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Abstract

We present a benchmark study of the cross section times branching ratio measurement for
the process e+e� ! Hnene;H ! Zg evaluated at a 1.4 TeV e+e� Compact Linear Col-
lider (CLIC) using the CLIC_SiD_CDR detector model. The study is based on a full
GEANT4 detector simulation and reconstruction of signal and background processes, in-
cluding gg ! hadrons background events. The combined statistical precision of
se+e�!Hnene ⇥BRH!Zg , including the Z decay channels Z ! qq, Z ! e+e�, and Z ! µ+µ�,
for an integrated luminosity of 1.5 ab�1, is estimated to be approximately 42%. For a CLIC
collider with �80% (left-handed) electron beam polarisation, the uncertainty can be reduced
to approximately 31%.
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2 Event samples

Figure 1: Leading order Feynman diagrams for the Standard Model Higgs decay H ! Zg .

1. Introduction

In the Standard Model of particle physics (SM), the Higgs boson decay H ! Zg is induced at leading
order by loops over heavy charged particles, such as the W boson, or heavy fermions, such as the top
quark. The leading order Feynman diagrams are shown in Figure 1. In addition to the particles of the
SM, particles of theories beyond the SM (BSM) could contribute in these loops. Deviations from the SM
expectation of the branching ratio BRH!Zg could therefore give an insight into BSM processes. Further-
more, a study of this process allows for an estimation of the capability to study very rare processes.
While the Higgs boson has been discovered and studied at the LHC in other decay modes [1, 2], up to
now no evidence for the rare H ! Zg decay has been found [3, 4].
In the following, a benchmark study of the cross section times branching ratio measurement of the
process e+e� ! Hnene;H ! Zg is presented. The study is performed at a e+e� Compact Linear Collider
(CLIC) [5] with a centre-of-mass energy of

p
s = 1.4 TeV, using the CLIC_SiD_CDR detector concept

[6, 7] as described in the CLIC Conceptual Design Report (CDR) [8, 9]. The study is based on a
simulated dataset corresponding to an integrated luminosity of 1.5 ab�1, which could be recorded at CLIC
in approximately 4 years of data taking. The study is part of an ongoing effort to estimate the physics
potential of CLIC at various centre-of-mass energy stages, including

p
s = 350 GeV,

p
s = 1.4 TeV, andp

s = 3 TeV [10].
The note is structured in the following way: Section 2 describes the simulation of signal and background
processes. In Section 3, the performance of the photon reconstruction is discussed. Section 4 introduces
the analysis strategy and Section 5 describes the event selection. The analysis results are presented in
Section 6. In Section 7, possible ways to improve the results are discussed and in Section 8 conclusions
are drawn. In the Appendix A, all event properties used in the signal and background event classification
are shown. Appendix B describes an alternative method to extract the analysis results and the limitations
of this method in the presented analysis.

2. Event samples

The simulation of signal and background processes is based on the same procedure as already used in
studies presented in the CLIC CDR [8, 9]. Signal and background processes are simulated with the
WHIZARD1 event generator [11, 12] in which the CLIC luminosity spectrum at 1.4 TeV is used [13],
with initial state radiation (ISR) and beam recoil taken into account. The fragmentation and hadronisa-
tion of final state partons, as well as final state radiation, is simulated using PYTHIA6 [14].
After the event generation, a full CLIC_SiD_CDR detector simulation and reconstruction is performed.
The detector simulation is performed using SLIC [15] based on GEANT4 [16, 17]. Before digitisation of
the detector signals, gg ! hadrons pileup events are overlayed on top of the physics process. The digit-
isation and track reconstruction is performed using org.lcsim [18]. The particle flow reconstruction
and particle identification is performed using the particle flow algorithm PANDORAPFA [19, 20].
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Figure 2: Cross section for SM Higgs production processes in e+e� collisions as a function of the centre-
of-mass energy, taken from [10].

2.1. Signal

In e+e� collisions, at a centre-of-mass energy of
p

s = 1.4 TeV and for a SM Higgs mass of
MH = 126 GeV [1, 2], the dominant production process for the SM Higgs boson is W+W� fusion
(cf. Figure 2). At this energy, and without beam polarisation, W+W� fusion has a cross section of
se+e�!Hnene = 244 fb while all other Higgs production processes are more than 10 times less frequent.
Therefore, only contributions from the dominant W+W� fusion production process are considered in the
following.
The decay H ! Zg is expected to have a branching ratio of BRH!Zg = 0.16% [21]. Hence the cross
section times branching ratio se+e�!Hnene ⇥BRH!Zg has a value of 0.39 fb, resulting in 585 H ! Zg
events expected for an integrated luminosity of 1.5 ab�1.
Z bosons decay predominantly into a quark-antiquark or lepton-antilepton pairs. In this analysis, only
the entirely visible Z decays are considered. These are those decays in which the Z either decays into
a quark-antiquark pair (BRZ!qq ⇡ 70%, q = u,d,s,c,b) or into e+e� or µ+µ� (BRZ!e+e� ⇡ 3.6%,
BRZ!µ+µ� ⇡ 3.6%) [22]. Table 1 shows the number of expected events for 1.5 ab�1 for the three signal
channels, together with the number of simulated events used in this study. The three cases Z ! qq,
Z ! e+e�, and Z ! µ+µ� are studied separately in the following.

2.2. Background

The visible final states of the signal channels qqg or l+l�g (here l = e,µ) are also produced in several
background processes. In addition, photons can be produced as ISR, also allowing processes with qq
or l+l� which originate, for example, from Z decays to contribute as background processes. Some of
these background processes have much larger cross sections than the signal process, resulting in a large
number of background events expected for 1.5 ab�1.
In order to reduce the vast amount of background events which would have to be processed in the detector
simulation, the following generator level cuts2 are applied before the detector simulation of background

2Generator level cuts are also called STDHEP cuts.
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2 Event samples

Table 1: Cross section and expected and simulated number of signal events for an integrated luminosity
of 1.5ab�1 in the studied Higgs decay channels.

Process s ⇥BRH!Zg Expected Simulated
⇥BRZ(fb) events events

for 1.5 ab�1

e+e� ! Hnene;H ! Zg;Z ! qq 0.27 409 225855
e+e� ! Hnene;H ! Zg;Z ! e+e� 0.014 21 170073
e+e� ! Hnene;H ! Zg;Z ! µ+µ� 0.014 21 169748

events: the collision event should contain at least one photon and one qq or one l+l� pair, the recon-
structed Higgs candidate should have an invariant mass of 100GeV < MH < 150 GeV, and each Higgs
candidate daughter should have an energy of E > 15 GeV, a transverse momentum of pT >10 GeV, and
a polar angle between 10� < q < 170�. In a later step of the analysis, pre-selection cuts are applied to all
signal and background processes (cf. Section 5.1). These latter cuts are tighter than the generator level
cuts and ensure that the generator level cuts will not bias the analysis results.
All background channels which are relevant for the H ! Zg study, after applying generator level cuts,
are listed in Tables 2 and 3. Background channels from e+e� collisions are listed in Table 2, while those
from e+g and e�g collisions are given in Table 3. In these processes, the initial state photon is either from
beamstrahlung (BS) or from the equivalent photon approximation (EPA) [23]. The initial state e±g from
BS photons has a lower instantaneous luminosity than the initial state processes e+e� and e±g from EPA
[13]. Instead of 1.5 ab�1 in 4 years of data taking, only 1.125 ab�1 of e±g collision events with photons
from BS are expected. Processes with initial state gg are found to be negligible for this study.
Some of the background processes relevant for this study have already been simulated for other studies
of Higgs decays using the same experimental setup. These simulations have been performed without
generator level cuts. These events are also included in the analysis. The corresponding background
channels are marked in the tables with a dagger (†).
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3 Photon reconstruction in CLIC_SiD_CDR

3. Photon reconstruction in CLIC_SiD_CDR

The studies of the H ! Zg and the H ! gg decay channels are the first physics benchmark-studies at
CLIC performed with the CLIC_SiD_CDR detector concept that require excellent photon reconstruc-
tion. In the following, the quality of the photon reconstruction for the CLIC_SiD_CDR detector concept
is tested. First, the photon reconstruction and identification efficiency and the agreement between the
generated and the reconstructed photon properties are studied. Then, optimisations in the photon recon-
struction for future benchmark studies are discussed.

3.1. Reconstruction and identification efficiency

The reconstruction and identification efficiency is defined as

eg =
Nparticles, reconstructed and correctly identified

Nparticles, generated
. (1)

Figures 3(a) and 3(b) show the photon reconstruction and identification efficiency as a function of the
generated transverse momentum pT, gen and as a function of the generated polar angle qgen. The effi-
ciencies are estimated for photons from the H ! Zg signal sample using only photons originating from
the Higgs decay. The mean energy of these photons is hEgi = 60 GeV. The energy and the transverse
momentum distributions of the signal photons are shown in Appendix A, Figures 19 and 20.
The mean efficiency for all photons of the signal sample for pT, gen > 5 GeV and 10� < qgen < 170� is
hegi= 97.4%. It increases as a function of the transverse momentum. In the lowest bin at
5GeV < pT, gen < 10 GeV, the efficiency is lowest and has a value of 93.3% in the considered qgen range.
The photon reconstruction efficiency varies by 3% as a function of the polar angle (pT, gen > 5 GeV). In
the transition region between the barrel and the end caps at approximately 37� and 143�, a decrease of
the reconstruction efficiency of 1.5% can be observed. At approximately 30� and 150�, the efficiency has
a maximal value of approximately 99%. It decreases to its lowest value of approximately 96% at central
polar angles (qgen = 90�) and close to the beam directions (qgen = 0� and qgen = 180�). The efficiency is
independent of the azimuthal angle j (figure not shown).
Of the 2.6% of photons which are not found in the reconstruction and identification, 2.5% are in fact
reconstructed but misidentified; 1.9% are reconstructed as neutrons, 0.5% as electrons, and 0.1% as
pions. The impact of a possible improvement of the photon identification on the final analysis results is
discussed in Section 7.2.

3.2. Resolution

The resolution of a variable is defined as the width of the distribution of the differences between the
reconstructed value and the generated value. The resolution for the energy E, the transverse momentum
pT, the azimuthal angle j , and the polar angle q for photons from the H!Zg signal sample are discussed
in the following.
Figure 4(a) shows the relative photon energy resolution. The mean position of the distribution is com-
patible with zero. The width of the distribution, estimated with a Gaussian fit with a ±1.5s fit range, is
s = (3.33±0.01)%. In Figure 4(b), the relative transverse momentum resolution is displayed. The dis-
tribution is centred at zero. The width, estimated with a Gaussian fit, is s = (3.51±0.02)%. Figure 4(c)
shows the resolution of the azimuthal angle j and Figure 4(d) shows the resolution of the polar angle q .
On average, the reconstructed value and the generated value of the azimuthal and polar angle agree. An
improvement of the width of the polar angle resolution is discussed in the following section.

8



3 Photon reconstruction in CLIC_SiD_CDR

 (GeV) 
T,gen

p
0 20 40 60 80 100 120 140 160

 (%
)

γ∈

90

92

94

96

98

100

 < 170 deggenθ10 deg < 

(a)

 (deg)genθ
0 20 40 60 80 100 120 140 160 180

 (%
)

γ∈

90

92

94

96

98

100

 > 5 GeV
T,gen

p

(b)

Figure 3: Photon reconstruction and identification efficiency eg as a function of the generated transverse
momentum pT, gen (a) and as a function of the generated polar angle qgen (b). Photons from
the signal sample H ! Zg are used. For a better visibility, the y-axis range in both figures is
limited to 90�100%.

 gen)/Erec - Egen(E
-0.2 -0.1 0 0.1 0.2

Ar
bi

tra
ry

 n
or

m
al

is
at

io
n 

0

10

20

30
 > 5 GeV

T, gen
p

 < 170 deggenθ10 deg < 

 0.01) %± = (-0.16 
Gauss

µ

 0.01) %± = (3.33 Gaussσ

 0.01) %±mean =  (0.02 

 0.01) %±RMS  =  (4.49 

(a)

T,gen
)/p

T,rec
 - p

T,gen
(p

-0.2 -0.1 0 0.1 0.2

Ar
bi

tra
ry

 n
or

m
al

is
at

io
n 

0

5

10

15

20

25  > 5 GeV
T, gen

p

 < 170 deggenθ10 deg < 
 0.01) %±mean =  (0.02 
 0.01) %±RMS  =  (5.06 

 0.01) %± = (-0.08 
Gauss

µ

 0.02) %± =  (3.51 Gaussσ

(b)

 (deg)
rec

ϕ - 
gen

ϕ
-4 -2 0 2 4

Ar
bi

tra
ry

 n
or

m
al

is
at

io
n

0

2

4

6

8

10  > 5 GeV
T, gen

p

 < 170 deggenθ10 deg < 
 deg-210⋅0.2)±mean = (-1.5

0.002) deg±RMS = (1.103

(c)

 (deg)recθ - genθ
-4 -2 0 2 4

Ar
bi

tra
ry

 n
or

m
al

is
at

io
n 

0

2

4

6

8

10

12  > 5 GeV
T, gen

p

 < 170 deggenθ10 deg < 
 deg-310⋅ 1.8)±mean = (0.1 

 deg-110⋅ 0.01)±RMS = (8.28 

(d)
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verse momentum pT (b), azimuthal angle j (c), and polar angle q (d). Photons from the signal
sample H ! Zg are used.
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3 Photon reconstruction in CLIC_SiD_CDR

3.3. Future improvement in photon reconstruction

Photons are reconstructed in the CLIC_SiD_CDR detector model mostly using the energy deposited in
the electromagnetic calorimeter (ECAL). For each calorimeter cell which detects a fraction of the photon-
induced particle shower, so-called hits are recorded. From all calorimeter hits in the same detector
region a cluster is formed. The position of the cluster is defined by the centre-of-gravity of all hits.
The cluster position and energy together with the collision vertex position, estimated with tracks from
charged particles of the same collision event, are then used to reconstruct the four-momentum vector of
the photon. In the default cluster reconstruction used in this study (PANDORAPFANEW version 00-06),
the cluster position is estimated using the average position of all hits only in the first calorimeter layer. If
a photon does not enter the calorimeter perpendicularly, the average position of the hits can differ from
the true entrance point of the photon trajectory in the calorimeter.
For the barrel in which the ECAL cells are arranged in line with the beam direction, the reconstructed
cluster position can therefore be shifted along the beam direction. For the end-caps in which the calor-
imeter cells are arranged perpendicular to the beam direction, the reconstructed cluster position can be
shifted towards central q . An unbiased polar angle reconstruction is only achieved for photons which
enter the calorimeter perpendicularly, i. e. at q = 90� or at q = 0� and 180�.
In the following, the polar angle resolution is computed for four different photon reconstruction meth-
ods; the default photon reconstruction from PANDORAPFANEW version 00-06, a photon reconstruction
which uses unweighted photon hits from all calorimeter layers, and two options of hit energy weighted
photon reconstructions3. In the first case, the hit energy itself is used as hit weight. In the second case,
the hit weight, whit, is given by

whit = Max


0,C+ log
✓

Ehit

Ecluster

◆�
(2)

where Ehit is the energy of a ECAL hit and Ecluster is the energy of a reconstructed photon cluster. The
latter energy-weighting scheme is motivated by the fact that the hit energy distribution in the photon
shower tail falls exponentially as a function of the hit energy [24]. It also allows to cut off low energy
hits which could be induced by detector noise. The best polar angle resolution is achieved with the
log-weighted method using C = 4.5.
Figure 5(a) shows that the difference between the reconstructed and the generated polar angle can be
reduced when using hit energy weights in the centre-of-gravity calculation for the cluster position.
Figure 5(b) shows that the reconstruction of Higgs particles in the H ! Zg channel can also be improved
slightly with the optimised photon reconstruction; the Higgs peak width is reduced by approximately 4%
when using logarithmic hit energy weights in comparison to the default reconstruction. However, it is
not expected that this improved photon reconstruction significantly affects the analysis results in terms of
the precision of the cross section times branching ratio measurement. In the presented H ! Zg study, the
uncorrected photon polar angle reconstruction is used. For future analyses, the photon reconstruction will
be performed with an improved method using hit energy weights as implemented in PANDORAPFANEW
starting from version 00-09.

3Thanks to André Sailer for identifying the source of the imperfect photon reconstruction and for pointing us to algorithms
for an optimised photon reconstruction.
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4 Analysis method
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Figure 5: Difference between the generated polar angle qgen and the reconstructed polar angle qrec for
photons from the H ! Zg signal sample (a). Reconstructed Higgs mass from H ! Zg; Z !
µ+µ� events with MH,gen = 126 GeV (b). Both figures show results for different photon recon-
struction methods, as indicated in the figures.

4. Analysis method

This section describes the analysis algorithm for the reconstruction of Higgs candidates in the H !
Zg channel. The algorithm is optimised for signal events. In addition to the algorithm, the choice
of the so-called timing cuts, the jet radius, and the opening angle between leptons and photons from
bremsstrahlung are discussed.
A free parameter in the reconstruction is the choice of the timing cuts [8]. In order to suppress particles
from gg ! hadron pileup events which can distort the reconstructed Higgs properties, combined timing
and transverse momentum cuts are applied after the reconstruction. These cuts depend on the particle
type, the transverse momentum and the detector region. The full definition of the cuts can be found in
[8]. Three sets of cuts can be chosen; tight, default, and loose.
In the following, the Higgs reconstruction is performed with all three timing cuts. In a later step, the
best combination of timing cut and jet clustering radius or opening angle between leptons and photons is
identified.

4.1. Reconstruction algorithm

As a first step in the Higgs candidate reconstruction in the H ! Zg decay, the photon with the highest
energy in the collision event is identified. This photon is used as Higgs daughter candidate.
Then, the reconstruction of the Z candidate is performed. First, one checks whether the event contains
either a e+e� pair or a µ+µ� pair. If more than two e± or two µ± are found, the two most energetic
e±/µ± are selected. If neither a e+e� pair nor a µ+µ� pair is found, all reconstructed particles, except
the photon of highest energy, are clustered into two jets assuming that the Z decayed into two quarks.
From the selected Z daughter candidates, a Z candidate is reconstructed. The highest energy photon and
the Z candidate are then combined to a Higgs candidate.

11



4 Analysis method
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Figure 6: The mean value of the reconstructed Higgs peak (a) and the width of the reconstructed Higgs
peak (b) for H ! Zg;Z ! qq events which are overlayed with gg ! hadron pileup events, as a
function of the jet radius. The Higgs candidates are reconstructed using different timing cuts,
as indicated in the figure (see text for definition).

4.2. Quark channel H ! Zg; Z ! qq

For the case in which the Z decays into quark-antiquark pairs, the quarks hadronise and form jets. The
jet reconstruction is performed with the kT-algorithm including beam jets, as implemented in FASTJET
[25, 26]. As the Z decays predominantly into two quarks in the hadronic channel, the jet reconstruction
is performed in exclusive mode forcing all available particles, except the highest energy photon, into two
jets.
A free parameter in the jet reconstruction algorithm is the jet radius R =

p
Dj2 +Dy2. The smaller the

jet radius, the more likely it is to loose particles originating from the initial quark. On the other hand, the
larger the jet radius, the more particles from beam-induced backgrounds or other jets can be assigned to
the jet by mistake.
The reconstructed Higgs mass and width is shown in Figure 6 for the H ! Zg;Z ! qq signal events
overlayed with gg ! hadron pileup events for the three timing cuts, using different values for the jet
radius. The Higgs mass and width are extracted using a Gaussian fit with a fit range of ±1.5s .
It can be seen that the Higgs peak width of the Z ! qq channel is smallest for tight timing cuts and a jet
radius of R = 1.2. In the following analysis, these settings are used for the quark channel. It has to be
noted, that the Higgs mass is underestimated with these reconstruction settings. It has a mean value of
M(qqg) = (122.42±0.09)GeV.

4.3. Electron and muon channels H ! Zg; Z ! e+e�/µ+µ�

When traversing the detector material, electrons and also muons can radiate photons via the bremsstrahlung
process. In order to recuperate the initial lepton energy, those photons have to be identified and recom-
bined with the leptons. Photons coming from bremsstrahlung are mostly collinear with respect to the
initial lepton and hence can be identified by their opening angle, Q(g, l±), with respect to the lepton.
The optimal choice of the maximum opening angle between the lepton and the photons can be found by
minimizing the reconstructed Higgs peak width.
Figure 7 shows the mean value of the mass and the width of the reconstructed Higgs peak, extracted
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Figure 7: The mean value (a,c) and the width of the reconstructed Higgs peak (b,d) for H ! Zg;Z !
e+e� events (a,b) and for H ! Zg;Z ! µ+µ� events (c,d), overlayed with gg ! hadron pileup
events, as a function of the maximum opening angle Qmax(g, l±). The Higgs candidates are
reconstructed using different timing cuts, as indicated in the figure (see text for definition).

using Gaussian fits with a fit range of ±1.5s , for electron and muon signal events as a function of the
maximal allowed opening angles, Qmax(g, l±), between the lepton and the photon(s).
While the correction for photons from bremsstrahlung in terms of the selection on the opening angle
has an effect on the electron results (Figures 7(a) and 7(b)), the muon results remain unchanged within
the statistical uncertainty (Figures 7(c) and 7(d)). This is expected, as due to their higher mass muons
produce less bremsstrahlung than electrons.
As the timing cuts reduce mostly hadronic backgrounds, they are not relevant in the analysis of the
leptonic Z decays as illustrated in Figure 7. For consistency with the quark channel analysis, the electron
and muon channels are studied in the following also using the tight timing cuts.
The best width of the Higgs peak in the electron case can be found with a maximum opening angle of
approximately Qmax(g,e±) = 0.3�. At this opening angle, the reconstructed Higgs mass has a mean value
of M(e+e�g) = (125.69±0.02)GeV and M(µ+µ�g) = (125.98±0.02)GeV.
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5 Event selection

5. Event selection

This section describes the discrimination between signal and background events based on pre-selection
cuts and a multivariate analysis.

5.1. Pre-selection

In the following, the pre-selection cuts applied to all signal and background channels are described.
These cuts are tighter than the generator level cuts introduced in Section 2.2 that are applied only to
background processes before detector simulation and reconstruction. This ensures that the generator level
cuts do not bias the analysis results. The pre-selection cuts have been optimised for a high acceptance of
signal events as well as a high rejection of background events.
Only particles passing the tight time selection cuts are accepted in the analysis. The Higgs candidate
daughters, the jets, leptons, and photons, are only accepted if they have an energy of E > 20 GeV and
a transverse momentum of pT > 15 GeV. In the quark channel, only jets with at least 5 particles are
considered in order to suppress jets containing only one lepton and jets from hadronic t-decays. In
addition, the reconstructed H and Z mass are restricted to fulfil

• M(qqg) = 122.4+15
�20 GeV and M(qq) = 87.6+15

�20 GeV,

• M(e+e�g) = 125.7+7.5
�10 GeV and M(e+e�) = 89.9+7.5

�10 GeV, or

• M(µ+µ�g) = 126.0+7.5
�10 GeV and M(µ+µ�) = 91.2+7.5

�10 GeV.

Here, the acceptance ranges are centred at the mean values of the reconstructed H and Z masses, as
estimated in Section 4. As the mass distributions are asymmetric (see Appendix A, Figures 9 and 14),
the accepted mass ranges are also chosen to be asymmetric. The widths of the mass ranges are motivated
by the widths of the reconstructed mass peaks.
The number of signal and background events before and after pre-selection cuts are listed in Tables 4
to 6. While the pre-selection cuts accept between 40% and 50% of the signal events, the background
processes can be reduced to between 0% and 12%.

5.2. Multivariate analysis

As a second step in the event selection, a classification and selection based on a multivariate data analysis
is performed. First, the input variables for the multivariate analysis are introduced. Then, the multivariate
analysis strategy is discussed.
As input to the multivariate analysis, kinematic properties of the reconstructed candidate events are used.
The following 27 variables are analysed in all Z decay channels:

1.–2. invariant mass M of reconstructed H and Z candidates;

3.–4. velocity b of the reconstructed H and Z candidates;

5.–7. energy E of the reconstructed H, Z, and g candidates;

8.–10. transverse momentum pT of the reconstructed H, Z, and g candidates;

11.–13. polar angle q of the reconstructed H, Z, and g candidates;

14. scalar sum Â |�!pT| of the reconstructed H candidate daughters;

15.–18. thrust, sphericity, aplanarity, and oblateness of the reconstructed H candidate daughters;
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5 Event selection

19. angle Q(Z, g) between vectors of the reconstructed Z and g candidates;

20. Dq = |qZ �qg | between the polar angles of the reconstructed Z and g candidates;

21. Dj = jZ �jg between the azimuthal angles of the reconstructed Z and g candidates;

22. helicity angle cosq ⇤(Z, g) in the rest frame of the H candidate;

23. helicity angle cosq ⇤(f, f̄) (with f = e,µ,jet) in the rest frame of the Z candidate;

24. visible energy excluding the reconstructed H candidate energy Evis �EH;

25.–26. missing energy 6E and missing transverse energy 6ET of the reconstructed Higgs daughters;

27. particle multiplicity Nparticle (E > 0 GeV and pT > 0 GeV).

In the case of a Z ! qq decay, five additional jet properties are used for the event classification:

1. particle multiplicity, NZ,particle, used in the Z reconstruction (E > 0 GeV and pT > 0 GeV);

2.–5. dn,n+1 value associated with the merging from n to n+1 jets with n = {1�4}.

All discussed kinematic variables are shown for signal and background channels for the three Z decay
channels in Appendix A, Figures 9-37. The most powerful variables to distinguish between signal and
background processes are MH (Figure 9), pT,H (Figure 12), Â |�!pT| (Figure 22), cosq ⇤(f, f̄) (Figure 31),
Evis �EH (Figure 32), and 6ET (Figure 34).

Boosted decision trees (BDT) as implemented in the toolkit for multivariate data analysis (TMVA) [27]
are used to identify signal and background processes. The training of the BDTs is performed based on
the kinematic variables introduced before.
For each of the studied H decay channels, an independent BDT with adaptive boosting and 400 decisions
trees is used. The trees are trained using half of the available signal and background events. After that,
the remaining second half of events is analysed with the trained BDT. In this step, a classifier called BDT
response is calculated for each event.
On average, signal and signal-like events are assigned with a BDT response larger than zero, while
background events are assigned with a BDT response smaller than zero. With a selection on the BDT
response in the vicinity of zero, it is possible to select a large fraction of all signal events while rejecting
a large fraction of all background events. In the following, a lower limit of the BDT response is chosen
which results in the highest significance, defined as

Significance =
Nevt, sigp

Nevt, sig +Nevt, bkg
, (3)

where Nevt, sig is the number of signal events and Nevt, bkg is the number of background events. In the
subsequent analysis steps, only events are used which have a BDT response above the BDT value which
results in the highest significance.
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6. Results

When trying to extract the number of signal and background events in the analysis of a particle decay,
there are two common approaches to present the analysis results. In the first approach, the number of
signal and background events are extracted from the invariant Higgs mass distribution after BDT selec-
tion using a fit function. This fit function describes the expected shape of the invariant mass distribution
including a mass peak for the signal events and a flat mass distribution for the background events. In
order not to bias the background "Higgs mass" distribution, the multivariate event selection has to be per-
formed without the particle’s invariant mass as an input variable. In the second approach, the particle’s
mass is used in the BDT event classification. Hence, the background mass distribution resembles the
signal mass distribution after BDT selection which makes it impossible to extract the number of signal
and background events using a fit function. Therefore, the number of signal and background events after
BDT selection are counted using the Monte Carlo truth information.
For the process e+e� ! Hnene;H ! Zg , both approaches have been tested. However, due to the low
number of signal events after BDT selection, the first approach, in which the number of signal events is
extracted from the Higgs invariant mass distribution using a fit function, turned out not to be feasible. It
was not possible to identify a clear Higgs mass peak on top of the flat background, as shown in Figure
39 in Appendix B. This approach is suitable only for studies of particle decays with much larger signal
to background ratios than the studied H ! Zg decay. Hence, only the second approach of the counting
experiment is discussed.

In the following, the H and Z mass and energy are included in the BDT event classification. Figures 8(a),
8(c), and 8(e) show the BDT response for signal and background events. The significance, as well as
the signal and the background efficiencies, are shown in Figures 8(b), 8(d), and 8(f), as a function of the
BDT selection.
Using the H and Z mass and energy in the BDT event classification, the significance increases with
respect to the case where they are not used (compare Figure 8 and Figure 38 from Appendix B). The
maximal significance for the quark, electron, and muon channels and the corresponding BDT selection
are

• SignificanceH!Zg ;Z!qq = 2.20 at BDTH!Zg ;Z!qq = 0.14,

• SignificanceH!Zg ;Z!e+e� = 0.54 at BDTH!Zg ;Z!e+e� = 0.14,

• SignificanceH!Zg ;Z!µ+µ� = 0.78 at BDTH!Zg ;Z!µ+µ� = 0.15.

The number of events for the signal and background processes after BDT selection are listed in Tables 4
to 6. While the BDT selection accepts between 17% and 25% of the signal events, the background
processes can be reduced to between 0% and 1%.
The distributions of all kinematic variables for events that pass the BDT selection are shown in Appendix
A in Figures 9-37 in comparison to the same distributions before BDT selection. The most important
background channels which can not be removed completely by pre-selection cuts and the BDT selection,
are e+e� ! neneqq(g) and e±g ! e±qq in the quark channel and e+e� ! nenel+l�(g) and e±g ! e±l+l�

in the lepton channels. The difference in the results of the H ! Zg;Z ! e+e� channel and the H !
Zg;Z ! µ+µ� channel is discussed in Section 7.3.
As the three channels are independent, the significances of the three channels are combined in quadrature
and the combined significance has a value of 2.40. The significance can be transformed into the statistical
uncertainty of the cross section times branching ratio measurement, resulting in

d (se+e�!Hnene ⇥BRH!Zg) =
1

Significancecombined
=

1
2.40

= 0.417. (4)
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Figure 8: BDT response for signal events (blue) and background events (red) based on kinematic vari-
ables introduced in Section 5.2 (a,c,e) and the significance, the signal and the background
efficiencies, as a function of the BDT selection (b,d,f) for the H ! Zg;Z ! qq channel (a,b),
the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f). The maximum
significance found per channel and the corresponding BDT selection cut are indicated in the
figures (b,d,f).
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In comparison to the estimated statistical precision of the se+e�!Hnene ⇥BRH!Zg measurement, system-
atic uncertainties, for example, from the luminosity uncertainty, detector effects, and the jet energy scale
uncertainty are expected to be negligible.
This statistical uncertainty d (se+e�!Hnene ⇥BRH!Zg) estimated in this study is similar to those predicted
for measurements at the High-Luminosity LHC at an integrated luminosity of 3ab�1 of proton–proton
collisions at

p
s = 14 TeV [28, 29].

Table 4: Number of signal and background events for the H ! Zg;Z ! qq channel at
p

s = 1.4 TeV
expected for 1.5ab�1 for the initial states e+e� and e±g (EPA) and for 1.125ab�1 for the initial
state e±g (BS). The initial state processes e±g from BS or from EPA are combined. The first
column indicates the process, the second column shows the number of events after generator
level (g.l.) cuts (processes marked with a dagger, †, are simulated without g.l. cuts), the third
column shows the number of events after pre-selection, and the last column the number of events
after BDT selection. In the last two columns, also the fraction of events that pass the selection
step with respects to the number of events after g.l. cuts are indicated.

Process Events Events (%) Events (%)
after after after

g.l. cuts pre-sel. BDT sel.

e+e� ! Hnene;H ! Zg;Z ! qq† 409 184 ( 45.07 ) 75 ( 18.22 )

e+e� ! Hnene;H ! Zg;Z ! e+e�† 21 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! Hnene;H ! Zg;Z ! µ+µ�† 21 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! Hnene;H ! Zg;Z ! t+t�† 21 1 ( 4.76 ) 0 ( 0.00 )
e+e� ! Hnene;H ! gg† 842 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! neneqqg 55944 6894 ( 12.32 ) 504 ( 0.90 )
e+e� ! neneqq 182709 15332 ( 8.39 ) 463 ( 0.24 )
e+e� ! qq† 6014250 17187 ( 0.29 ) 0 ( 0.00 )
e+e� ! qqqq† 1992150 6774 ( 0.34 ) 0 ( 0.00 )
e+e� ! nenel+l�g 13038 179 ( 1.37 ) 1 ( 0.01 )
e+e� ! nenel+l� 34981 349 ( 1.00 ) 2 ( 0.01 )
e+e� ! l+l�l+l� 127795 1504 ( 1.18 ) 2 ( <0.01 )
e+e� ! qql+l�g 27336 535 ( 1.96 ) 0 ( 0.00 )
e+e� ! qql+l� 143447 4149 ( 2.89 ) 6 ( <0.01 )
e±g ! e±qq 2642728 63462 ( 2.40 ) 70 ( <0.01 )
e±g ! e±qqqq† 3467963 34373 ( 0.79 ) 2 ( <0.01 )
e±g ! e±l+l� 2698277 9327 ( 0.35 ) 7 ( <0.01 )
e±g ! e±qqnene 7377 318 ( 4.31 ) 8 ( 0.11 )
e±g ! e±l+l�g 222544 1485 ( 0.67 ) 1 ( <0.01 )
e±g ! e±qqg 207218 6652 ( 3.21 ) 6 ( <0.01 )
e±g ! e±l+l�qq 3844 116 ( 3.02 ) 0 ( 0.00 )
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Table 5: Same as Table 4 for the H ! Zg;Z ! e+e� channel.

Process Events Events (%) Events (%)
after after after

g.l. cuts pre-sel. BDT sel.

e+e� ! Hnene;H ! Zg;Z ! e+e�† 21 8 ( 38.26 ) 4 ( 17.34 )

e+e� ! Hnene;H ! Zg;Z ! qq† 409 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! Hnene;H ! Zg;Z ! µ+µ�† 21 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! Hnene;H ! Zg;Z ! t+t�† 21 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! Hnene;H ! gg† 842 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! neneqqg 55944 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! neneqq 182709 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! qq† 6014250 223 ( <0.01 ) 0 ( 0.00 )
e+e� ! qqqq† 1992150 111 ( 0.01 ) 0 ( 0.00 )
e+e� ! nenel+l�g 14409 225 ( 1.56 ) 15 ( 0.10 )
e+e� ! nenel+l� 34981 360 ( 1.03 ) 12 ( 0.03 )
e+e� ! l+l�l+l� 127795 296 ( 0.23 ) 4 ( <0.01 )
e+e� ! qql+l�g 27336 25 ( 0.09 ) 0 ( 0.00 )
e+e� ! qql+l� 143447 94 ( 0.07 ) 0 ( 0.00 )
e±g ! e±qq 2642728 924 ( 0.04 ) 0 ( 0.00 )
e±g ! e±qqqq† 3467963 239 ( 0.01 ) 0 ( 0.00 )
e±g ! e±l+l� 2698277 5887 ( 0.22 ) 7 ( <0.01 )
e±g ! e±qqnene 7377 10 ( 0.14 ) 0 ( 0.00 )
e±g ! e±l+l�g 222544 1428 ( 0.64 ) 3 ( <0.01 )
e±g ! e±qqg 207218 109 ( 0.05 ) 0 ( 0.00 )
e±g ! e±l+l�qq 3844 9 ( 0.23 ) 0 ( 0.00 )
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Table 6: Same as Table 4 for the H ! Zg;Z ! µ+µ� channel.

Process Events Events (%) Events (%)
after after after

g.l. cuts pre-sel. BDT sel.

e+e� ! Hnene;H ! Zg;Z ! µ+µ�† 21 11 ( 53.74 ) 5 ( 24.52 )

e+e� ! Hnene;H ! Zg;Z ! qq† 409 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! Hnene;H ! Zg;Z ! e+e�† 21 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! Hnene;H ! Zg;Z ! t+t�† 21 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! Hnene;H ! gg† 842 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! neneqqg 55944 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! neneqq 182709 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! qq† 6014250 34 ( <0.01 ) 0 ( 0.00 )
e+e� ! qqqq† 1992150 0 ( 0.00 ) 0 ( 0.00 )
e+e� ! nenel+l�g 14409 177 ( 1.23 ) 14 ( 0.10 )
e+e� ! nenel+l� 34981 157 ( 0.45 ) 13 ( 0.04 )
e+e� ! l+l�l+l� 127795 269 ( 0.21 ) 0 ( 0.00 )
e+e� ! qql+l�g 27336 34 ( 0.12 ) 0 ( 0.00 )
e+e� ! qql+l� 143447 25 ( 0.02 ) 0 ( 0.00 )
e±g ! e±qq 2642728 2 ( <0.01 ) 0 ( 0.00 )
e±g ! e±qqqq† 3467963 0 ( 0.00 ) 0 ( 0.00 )
e±g ! e±l+l� 2698277 7391 ( 0.27 ) 9 ( <0.01 )
e±g ! e±qqnene 7377 0 ( 0.00 ) 0 ( 0.00 )
e±g ! e±l+l�g 222544 1810 ( 0.81 ) 3 ( <0.01 )
e±g ! e±qqg 207218 0 ( 0.00 ) 0 ( 0.00 )
e±g ! e±l+l�qq 3844 11 ( 0.29 ) 0 ( 0.00 )
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7. Outlook

This section discusses the impact on the final analysis results when improving the reconstruction and
identification algorithms for jets, photons and electrons used in this study, as well as the impact of
performing e+e� collisions at CLIC using beam polarisation and a higher centre-of-mass energy.

7.1. Optimisation of jet energy resolution

The hadronic signal channel H ! Zg;Z ! qq has a broader Higgs mass peak than the leptonic signal
channels H ! Zg;Z ! e+e�/µ+µ�. Nevertheless, the hadronic channel forms the largest contribution
to the overall significance of the cross section times branching ratio measurement in this study (see
Section 6). This is due to the higher number of events in the hadronic channel (409 H ! Zg;Z ! qq
events for an integrated luminosity of 1.5ab�1) in comparison to the leptonic channels (21 H ! Zg;Z !
e+e�/µ+µ� events each for 1.5ab�1).
The Higgs mass peak width in the hadronic channel is dominated by the jet energy resolution while the
photon energy resolution only gives a minor contribution to the overall width. A significant improvement
of the analysis results could therefore only be achieved when improving the experiment’s jet energy
resolution.
Simulation studies of the CLIC detector concepts, one of which was used in this study, showed that
a jet energy resolution of 5%–3.5% for jets with an energy of 50 GeV to 1 TeV jets can be achieved
when using high granularity calorimeters and particle flow reconstruction [8, 20]. Ongoing detector
optimisation studies at CLIC currently investigate if it is possible to improve this jet energy resolution
further while keeping the high granularity of the calorimeters needed for the particle flow reconstruction.

7.2. Optimisation of photon identification

The default particle reconstruction and identification used in this study is provided by the PANDORAPFA
particle flow algorithm. The overall photon reconstruction and identification efficiency estimated with
photons from the H ! Zg signal sample has a value of 97.4%. Of those photons which are not found and
correctly identified in the reconstruction, approximately 75% are misidentified as neutrons, 20% as elec-
trons, and 5% as pions. An optimised particle identification could reduce the observed misidentification.
With an ideal photon reconstruction and identification efficiency of 100%, the number of reconstructed
signal and background events could increase by 2.6%. This results in an improved significance by a
factor of at most

p
1.026 ⇡ 1.013. This corresponds to an improved combined significance of 2.43

resulting in a d (se+e�!Hnene ⇥BRH!Zg) of at most 41.1%. This uncertainty is 0.6% smaller than the
uncertainty estimated when using the default photon reconstruction.

7.3. Optimisation of electron identification

The difference between the significances for the signal channels H ! Zg;Z ! e+e� and H ! Zg;Z !
µ+µ� presented in Section 6 can be explained as follows. In Tables 5 and 6, it can be seen that only
38.26% of the signal events from the H ! Zg;Z ! e+e� channel pass the pre-selection cuts while
53.74% of the H ! Zg;Z ! µ+µ� events pass the pre-selection cuts. Hence, the efficiency is approxim-
ately 29% lower for the electron case than for muon case.
This is caused by a difference in the reconstruction and identification efficiency of electrons and muons
in the PANDORAPFA particle flow algorithm used in this study. While the reconstruction and identific-
ation efficiency for muons is 99% for the H ! Zg signal events, it is only 85% for electrons. A fraction
of 14% of all electrons are misidentified as pions, 1% as photons. Hence, the probability to reconstruct a
lepton pair is 98% for muons and only 72% for electrons.
In addition, the reconstructed Higgs mass peak is slightly broader in the electron case than in the muon
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case (cf. Figure 9 in Appendix A) due to bremsstrahlung in the electron case which is partially not re-
covered in the analysis algorithm. As the pre-selection cut on the Higgs mass-peak-range is similar for
electrons and muons, slightly more electron events are rejected than in the muon case.
For future physics studies at CLIC, an improved electron identification will be applied. For the current
study, an electron reconstruction which is as good as the muon reconstruction would improve the com-
bined significance to at most 2.46 resulting in a d (se+e�!Hnene ⇥BRH!Zg) of 40.6%. This uncertainty is
1.1% smaller then the uncertainty estimated when using the default electron reconstruction.

7.4. Beam polarisation and centre-of-mass energy

In the presented study, unpolarised electron and positron beams have been considered. The Higgs pro-
duction cross section in e+e� collisions via W+W� fusion however increases as a function of the e±

polarisation. When using �80% (left-handed) electron beam polarisation, the signal cross section in-
creases by 80% with respect to unpolarised beams. With an additional +30% (right-handed) positron
beam polarisation, the signal cross section increases by 130% with respect to unpolarised beams. The
background process cross sections increase by at most the same amount. Hence, the significance of the
measurement increases by at least a factor of

p
1.8 or

p
2.3 allowing for a d (se+e�!Hnene ⇥BRH!Zg) of

less than 31.1% or 27.5% when using the same integrated luminosity.
At

p
s= 3 TeV, the Higgs production cross section is 70% larger than at

p
s= 1.4 TeV and the luminosity

of CLIC increases by a factor of 1.8 with respect to
p

s= 1.4 TeV. Hence, it is expected to achieve a lower
statistical uncertainty of the cross section times branching ratio. For an exact estimation of the statistical
uncertainty at this centre-of-mass energy, however, a dedicated study of all background processes atp

s = 3 TeV has to be carried out.

8. Conclusion

The physics potential for the cross section times branching ratio se+e�!Hnene ⇥BRH!Zg measurement
was estimated for a SM Higgs boson with a mass of MH = 126 GeV produced in e+e� collisions at the
CLIC collider at a centre-of-mass energy of

p
s = 1.4 TeV. The results are based on full CLIC_SiD_CDR

detector simulations of e+e� collisions at CLIC using unpolarised beams and an integrated luminosity
of 1.5 ab�1. All relevant background processes, in particular e±g collisions as well as beam-induced
backgrounds from gg ! hadrons processes are included.
Background processes from the e+e� initial state which produce exactly the same final state particles as
the signal channel represent the dominant background processes for this study. In addition, processes
with the initial state e±g play a non-negligible role for this rare Higgs decay.
The combined statistical uncertainty of the cross section times branching ratio d (s ⇥BRH!Zg) has a
value of approximately 42%. A potential improvement of the jet energy resolution currently under study
for detectors at CLIC could result in a significant improvement of the analysis results. An optimisation
of the photon and electron reconstruction and identification would lead, in this analysis, to a rather minor
improvement of the statistical uncertainty of the cross section times branching ratio of a few percent. For
a CLIC collider at

p
s = 1.4 TeV with �80% (left-handed) electron beam polarisation, the uncertainty

can be reduced to approximately 31%.
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A. Event properties used in the signal and background event
classification

In the following Figures 9–37, the reconstructed event properties of signal and background events of
the H ! Zg study after the two discussed selection steps are compared to each other. In the left panels
(a,c,e), events after pre-selection cuts (cf. Section 5.1) are shown. In the right panels (b,d,f), events
after the selection based on boosted decision trees (cf. Section 5.2) are shown. The reconstructed event
properties are shown separately for the three studied signal channels H!Zg;Z! qq, H!Zg;Z! e+e�

and H ! Zg;Z ! µ+µ�.
The event properties are displayed in stacked histograms. The first entries at the bottom of each stacked
histogram are the events of the signal events. Then, the background events separated per channel are
added on top of the stack. Here, the background channel with the fewest events after pre-selection cuts
is added to the histograms first and the one with the most events last. The y-axis of the histograms are
displayed in logarithmic mode. This ensures that the contributions of all channels can be seen equally
well, even if the number of events per channel differs in magnitude. For the comparison of events after
the two discussed selection steps, the order of background channels in the histogram with events after
the BDT-selection is chosen to be of the same order as chosen in the histogram of the events after pre-
selection cuts.
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Figure 9: Invariant mass of H candidates in signal and background events for the H ! Zg;Z ! qq chan-
nel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after
pre-selection (a,c,e) and after BDT-selection (b,d,f).

24



A Event properties used in the signal and background event classification

 )γ( j j β
0 0.2 0.4 0.6 0.8 1

ev
en

ts
 a

fte
r p

re
-s

el
ec

tio
n

-110

1

10

210

310

410

510

610 qq→; ZγZ→H; Hνν→-e+e
γqqνν→-e+e

qqνν→-e+e
qqqq→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

qq→-e+e

qqqeq→γ+e
ννqeq→γ+e

γqeq→γ+e
qeq→γ+e

qq-l+el→γ+e

q q → ; Z γ Z →H 

(a)

 )γ( j j β
0 0.2 0.4 0.6 0.8 1

ev
en

ts
 a

fte
r B

D
T-

se
le

ct
io

n

-110

1

10

210

310

410 qq→; ZγZ→H; Hνν→-e+e
γqqνν→-e+e

qqνν→-e+e
qqqq→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

qq→-e+e

qqqeq→γ+e
ννqeq→γ+e

γqeq→γ+e
qeq→γ+e

qq-l+el→γ+e

q q → ; Z γ Z →H 

(b)

 )γ-e+( eβ
0 0.2 0.4 0.6 0.8 1

ev
en

ts
 a

fte
r p

re
-s

el
ec

tio
n

-310

-210

-110

1

10

210

310

410

510

610 -l+l→; ZγZ→H; Hνν→-e+e
γ-l+lνν→-e+e

-l+lνν→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

-l+l-l+l→-e+e

γ-l+el→γ+e
-l+el→γ+e

qq-l+el→γ+e

- e+ e→ ; Z γ Z →H 

(c)

 )γ-e+( eβ
0 0.2 0.4 0.6 0.8 1

ev
en

ts
 a

fte
r B

D
T-

se
le

ct
io

n

-310

-210

-110

1

10

210

310

410 -l+l→; ZγZ→H; Hνν→-e+e
γ-l+lνν→-e+e

-l+lνν→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

-l+l-l+l→-e+e

γ-l+el→γ+e
-l+el→γ+e

qq-l+el→γ+e

- e+ e→ ; Z γ Z →H 

(d)

 )γ -µ +µ( β
0 0.2 0.4 0.6 0.8 1

ev
en

ts
 a

fte
r p

re
-s

el
ec

tio
n

-210

-110

1

10

210

310

410

510

610 -l+l→; ZγZ→H; Hνν→-e+e
γ-l+lνν→-e+e

-l+lνν→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

-l+l-l+l→-e+e

γ-l+el→γ+e
-l+el→γ+e

qq-l+el→γ+e

-µ +µ → ; Z γ Z →H 

(e)

 )γ -µ +µ( β
0 0.2 0.4 0.6 0.8 1

ev
en

ts
 a

fte
r B

D
T-

se
le

ct
io

n

-310

-210

-110

1

10

210

310

410 -l+l→; ZγZ→H; Hνν→-e+e
γ-l+lνν→-e+e

-l+lνν→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

-l+l-l+l→-e+e

γ-l+el→γ+e
-l+el→γ+e

qq-l+el→γ+e

-µ +µ → ; Z γ Z →H 

(f)

Figure 10: Velocity of H candidates in signal and background events for the H ! Zg;Z ! qq channel
(a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after
pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 11: Energy of H candidates in signal and background events for the H ! Zg;Z ! qq channel
(a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after
pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 12: Transverse momentum of H candidates in signal and background events for the H ! Zg;Z !
qq channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel
(e,f) after pre-selection (a,c,e) and after BDT-selection (b,d,f).

27



A Event properties used in the signal and background event classification

 ) (deg)γ( j j θ
0 20 40 60 80

ev
en

ts
 a

fte
r p

re
-s

el
ec

tio
n

-110

1

10

210

310

410

510

610 qq→; ZγZ→H; Hνν→-e+e
γqqνν→-e+e

qqνν→-e+e
qqqq→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

qq→-e+e

qqqeq→γ+e
ννqeq→γ+e

γqeq→γ+e
qeq→γ+e

qq-l+el→γ+e

q q → ; Z γ Z →H 

(a)

 ) (deg)γ( j j θ
0 20 40 60 80

ev
en

ts
 a

fte
r B

D
T-

se
le

ct
io

n

-110

1

10

210

310

qq→; ZγZ→H; Hνν→-e+e
γqqνν→-e+e

qqνν→-e+e
qqqq→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

qq→-e+e

qqqeq→γ+e
ννqeq→γ+e

γqeq→γ+e
qeq→γ+e

qq-l+el→γ+e

q q → ; Z γ Z →H 

(b)

 ) (deg)γ-e+( eθ
0 20 40 60 80

ev
en

ts
 a

fte
r p

re
-s

el
ec

tio
n

-310

-210

-110

1

10

210

310

410

510

610 -l+l→; ZγZ→H; Hνν→-e+e
γ-l+lνν→-e+e

-l+lνν→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

-l+l-l+l→-e+e

γ-l+el→γ+e
-l+el→γ+e

qq-l+el→γ+e

- e+ e→ ; Z γ Z →H 

(c)

 ) (deg)γ-e+( eθ
0 20 40 60 80

ev
en

ts
 a

fte
r B

D
T-

se
le

ct
io

n

-310

-210

-110

1

10

210

310

410 -l+l→; ZγZ→H; Hνν→-e+e
γ-l+lνν→-e+e

-l+lνν→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

-l+l-l+l→-e+e

γ-l+el→γ+e
-l+el→γ+e

qq-l+el→γ+e

- e+ e→ ; Z γ Z →H 

(d)

 ) (deg)γ -µ +µ( θ
0 20 40 60 80

ev
en

ts
 a

fte
r p

re
-s

el
ec

tio
n

-210

-110

1

10

210

310

410

510
-l+l→; ZγZ→H; Hνν→-e+e

γ-l+lνν→-e+e
-l+lνν→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

-l+l-l+l→-e+e

γ-l+el→γ+e
-l+el→γ+e

qq-l+el→γ+e

-µ +µ → ; Z γ Z →H 

(e)

 ) (deg)γ -µ +µ( θ
0 20 40 60 80

ev
en

ts
 a

fte
r B

D
T-

se
le

ct
io

n

-310

-210

-110

1

10

210

310

410 -l+l→; ZγZ→H; Hνν→-e+e
γ-l+lνν→-e+e

-l+lνν→-e+e
-l+lqq→-e+e
γ-l+lqq→-e+e

-l+l-l+l→-e+e

γ-l+el→γ+e
-l+el→γ+e

qq-l+el→γ+e

-µ +µ → ; Z γ Z →H 

(f)

Figure 13: Polar angle of H candidates in signal and background events for the H ! Zg;Z ! qq channel
(a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after
pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 14: Invariant mass of Z candidates in signal and background events for the H ! Zg;Z ! qq
channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f)
after pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 15: Velocity of Z candidates in signal and background events for the H ! Zg;Z ! qq channel
(a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after
pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 16: Energy of Z candidates in signal and background events for the H ! Zg;Z ! qq channel
(a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after
pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 17: Transverse momentum of Z candidates in signal and background events for the H ! Zg;Z !
qq channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel
(e,f) after pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 18: Polar angle of Z candidates in signal and background events for the H ! Zg;Z ! qq channel
(a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after
pre-selection (a,c,e) and after BDT-selection (b,d,f).
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A Event properties used in the signal and background event classification
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Figure 19: Energy of g candidates in signal and background events for the H ! Zg;Z ! qq channel
(a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after
pre-selection (a,c,e) and after BDT-selection (b,d,f).
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A Event properties used in the signal and background event classification
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Figure 20: Transverse momentum of g candidates in signal and background events for the H ! Zg;Z !
qq channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel
(e,f) after pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 21: Polar angle of g candidates in signal and background events for the H ! Zg;Z ! qq channel
(a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after
pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 22: Scalar sum of transverse momenta of Z and g in signal and background events for the H !
Zg;Z ! qq channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ�

channel (e,f) after pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 23: Thrust of signal and background events for the H ! Zg;Z ! qq channel (a,b), the H !
Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after pre-selection
(a,c,e) and after BDT-selection (b,d,f).
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Figure 24: Sphericity of signal and background events for the H ! Zg;Z ! qq channel (a,b), the H !
Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after pre-selection
(a,c,e) and after BDT-selection (b,d,f).
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Figure 25: Aplanarity of signal and background events for the H ! Zg;Z ! qq channel (a,b), the H !
Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after pre-selection
(a,c,e) and after BDT-selection (b,d,f).
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A Event properties used in the signal and background event classification
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Figure 26: Oblateness of signal and background events for the H ! Zg;Z ! qq channel (a,b), the H !
Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after pre-selection
(a,c,e) and after BDT-selection (b,d,f).
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Figure 27: Angle between Z and g of signal and background events for the H ! Zg;Z ! qq channel
(a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after
pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 28: Dq between Z and g candidates of signal and background events for the H ! Zg;Z ! qq
channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f)
after pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 29: Dj between reconstructed Z and g candidates of signal and background events for the H !
Zg;Z ! qq channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ�

channel (e,f) after pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 30: Helicity angle between Z and g candidates of signal and background events for the H !
Zg;Z ! qq channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ�

channel (e,f) after pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 31: Helicity angle between Z daughter candidates of signal and background events for the H !
Zg;Z ! qq channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ�

channel (e,f) after pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 32: Visible energy without H energy of signal and background events for the H ! Zg;Z ! qq
channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f)
after pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 33: Missing energy in signal and background events for the H ! Zg;Z ! qq channel (a,b), the
H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after pre-selection
(a,c,e) and after BDT-selection (b,d,f).
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Figure 34: Missing transverse energy in signal and background events for the H ! Zg;Z ! qq channel
(a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ� channel (e,f) after
pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 35: Particle multiplicity (E > 0 GeV, pT > 0 GeV) in signal and background events for the H !
Zg;Z ! qq channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the H ! Zg;Z ! µ+µ�

channel (e,f) after pre-selection (a,c,e) and after BDT-selection (b,d,f).
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Figure 36: di,i+1 value associated with merging from i to i+ 1 jets in signal and background events for

the H ! Zg;Z ! qq channel for i = 1 (a,b), i = 2 (c,d), and i = 3 (e,f) after pre-selection
(a,c,e) and after BDT-selection (b,d,f).
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Figure 37: d4,5 value associated with merging from 4 to 5 jets (a,b) and particle multiplicity (E > 0 GeV,

pT > 0 GeV) used to reconstruct the Z candidate (c,d) in signal and background events for the
H ! Zg;Z ! qq channel after pre-selection (a,c) and after BDT-selection (b,d).
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B. Analysis results from invariant mass fits

In the analysis of a particle decay with a sufficiently large signal to background ratio, the number of
signal and background events can be extracted from the invariant mass distribution, using a fit function
that describes the expected mass distribution shape. In order not to bias the background "Higgs mass"
distribution, the multivariate event selection has to be performed without the particle’s invariant mass as
an input variable.
In the following, this is tested for the e+e� ! Hnene;H ! Zg decay. Figure 38 shows the BDT response
distribution for signal and background events as well as the significance, the signal efficiency, and the
background efficiency as a function of the BDT selection. Here, the BDT classification of the events
is performed without MH and the MZ as input variables. It can be seen that for all channels a lower
significance is achieved than for the case that MH and the MZ are included in the set of input variables of
the BDT (cf. Figure 8 and Figure 38).
Due to the extremely low number of signal events, the Higgs mass distributions after BDT selection in
Figure 39 do not show clear signal peaks on top of the flat background distribution. Hence, it is not
feasable for the H ! Zg channel to extract the number of events using a fit function of the expected
shape of the invariant mass distribution.
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Figure 38: BDT response for signal events (blue) and background events (red) based on kinematic vari-
ables introduced in Section 5.2 except for MH and the MZ (a,c,e) and the significance, the
signal and the background efficiencies estimated without MH and the MZ, as a function of the
BDT selection (b,d,f) for the H ! Zg;Z ! qq channel (a,b), the H ! Zg;Z ! e+e� channel
(c,d), and the H ! Zg;Z ! µ+µ� channel (e,f). The maximum significance found per channel
and the corresponding BDT selection cut are indicated in the figure (b,d,f).
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Figure 39: Reconstructed Higgs mass for signal events (blue, cyan) and background events (red,
magenta) before and after BDT selection based on kinematic variables introduced in Section
5.2 except for MH and MZ (a,c,e) and for all events (green) before and after BDT selection
(b,d,f), for the H ! Zg;Z ! qq channel (a,b), the H ! Zg;Z ! e+e� channel (c,d), and the
H ! Zg;Z ! µ+µ� channel (e,f).
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