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Abstract

We report on studies of the e
+

e
� ! HZ process with the subsequent decay of the Higgs

boson H ! ZZ
?
, where the ZZ

?
combination is reconstructed in the final states with two

jets and two leptons. The analysis is performed using Monte Carlo data samples obtained

with detailed ILD detector simulation assuming the integrated luminosity 2 ab
�1

, the beam

polarizations P
e
�

e
+ = (�0.8,+0.3), and the center-of-mass energy

p
s = 250 GeV. The ana-

lysis is also repeated for the case of two 0.9 ab
�1

data samples with polarizations P
e
�

e
+ =

(⌥0.8,±0.3). The process is measured in four decay channels, which correspond to two

combinations for the Higgs final states and two decay modes of the directly produced Z

boson, Z ! qq̄ and Z ! nn̄ . To obtain the Higgs boson mass distributions, we used the

variables M( j j``) and MD = M( j j``)� M( j j) + M(Znom), where M(Znom) = 91.2 GeV.

Contributions of the potential background processes are taken into account based on the

available MC event samples. The e
+

e
� ! HZ process measurement allows to obtain the

width of the Higgs boson in a model-independent approach.

This work was carried out in the framework of the ILD concept group.
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We report on studies of the e
+
e
� ! HZ process with the subsequent decay of the Higgs boson

H ! ZZ
?, where the ZZ

? combination is reconstructed in the final states with two jets and two
leptons. The analysis is performed using Monte Carlo data samples obtained with detailed ILD
detector simulation assuming the integrated luminosity 2 ab�1, the beam polarizations Pe�e+ =
(�0.8,+0.3), and the center-of-mass energy

p
s = 250 GeV. The analysis is also repeated for the case

of two 0.9 ab�1 data samples with polarizations Pe�e+ = (⌥0.8,±0.3). The process is measured
in four decay channels, which correspond to two combinations for the Higgs final states and two
decay modes of the directly produced Z boson, Z ! qq̄ and Z ! ⌫⌫̄. To obtain the Higgs boson
mass distributions, we used the variables M(jj``) and M� = M(jj``)�M(jj) +M(Znom), where
M(Znom) = 91.2 GeV. Contributions of the potential background processes are taken into account
based on the available MC event samples. The e

+
e
� ! HZ process measurement allows to obtain

the width of the Higgs boson in a model-independent approach.

PACS numbers: 13.38.Dg, 13.66.Fg, 13.66.Jn, 14.80.Bn

I. INTRODUCTION

Since the discovery of the Higgs boson by the ATLAS
and CMS collaborations [1, 2] in 2012, the next impor-
tant task is to measure parameters of this particle with
the highest possible accuracy. In recent years, the mass,
couplings, production cross sections, and quantum num-
bers of the Higgs boson have been measured in the LHC
experiments with increasing accuracies. However, the
width of the Higgs boson is di�cult to measure at LHC
in a model-independent approach. Indirect methods will
allow to obtain the Higgs width at LHC after the high-
luminosity upgrade, but even with the data sample of
3 ab�1 the uncertainty is expected to be ⇠20% [3, 4].

The width of the Higgs boson is strictly theoretically
defined within the Standard model (SM) for a fixed Higgs
mass. The width value of 4.1 MeV/c2 has been calcu-
lated for the mass of 125 GeV/c2 [5]. This result may be
distorted by Beyond the Standard Model (BSM) contri-
butions. Therefore, the model-independent measurement
of the Higgs width provides an important test of SM. A
high accuracy of this measurement can be reached at the
future e+e� linear collider ILC. A large number of Higgs
bosons will be produced at ILC, whereas backgrounds
are expected to be relatively small. Events in the ILD
detector at ILC have clean and well defined signatures
and, therefore, processes of interest can be identified and
studied in details.

We propose to use the process e
+
e
� ! ZH with the

subsequent decay H ! ZZ
? to measure the product of

the cross section and the decay branching fraction, which
can theoretically be expressed as:

�(e+e� ! HZ)⇥Br(H ! ZZ
?) = C · g4Z/�H (1)

Here C is a constant which can be calculated theoretically
with an uncertainty of less than 1% [6], gZ is the Higgs
boson coupling HZZ, and �H is the Higgs boson width.
Therefore, the measurement of this product will allow to
obtain the width of the Higgs boson with a high accuracy,
because the coupling gZ is expected to be determined
combining ILC and LHC results with an uncertainty of
about 0.5% [7] using other processes. In this analysis
we assume the data sample of 2 ab�1 collected by the
ILD experiment in the e+e� collisions at a center-of-mass
energy 250 GeV.

In the studied process the two on-shell Z bosons and
one o↵-shell Z

? boson have to be reconstructed. The
directly produced Z boson is denoted below as Z1 to
separate it from the Z bosons produced in the Higgs

decay. The decays of the Z
(?)
(1) bosons to two hadronic

jets, two opposite sign leptons (`± = e
±
, µ

±), and two
neutrinos are considered in the analysis. The number of
signal events is expected to be small if two of these three

Z
(?)
(1) bosons are reconstructed in leptonic modes. There-

fore we reconstruct only one of three Z
(?)
(1) bosons in the

leptonic mode, and other two in hadronic or neutrino
modes. In this paper four channels are studied and the
final precision of the Higgs width measurement is calcu-
lated combining accuracies obtained in these channels.

II. MC SAMPLES AND ANALYSIS TOOLS

In this analysis we study the following sub-processes:
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e
+
e
� ! Z1(q1q2)H, H ! Z(q3q4)Z

?(`1`2) (2)

e
+
e
� ! Z1(q1q2)H, H ! Z(`1`2)Z

?(q3q4) (3)

e
+
e
� ! Z1(⌫⌫̄)H, H ! Z(q1q2)Z

?(`1`2) (4)

e
+
e
� ! Z1(⌫⌫̄)H, H ! Z(`1`2)Z

?(q1q2) (5)

The o�cial Monte Carlo (MC) data samples produced
by the ILD group are used. All processes are generated
using Whizard 2.8.5 package [8] with the LCIO [9] out-
put format; hadronization is performed by Pythia6 [10].
The detailed simulation of the ILD detector [11] e↵ects
is performed using the ILD_l5_o1_v02 model from the
ILCSoft toolkit [12] v02-00-02 using the DD4HEP [13]
software package. Finally, the events are reconstructed
with the MarlinReco [14] package.

The o�cial MC samples are generated assuming four
possible combinations with 100% beam polarization,
Pe�e+ = (± 1.0,± 1.0), and 250 GeV center-of-mass en-
ergy. For the signal events two sets of MC samples are ob-
tained: e�

L
e
+
R
(LR) with left-handed electrons and right-

handed positrons and e
�
R
e
+
L
(RL) with right-handed elec-

trons and left-handed positrons. Initial state radiation
(ISR) and beam radiation processes are properly included
at the generation level. The �� beam induced processes
are overlaid on the generated events before reconstruc-
tion. The MC samples contain data arrays, so-called
data collections, with information about all particles in
an event. In particular, the MCParticles [15] and Pan-
doraPFOs (the Particle Flow Objects reconstructed with
PandoraPFA [16]) collections are included in the sam-
ples. Table I shows the basic information taken from
logbook ELOG [17] for MC samples selected from repos-
itory for this analysis. Zero background contribution is
obtained in studies of the MC samples ZZ(4j) + �

?(2`),
ZZ/WW (4j)+2⌫, H(all)+X, and Z(2⌫)Z(2j)+�

?(2`),
which are not included in Table I.

ILCSoft includes the Marlin software package, which
contains special program codes, so-called processors,
used, in particular, for the separation of isolated leptons
and the jet reconstruction. The Marlin package allows
to use the FastJet [18] software codes, designed for clus-
tering particles in jets based on various reconstruction
algorithms. This method is used in the analysis.

III. EVENT PRESELECTION AND INITIAL

ANALYSIS

The MC samples studied are preselected using the
MCParticle collection containing information from the
MC event generator level. The signal samples are ex-
tracted requiring only specific process and decay chains.
The background samples are studied without preselec-
tions, however the most dangerous background processes
are also preselected and studied separately. All follow-
ing selections are applied using the information on the
reconstruction level.

The first step of the event selection is to iden-

tify two isolated lepton candidates. The standard
IsolatedLeptonTagging [19] processor is applied for
this goal. This processor finds high energy leptons
in events using multivariate double-cone method and
TMVA [20] machine learning algorithms. We used the de-
fault set of parameters and weights included in this pro-
cessor. The Z

? and Z reconstruction e�ciencies in the
leptonic modes in the channel with four jets (two jets) are
⇠67% (⇠72%) and ⇠90% (⇠91%), respectively. Only
events with two identified isolated leptons are kept for
the following analysis. These leptons are excluded from
the following jet reconstruction procedure.
Energetic ISR photons can be observed inside the de-

tector, this can a↵ect the analysis. A simple ISR identi-
fication procedure [21] is applied after the lepton identi-
fication procedure. If an ISR photon candidate is found,
it is removed from the PFOs collection and not used in
the jet reconstruction.
The next step is the jet reconstruction which is per-

formed using FastJet clustering tools. For this goal we
choose the Valencia [22] algorithm, which was specially
developed for jet reconstruction at electron-positron col-
liders. We select this algroithm for its high e�ciency
of jet reconstruction near the beam direction. After ex-
cluding isolated leptons and ISR photons all remaining
particles in an event are expected to be a part of jets or
to come from a �� low Pt process. On average about 0.4
�� low Pt hadron events are expected per bunch-crossing
at

p
s = 250 GeV [23]. We use an exclusive kT cluster-

ing algorithm [24] with a generalised jet radius of 1.5 to
remove the �� overlay particles and the Valencia algo-
rithm to force the remaining particles into two or four
jets, depending on the studied channel. Three param-
eters should be adjusted in the Valencia algorithm, the
generalised jet cone radius R, and the � and � param-
eters, which allow to control of the clustering order and
the background resilience. We set the � parameter to 1.0
that corresponds to behaviour of the kT algorithm. The
radius R and the parameter � are tuned to optimise the
invariant two-jet mass shape from the Z ! jj decay.
The position and the width of the two-jet mass distribu-
tion are evaluated for di↵erent R and � values using the
M(jj)�M(Z), IQR34, RMS90 and Median parameters
proposed in [22]. We chose the values of these parame-
ters which provide the best Z boson mass reconstruction
quality. Table II shows the sets of the best R, � and �

parameters choosen for the Valencia jet clustering algo-
rithm in each channel.
The product of the cross section and the branching

fraction discussed above can be measured experimentally
using the formula:

�(e+e� ! HZ1)⇥Br(H ! ZZ
?) =

Nsig/(Lint · ✏ ·Br(Z1) ·Br(Z) ·Br(Z⇤))
(6)

where Nsig is the number of signal events measured in a
specific channel, and Lint is the integrated luminosity of
a used data sample. For a studied channel the selection
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TABLE I: The basic information for all MC samples used in the analysis. The numbers are taken from generation logbook
ELOG. The given cross sections are corrected for the decay branching fractions indicated in the first column. The upper and
down quarks are labelled as qu and qd respectively.

Process Integrated Cross Number

luminosity, section, of events

ab
�1

fb

Signal samples

eLpR eRpL eLpL eRpR eLpR eRpL eLpL eRpR eLpR eRpL eLpL eRpR

qq̄H(ZZ) 55.6 86.9 8.99 5.75 5·105 5·105

⌫e⌫̄eH(ZZ) 316 889 1.58 0.56 5·105 5·105

⌫µ⌧ ⌫̄µ⌧H(ZZ) 284 445 1.76 1.12 5·105 5·105

Background samples

eLpR eRpL eLpL eRpR eLpR eRpL eLpL eRpR eLpR eRpL eLpL eRpR

qq̄ 5.00 5.00 128·103 70.4·103 6.40·108 3.52·108

W (qq̄)W (e+ ⌫) 5.00 5.77 1.05 1.05 10.3·103 86.7 191 191 51.4·106 5·105 2·105 2·105

W (qq̄)W (µ/⌧ + ⌫) 5.00 5.19 18.8·103 173 93.9·106 9·105

Z(qq̄)Z(e+e�) 5.06 5.00 1.04 1.04 1423 1219 1156 1157 72·105 61·105 12·105 12·105

Z(qq̄)Z(µ+
µ
�/⌧+

⌧
�) 5.01 5.14 838 467 42·105 24·105

WW/ZZ (quq̄dq̄uqd) 5.00 5.32 12.4·103 225 62·106 12·105

WW (other 4q) 5.00 5.12 14.8·103 225 74.4·106 7·105

ZZ(other 4q) 5.05 5.11 1406 607 7.1·106 3.1·106

WW (4q) + �
?(e+e�) 28.1 168 183 182 0.71 0.12 0.11 0.11 2·104 2·104 2·104 2·104

WW (4q) + �
?(µ+

µ
�/⌧+

⌧
�) 16.9 407 1.19 0.05 2·104 2·104

qq̄H(all) 1.5 2.3 343 219 5·105 5·105

TABLE II: The best Valencia algorithm parameters choosen
for the jet reconstruction in di↵erent channels.

Valencia
parameters

Z1(jj),
Z(jj),
Z⇤(``)

Z1(jj),
Z(``),
Z⇤(jj)

Z1(⌫⌫̄),
Z(jj),
Z⇤(``)

Z1(⌫⌫̄),
Z(``),
Z?(jj)

� 1.0 1.0 1.0 1.0

� 0.4 0.4 0.6 0.3

R 1.6 0.7 1.4 1.4

e�ciency is denoted by ✏ and the relevant decay branch-
ing fractions of the Z bosons decays taken from PDG [3]
are denoted as Br(Z1), Br(Z), and Br(Z⇤).

To get the expected number of signal or background
events with Pe�e+ = (�0.8,+0.3) polarization and the
integrated luminosity 2 ab�1, we apply a weight factor
to each event from the MC samples. The MC samples are
generated assuming 100% polarized beams; the sample
nominal integrated luminosities Lnom are given in Ta-
ble I. The weight factor W is calculated as:

W =


1± 0.8

2
· 1± 0.3

2

�
· 2 ab�1

Lnom
(7)

The numbers of initial MC events, the numbers of

events remained after lepton identification, the weight
factors, and the final number of weighted events are given
in Table III.
The number of Higgs boson signal events is obtained

by fitting distributions of the invariant mass M(jj``).
However for the channels with Z ! jj and Z

? ! ``

decays the following formula gives a better resolution:

M� = M(jj``)�M(jj) +M(Znom) (8)

where M(Znom) = 91.2 GeV. This formula allows to ob-
tain a narrower Higgs boson mass peak, because uncer-
tainties of the jet reconstruction are mostly canceled in
the mass di↵erence.

IV. RESULTS

The four channels are studied and the signal statisti-
cal uncertainties are evaluated. To suppress backgrounds
various cuts are applied as summarized in Table IV. First,
the signal and background distributions are obtained
with the weighted bin contents and uncertainties. These
distributions are fitted to obtain shape parameters sep-
arately for the signal and background. Then, the signal
statistical uncertainties are estimated using the obtained
distribution shapes and normalizations. To reproduce
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TABLE III: The numbers of signal events before cuts for dif-
ferent final states obtained from MC samples with di↵erent
polarizations before and after lepton tagging and reweight-
ing. The integrated luminosity 2 ab�1 and polarization
Pe�e+ = (�0.8,+0.3) is assumed.

Channels Pe�e+ MC
events

Lepton
tagging,
events

Weight
factors

Weighted
number
of events

Z1(jj),
Z(jj),
Z⇤(``)

eLpR
eRpL

23989
23845

16088
16027

2.1 · 10�2

1.3 · 10�3
338
21

Z1(jj),
Z(``),
Z⇤(jj)

eLpR
eRpL

23261
23132

20879
20664

2.1 · 10�2

1.3 · 10�3
439
27

Z1(⌫e⌫̄e),
Z(jj),
Z?(``)

eLpR
eRpL

24044
23910

17429
17259

3.7 · 10�3

7.9 · 10�5
65
1.4

Z1(⌫e⌫̄e),
Z(``),
Z?(jj)

eLpR
eRpL

23059
23096

21108
21149

3.7 · 10�3

7.9 · 10�5
79
1.7

Z1(⌫µ,⌧ ⌫̄µ,⌧ ),
Z(jj),
Z?(``)

eLpR
eRpL

23840
23862

17103
17168

4.1 · 10�3

1.6 · 10�4
71
2.7

Z1(⌫µ,⌧ ⌫̄µ,⌧ ),
Z(``),
Z?(jj)

eLpR
eRpL

23189
23225

21168
21246

4.1 · 10�3

1.6 · 10�4
88
3.3

the real data distribution, the weighted signal and back-
ground distributions are summed, the content of each bin
is rounded to the integer number and the Poisson uncer-
tainties for the bin contents are assumed. The binned ex-
tended maximum likelihood fit method is applied to the
combined distributions with the function including signal
and background terms with the fixed shapes determined
in the first step and free normalisations. Finally, the toy
MC method is applied to obtain precise estimates for the
signal statistical uncertainties.

A. Study of the e
+
e
�! Z1(j1j2)H(ZZ

?
)

process with Z ! j3j4, Z
? ! `

+
`
�

The final state of the first studied channel includes two
leptons and four jets. To form the Z1 and Z bosons from
these four jets we calculate �

2 for six possible two-jet
combinations:

�
2 =

(M(Z1)�M(Znom))2

�2
MZ1

+
(M(Z)�M(Znom))2

�2
MZ

+
(P (Z1)� P (Z1))2

�2
PZ1

+
(P (Z + Z

?)� P (Z1))2

�2
PZ+Z?

(9)

where P (Z1) = 60.0 GeV/c is the mean Z1 momentum
in the e

+
e
� ! HZ1 process at the 250 GeV center-of-

mass energy. All � parameters are the mean widths of
corresponding mass or momentum distributions on the

reconstuction level. The combination with the minimal
�
2 is selected for the following analysis.
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FIG. 1: The M� = M(jj``)�M(jj)+M(Znom) mass distri-
butions are shown for the e

+
e
� ! Z1(j1j2)H(ZZ

?) process
with the following Z ! j3j4 and Z

? ! `
+
`
� decays. (a) The

distributions are presented separately for the signal (full dots)
and background (shaded histogram). The fit results are over-
laid: a blue solid curve for the signal and a red dashed curve
for background. (b) The sum of the signal and background
contributions is shown by full dots together with the fit re-
sults: red dashed curve for background and the red solid curve
for the sum. The functions and the fit methods are described
in the text.

After jet matching is performed, several cuts are ap-
plied. To remove random backgrounds, the full visi-
ble energy in the event is required to lie in the range
200 < E(jjjj`+`�) < 260 GeV. After this cut, the dom-
inant backgrounds come from the e

+
e
� ! W

+
W

�
�
?

and e
+
e
� ! ZZ�

? processes, with the o↵-shell �? de-
caying to two leptons and the W and Z bosons decay-
ing to two jets. The distribution of the o↵-shell pho-
tons falls sharply with increasing mass. The invariant
mass of the two leptons rarely exceeds 10 GeV/c2, while
the mass of two leptons in the signal events starts from
10 GeV/c2. To obtain the best signal significance, the
M(`+`�) > 13 GeV/c2 cut is applied to suppress these
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backgrounds. A small contribution comes from the four
jets W

+
W

� and ZZ backgrounds, where b or c-quarks
decay semileptonically and the produced leptons split o↵
the corresponding jet. To suppress these backgrounds,
the minimum lepton momenta is required to be larger
than 9 GeV/c. The maximum lepton momentum is re-
quired to be Pmax(`) < 32 GeV/c. We also apply the cut
M(jj) > 70 GeV/c2, which suppresses the contribution
from the H ! Z

?
Z

? process. Figure 1 shows the M�

distributions for the signal and background events sepa-
rately (a) and for the sum of the signal and background
events (b), obtained as described above.

The signal distribution is modeled by the sum of two
functions: a Breit-Wigner function convolved with a
Gaussian function and an additional wide Gaussian func-
tion to account for residual Z?

Z
? events and a few events

due to a wrong jet matching in the �
2 selection. The

width of the Breit-Wigner function is fixed to the value
� = 2.495 GeV/c

2, because the Z boson natural width
transfers into theM� value. The background is described
by a third order Chebychev polynomial function. First,
the signal and background distributions are fitted sepa-
rately to obtain the shapes of the distributions. Then,
the distribution of the sum of the signal and background
contributions is fitted with the sum of the corresponding
functions with fixed shapes and free normalizations. A
clear signal peak is observed in the combined distribu-
tion. The fit yields 193.4± 24.5 signal events.

The two jet mass distributions for the Z1 and Z bosons
are shown in Fig. 2. These distributions are wide, how-
ever the large uncertainties in the jet reconstruction
mostly cancel in the M� distribution.

70 75 80 85 90 95 100 105 110
M(jj) Mass           (GeV)

5

10

15

20

25

30

Ev
en

ts
 / 

2 
G

eV

  

FIG. 2: The M(j1j2) (hatched histogram) and M(j3j4)
(shaded histogram) mass distributions are shown for the
e
+
e
� ! Z1(j1j2)H(ZZ

?) process with the following Z !
j3j4 and Z

? ! `
+
`
� decays.

The signal significance is checked with a toy MC using
the RooFit package. The 10000 M� mass distributions
are generated using the shapes and normalizations for the
sum of the signal and background distributions obtained

separately. The generated mass distributions are fitted
with a function including both signal and background
terms with free normalizations. Figure 3 demonstrates
the distribution of the numbers of the signal events ob-
tained from the toy MC. The fit of this distribution to
the Gaussian function gives the mean value and width of
192.4± 0.3 and 24.9± 0.2 events, respectively. The toy
MC results agree within uncertainties with the combined
fit results. Therefore the statistical uncertainty for this
channel is 12.9%. We quote as the final results the toy
MC results for this and other channels.
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FIG. 3: The distribution of the number of the signal events
obtained from the toy MC fits (dots with errors) is shown to-
gether with a fit by the Gaussian function (curve) as described
in the text.

B. Study of the e
+
e
�! Z1(j1j2)H(ZZ

?
)

process with Z ! `
+
`
�
, Z

? ! j3j4

In this channel the Z boson is reconstructed in the
leptonic mode and the Z

? boson is reconstructed in the
hadronic mode. The minimal �2 value is calculated from
six possible jet combinations using the formula:

�
2 =

(M(Z1)�M(Znom))2

�2
MZ1

+
(E(Z1)� E(Z1))2

�2
EZ1

+
(P (Z1)� P (Z1))2

�2
PZ1

+
(P (Z + Z

?)� P (Z1))2

�2
PZ+Z?

(10)

where additionally to the M(Znom) and P (Z1) values de-
fined above, the mean Z1 energy E(Z1) = 110.0 GeV is
introduced for the e

+
e
� ! HZ1 process at 250 GeV.

The energy term slightly improves the quality of the �
2

selection. All � parameters are obtained using the corre-
sponding distributions on the reconstuction level.
We apply 70 < M(``) < 95 GeV/c2 and 200 <

E(jjjj``) < 260 GeV requirements to suppress back-
grounds due to random lepton pairs and possible H !
Z

?
Z

? contribution. Kinematically, uncorrelated lepton
pairs with masses in the Z boson mass region are rarely



6

produced at
p
s = 250 GeV. The cut on the di-lepton

mass removes almost all combinatorial backgrounds. Ad-
ditionally we reject candidates with the mass M(jj) >

50 GeV/c2 corresponding to the Z
? ! jj decay. We

found no significant remaining backgrounds in this chan-
nel after the application of all cuts. Figure 4 shows the
distribution of the mass M(jj``), which peaks around of
the Higgs boson mass. The integral of the signal distribu-
tion in the mass range 100 < M(jj``) < 160 GeV/c2 is
275.3 events. The background is very small, the integral
over all bins is 18.3 events. This background is flat and
can be subtracted from the final number of events. Us-
ing this method, the signal mean value and uncertainty
are estimated to be 275.3± 17.2 events. The statistical
uncertainty for this channel is 6.3%.
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FIG. 4: The M(jj``) mass distributions are shown for the
e
+
e
� ! Z1(j1j2)H(ZZ

?) process with the following Z !
`
+
`
� and Z

? ! j3j4 decays. The distributions are presented
separately for the signal (full dots) and background (shaded
histogram).

C. Study of the e
+
e
�! Z1(⌫⌫̄)H(ZZ

?
)

process with Z ! jj, Z
? ! `

+
`
�

We also studied the processes in which the directly pro-
duced Z1 boson decays to neutrinos. Comparing with
decays in the hadronic mode, a smaller number of sig-
nal events is expected in the neutrino mode, due to the
smaller Z decay branching fraction. However the final
state has a simple signature with only two jets and two
leptons.

We studied di↵erent background sources to this chan-
nel with the Z ! jj and Z

? ! `
+
`
� decays. There

are many background sources with large cross sections
which can contribute to this channel. Special attention
must be paid to the e+e� ! Z(2j)Z(⌧+⌧�) process with
leptonic ⌧ decays, and also to the e

+
e
� ! W (2j)W (`⌫)

process with a lepton produced within one of the jets.
Another potentially dangerous background is due to bb̄

pair production, where both b-quarks decay semilepton-
ically. These two leptons have to split o↵ the jets to
imitate the studied configuration. The probability for
two leptons produced in hadronic jets to be identified
as isolated leptons is very low, however it is compen-
sated by high rates for this process. These backgrounds
have a signature similar to the signal configuration. To
reduce these backgrounds a set of cuts given in Ta-
ble IV is applied. The e↵ective cuts are on the full
visble momentum 30 < P (jj``) < 70 GeV/c and en-
ergy E(jj``) < 145 GeV/c. The angular cuts on the
azimuthal angle of the full system relative to the beam
direction, |cos ✓vis| < 0.8, and on the angle between the Z
and Z

? boson directions, ��ZZ? < 120�, allow to further
suppress the backgrounds. Some additional suppression
of specific background configurations can be achieved if
dedicated cuts are applied on the minimum and maxi-
mum momenta of the leptons. We also tested the pro-
cesses e+e� ! bb̄ and e

+
e
� ! ZH(bb̄) and found a small

background contribution. To suppress these backgrounds
we applied the 13 < M(``) < 34 GeV/c

2 cut. The cut
80 < M(jj) < 113 GeV/c

2 is used to suppress the contri-
bution from the H ! Z

?
Z

? process. Figure 5 shows the
M� distributions for the signal and background events
separately (a) and their sum (b).
The fit procedure is applied to estimate the statistical

significance. The signal is modelled with a convolution
of a Breit-Wigner function and a Gaussian function. The
width of the Breit-Wigner function is fixed to the value
� = 2.495 GeV/c

2. The background is described by the
third order Chebychev polynomial function. First, the
signal and background distributions are fitted separately
to obtain the shapes of the functions. Then the sum of
the signal and background contributions is fitted by the
sum of corresponding functions with fixed shapes and
free normalizations. The fit results are shown in Fig. 5.
Finally, the fit gives 52.0± 12.7 signal events. The toy
MC estimation gives 51.9± 13.0 events, that results in
the statistical uncertainty of 25.1%.

D. Study of the e
+
e
�! Z1(⌫⌫̄)H(ZZ

?
)

process with Z ! `
+
`
�
, Z

? ! jj

As in the previous channel, the Z1 boson here decays
also to neutrinos. However the hadronic and leptonic
modes for the Z and Z

? bosons are swapped.
The dangerous background sources are similar to the

previous channel, except the bb̄ background. However
the large di-lepton mass allows backgrounds to be more
e↵ectively suppressed. We select events in the intervals
80 < M(``) < 95 GeV/c

2, 13 < M(jj) < 38 GeV/c
2,

40 < P (jj``) < 70 GeV/c and E(jj``) < 145 GeV
to suppress random lepton pairs and other backgrounds.
Angular cuts |cos ✓vis| < 0.9 and ��ZZ? < 140� are also
applied. Finally we require that at least one jet from the
Z

? decays has the momentum < 22 GeV/c, whereas the
second one has the momentum < 42 GeV/c. Figure 6
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FIG. 5: The M� = M(jj``) � M(jj) + M(Znom) mass dis-
tributions are shown for the e

+
e
� ! Z1(⌫⌫̄)H(ZZ

?) process
with the following Z ! jj and Z

? ! `
+
`
� decays. (a) The

distributions are presented separately for the signal (full dots)
and background (shaded histogram). The fit results are over-
laid: a blue solid curve for the signal and a red dashed curve
for background. (b) The sum of the signal and background
contributions is shown by full dots together with the fit re-
sults: red dashed curve for background and the red solid curve
for the sum. The functions and the fit methods are described
in the text.

shows the mass distribution M(jj``) obtained after all
the cuts applied for the signal and background events
separately (a) and their sum (b).

It has to be noted that the mass distribution is rel-
atively narrow in this channel. This is because of only
two jets and two leptons in the final state. Therefore we
do not need to apply the minimum �

2 method and the
invariant mass of the two jets will not change if some of
particles are wrongly assigned to jets. The signal distri-
bution is described by the sum of two Gaussians. The
wide Gaussian accounts for the H ! Z

?
Z

? contribution.
The background is described by the third order Cheby-
chev polynomial function. Using the fit procedure we
obtain 74.1± 13.9 events. The toy MC estimation gives
73.3± 14.2 events, corresponding to a statistical uncer-
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FIG. 6: The M(jj``) mass distribution is shown for the
e
+
e
� ! Z1(⌫⌫̄)H(ZZ

?) process with the following Z !
`
+
`
� and Z

? ! jj decays. (a) The distributions are pre-
sented separately for the signal (full dots) and background
(shaded histogram). The fit results are overlaid: a blue solid
curve for the signal and a red dashed curve for background.
(b) The sum of the signal and background contributions is
shown by full dots together with the fit results: red dashed
curve for background and the red solid curve for the sum. The
functions and the fit methods are described in the text.

tainty of 19.3%. The combined fit results perfectly agree
with the toy MC values in all four channels.

V. COMBINED SIGNAL SIGNIFICANCE

ESTIMATE

An important result of this study is an estimate of
accuracy which can be reached for the Higgs width
measurement. To estimate the accuracy, we calculate
the combined statistical uncertainty for the four studied

channels using the formula Scomb = 1/
qP4

i=1 S
�2
i

. Re-
sults obtained for all studied channels and the combined
value of statistical uncertainty are given in Table V.
As given in Table V, the statistical uncertainty of the
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TABLE IV: The sets of selections used for each studied chan-
nel are shown.

Selection Z1(jj),
Z(jj),
Z⇤(``)

Z1(jj),
Z(``),
Z⇤(jj)

Z1(⌫⌫̄),
Z(jj),
Z⇤(``)

Z1(⌫⌫̄),
Z(``),
Z?(jj)

M(``) (GeV/c2) [13, 36] [70, 95] [13, 34] [80, 95]

M(Z ! jj) (GeV/c2) > 70 < 50 [80, 113] [13, 38]

M(Z1 ! jj) (GeV/c2) > 70 > 70

E(jjjj``) (GeV) [200, 260] [200, 260]

E(jj``) (GeV) < 145 < 145

Pmax(`) (GeV/c) < 32 < 40

Pmin(`) (GeV/c) > 9 > 8

Pmax(j1) (GeV/c) < 22

Pmax(j2) (GeV/c) < 42

P (jj``) (GeV/c) [30, 70] [40, 70]

|cos ✓vis| < 0.8 < 0.9

��ZZ? (degree) < 120 < 140

TABLE V: Number of signal events and statistical uncertain-
ties obtained from the toy MC fits for each channel.

Z1(jj),
Z(jj),
Z⇤(``)

Z1(jj),
Z(``),
Z⇤(jj)

Z1(⌫⌫̄),
Z(jj),
Z⇤(``)

Z1(⌫⌫̄),
Z(``),
Z?(jj)

Sum

2 ab�1 eLpR

Number 192.4 275.3 51.9 73.3 -

of events ± 24.9 ± 17.2 ± 13.0 ± 14.2 -

Statistical
uncertainty

12.9% 6.3% 25.1% 19.3% 5.29%

0.9 ab�1 eLpR + 0.9 ab�1 eRpL

Number 135.2 202.2 30.9 67.3 -

of events ± 20.4 ± 14.7 ± 10.7 ± 14.3 -

Statistical
uncertainty

15.1% 7.3% 34.6% 21.2% 6.15%

proposed method is 5.29% for the integrated luminosity
2 ab�1 and polarization Pe�e+ = (�0.8,+0.3). Alter-
natively, we assumed two data samples with the polar-
izations Pe�e+ = (�0.8,+0.3) and Pe�e+ = (+0.8,�0.3)
and the integrated luminosity of 0.9 ab�1 each. The same
analysis is repeated for this data taking scheme and the
total statistical uncertainty of 6.15% is obtained.

We note that the branching fraction Br(H ! ZZ
?)

will have a small contribution from the H ! Z
?
Z

? de-
cay, which is around (5-10)% depending on the studied
channels. This contribution can be accurately evaluated
and corrected for. In the last two channels there is also
a contribution from to the W -fusion process e

+
e
� !

H(ZZ
?) ⌫e⌫̄e. For the used cuts its fraction is about 15%

of the selected signal events. As in the case of the pre-
vious correction, this fraction can be precisely evaluated
and, therefore, does not result in a loss of accuracy.
The systematic uncertainties are not studied in this

analysis. The largest systematic uncertainties are ex-
pected from the uncertainty in the selection e�ciency and
the uncertainty due to the signal and background shape
modelling in the fit. The later systematic uncertainty will
dominate. Unfortunately accurate estimates of the sys-
tematic uncertainties cannot be performed without real
data.

VI. CONCLUSIONS

We studied the e
+
e
� ! HZ process with subsequent

H ! ZZ
? decay. The analysis is performed assuming

the integrated luminosity 2 ab�1 collected at the e
+
e
�

collisions with center-of-mass energy 250 GeV and the
beam polarizations Pe�e+ = (�0.8,+0.3). Four chan-
nels are studied and the corresponding signal and back-
ground contributions are estimated using MC simulation.
Summing results obtained in the four studied channels
we obtain the combined statistical uncertainty 5.29%.
This indicates, that the Higgs width can be measured
using this method with an accuracy of about (5–6)%
within the model-independent approach. We also re-
peated the analysis assuming two data samples with inte-
grated luminosities 0.9 ab�1 and two beam polarizations
Pe�e+ = (⌥0.8,±0.3) and obtained the statistical uncer-
tainty of 6.15%.
The Higgs width can be potentially constrained in a fu-

ture with accuracy of about 2% applying a global fit with
many Higgs related parameters included in the frame of
the E↵ective Field Theory (EFT) approach. Our mea-
surement will allow to test the Higgs width value ob-
tained within the SM, as well as within the EFT ap-
proach. Moreover, the results obtained in this analysis
can be included in the global EFT fit, that will improve
its accuracy.
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