst) +0.08
−0.02 (model) fb

gg→ H(HRes) + XH 1.15+0.12
−0.13 fb

Ratio of H→ 4` fiducial cross sections at 7 and 8 TeV

Measured 0.51+0.71
−0.40 (stat) +0.13

−0.05 (syst) +0.00
−0.03 (model)

gg→ H(Hres) + XH 0.805+0.003
−0.010

Table 5. Results of the H → 4` integrated fiducial cross section measurements performed in the

m4` range from 105 to 140 GeV for pp collisions at 7 and 8 TeV, and comparison to the theoretical

estimates obtained at NNLL+NNLO accuracy. Statistical and systematic uncertainties, as well

as the model-dependent effects are quoted separately. The sub-dominant component of the Higgs

boson production is denoted as XH = VBF + VH + ttH.

certainty in the NNLL+NNLO theoretical estimates is computed according to ref. [39], and

includes uncertainties due to the QCD renormalization and factorization scales (∼7.8%),

PDFs and strong coupling constant αS modelling (∼7.5%), as well as the acceptance (2%)

and branching fraction (2%) uncertainties. In the computation of the total uncertainty the

PDFs/αS uncertainties are assumed to be correlated between the VBF and VH production

modes (dominantly quark-antiquark initiated), and anticorrelated between the gg → H

and ttH production modes (dominantly gluon-gluon initiated). Furthermore, the QCD

scale uncertainties are considered to be uncorrelated, while uncertainties in the acceptance

and branching fraction are considered to be correlated across all production modes. The

differences in how the Powheg+JHUGen, MiNLO HJ, and HRes generators model the

acceptance of the gg → H contribution are found to be an order of magnitude lower than

the theoretical uncertainties, and in table 5 and figure 3 we show estimations obtained

using HRes.

The measured H→ 4` fiducial cross section at 8 TeV is found to be in a good agreement

with the theoretical estimations within the associated uncertainties. The uncertainty of

the measurement is largely dominated by its statistical component of about 37%, while

the systematic component is about 12%. The theoretical uncertainty of about 11% is

comparable to the systematic uncertainty, and is larger than the model dependence of the

extracted results, which is about 7%. In the case of the cross section at 7 TeV, as well as

the ratio of cross sections at 7 and 8 TeV, the measured cross sections are lower but still in

agreement with the SM theoretical estimations within the large statistical uncertainties.

The result of the measurement of the integrated Z→ 4` fiducial cross section at 8 TeV

in the m4` range from 50 to 105 GeV is summarized in table 6. The measured Z → 4`

cross section is found to be in good agreement with the theoretical estimations obtained
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Figure 3. Results of measurements of the integrated H→ 4` fiducial cross section in pp collisions

at 7 and 8 TeV, with a comparison to SM estimates. The red error bar represents the systematic

uncertainty, while the black error bar represents the combined statistical and systematic uncertain-

ties, summed in quadrature. The additional systematic effect associated with model dependence

is represented by grey boxes. The theoretical estimates at NNLL+NNLO accuracy and the cor-

responding systematic uncertainties are shown in blue as a function of the centre-of-mass energy.

The acceptance of the dominant gg → H contribution is modelled at the parton level using HRes,

and corrected for hadronization and underlying-event effects estimated using Powheg+JHUGen

and Pythia 6.4.

Fiducial cross section Z→ 4` at 8 TeV

(50 < m4` < 105 GeV)

Measured 4.81+0.69
−0.63 (stat) +0.18

−0.19 (syst) fb

powheg 4.56± 0.19 fb

Ratio of fiducial cross sections of H→ 4` and Z→ 4` at 8 TeV

(50 < m4` < 140 GeV)

Measured 0.21+0.09
−0.07 (stat)± 0.01 (syst)

gg→ H(HRes) + XH and Z→ 4` (powheg) 0.25± 0.04

Table 6. The Z→ 4` integrated fiducial cross section at 8 TeV in the m4` range from 50 to 105 GeV,

and the ratio of 8 TeV fiducial cross sections of H → 4` and Z → 4` obtained from a simultaneous

fit of mass peaks of Z → 4` and H → 4` in the mass window 50 to 140 GeV. The sub-dominant

component of the Higgs boson production is denoted as XH = VBF + VH + ttH.

using powheg. As the total relative uncertainty in the Z → 4` measurement is about 2.6

times lower than the relative uncertainty in the H → 4` measurement, the good agreement

between the measured and estimated Z → 4` cross section provides a validation of the

measurement procedure in data.
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Figure 4. Results of the differential H → 4` fiducial cross section measurements and comparison

to the theoretical estimates for the transverse momentum (left) and the rapidity (right) of the

four-lepton system. The red error bars represent the systematic uncertainties, while black error

bars represent the combined statistical and systematic uncertainties, summed in quadrature. The

additional systematic uncertainty associated with the model dependence is separately represented

by the grey boxes. Theoretical estimates, in which the acceptance of the dominant gg → H contri-

bution is modelled by Powheg+JHUGen+pythia, Powheg MiNLO HJ+pythia, and HRes

generators as discussed in section 3, are shown in blue, brown, and pink, respectively. The sub-

dominant component of the signal XH is indicated separately in green. In all estimations the total

cross section is normalized to the SM estimate computed at NNLL+NNLO accuracy. Systematic

uncertainties correspond to the accuracy of the generators used to derive the differential estima-

tions. The bottom panel shows the ratio of data or theoretical estimates to the HRes theoretical

estimations.

In addition, a simultaneous fit for the H → 4` and Z → 4` resonances is performed

in the m4` range from 50 to 140 GeV, and the ratio of the corresponding fiducial cross

sections is extracted. The measurement of the ratio of these cross sections, when masses

of the two resonances are fixed in the fit, is presented in table 6. A good agreement

between the measured ratio and its SM theoretical estimation is observed. In the scenario

in which the masses of the two resonances are allowed to vary, as discussed in section 6,

the fitted value for the mass difference between the two resonances is found to be ∆m =

mH − mZ = 34.2 ± 0.7 GeV. As discussed in ref. [63], it is worth noting that by using

the measured mass difference ∆m and the PDG value of the Z boson mass mPDG
Z which

is precisely determined in other experiments, the Higgs boson mass can be extracted as

mH = mPDG
Z + ∆m = 125.4± 0.7 GeV. This result is in agreement with the best fit value

for mH obtained from the dedicated mass measurement in this final state [17], and provides

further validation of the measurement procedure.

The measured differential H → 4` cross sections at 8 TeV, along with the theoretical

estimations for a SM Higgs boson with mH = 125.0 GeV are presented in figures 4 and 5.

Results of the measurements are shown for the transverse momentum and the rapidity of

the four-lepton system, jet multiplicity, transverse momentum of the leading jet, as well
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Figure 5. Results of the differential H → 4` fiducial cross section measurements and comparison

to the theoretical estimates for the transverse momentum of the leading jet (top left), separation

in rapidity between the Higgs boson candidate and the leading jet (top right), as well as for the jet

multiplicity (bottom). The red error bars represent the systematic uncertainties, while black error

bars represent the combined statistical and systematic uncertainties, summed in quadrature. The

additional systematic uncertainty associated with the model dependence is separately represented

by the grey boxes. Theoretical estimations, in which the acceptance of the dominant gg → H

contribution is modelled by Powheg+JHUGen+pythia, and Powheg MiNLO HJ+pythia

generators, as discussed in section 3, are shown in blue and brown, respectively. The sub-dominant

component of the signal XH is indicated separately in green. In all estimations the total cross section

is normalized to the SM estimate computed at NNLL+NNLO accuracy. Systematic uncertainties

correspond to the accuracy of the generators used to derive the differential estimations. The bottom

panel shows the ratio of data or theoretical estimates to the Powheg MiNLO HJ theoretical

estimations.

as separation in rapidity between the Higgs boson candidate and the leading jet. The

uncertainty in the theoretical estimation for the dominant gg → H process is computed

in each bin of the considered observable by the generator used for the particular signal

description (Powheg+JHUGen, Powheg MiNLO HJ, or HRes). The theoretical un-
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certainties for the associated production mechanisms are taken as constant across the bins

of the differential observables and are obtained from ref. [39].

The measurement of the transverse momentum of the four-lepton system probes the

perturbative QCD calculations of the dominant loop-mediated gg → H production mecha-

nism, in which the transverse momentum pT(H) is expected to be balanced by the emission

of soft gluons and quarks. In addition, the rapidity distribution of the four-lepton system,

y(H) is sensitive both to the modelling of the gluon fusion production mechanism and to

the PDFs of the colliding protons. The measured differential cross sections for these two

observables are shown in figure 4. Results are compared to the theoretical estimations in

which the dominant gg→ H contribution is modelled using Powheg+JHUGen, Powheg

MiNLO HJ, and HRes. In case of the HRes, the gg → H acceptance is modelled at the

parton level, and corrected for the hadronization and underlying event effects in bins of

the considered differential observable, as discussed in section 3. The observed distribu-

tions are compatible with the SM-based theoretical estimations within the large associated

uncertainties.

Similarly, the jet multiplicity N(jets), transverse momentum of the leading jet pT(jet),

and its separation in rapidity from the Higgs boson candidate |y(H)− y(jet)| are sensitive

to the theoretical modelling of hard quark and gluon radiation in this process, as well as to

the relative contributions of different Higgs boson production mechanisms. The measured

differential cross sections for the leading jet transverse momentum, and its separation in

rapidity from the Higgs boson candidate are shown in figure 5, and are found to be com-

patible with the SM-based estimations within the large uncertainties. In the case of the jet

multiplicity cross section, also shown in figure 5, we observe the largest deviation from the

SM-based estimations. The p-value that quantifies the compatibility of the jet multiplicity

distribution between data and SM estimations is p = 0.13. It is computed from the differ-

ence between the −2 log(L) at its best fit value and the value with the cross sections fixed

to the theoretical estimation based on the Powheg+JHUGen description of the gg→ H

process. Furthermore, we have performed the measurement of the differential Z → 4` cross

sections at 8 TeV for the same set of observables used in the H → 4` measurements, includ-

ing the jet multiplicity, and have found a good agreement with the theoretical estimations.

The p-values for the differential distributions of Z → 4` events range from 0.21 in case of

rapidity of the Z boson, to 0.99 for some of the angles defined by the four leptons in the

Collins-Soper reference frame [64]. As the relative statistical uncertainty in the Z → 4`

measurement is lower than the relative uncertainty in the H → 4` measurement, these

results provide additional validation of the measurement procedure in data.

9 Summary

We have presented measurements of the integrated and differential fiducial cross sections

for the production of four leptons via the H → 4` decays in pp collisions at centre-of-

mass energies of 7 and 8 TeV. The measurements were performed using collision data

corresponding to integrated luminosities of 5.1 fb−1 at 7 TeV and 19.7 fb−1 at 8 TeV. The

differential cross sections were measured as a function of the transverse momentum and
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the rapidity of the four-lepton system, the transverse momentum of the leading jet, the

difference in rapidity between the Higgs boson candidate and the leading jet, and the jet

multiplicity. Measurements of the fiducial cross section for the production of four leptons

via the Z→ 4` decays, as well as its ratio to the H→ 4` cross section, were also performed

using the 8 TeV data. The uncertainty in the measurements due to the assumptions in the

model of Higgs boson properties was estimated by studying a range of exotic Higgs boson

production and spin-parity models. It was found to be lower than 7% of the fiducial cross

section. The integrated fiducial cross section for the four leptons production via the H → 4`

decays is measured to be 0.56+0.67
−0.44 (stat) +0.21

−0.06 (syst) fb and 1.11+0.41
−0.35 (stat) +0.14

−0.10 (syst) fb at

7 and 8 TeV, respectively. The measurements are found to be compatible with theoretical

calculations based on the standard model.
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Université Catholique de Louvain, Louvain-la-Neuve, Belgium

S. Basegmez, C. Beluffi4, O. Bondu, S. Brochet, G. Bruno, A. Caudron, L. Ceard, G.G. Da

Silveira, C. Delaere, D. Favart, L. Forthomme, A. Giammanco5, J. Hollar, A. Jafari,

P. Jez, M. Komm, V. Lemaitre, A. Mertens, M. Musich, C. Nuttens, L. Perrini, A. Pin,

K. Piotrzkowski, A. Popov6, L. Quertenmont, M. Selvaggi, M. Vidal Marono
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D. De Jesus Damiao, C. De Oliveira Martins, S. Fonseca De Souza, L.M. Huertas Guativa,

H. Malbouisson, D. Matos Figueiredo, L. Mundim, H. Nogima, W.L. Prado Da Silva,

A. Santoro, A. Sznajder, E.J. Tonelli Manganote7, A. Vilela Pereira

Universidade Estadual Paulista a, Universidade Federal do ABC b, São Paulo,

Brazil

S. Ahujaa, C.A. Bernardesb, A. De Souza Santosb, S. Dograa, T.R. Fernandez Perez Tomeia,

E.M. Gregoresb, P.G. Mercadanteb, C.S. Moona,8, S.F. Novaesa, Sandra S. Padulaa,

D. Romero Abad, J.C. Ruiz Vargas

Institute for Nuclear Research and Nuclear Energy, Sofia, Bulgaria

A. Aleksandrov, R. Hadjiiska, P. Iaydjiev, M. Rodozov, S. Stoykova, G. Sultanov, M. Vu-

tova

University of Sofia, Sofia, Bulgaria

A. Dimitrov, I. Glushkov, L. Litov, B. Pavlov, P. Petkov

Institute of High Energy Physics, Beijing, China

M. Ahmad, J.G. Bian, G.M. Chen, H.S. Chen, M. Chen, T. Cheng, R. Du, C.H. Jiang,

R. Plestina9, F. Romeo, S.M. Shaheen, A. Spiezia, J. Tao, C. Wang, Z. Wang, H. Zhang

State Key Laboratory of Nuclear Physics and Technology, Peking University,

Beijing, China

C. Asawatangtrakuldee, Y. Ban, Q. Li, S. Liu, Y. Mao, S.J. Qian, D. Wang, Z. Xu

Universidad de Los Andes, Bogota, Colombia

C. Avila, A. Cabrera, L.F. Chaparro Sierra, C. Florez, J.P. Gomez, B. Gomez Moreno,

J.C. Sanabria

University of Split, Faculty of Electrical Engineering, Mechanical Engineering

and Naval Architecture, Split, Croatia

N. Godinovic, D. Lelas, I. Puljak, P.M. Ribeiro Cipriano

University of Split, Faculty of Science, Split, Croatia

Z. Antunovic, M. Kovac

Institute Rudjer Boskovic, Zagreb, Croatia

V. Brigljevic, K. Kadija, J. Luetic, S. Micanovic, L. Sudic

University of Cyprus, Nicosia, Cyprus

A. Attikis, G. Mavromanolakis, J. Mousa, C. Nicolaou, F. Ptochos, P.A. Razis,

H. Rykaczewski

Charles University, Prague, Czech Republic

M. Bodlak, M. Finger10, M. Finger Jr.10

– 28 –



J
H
E
P
0
4
(
2
0
1
6
)
0
0
5

Academy of Scientific Research and Technology of the Arab Republic of Egypt,

Egyptian Network of High Energy Physics, Cairo, Egypt

E. El-khateeb11,11, T. Elkafrawy11, A. Mohamed12, E. Salama13,11

National Institute of Chemical Physics and Biophysics, Tallinn, Estonia

B. Calpas, M. Kadastik, M. Murumaa, M. Raidal, A. Tiko, C. Veelken

Department of Physics, University of Helsinki, Helsinki, Finland

P. Eerola, J. Pekkanen, M. Voutilainen

Helsinki Institute of Physics, Helsinki, Finland
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N. Kovalchuk, T. Lapsien, T. Lenz, I. Marchesini, D. Marconi, M. Meyer, D. Nowatschin,

J. Ott, F. Pantaleo2, T. Peiffer, A. Perieanu, N. Pietsch, J. Poehlsen, D. Rathjens,

C. Sander, C. Scharf, H. Schettler, P. Schleper, E. Schlieckau, A. Schmidt, J. Schwandt,

V. Sola, H. Stadie, G. Steinbrück, H. Tholen, D. Troendle, E. Usai, L. Vanelderen,

A. Vanhoefer, B. Vormwald

Institut für Experimentelle Kernphysik, Karlsruhe, Germany

M. Akbiyik, C. Barth, C. Baus, J. Berger, C. Böser, E. Butz, T. Chwalek, F. Colombo,
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Italy

S. Buontempoa, N. Cavalloa,c, S. Di Guidaa,d,2, M. Espositoa,b, F. Fabozzia,c,

A.O.M. Iorioa,b, G. Lanzaa, L. Listaa, S. Meolaa,d,2, M. Merolaa, P. Paoluccia,2,

C. Sciaccaa,b, F. Thyssen
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INFN Sezione di Pisa a, Università di Pisa b, Scuola Normale Superiore di

Pisa c, Pisa, Italy

K. Androsova,30, P. Azzurria,2, G. Bagliesia, J. Bernardinia, T. Boccalia, R. Castaldia,

M.A. Cioccia,30, R. Dell’Orsoa, S. Donatoa,c,2, G. Fedi, L. Foàa,c†, A. Giassia,
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Haute Alsace Mulhouse, CNRS/IN2P3, Strasbourg, France

5: Also at National Institute of Chemical Physics and Biophysics, Tallinn, Estonia

6: Also at Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University,

Moscow, Russia

7: Also at Universidade Estadual de Campinas, Campinas, Brazil

8: Also at Centre National de la Recherche Scientifique (CNRS) - IN2P3, Paris, France

9: Also at Laboratoire Leprince-Ringuet, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France

10: Also at Joint Institute for Nuclear Research, Dubna, Russia

11: Also at Ain Shams University, Cairo, Egypt

12: Also at Zewail City of Science and Technology, Zewail, Egypt

13: Also at British University in Egypt, Cairo, Egypt
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