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Abstract

This thesis examined three observables relevant to the Standard Model Higgs sector, which are the
Higgs boson mass, its production cross section and the trilinear self-coupling, and estimated the
performance of the measurement of these parameters at the FCC-ee. Compared to the previous
analysis we introduced more Higgs boson production channels at

√
s = 240, 365 GeV, used improved

Monte Carlo samples (including initial and final state radiation) and a new orthogonal categorization
of events. The Higgs boson mass was constrained to be within 5.6 MeV around the nominal value
of 125 GeV at 68% CL using inclusive leptonic Higgsstrahlung channels at both energies. We used
inclusive Higgsstrahlung (leptonic and hadronic) and exclusive vector boson fusion channels in a
combined analysis to extract the sensitivity on the respective cross sections as well as on the trilinear
self-coupling. The signal strength modifiers used to estimate the precision on the Higgsstrahlung and
vector boson fusion production cross sections were measured with sub-percent and percent precision
under the assumption that the decay of the Higgs boson follows the Standard Model expectation. In
a similar manner, we extracted the Higgs boson trilinear self-coupling κλ using one-loop corrections
of the leading order Feynman diagrams of Higgsstrahlung and vector boson fusion. Assuming all pa-
rameters but κλ are set to the Standard Model expectation, δκλ can be constraint within [−0.29, 0.31]
at 68% CL. This precision reach is compromised once multiple parameters of interest are left floating
in the fit.
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1 Introduction

The discovery of the Higgs boson in 2012 by the LHC at CERN [1, 2] was a key point in understanding
how electroweak symmetry breaking (EWSB) occurs in the Standard Model (SM) [3]. From the
current measurements [4] it became apparent that the SM describes nature very well.

However, there are indications that the SM is not the final theory and it could rather be embedded in
a more general one. Not only does the SM fail to include gravity, there is also no fundamental reason
for charge quantization [5]. Starting from the gauge group of the SM SU(3)c × SU(2)L × U(1)Y ,
unquantized charges could in principle be found by adding a right-handed neutrino νR to the theory
[6]. When we interpret the U(1)Y group as the subgroup of a non-abelian group, charge quantization
emerges naturally after a respective symmetry breaking of the unknown non-abelian group.

Another important aspect is the validity of the Higgs sector. Many beyond the SM (BSM) theories
introduce more Higgs particles [7, 8] in order to break their higher symmetries down to the SM.
The effects of these higher symmetries are inherited by the SM, in particular various couplings get
modified as well due to the larger Higgs sector. This circumstance can be described using an effective
field theory (EFT) parametrization [9, 10] if the energy scale which is considered is much lower than
the higher symmetry breaking scale. Thus, understanding the structure and possible deviations of
the Higgs sector is important when the SM is to be tested to its limits.

Searches of this kind often involve ratios of the measured observables versus their predicted (SM)
values. For example, BSM searches [11, 12] are commonly conducted by means of using ratios. One
advantage of this method is the cancellation of most systematic errors, while another advantage is,
that if considering a well known denominator (e.g. using a precision calculation of a cross section
σSM), the deviation from the expected value can be measured very accurately. Depending on the
nature of the observable, some environments are better suited than others. Concerning the trilinear
Higgs boson self-coupling constant, it is best measured using clean electroweak processes with low
pileup, since otherwise the large background coming from underlying events would degrade the
precision of the measurement.

High sensitivity on the trilinear self-coupling can be reached using various approaches. For example,
the next major upgrade of the LHC - the High Luminosity LHC (HL-LHC) - is expected to collect
an integrated luminosity of up to 4’000 fb−1 [13]. Not only will it increase the number of observed
events, but also the sensitivity of the extracted self-coupling parameter [14]. Since the HL-LHC is
a proton-proton (pp) collider, it suffers from a poorly defined initial state and considerable pileup,
decreasing the expected sensitivity on the trilinear self-coupling. The protons utilized in the collisions
are mixtures of quarks and gluons. This requires a precise knowledge of the underlying parton density
functions (PDF). While the PDFs have been measured to a great extend using the LHC [15, 16], they
still introduce large uncertainties which is reflected in the precision of the measurement at HL-LHC.
Many of the aforementioned problems are of little concern for electron-positron colliders as they are
using fundamental particles. The next chapter introduces the planned successor of the LHC, the
Future Circular Collider.

1.1 Future Circular Collider

The LHC was inaugurated in 2008 and is planned to run until 2038 with the HL-LHC taking data
starting in 2026. In 2020, the European Strategy for Particle Physics announced that the LHC
successor is going to be a electron-positron collider similar to LEP [17]. The main difference between
LEP and the Future Circular Collider (FCC) is the diameter of the ring (27 km (LEP) and 91
km (FCC)) which allows for higher collision energies [18, 19] than LEP. In its first phase which is
projected to run between 2045 and 2060, the FCC is planned to be an electron-positron collider which
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in terms of center of mass energy focuses mainly on the Z pole around 91 GeV (four years), the WW
production threshold at 160 GeV (two years), the Higgsstrahlung (ZH) production threshold at 240
GeV (three years) and finally the tt production threshold at 365 GeV (five years). The termination of
the FCC-ee is scheduled in the 2060s after which it will be retrofitted preferably into a hadron-hadron
machine (FCC-hh). The FCC-hh is planned to run from 2070 onwards and will collide protons with√
s of up to 100 TeV [20].

In this work, two of the planned energy points of the FCC-ee are considered. The first energy
point will be the ZH production threshold

√
s = 240 GeV. Current studies [19] expect an integrated

luminosity of L = 5 ab−1. The second energy point is the tt production threshold with an expected
integrated luminosity of L = 1.5 ab−1. Over the course of the runtime of the FCC-ee from the two
energy points 1.2× 106 ZH and 7.5× 104 WW-Fusion events are expected.

Figure 1: An overview of the FCC-ee and its projected interaction points (IP). [21]

Currently there are two different baselines for the layout of the FCC-ee under consideration [21]. The
four IP baseline (see Fig. 1) features additional systematic robustness, a broader choice of detector
technologies and a higher integrated luminosity per year compared to the two IP baseline option
(L = 10.5 ab−1 for the ZH threshold and L = 1.95 ab−1 for the tt threshold for the same runtime
[21, 22]). The downside are the increased costs for civil engineering and developement. In this study,
we assume the two IP baseline option and the integrated luminosities mentioned above are given as
the sum of the collected luminosities per IP.

Why lepton colliders?

One advantage of using a lepton collider is that the initial state is precisely known, which makes the
collision very clean. Since at lepton colliders elementary particles are used in the collision, there are
no PDFs involved and thus the collisions

√
s is not severely different from the nominal

√
s.

The main degrading elements are effects of initial state radiation (ISR) and beam-beam effects (such
as beamstrahlung) which decrease

√
s and in case of beamstrahlung also the luminosity [23]. Fur-

thermore, due to the synchrotron radiation and power limitations of the RF cavities, the luminosity
is reduced very rapidly when

√
s is increased.
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Innovative Detector for e+e− Accelerators (IDEA) detector

The Innovative Detector for e+e− Accelerators (IDEA) detector [19] is one of the planned detector
concepts for the FCC-ee (see Fig. 3). It is specifically designed to operate efficiently in the clean
collision environment. To fully exploit the high statistics projected at the FCC, it has to feature
precision tracking and a very good and reliable reconstruction of leptons and hadrons using a high
granularity calorimeter. To safely extract the flavor of the produced jets, also a very precise vertex
detector must be implemented as well. A considerable challenge is the environment the detector
is facing. At FCC-ee very high luminosities are expected and preferably every event wants to be
extracted. A limiting factor for this undertaking are the rates, the data acquisition systems (DAQ)
are able to process. Another key issue is the radiation the very sensitive equipment is exposed to.
For these reasons, the IDEA concept requires the fastest and radiation-hard DAQ systems.

IDEA Vertex detector A silicon vertex detector based on monolithic active pixel sensors (MAPS)
[24] is foreseen for the IDEA vertex detector. This technology offers very fast and thin sensors with
minimal multiple scattering and without the need of a separate readout chip, as it is integrated in
the sensor itself. In total five highly efficient MAPS layers are planned to encompass the IP that
feature a point resolution of approximately 3 µm. This offers precision determination of particle
vertices with minimal mass in this part of the detector.

Figure 2: The momentum and angular resolutions for θ = 90◦ of the proposed drift chamber for
IDEA. [19]

Drift chamber Since the tracks at FCC-ee have a lower transverse momentum (pT ≤ 50 GeV)
than for example at the LHC, a very transparent tracker is required. Consequently, drift chambers
are considered as trackers for the IDEA detector. That also offers a multitude of advantages such
as continuous tracking which can be useful for many long-lived particle (LLP) searches. Another
advantage is the excellent particle separation either via cluster counting or dE/dx measurements.
The chamber itself contains an extremely light gas (90% He - 10% isobutane) and tungsten wires [19]
which are used to track charged particles. The total amount of material in the central part of the
barrel is 1.6% of the radiation length X0, most of which coming from the wires. The performance of
the drift chamber in its baseline configuration is shown in Fig. 2.

Dual-readout calorimeter Implementing a dual-readout calorimeter makes measurements of the
electromagnetic fraction of a particle shower possible on an event-by-event basis. This is achieved
by measuring the hadronic and electromagnetic contribution simultaneously with Cherenkov and
scintillating fibers. From that, the energy can be calculated very precisely (σem/E = 13.0%/

√
E +

0.2% and σhad/E = 31.0%/
√
E + 0.4% extracted from simulations [19]). This high jet energy

resolution is necessary to efficiently separate W and Z in a multijet environment.
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Solenoid The baseline configuration of the IDEA detector features a 2 T superconducting solenoid
coil. It has been specifically designed to be as light as possible to decrease the impact on a particles
energy and it is located between the proposed tracker and the calorimeter.

Preshower detector and muon stations A preshower detector is planned between the solenoid
coil and the calorimeter section to increase the performance of the cluster reconstruction. The muon
stations are covering most parts of the magnet return yoke and are used to identify muons. Their use
case can be extended to LLP searches as well. Both the preshower detector and the muon stations
are based on micro-Resistive WELL technology [25].

Figure 3: One quadrant of the proposed IDEA detector for FCC-ee. The detector is 11 m high and
13 m long. [26]

Delphes simulation

The IDEA detector is implemented in a Delphes fast-simulation [27] in which the various components
(Tracker, Calorimeter, Muon Chambers) of the detector are modelled with cylindrical shapes. The
physical response of particles traversing the cylinders are then calculated based on the requirements
of the detector [19, 26]. Finally, Delphes simulates the reconstruction of the particles taking into
account the correct reconstruction efficiency based on said specifications.

1.2 Higgs boson physics at FCC-ee

One key pillar of the physics programme at the FCC-ee is the study of the Higgs boson. There
are many possible Higgs boson studies [18] which can be conducted using the FCC. However, in
this thesis we will focus in particular on the Higgs boson mass, the Higgs boson production cross
section and on the Higgs boson self-coupling λ3. The latter two are modified in the presence of new
physics (NP) and the self-coupling can be accessed indirectly at the FCC-ee in both ZH and vector
boson fusion (VBF) processes. VBF consists of W boson fusion e+e− → νeν̄eH and Z boson fusion
e+e− → e+e−H [28].

At
√
s = 240 GeV the dominant production process of a SM Higgs boson is Higgsstrahlung e+e− →

ZH [29], while minor contributions come from VBF. The latter can be safely ignored because of
its large t-channel suppression of the respective cross section on the order of ln (s/M2

V ) [28]. Con-
sequently, the number of Higgs bosons coming from VBF will increase by approximately one order
of magnitude as soon as the

√
s = 365 GeV energy point is considered. The lowest order Feynman

diagrams of Higgsstrahlung and vector boson fusion are shown in Fig. 4.
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Figure 4: The production cross sections of a Higgs boson at e+e− collisions with Higgsstrahlung (ZH)
and vector boson fusion (VBF). [30]

The cross sections of various physics processes and the Higgs boson production can be found in Fig.
5.

Figure 5: The production cross section and the number of events of ZH and other SM processes at
e+e− colliders with integrated luminosity of 5 ab−1 [31].

In addition to the above mentioned channels, Higgs bosons radiating from top quarks e+e− → tt̄H
are also possible [32]. They are, however, not treated in this analysis, because Higgs bosons from this
production channel are only produced in a statistically meaningful number at energies well above√
s = 365 GeV.

In this thesis, we will study the Higgs boson mass, its production cross sections and the trilinear self-
coupling. The goal is the precise estimation of said observables at the FCC-ee and its clean collisions.
We will rely on the Monte Carlo (MC) samples produced by the FCC-ee Physics Performance working
group [33]. Eighteen Higgs boson production channels are considered in the final analysis, including
the hadronic ZH channels and their high production cross section. Moreover, the events are put in
orthogonal categories with the purpose of increasing the overall significance.

Background processes

At both energy points the dominant process is ZH. As the Z and the Higgs boson can decay lep-
tonically and hadronically, a large variety of SM background processes contribute (see Fig. 5). The
main background comes from fermion production e+e− → ff̄ (f 6= t for

√
s = 240 GeV) as well

as from ZZ and WW production. The former background can lead to the same final state as ZH
or VBF through initial/final state radiation or due to a misreconstruction of the particles. Neutral
vector boson production is included, because of the ambiguous decay of the Z and H. If one of the
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Z is on-shell, fake ZH events are produced which are a priori indistinguishable from real ZH events.
Furthermore, decay products from charged vector bosons are often jets, but also charged leptons and
neutrinos. Thus, a good reconstruction efficiency and jet energy resolution is needed to separate the
fake ZH events coming from WW and ZZ from each other.

2 Methods, Processes and Analysis

In this chapter, first the recoil mass is defined which is used to target the Higgs boson system in
Higgsstrahlung model-independently. After introducing the categorization of events, the respective
channels are discussed for 240 GeV and 365 GeV. Every inclusive channel is defined to be inclusive
with respect to the Higgs boson decay (e.g. in inclusive ZH, the Higgs boson can decay into every-
thing: H → X) and every exclusive channel is defined to be exclusive with respect to the Higgs
boson decay (e.g. in exclusive WW-Fusion, the Higgs boson decays into for example H → bb̄). Thus,
from every inclusive ZH channel in which the Z decays leptonically, we can precisely determine the
Higgs boson mass mH by tagging the respective leptons coming from the Z decay. Thereafter, we
will discuss the extraction of the ZH and VBF signal strength modifiers and their uncertainty from
all considered inclusive ZH and exclusive VBF production modes.

2.1 Recoil mass technique

The clean collision environment of lepton colliders such as the FCC-ee (see chapter 1.1) can be used
together with ZH events to study the Higgs boson system model-independently. By measuring only
the decay products of the Z, it is possible to infer the mass of the recoiling system by the virtue of
energy-momentum conservation.

Assuming the center-of-mass (COM) energy
√
s and the reconstructed particle energies and momenta

are fully known, the initial state four-vector of the colliding particles is in the COM frame of the
detector

pinitial = pe,1 + pe,2

=

((√s
2

+

√
s

2

)
, 0, 0, (pz,1 + pz,2)

)T

=
(√

s, 0, 0, 0
)T
,

(2.1)

where pz,1 = −pz,2. From energy-momentum conservation, it is found that pinitial
!

= pZ + pH. This
can be rearranged to retrieve the recoil mass

M2
Rec = p2

H

=
(
Eff −

√
s
)2−| ~pff |2

= s− 2Eff

√
s+M2

ff ,

(2.2)

where EZ = Eff
!

= Ef,1 + Ef,2 and ~pZ = ~pff
!

= ~pf,1 + ~pf,2 was used in case we fully reconstruct the
decay of the Z boson (Z → ff̄). Moreover, the extracted recoil mass is precisely the Higgs boson

mass MRec
!

= MH . No previous reconstruction of the Higgs boson system is necessary.

Special care must be taken, if hadronic ZH processes are considered. Since the decay products of the
Z form jets which are reconstructed with much less accuracy than leptons, the statement MRec = MH

is not fully true anymore.
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2.2 Categorization and channel analysis

In this chapter, initially the Monte Carlo samples from the different generators used in the analysis
are presented and discussed. After that, a categorization of events is introduced aiming to increase
the sensitivity on the parameters of interest in question (discussed more in detail in chapters 3.1 and
3.4). The section concludes with the review of each channels selection cuts, unique properties and
whether Boosted Decision Trees (BDTs) are necessary.

2.2.1 Monte Carlo samples

The signal samples as well as some background samples (see tables 18 and 19) were generated using
the WHIZARD 2.8.5 event generator [34, 35]. Their sample designation start with wzp6. The other
samples were generated using PYTHIA8 [36] and their respective sample designation starts with p8.
The reason why different generators were considered is, because WHIZARD models the beam energy
spread (BES) better than PYTHIA8. However, the WHIZARD samples do not contain parton shower
ISR. The inclusion of the correct BES modelling is crucial if we want to do precision measurements
of the self-coupling constants, as a very well determined initial state in terms of energy is required.

WHIZARD configurations

The WHIZARD samples were generated with a Gaussian BES symmetric with respect to both beams
of either 0.165% for

√
s = 240 GeV or 0.192% for

√
s = 365 GeV, which is in accordance with

the requirement of the CDR [19]. Moreover, ISR with respect to the original beam electrons is
considered. The hadronization and the parton shower are handled with PYTHIA6 [36]. For stability
reasons the ISR from shower partons had to be switched off. Apart from that, the shower partons
can produce final state radiation (FSR) and hadronize further. To calculate the final cross section,
WHIZARD uses matrix elements at lowest order (LO), accounts however for the ISR by using respective
approximations.

PYTHIA8 configurations

The PYTHIA8 samples also features BES. Due to the architecture of PYTHIA8, it has to be implemented
as a spread of the longitudinal momentum pz of the beam particles and not as a spread in the energy
directly. This leads to an inferior modelling of the true BES with respect to the WHIZARD samples
and for this reason, the PYTHIA8 samples are mainly used as flat background samples in our analysis.
Finally, the partons are allowed to produce ISR and FSR. The cross section is calculated by PYTHIA8

using LO matrix elements only and do not account for ISR.

2.2.2 240 GeV energy point

At the Higgsstrahlung energy point at
√
s = 240 GeV, we considered the inclusive processes Z(→

µ+µ−)H, Z(→ e+e−)H and Z(→ qq̄)H and neglected VBF seeing that the corresponding cross
section is very small (see Fig. 5). To shorten the notation Z(→ µ+µ−)H and Z(→ e+e−)H together
are in the following chapters referred to as leptonic Higgsstrahlung (leptonic ZH) and Z(→ qq̄)H is
referred to as hadronic Higgsstrahlung (hadronic ZH). The hadronic ZH consists of six subcategories
based on the reconstructed quark flavor of the Z decay. In total, the events at 240 GeV are categorized
in eight orthogonal categories. The individual steps of the categorization can be found in Appendix
A.1. Rejected events were not considered any further and have been removed from the analysis.

For all ZH processes we used the recoil mass technique (see chapter 2.1) to extract the recoil mass
distribution. The complete analysis made use of the existing FCCAnalyses framework [37].
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Used samples

Depending on the examined decay channel of the Z, the respective WHIZARD signal sample was used.
For all other processes such as charged and neutral vector boson production, s- and t-channel lepton
production via a Z/γ exchange, muon production via a di-gamma exchange (muonic Z decays only)
and quark production (hadronic ZH only) PYTHIA8 samples were used. Further details of the samples
(e.g. number of MC events, cross section, etc.) can be found in table 18.

The Bhabha sample contains the respective s- and t-channel diagrams and their interference, as
well as cuts on the invariant mass (Mee ∈ [30, 150] GeV) and on the polar angle of the final state
electrons (θee ∈ [15◦, 165◦]). For the di-gamma sample, only invariant di-muon masses above 60 GeV
were considered. Furthermore, we assumed an integrated luminosity of L = 5 ab−1 for all channels
at
√
s = 240 GeV corresponding to three years of data taking [19].

Z(→ µ+µ−)H

The prime channel for studying Higgsstrahlung features precisely measurable Z decays due to ex-
cellent muon reconstruction. For this reason, also the reconstructed Higgs boson mass mH can be
extracted very accurately. An event in this category must have two opposite sign (OS) muons in
the final state. Events with two electrons are rejected due to the categorization requirement (see
Appendix A.1). Apart from the number and the sign of the final state leptons other highly discrim-
inating variables are used to eliminate the background.

Sample designation Main process MC events Cross section
Signal wzp6 ee mumuH ecm240 e+e− → Z(µ+µ−)H 1’000’000 0.0067643
Background p8 ee WW ecm240 e+e− → W+W− 10’000’000 16.4385

p8 ee ZZ ecm240 e+e− → ZZ 10’000’000 1.35899
wzp6 ee mumu ecm240 e+e− → µ+µ− 49’400’000 5.288
wzp6 ee tautau ecm240 e+e− → τ+τ− 49’600’000 4.668
wzp6 gaga mumu 60 ecm240 γγ → µ+µ− 30’000’000 1.5523

Table 1: Monte Carlo samples used for Z(→ µ+µ−)H at
√
s = 240 GeV. The cross sections are in

pb−1.

Selection cuts To reduce the large background, several selection cuts were put in place on the
samples of table 1. This analysis uses already optimized selection cuts [38] with variables which allow
good separation between signal and background. Requiring one Z boson in the final state reduced the
very abundant WW background by a large fraction. Furthermore, all events having a reconstructed
invariant mass of the Z candidate between 86 and 96 GeV were kept. The Z(→ ll̄) background was
further reduced by requiring that the Z candidates transverse momentum is between 20 and 70 GeV
and that the reconstructed recoil mass is between 120 and 140 GeV.

Initial state radiation is efficiently cut down by selecting only events with an angle between the
missing momentum vectors fulfilling | cos θmiss| < 0.98. Consequently, in the selected recoil mass
window only two di-gamma events are remaining.

Results Figure 6 shows a very concise peak around the SM Higgs boson mass of around 125 GeV.
The combined background follows approximately a constant function, while the signal has a double
Crystal Ball (dCB) shape. Since the background can be estimated very confidently, no further
multivariate methods to isolate the signal shape have to be applied and it can be used to extract the
Higgs boson mass.
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Figure 6: The recoil mass distribution from 120 to 140 GeV after applying the last selection
cut described in table 2. The Z → ll channel is containing the wzp6 ee mumu ecm240 and
wzp6 ee tautau ecm240 sample contributions together.

Z(µ+µ−)H ZZ WW Z → µ+µ− γγ → µ+µ−

Number of events (Yield) 21’284 358’861 949’463 18’115’143 1’309’126
Z(µµ)H tag, NZ = 1 100 % 100 % 100 % 100 % 100 %
+ Mµµ ∈ [86, 96] GeV, MRec sel. 83.45 % 66.35 % 25.08 % 0.93 % 2.74 %
+ pµµT ∈ [20, 70] GeV 74.17 % 4.74 % 1.58 % 0.20 % 4.12·10−3 %
+ | cos(θmiss)| < 0.98 70.10 % 2.70 % 1.58 % 0.05 % 1.53·10−4 %

Table 2: The selection cuts for e+e− → Z(µ+µ−)H at
√
s = 240 GeV. The MRec selection is consid-

ering events with MRec ∈ [120, 140] GeV. Only the events passing the last selection cut are used in
the final analysis. Furthermore, the column of Z → µ+µ− contains also muons from τ decays. The
percentage values are rounded values and the yield is defined as N sel

MC ×L × σ, where N sel
MC is the

number of MC generator events passing the selection, L = 5 ab−1 is the integrated luminosity and
σ is the considered Higgs boson production cross section.

Z(→ e+e−)H

Contrary to the Z(→ µ+µ−)H analysis, the di-gamma exchange is omitted in the electronic Z decay
(see table 3). Not only is there currently no centrally produced sample available, but also the selection
is highly optimized (see Section 2.2.2), such that the di-gamma contribution can safely be neglected.

Since the electrons are more difficult to reconstruct than the muons due to resolution effects of the
simulated IDEA detector, the resonance around the Higgs boson mass is wider than the corresponding
recoil mass used in chapter 2.2.2. Corresponding to that, the height of the signal peak is reduced
compared to the Z(µ+µ−)H analysis.

Selection cuts Similar selection cuts were put in place to reduce the occurring background: A
candidate event has to contain at least one Z with reconstructed invariant mass mrec

Z ∈ [86, 96] GeV
and transverse momentum of prec

T,Z ∈ [20, 70] GeV. Like in the Z(→ µ+µ−)H case, further cuts are
applied to the reconstructed recoil mass (MRec ∈ [120, 140] GeV) and the angle between the vectors
of missing momentum in the event (| cos θmiss| < 0.98). The result of the cuts is shown in Fig. 7.
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Sample designation Main process MC events Cross section
Signal wzp6 ee eeH ecm240 e+e− → Z(e+e−)H 900’000 0.0071611
Background p8 ee WW ecm240 e+e− → W+W− 10’000’000 16.4385

p8 ee ZZ ecm240 e+e− → ZZ 10’000’000 1.35899
wzp6 ee Mee 30 150 ecm240 e+e− → e+e− 79’400’000 8.305
wzp6 ee tautau ecm240 e+e− → τ+τ− 49’600’000 4.668

Table 3: Monte Carlo samples used for Z(→ e+e−)H at
√
s = 240 GeV. The cross sections are in

pb−1.

Z(e+e−)H ZZ WW Z → l+l−

Number of events (Yield) 17’296 281’345 745’609 27’171’720
Z(ee)H tag, NZ = 1 100 % 100 % 100 % 100 %
+ Mee ∈ [86, 96] GeV, MRec selection 81.56 % 66.65 % 6.60 % 1.02 %
+ peeT ∈ [20, 70] GeV 72.41 % 4.84 % 1.68 % 0.24 %
+ | cos(θmiss)| < 0.98 68.49 % 2.83 % 1.68 % 0.04 %

Table 4: The selection cuts for e+e− → Z(e+e−)H at
√
s = 240 GeV. The MRec selection is considering

events with MRec ∈ [120, 140] GeV. Only the events passing the last selection cut are used in the
final analysis. The percentage values are rounded values.

Figure 7: The recoil mass distribution from 120 to 140 GeV after applying the last selection cut
described in table 4. Compared to Fig. 6 the height of the signal peak is reduced. The Z → ll chan-
nel is containing the wzp6 ee Mee 30 150 ecm240 and wzp6 ee tautau ecm240 sample contributions
together.

Z(→ qq̄)H

The Z(→ qq̄)H channel has the highest cross section among all of the individual ZH subprocesses (see
Fig. 5). Adding the respective channels to the analysis (i.e. q ∈ {u, d, s, c, b}) would tremendously in-
crease its statistical significance and thus increase the final precision reach. One of the disadvantages
of the inclusion of Z(→ qq̄)H is the dependence of the result on the choice of the jet algorithm and
its parameters. The tagging algorithm also influences the result in a more direct way [39]. To cluster
the jets, the generalized anti-kT algorithm for e+e− colliders implemented in FastJet 3.3.4 [40] was
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used with a predefined jet cone radius ∆R ≤ 0.5. All proto-jets with transverse momentum pT,PJ > 5
GeV were inclusively clustered and sorted with respect to their pT,PJ and recombined according to
their energy EPJ. The FCCAnalyses framework [37] allowed us to put in place specific mistag rates
for the quark flavors and the chosen values for the complete analysis can be seen in table 5.

b tag c tag l tag g tag

b tag 0.80 0.08 0.01 0.01
c tag 0.10 0.60 0.01 0.03
l tag - - 0.80 -

Table 5: The assumed tagging efficiencies for the complete analysis. The rows signify the considered
flavor which is desirably tagged and the columns represent the respective tagging or mistagging rates.
The values for the tagging efficiencies were inspired in part by [39].

Sample designation Main process MC events Cross section
Signal wzp6 ee qqH ecm240 e+e− → Z(qq̄)H 9’900’000 0.13635
Background p8 ee WW ecm240 e+e− → W+W− 10’000’000 16.4385

p8 ee ZZ ecm240 e+e− → ZZ 10’000’000 1.35899
p8 ee Zqq ecm240 e+e− → qq̄ 10’000’000 52.6539

Table 6: Monte Carlo samples used for Z(→ qq̄)H at
√
s = 240 GeV. The cross sections are in pb−1.

Selection cuts and flavor categorization A large portion of the occurring background (see table
6) can be removed if the invariant mass of the reconstructed di-jet system is required to be within 86
and 96 GeV. To reject the ZZ and WW background, the reconstructed recoil mass is required to be
in between 100 and 160 GeV. On top of that, the flavors of the jets of the di-jet system are extracted
and they are required to be either b, c or l flavored. The l flavor corresponds to light flavors u, d
and s. Since a simulated dataset was used, also the comparison with the Monte Carlo (MC) truth
particle is included. From this, we could see that a large portion of the original signal Z(→ qq̄)H
with same flavor q ∈ {b, c} is leaking inside events where the di-jet system consists of e.g. a b quark
and a quark of a different flavor. This can be explained with the imperfect reconstruction of the jet
with respect to the original MC particle due to the chosen mistag rates (see table 5) and due to jet
clustering, since the flavor of the components of the jet are not extracted.

Thus, the different permutations of b-, c- and l-jets coming from the Z are promoted to orthogonal
categories (see Appendix A.1) and through that, the full Z(→ qq̄)H is extracted. The jets are
categorized in bb, bj/jb, ij, cc, cj/jc and bc/cb, where i, j stands for light jets (u, d and s). For this
purpose, it is important that the events in the individual categories are not being double counted as
this might lead to wrong results. Orthogonality was ensured between all jet flavor channels as well
as with the previous categories Z(→ µ+µ−)H and Z(→ e+e−)H.

As the total background (especially Z → qq̄) is overwhelming (see Fig. 8a), Adaptive Boosted Deci-
sion Trees (BDTs) were used for all hadronic Z decays at 240 and 365 GeV to lower this background
to a minimal level. The BDTs were constructed using ROOT and its TMVA framework [41, 42].
The parameters for setting up the BDT were inspired from [43]. For each BDT, the composition of
the training set depends on the preselected number of events of the considered Z jet flavors. The
remaining parameters, as well as the input variables for discrimination are fixed globally for each
channel and do not change between the energy points. In total, 800 trees were trained with a learning
rate of βAda = 0.1, each with a minimum node size of 1% and with a maximum depth of 3 to limit
overtraining. Furthermore, the Gini index [44] was chosen as a measure of separation. After training
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Figure 8: (a): Recoil mass of ZH events where Z decays in light jets at 240 GeV. The Z → qq̄
background is overwhelming. (b): The recoil mass distribution of the same decay but after an
additional BDT cut. The Z → qq̄ background is efficiently cut down.

and testing of the BDT, a final classifier for each category has been computed. For the selection
cuts, only the classifiers from the respective category were used.

The performance of the final classifier is driven by the most discriminating variables of the BDT.
Depending on the channels considered, the most discriminating variables differ. In case of the Z
decays involving a b flavor, the most discriminating variable is the number of b-jets in the final state.
This can be explained with the high b quark tagging efficiency seen in table 5. Since the c tagging
efficiency is slightly lower, it is not surprising that the most discriminating variable in the cases where
the Z decays into at least one c is not the number of c-jets in the final state. In these cases, it is
the recoil mass MRec (cc) and the di-jet mass Mqq (cj/jc, ij). The di-jet mass Mqq is the second
most discriminating variable in every other category (bb, bc/cb and bj/jb). It must be noted that
the specific choice of the jet clustering algorithm and its parameters, as well as the tagging efficiency
introduces some model dependence.

Considering the recoil mass distribution with respect to the di-jet mass distribution, one notices that
for the background Z → qq̄, the mean di-jet mass of the reconstructed Z system prior the application
of the BDT is shifted towards slightly smaller values instead of Mqq ≈ MZ . Because of initial state
radiation, the collision energy is slightly reduced, leading to a smaller di-jet mass. The effect is
eliminated by requiring cuts which aim to reduce unobserved ISR (very close to beam pipe and low
pT ) such as pT ≥ 20 GeV together with | cos θMiss| < 0.9 [45].

The ISR eliminating cuts are preferred by the BDT, since the involved variables are one of the more
discriminating ones and due to the choice of the Gini metric as decision metric (see Fig. 9). Indeed
when looking at the post-BDT di-jet mass distributions a peak around MZ becomes apparent in
every channel (see Appendix E.1).

2.2.3 365 GeV energy point

The total number of signal events can be increased, if events at the tt threshold (
√
s = 365 GeV)

are taken into account. Also, at
√
s = 365 GeV the VBF processes become non-negligible, and

they have to be considered. We examined only exclusive VBF processes in which the Higgs boson
decays to a pair of b quarks, because of its higher branching ratio compared to other quarks or
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Figure 9: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ = b. (a): The situation before the BDT. Events cluster at a recoil mass of around 45
GeV and around a di-jet mass of around 87 GeV. (b): After the BDT, most events cluster between
a recoil mass of 120 and 140 GeV and around a correct di-jet mass of 90 GeV.

leptons. One reason for this is the large WW background occurring in both neutral and charged
VBF (see Appendix G) which can be confidently limited by considering a pair of b quarks (or c
quarks if the c tagging efficiency would be higher) coming from the same particle in the final state
as already demonstrated in chapter 2.2.2. Otherwise this would pose a serious issue for the charged
VBF e+e− → νeν̄eH and the current baseline IDEA detector without any improvement in regards of
jet tagging.

A similar categorization procedure as in the 240 GeV case is applied and since more channels through
VBF are accessible, the flowchart was expanded accordingly (see Appendix A.2).

Used samples

The corresponding 365 GeV version of the 240 GeV MC samples are used for this analysis. Since
additional VBF contributions appear due to the logarithmic rise of the cross section, the WHIZARD

signal sample is used to account for charged VBF after the electron neutrinos are isolated using MC
truth information. Moreover, due to the more prominent contribution of the neutral VBF at 365
GeV, the wzp6 ee eeH ecm365 sample must be separated in ZH, VBF and the respective interfering
part. When considering VBF, the ZH appears as a background and for this reason the respective
PYTHIA8 sample is used. In table 19, every sample used in the 365 GeV analysis is listed.

To avoid double counting, the ZH part of the signal sample is removed and taken into account by
the background sample when either WW- or ZZ-Fusion is considered.

Like in the 240 GeV case, the Bhabha sample contains s- and t-channel diagrams as well as their
interference and the same cuts mentioned in chapter 2.2.2. The same is true for the di-gamma
sample. For the analysis, we assumed an integrated luminosity of L = 1.5 ab−1 for all considered
channels at

√
s = 365 GeV. This corresponds to the integrated luminosity collected after five data

taking years.

Z(→ µ+µ−)H

At 240 GeV, the Higgs boson mass could be precisely extracted due to the accurate measurement of
the remnants of the Z boson. In case of the muonic decay of the Z, only the tracker can be used to
estimate the transverse momentum of the muons. Recalling the performance of the proposed drift
chamber (Fig. 2), it becomes evident that at

√
s = 365 GeV we can expect a much less precise
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measurement of the Higgs boson mass in the leptonic ZH processes.

Sample designation Main process MC events Cross section
Signal wzp6 ee mumuH ecm365 e+e− → Z(µ+µ−)H 200’000 0.004185
Background p8 ee WW ecm365 e+e− → WW 5’000’000 10.7165

p8 ee ZZ ecm365 e+e− → ZZ 5’000’000 0.6428
wzp6 ee mumu ecm365 e+e− → µ+µ− 9’900’000 2.287
wzp6 ee tautau ecm365 e+e− → τ+τ− 10’000’000 2.017
wzp6 gaga mumu 60 ecm365 e+e− → γγ → µ+µ− 10’000’000 2.843

Table 7: Monte Carlo samples used for Z(→ µ+µ−)H at
√
s = 365 GeV. The cross sections are in

pb−1.

Figure 10: The recoil mass distribution from 120 to 140 GeV after applying the last selection cuts
from table 8.

Selection cuts For the selection, similar cuts as in the 240 GeV case were used. We have to
replace the selection on the transverse momentum of the di-lepton system with pT > 70 GeV noting
that the higher

√
s produces more energetic Z candidates. This cuts down the background from

γγ → µ+µ− as well (pT ≤ 20 GeV), suppresses the WW background by roughly a factor of 2 and
slightly reduces the ZZ background whilst leaving the signal almost untouched. The considered MC
samples are listed in table 7.

Z(µ+µ−)H ZZ WW Z → l+l− γγ → µ+µ−

Number of events (Yield) 4’877 53’655 184’776 2’225’401 693’722
Z(µµ)H tag, NZ = 1 100 % 100 % 100 % 100 % 100 %
+ Mµµ ∈ [86, 96] GeV, MRec selection 56.90 % 5.58 % 0.04 % 0.60 % 0.24 %
+ pµµT > 70 GeV 52.82 % 3.11 % 0.02 % 0.08 % 0 %

Table 8: The selection cuts for e+e− → Z(µ+µ−)H at
√
s = 365 GeV.

Results As expected from the degraded momentum resolution of the drift chamber, Figure 10
shows a smeared peak around the SM Higgs boson mass of around 125 GeV compared to Fig. 6.
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The recoil mass distribution in Fig. 10 uses the dataset after applying the last selection cut in table
8. Like in the 240 GeV case, the background from all sources follows a very flat function while the
signal shape can be modelled with a double Crystal Ball function.

Z(→ e+e−)H

The decay electrons of the Z in the electronic ZH are measured in the tracker (estimation of their
pT ) and in the calorimeter (estimation of their energy), contrary to the tracker only measurement in
case of the muonic ZH. Because of the higher COM energy, the VBF also contributes to this channel
and acts as background (see table 9). The other SM background is the charged and neutral vector
boson production and because an inclusive Higgs boson decay is considered, also Bhabha scattering
and electrons from τ decays in case the decay products of the Higgs boson are misreconstructed or
ISR/FSR is faking ZH events. Furthermore, we expect a less precise measurement of mH because of
the worse performance of the drift chamber for the considered pT range.

Sample designation Main process MC events Cross section
Signal wzp6 ee eeH ecm365 e+e− → e+e−H 400’000 0.00739

p8 ee ZH ecm365 e+e− → ZH 5’000’000 0.1173
Background p8 ee WW ecm365 e+e− → WW 5’000’000 10.7165

p8 ee ZZ ecm365 e+e− → ZZ 5’000’000 0.6428
wzp6 ee Mee 30 150 ecm365 e+e− → e+e− 10’000’000 1.53
wzp6 ee tautau ecm365 e+e− → τ+τ− 10’000’000 2.017

Table 9: Monte Carlo samples used for e+e− → Z(e+e−)H at
√
s = 365 GeV [33]. The cross sections

are in pb−1.

Realizing that the signal in this channel is ZH and the WHIZARD sample carries also contributions
from VBF and the interference term, they have to be separated by using MC truth information. The
PYTHIA8 sample p8 ee ZH ecm365 is then used to account for the events coming from the interference
term, which are lost due to the separation. The selection was done on generator level partons of
the PYTHIA8 sample, retaining only MC events where the invariant mass of the MC Z system mMC

Z

is above 110 GeV. This value of the invariant mass was chosen such most of the VBF contribution
was cut from the WHIZARD sample, yet keeping the number of events from the PYTHIA8 sample at a
minimum. This ensures, that the signal events mainly come from the WHIZARD sample.

Selection cuts In addition to the sample separation cut, additional selections were put in place
to reduce the occurring background coming from SM sources: An candidate event has to contain
at least one Z with reconstructed invariant mass mrec

Z ∈ [86, 96] GeV. The reconstructed recoil mass
had to fulfill MRec ∈ [120, 140] GeV and the angle between the vectors of missing momentum in the
event was chosen such that it satisfies | cos θmiss| < 0.98.

Z(e+e−)H ZZ WW Z → l+l−

Number of events (Yield) 2’996 25’330 3’475 421’605
Z(ee)H tag, NZ = 1 100 % 100 % 100 % 100 %
+ Mee ∈ [86, 96] GeV, MRec selection 68.49 % 8.54 % 1.84 % 1.92 %
+ | cos(θmiss)| < 0.98 65.65 % 5.22 % 1.47 % 0.11 %

Table 10: The selection cuts for e+e− → Z(e+e−)H at
√
s = 365 GeV. The MRec selection is

considering events with MRec ∈ [120, 140] GeV. Only the events passing the last selection cut are
used in the final analysis. The percentage values are rounded values.
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Figure 11: The recoil mass distribution from 120 to 140 GeV after applying the last selection
cut described in table 10. The Z → ll channel is containing the wzp6 ee Mee 30 150 ecm365 and
wzp6 ee tautau ecm365 sample contributions together.

Results The final recoil mass distribution is shown in Fig. 11. As already mentioned in the
previous section, the width of the signal distribution is wider compared to the 240 GeV channel
because of resolution effects. The charged vector boson production channel WW has been omitted
from the Figure, as it introduces unphysical spikes to the distribution due to the small number of
MC events in the final selection. This does not degrade the meaningfulness of the analysis, since
the number of WW events are small (51 events after final selection) and expected to be flat in the
recoil mass distribution. The effect of the missing WW events are well within the bin-wise statistical
uncertainty of the ZZ and Z → l+l− background events.

Exclusive WW-Fusion

Until now, the recoil mass technique was used to get a hold on the Higgs system model-independently.
This approach changes as soon as VBF is considered, since there is no Z the Higgs boson can recoil
against. Charged VBF involves a pair of neutrinos in the final state accompanying the Higgs boson
and thus, the missing mass Mmiss is used instead.

The main signal is VBF, which together with the ZH channel, completes the intermediate possibilities
of a νeνeH final state. The WHIZARD signal sample is made of ZH, VBF and the interference between
the former processes. Thus, the ZH events in the WHIZARD sample have to be eliminated in order to
avoid double counting. This is done with the MC truth information from the sample, which is then
used to identify the events whose electron neutrinos come from a eνeW vertex. If events contain two
such neutrinos, then this is declared a charged VBF event. To remove as much as possible from the
interference, an additional selection on the polar angular distribution of the Higgs boson is made
[28]. Every MC sample involved in this analysis is listed in table 11.

Selection cuts The categorization of events requires, that the final state of any charged VBF event
is either free of any charged lepton system or contains two electrons and two muons. Moreover, it
has to contain at least two jets with an invariant mass mqq fulfilling |mqq −mH | ≥ 30 GeV. For the
exclusive e+e− → νeν̄eH(→ bb̄), at least two b-jets are required to be in the final state. To make
sure, that the considered b-jets are coming from a Higgs boson decay, additional cuts are applied:
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Sample designation Main process MC events Cross section
Signal wzp6 ee nunuH ecm365 e+e− → νν̄H 1’000’000 0.05394
Background p8 ee WW ecm365 e+e− → WW 5’000’000 10.7165

p8 ee ZZ ecm365 e+e− → ZZ 5’000’000 0.6428
p8 ee ZH ecm365 e+e− → ZH 5’000’000 0.1173

Table 11: Monte Carlo samples used for the charged VBF at
√
s = 365 GeV [33]. The cross sections

are in pb−1.

The absolute difference in pseudorapidity between the two b-jets must be smaller than 3 and the
hadronic activity HT has to be larger than 20 GeV. Lastly, a MET cut (MET > 20 GeV) is applied
to eliminate background with final states containing two electrons and two muons and no neutrinos
or insufficiently reconstructed particles.

WW-Fusion ZZ WW ZH

Number of events (Yield) 690 406 6 616
WW-Fusion tag, |∆ηbb| < 3, HT > 20 GeV,
MET > 20 GeV 100 % 100 % 100 % 100 %
+ βWW > -0.0426 97.97 % 12.81 % 0 % 31.01 %

Table 12: The selection cuts for charged VBF at
√
s = 365 GeV. Only the events passing the last

selection cut are used in the final analysis. The percentage values are rounded values.

From table 12 it becomes apparent, that even after the cuts ZZ and ZH backgrounds are still present.
This is expected, recalling that the Z and the H can both decay into electron neutrinos and b quarks.
On the other hand, the WW contribution has been efficiency cut down due to the b-jet requirement.
To further separate the ZZ and irreducible ZH background from the signal, an adaptive BDT was
trained with 7’500 signal and 50’000 background events. The rest of the parameters (number of
trees, learning rate, minimum node size and maximum depth of a tree) did not change with respect
to the BDTs used in chapter 2.2.2. As input variables, discrete ones (number of jets and number
of b-jets) as well as continuous ones related mainly to jets and missing energy were chosen. The
most discriminating variable is the number of b-jets, which is due to the high branching fraction of
the Higgs boson decaying in b quarks and the superior tagging efficiency of the b-jets. Apart from
that, the hadronic activity is the second most discriminating variable followed by the jet number and
the missing transverse energy. The last three variables rank among the most discriminating ones
because the final state is required to contain neutrinos (leads to MET) and b-jets (i.e. jets). So, the
only visible energy is coming from the b-jets and possible hadronization which is measured by the
hadronic activity.

Due to the irreducible nature of the ZH background, it cannot be completely removed (see Fig. 12b).
The ZZ background has been cut down efficiently exploiting kinematic differences in the processes,
while the WW contribution has been removed entirely.

Exclusive ZZ-Fusion

The exclusive e+e− → e+e−H(bb̄) give us the possibility to study the neutral VBF at
√
s = 365 GeV.

Recalling that the respective cross section is smaller than the charged VBF and background coming
from WW is too high, an exclusive approach was chosen in which we can use the invariant mass of
the e+e− recoiling against the Higgs system.

Contributing SM background processes (see table 13) are WW and ZZ production, as well as ZH in
which the Z decays in a pair of electrons and the Higgs boson in a pair of b quarks. The ZH process
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Figure 12: (a): Missing mass of charged VBF events where H decays to two b-jets. Especially in the
low mass region the ZH background is considerable. (b): The missing mass distribution of the same
decay but after an additional BDT cut.

acts as an irreducible background of neutral VBF, similar to the charged VBF (see Section 2.2.3),
while the WW and ZZ background can be reduced by exploiting kinematic differences. To suppress
the ZH contributions from the WHIZARD sample, only generator level events with electronic invariant
masses of Me+e− > 110 GeV are considered. To avoid double counting, the cut was reversed for the
PYTHIA8 ZH sample.

Sample designation Main process MC events Cross section
Signal wzp6 ee eeH ecm365 e+e− → e+e−H 400’000 0.00739
Background p8 ee WW ecm365 e+e− → WW 5’000’000 10.7165

p8 ee ZZ ecm365 e+e− → ZZ 5’000’000 0.6428
p8 ee ZH ecm365 e+e− → ZH 5’000’000 0.1173

Table 13: Monte Carlo samples used for the neutral VBF at
√
s = 365 GeV [33]. The cross sections

are in pb−1.

Selection cuts and results In accordance with the categorization flowchart for
√
s = 365 GeV

(see Appendix A.2), ZZ-Fusion events must contain two electrons and not two muons in the final
state. Furthermore, the two electrons must not come from a Z decay (|mee−mZ | ≥ 6 GeV) and the
final state must contain at least two b-jets. Apart from that, the cuts concerning the Higgs system
are the same as in chapter 2.2.3. The selection on the missing transverse energy has been omitted
since no neutrinos are expected to be present in the signal final state. The missing mass distribution
without the BDT cut is shown in Fig. 13a.

ZZ-Fusion ZZ WW ZH

Number of events (Yield) 225 89 3 61
ZZ-Fusion tag, |∆ηbb| < 3, HT > 20 GeV 100 % 100 % 100 % 100 %
+ βbb > −0.1034 99.56 % 13.48 % 0 % 3.28 %

Table 14: The selection cuts for neutral VBF at
√
s = 365 GeV. Only the events passing the last

selection cut are used in the final analysis. The percentage values are rounded values.

18



To eliminate further the ZZ and ZH background, an adaptive BDT was trained with 5’000 signal
events and 50’000 background events. The choice of the hyperparameters is the same as in the
charged VBF BDT. Among the input variables are again variables related to the Higgs system, such
as the number of b-jets, but also variables related to the e+e− system. The most discriminating
variable is the invariant mass of the electrons, which in the case of ZH and ZZ clusters around the Z
mass (WW events cluster around the W mass) whereas for VBF it assumes larger values. Followed
by the number of b-jets, missing transverse energy (Z in ZH can decay in neutrinos) and the invariant
mass of the b-jets (Z in ZZ can decay in electrons and the other in b quarks). Utilizing variables
related to the hadronic Higgs decay and the electrons (both visible systems) increases the separation
power of the BDT. Consequently, the overall background from all sources gets reduced to only a few
events in each channel (see Fig. 13b and table 14).

(a) (b)

Figure 13: (a): Recoil mass of neutral VBF events where H decays to two b-jets. In the low mass
region, the ZH background clusters around the Higgs boson mass, while the ZZ background is almost
flat. The spike of the WW background close to 210 GeV is unphysical and it is due to only one MC
event in this bin combined with the high background cross section (10.7165 pb−1). (b): The recoil
mass distribution of the same decay but after an additional BDT cut. The background is almost
completely cut down.

Z(→ qq̄)H

As in the 240 GeV case, the hadronic ZH has the highest cross section among all Higgs boson
production processes at 365 GeV (see Fig. 5). Adding it would increase the sensitivity on the
measured Higgs boson observables considerably with respect to the 240 GeV hadronic ZH inclusion.
Again, we categorize the events (see table 15) according to the flavor of jets which can be attributed
to the Z (after a mass cut) and proceed analogously as in chapter 2.2.2.

Selection cuts and flavor categorization The categorization requires, that the final state is
either free of any charged leptons or contains two electrons and two muons. At least two jets should
be present in the final state and its invariant mass has to fulfill additionally |mqq −mH | > 30 GeV.
To ensure that the jets come from the Z, we require mqq ∈ [86, 96] GeV. After flavor-tagging the jets
with the efficiencies from table 5, six orthogonal categories are created: bb, bc/cb, bj/jb, cc, cj/jc
and ij where i, j ∈ {u, d, s}.

To reduce the abundant background contribution from e+e− → qq̄ and WW, an adaptive BDT was
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Sample designation Main process MC events Cross section
Signal wzp6 ee qqH ecm365 e+e− → Z(qq̄)H 2’000’000 0.084307
Background p8 ee WW ecm365 e+e− → WW 5’000’000 10.7165

p8 ee ZZ ecm365 e+e− → ZZ 5’000’000 0.6428
p8 ee Zqq ecm365 e+e− → qq̄ 59’500’000 21.4149

Table 15: Monte Carlo samples used for the hadronic ZH at
√
s = 365 GeV [33]. The cross sections

are in pb−1.

trained per category. The number of signal and background events used to train the BDTs depend
per category and mostly variables related to the Z system are used as input variables: The energy
and the transverse momentum of the jets, the azimuthal and pseudorapidity difference between the
two jets, the recoil mass and the invariant mass of the Z system, the hadronic activity, the missing
transverse energy and its angle with respect to the beam pipe and finally the number of b-jets and
the number of ordinary jets. After the training and testing of the BDTs, the six final classifiers had
been computed. For every category, the number of jets was the most discriminating variable (ZH
events cluster around higher values), followed by the number of b-jets for each channel involving
signal b-jets. Another high-ranking variable is the hadronic activity which can be used to separate
between ZH and qq̄.

The result of the cutflow before and after the cut on the BDT classifiers are in table B.2. The relative
performance of the BDT is slightly better for the bb, cc and ij. It has to be noted however, that
all BDTs at

√
s = 365 GeV suffer from the same optimistic separation due to ISR effects as seen in

chapter 2.2.2. After the training of the BDT, the ISR reducing cuts get preferred and finally only
events with the correct invariant di-jet mass are chosen to remain in the dataset. The full pre- and
post-BDT 2D distributions (MRec,Mij) for each flavor category can be found in the Appendix E.2.

3 Results

In this chapter, different routes are explored how the analysis of the ZH and VBF channels can be
used to estimate the sensitivity of the Higgs boson mass mH , the signal strength parameter µ and
the deviation of the Higgs boson self-coupling from the SM value κλ. The first section introduces
the statistical model and motivates the signal strength modifiers. These are used to extract the
Higgs boson production cross section and also play a role in the estimation of the Higgs boson
self-coupling. After that, the sensitivity of measuring the Higgs boson mass is determined when
combining the leptonic ZH channels at 240 and 365 GeV. Followed by the estimation of the signal
strength parameter combining all ZH channels at separate energies (µZH) as well as the separate
VBF channels (µV BF,WW and µV BF,ZZ). The chapter concludes with the treatment of the precision
reach of κλ at the FCC-ee considering all available channels (ZH and VBF).

3.1 Statistical model and fitting

In the following, the statistical models describing the observed mass distributions in the single-Higgs
production channels are introduced. The signal strength parameter µfi for a particular production i
and decay process f can be extracted directly from the expected number of signal events. In section
3.4 we motivate the κ framework and how it can be used to probe the validity of the SM. We find
that the Higgs boson trilinear self-coupling κλ appear in a correction to the production cross section
and can thus be treated model-wise in the same way as the signal strength modifiers.

Assuming a single narrow resonance for the Higgs boson centered around 125 GeV and that its
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intrinsic width ΓH is very small (zero width approximation), the signal strength parameter can be
defined as the ratio

µfi :=
σi

(σi)SM

× BRf

(BRf )SM

= µi × µf (3.1)

where σi and (σi)SM are the observed and expected Higgs boson production cross sections of the
process i respectively and BRf and (BRf )SM are the observed and expected Higgs boson branching
ratios of a process f respectively. For the inclusive Higgs boson decays, we set (BR)SM := 1.

The assumptions made to introduce the signal strength parameter are experimentally well justified
[46] and because of its definition as a ratio, it is especially useful for testing the SM for the reasons
highlighted in chapter 1.

The expected number of signal events can be parametrized as Nsig = µfi ·ε ·L ·(σi ·BRf )SM, where µfi
is the signal strength modifier, ε := N sel

sig/N
tot
sig is the signal selection efficiency and L the integrated

luminosity.

In the leptonic decay channels of the Z, an additional parameter of interest (POI) is introduced:
the reconstructed Higgs boson mass mH . The principal observable used in the statistical inference is
the recoil mass MRec calculated using the recoil mass technique introduced in chapter 2.1. All other
parameters which describe the shape of the distribution are called nuisance parameters ~θj, where
j ∈ {s, b} correspond to either signal or background nuisance parameters respectively.

The POI are extracted using an unbinned extended maximum likelihood fit [47] of a function to the
dataset of each considered process:

L(D,G|α) =
∏
c∈D

[
Pois(nc|νc(α))

nc∏
i=1

Lc(M
c,i
Rec|α)

]
×
∏
p∈S

Lp(θ̂glob,p|αglob,p) (3.2)

where D and G correspond to the vector of individual datasets of the channels and of global observ-
ables αglob respectively. The number of observed and expected events for a given channel is denoted
with nc and νc(α). To shorten the notation, the POI and the nuisance parameters are written as

α = (µ, ~θj). The set S contains the constraint terms and θ̂glob,p corresponds to the estimator of the
global observable.

The bare model Lc(MRec|α) without any constraint terms (see eq. 3.3) is a function of the signal and
background normalization and the respective probability density functions (PDFs): S and B.

Lc(MRec|α) = Nsig(µ) ∗ S(MRec|~θs) +Nbkg ∗B(MRec|~θb) (3.3)

Known sources of systematic uncertainties θsys are taken into account with a Gaussian function
G(θsys|θsys,true, σθsys,true) which is multiplied with the model (see last term of eq. 3.2).

Constraints on a POI made by measurements of other experiments can be taken into account the
same way. In this case, the mean of the Gaussian is the externally measured value and the width is
the (Gaussian) measurement uncertainty made by the other experiment.

3.2 Higgs boson mass measurement

The Higgs boson mass is measured by taking into account the leptonic ZH processes measured at 240
GeV and 365 GeV only. This is done, because the recoil mass resolution is degraded by the inferior
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hadronic energy resolution of the dual readout calorimeter (see chapter 1.1). The datasets obtained

by applying the final selection cuts for each leptonic channel are fitted to a signal PDF S(MRec|~θs)
consisting of a sum of two one-sided Crystal Ball shapes together with a Gaussian function. The
Crystal Ball functions shared the same mean (the Higgs boson mass parameter) and width, while
the rest of their parameters are kept floating. Moreover, the mean and the width of the Gaussian
have been left floating as well. The background was parametrized with a second order polynomial
function B(MRec|~θb).

Furthermore, several Gaussian constraint terms were added to the model to account for experimental
systematic sources of error. For the Higgs boson mass measurement, the sample COM energy was
being constrained within 2.8 MeV of the nominal COM energy (

√
s = 240, 365 GeV). Also, the Higgs

boson mass parameter was constrained by the corresponding mass measurement done at CMS [48].
Finally, the sample signal selection efficiency and the sample integrated luminosity were constraint
by 1% and 0.1% around their nominal values respectively. The conservative constraint of the sample
integrated luminosity is in accordance with the FCC-ee CDR [19].
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Figure 14: The profile likelihood of the reconstructed Higgs boson mass mH . The contribution of
Z(µ+µ−)H at 240 GeV in blue, Z(e+e−)H at 240 GeV is in green and the combined contribution at
both energies for all leptonic Z decays in black. The one sigma line is at 0.5.

Starting with a background only fit, the background normalization was fixed for the remainder of the
fitting procedure. After that, the full model including the signal PDF S was fitted in the considered
recoil mass range (MRec ∈ [120, 140] GeV) for all leptonic ZH channels using RooFit [49]. For each
channel, an Asimov dataset [50] containing 100 bins was created based on the post-fit parameters
of the full model. When using this particular dataset, we retrieve the true value of the POI (in this
case the Higgs boson mass) with respect to the SM expectation (125 GeV, Higgs boson mass in used
in the MC samples). Its bins contain the correct number of entries and statistical uncertainties such
that the expected value of the POI is realized.

All four Higgs boson mass parameters extracted from the channels were fitted simultaneously to the
Asimov datasets. The sensitivity on the Higgs boson mass was determined using the 65% confidence
interval found by MINOS [51].

Figure 14 shows the profile likelihood of the POI of the combined dataset and the contributions
from the channels at

√
s = 240 GeV. The muonic ZH (Z(µ+µ−)H) process at 240 GeV is the most
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sensitive one since it profits from a very high cross section and an extremely precise reconstruction
of the di-muon system. The electronic ZH (Z(e+e−)H) process at the same energy is slightly less
sensitive because of the increased interactions of the electrons with the detector compared to the
muons. When increasing the COM energy to 365 GeV the sensitivity on mH decreases considerably
due to the degraded pT resolution of the drift chamber (see Appendix D.1).

Using the muonic ZH process at 240 GeV, the Higgs boson mass parameter can be constrained to
7.05 MeV around the nominal value of 125 GeV. We get a slightly degraded mass resolution with
the electronic ZH process at the same energy (9.20 MeV). At 365 GeV we can constrain the Higgs
boson mass to O(0.1) GeV for both channels (see Fig. 21). This shows again the necessity of the
lower energy point for precision Higgs boson mass measurements. Combined the analysis constrains
mH to 5.6 MeV.

3.3 Cross section sensitivity

The Higgs boson production cross section is extracted from the expected number of signal events Nsig

as seen in chapter 3.1, which is completely independent from the shape of the signal or background
PDFs. In equation 3.1 the signal strength modifier µi was introduced as the ratio of the observed
versus the expected (SM) Higgs boson production cross section. In the following, we assume that the
Higgs boson decays as in the SM predicted (µf := 1) for both the inclusive and the exclusive processes.
A more global approach can be achieved if µf (∀ f ∈ {b, c, l}) is extracted from e.g. exclusive leptonic
ZH processes. On the other hand, such a µf is not extracted in a purely model-independent manner
as some dependence is introduced through the jet clustering procedure.

Depending on the considered channel, different signal and background PDF are used. For the leptonic
ZH channels at both energy points the same PDFs as in chapter 3.2 were used. Since the hadronic
ZH channels, as well as the VBF channels feature non-parametric post-BDT mass distributions for
both the signal and background, different models must be used. Because we are only interested
in the background normalization, all post-BDT background distributions have been modelled with
one-dimensional kernel estimation PDFs [52]. Each datapoint in the background distribution is
attributed to a Gaussian kernel, whose width is chosen such that the statistical peculiarities of the
dataset are not reflected in the final superposition of Gaussian kernels. For the post-BDT signal
distributions, a sum of Gaussian functions (up to five at a time) is used.

Further, the same constraint terms as in the Higgs boson mass analysis are used for the leptonic
ZH channels. Recalling that the precision of the Higgs boson mass measurement is degraded in the
hadronic ZH and VBF channels, no specific

√
s or mH constraint terms are considered.

The background normalization was extracted channel-wise using a background-only fit over the
respective mass range. The full model was then fitted to the complete dataset to extract the signal
strength modifier and to create an Asimov dataset with µi = 1 (SM expectation) for each channel at
both energy points. Four datasets are then constructed, which contain the merged Asimov datasets
from the 240 GeV ZH, 365 GeV ZH, 365 GeV neutral VBF and 365 GeV charged VBF processes.
The motivation behind the use of different signal strength modifiers for VBF is the different final
state (neutrinos in charged VBF and electrons in neutral VBF, see Fig. 4).

All four signal strength modifiers are found by a simultaneous fit to the merged Asimov datasets and
the sensitivity on these parameters is extracted from MINOS. Figure 15 shows the profile likelihood
of the full model with respect to the POI in question.

The sensitivity on the signal strength modifier is by construction driven by the number of observed
signal events Nsig. Hence, we expect the highest contribution to the sensitivity on µi coming from
channels with the highest cross section (see Fig. 5) such as the hadronic ZH. Looking at Figs.
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Figure 15: The profile likelihoods of the signal strength modifier µ for different Higgs boson produc-
tion processes. (a), (b): The contributions to µZH from different ZH channels at

√
s = 240 GeV (a)

and
√
s = 365 GeV (b). In both cases the hadronic ZH has the highest contribution to the sensitivity.

(c): The signal strength modifier µVBF,WW for the charged VBF. (d): The signal strength modifier
µVBF,ZZ for the neutral VBF. The one sigma line is at 0.5 in all Figures.

15a and 15b showing the profile likelihood as a function of µZH at different energies reveal, that
indeed the highest contribution comes from the hadronic ZH channels and their large statistics.
This relationship between production cross section and sensitivity on µi is also reflected in the other
channels. However, we have to recall that the datasets of the hadronic ZH channel heavily depends
on the type of jet clustering and its settings, the choice of the input variables of the BDTs as well
as its hyperparameters (e.g. number of trees, etc.). The performance of the measurement of µi for
various Higgs boson production processes can be found in table 16.

3.4 Kappa lambda sensitivity

We can consider the Higgs boson self-coupling κλ after a slight modification of the model used in
the previous chapters. The number of observed signal events Nsig depends on the signal strength

modifier µfi and on the expected production cross section which is calculated by evaluating the matrix
elements of the considered processes. In case of our MC samples, the cross sections were calculated
at tree level using either WHIZARD or PYTHIA8 (see tables 18 and 19). We can reparametrize the cross
section term appearing in Nsig to account also for one-loop and Higgs boson self-energy corrections
(see Fig. 16a) at next-to-leading order (NLO). First, the origin of the self-coupling in the SM is
discussed and the Kappa framework introduced. After that, the modified cross section is presented
together with the fitting model and the final constraints on δκλ.
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Production process 68% Confidence Interval

ZH at 240 GeV δµZH ∈ [−4.59, 4.59] · 10−3

ZH at 365 GeV δµZH ∈ [−8.61, 8.59] · 10−3

charged VBF δµVBF,WW ∈ [−4.72, 4.82] · 10−2

neutral VBF δµVBF,ZZ ∈ [−7.13, 7.42] · 10−2

Table 16: The sensitivity on µi of several Higgs boson production processes. If we assume that µZH

is the same for both energy points, we can constrain δµZH ∈ [−4.04, 4.09] · 10−3 at 68% CL.

Higgs sector in the SM

In the SM, the Higgs potential is responsible for inducing electroweak symmetry breaking (EWSB, [3])
SU(2)L × U(1)Y → U(1)elm. Its form is given by renormalizability, and gauge symmetry constraints
and it can be written as

V SM(Φ) = −µ2(Φ†Φ) + λ(Φ†Φ)2, (3.4)

where Φ is the Higgs doublet, µ2 =
m2

H

2
and λ =

m2
H

2v2
given in terms of the Higgs mass mH and the

vacuum expectation value (VEV) of the Higgs field v = 1/
√√

2GF ≈ 246.22 GeV [53].

After EWSB, the Higgs potential reduces in the unitary gauge [54, 55] to V SM(H) =
m2

H

2
H2 +λvH3 +

λ
4
H4. From the last two terms of the post-EWSB Higgs potential it can be observed that the relation

between the dimensionless trilinear and quadrilinear Higgs self-coupling is a constant one, in fact it
can be chosen that λSM

3 = λSM
4 = λ.

If we assume that the SM is the only theory, there should be no measurable difference between
the two couplings. However, the determination of the self-couplings is a difficult task since λ itself
is rather small compared to the mH . Moreover, large energies and high luminosities are generally
required as multiple Higgses are involved.

Kappa framework

To check the validity of the SM, we can either proceed as in the previous chapters and measure
deviations of µi = 1 or let certain prefactors in the Higgs potential float to measure the deviations
from the predicted SM value. Such tests can be conducted in the κ framework [56, 57]. Connecting
the observed Higgs cross sections and thus the signal strength modifiers µfi with the κ framework
relies on the assumptions of the single narrow resonance the Higgs boson has to pass through as well
as the zero width approximation which were already introduced in chapter 3.1. In the κ framework
the signal strength modifiers read

µfi =
κ2
i · κ2

f

κ2
H

, (3.5)

where κ2
H corrects the SM value of ΓH to take into account the modifications introduced by κi.

Apart from cross sections and the modification of Higgs boson coupling strengths, we can consider
modifications of the Higgs potential V SM(H). Currently our knowledge of the Higgs sector restricts
itself on the first term, but determining the exact shape of the Higgs potential promises vast impli-
cations on BSM and cosmology [58]. In addition, the Higgs potential is connected to the natural
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problem and determines the stability of the electroweak vacuum [59]. It is hence worthwhile to ex-
plore the Higgs sector beyond the SM and thus motivates undertaking the estimation of the precision
reach at the next circular collider.

We can extend the idea of the κ framework on the third and fourth order self-couplings of the
Higgs potential and introduce two new variables κ3 and κ4 which parametrize the deviation of the
measured self-couplings with respect to the SM prediction: κi := λi/λ

SM
i . The Higgs boson trilinear

self-coupling κ3 can be measured at the LHC as well as the HL-LHC through di-Higgs production
[60, 61]. The precision of these direct measurements (O(10) for LHC and O(1) for HL-LHC) are
degraded due to other di-Higgs production channels which interfere. At circular lepton colliders such
as the FCC-ee the di-Higgs production threshold is reachable as well, however the cross section for
a di-Higgs production is too small such that statistically significant quantities can be collected [62].
Even for FCC-hh with

√
s = 100 TeV, extracting the quadrilinear Higgs boson self-coupling remains

difficult but strategies exist to measure this coupling with a significance larger than 3 σ [63].

At FCC-ee the trilinear Higgs boson self-coupling can be accessed indirectly through one-loop cor-
rections of the single-Higgs processes. In the following, we look at the one-loop corrections to Hig-
gsstrahlung, as well as charged and neutral VBF. With the large luminosity obtained at the two
energy points of the FCC-ee and the accurate measurement of the Higgs boson production cross
section through µi, sub-percentage precision on δκλ := κλ − 1 is expected.

(a) (b)

Figure 16: (a): One-loop corrections of the considered ZH and VBF processes with κλ and the self-
energy diagram. (b): Coefficient C1 for different Higgs boson production processes as a function of√
s [64].

Starting from the amplitudes in Fig. 16a, we can parametrize the NLO production cross section of
the single-Higgs channels

σi,NLO = ZHσi,LO(1 + κλC1,i), (3.6)

where σi,LO corresponds to the leading order production cross section of the process i. The coefficient
C1,i depends on the process i as well as on

√
s (see Fig. 16b) and it emerges from the interference

between the one-loop diagrams linear in
√
κλ and the tree level diagrams [65]. Finally, ZH is a

universal resummed wave-function renormalization which depends on κλ as follows

ZH =
1

1− κ2
λδZH

, (3.7)
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where δZH = − 9
16

GFm
2
H√

2π2

(
2π

3
√

3
− 1
)
≈ −0.00154.

Within the κ framework, we can also consider deviations from the Higgs boson couplings to the
vector bosons κHZZ and κHWW . Using equation 3.5 together with 3.1, the NLO cross section is
modified σi,NLO → σi,NLO · κ2

i .

Fitting model and constraints

In order to extract the precision of κλ per Higgs boson production channel, the parametrization of
Nsig has been modified to incorporate the NLO cross section as a function of κλ. Since the shape of
the signal and background PDF is not depending on the production cross section, the same PDFs
as in the estimation of µi are used. Apart from the constraints on the integrated luminosity and the
signal selection efficiency, the current constraint on δκλ from di-Higgs production processes made by
the LHC has been included as well [61].

The fitting procedure for the individual channels is identical to chapter 3.3: First, the background
normalization was fixed after a background only fit. After fitting the full model to the respective
datasets, an Asimov dataset with δκλ := 0 and µi := 1 was created for each channel i. Subsequently,
the parameter of interest δκλ is simultaneously fitted to the combined Asimov dataset and the profile
likelihood is extracted leaving only δκλ floating (see Fig. 17).

From there, we explored three different scenarios. The highest precision on δκλ was achieved by
leaving only itself floating in the simultaneous fit (1D). This scenario is very optimistic, as all the
other POI have to be fixed to their SM value and thus restricting the appearance of NP coming from
these parameters. The situation changes considerably if we let multiple POI float as well. In the
following, each of these cases are examined in more detail.
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Figure 17: (a): Profile likelihood of Higgsstrahlung processes at 240 GeV. The degeneracy around
δκλ ≈ 9 is introduced by the wave-function renormalization ZH (eq. 3.7). (b): The combined analysis
with ZH and VBF at both energies. The degeneracy is lifted after introducing the ZH channel at
365 GeV.

One-dimensional fit

In this scenario, only δκλ was fitted simultaneously and we set µi := 1 for all processes i. The
profile likelihood scan of all ZH channels at

√
s = 240 GeV can be seen in Fig. 17a. As it is

the case with µi, the precision reach of δκλ is driven by the number of observed signal events
Nsig. This is reflected in the fact that the hadronic ZH process constrain the value of δκλ much
better than their leptonic counterparts. The second minimum of δκλ around 9 is due to the Higgs
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boson self-energy (bottommost diagram of Fig. 16a) introducing a quadratic correction in κλ. This
degeneracy is expected to be lifted when including processes at

√
s = 365 GeV and exploiting the

energy dependence of the interference term C1,i. Figure 25 shows the profile likelihood scans of the
individual channels and an absence of the degeneracy at processes with

√
s = 365 GeV. However,

due to the reduced cross section of the Higgsstrahlung compared to 240 GeV and the small number
of VBF signal events, the overall precision on δκλ is diminished. On the other hand, if all channels
are combined the degeneracy is lifted and δκλ is well constrained around the first minimum in the
interval [−0.36, 0.40] at 68% CL (see Fig. 17b). Adding the expected HL-LHC measurement to
the analysis, the interval can be further narrowed down to [−0.29, 0.31] at 68% CL. This underlines
the importance of including processes at 365 GeV, despite their worse resolution and fewer events
(excluding VBF).

Two-dimensional fit

A more realistic scenario can be considered, if two POI are left as floating parameters in the fit. We
conducted two different studies with this assumption in mind. The first study is made with δκλ and
δκHZZ := κHZZ − 1, where κHZZ is the coupling of the Higgs to Z bosons. The second study is made
with δκλ and µZH supposing that µZH is the same for the two energies.

2− 1− 0 1 2
λκδ

0.02−

0.015−

0.01−

0.005−

0

0.005

0.01

0.015

0.02

H
Z

Z
κδ

 contourHZZκδ vs λκδ

(a)

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5
λκδ

0.97

0.98

0.99

1

1.01

1.02

1.03

Z
H

µ

 contour
ZH

µ vs λκδ

(b)

Figure 18: (a): The NLL contour of δκλ (x axis) and δκHZZ (y axis) involving all ZH and VBF at
both energies and no HL-LHC constraint. The solid blue line represents the contour at 68% CL and
the dashed blue line represents the contour at 95% CL. The black dot is corresponding to the SM
expectation of the two POI. (b): The NLL contour of δκλ (x axis) and µZH (y axis) involving all ZH
and VBF at both energies and no HL-LHC constraint. The values of µVBF,WW and µVBF,ZZ are fixed
to unity.

Leaving only δκλ and δκHZZ floating increases the positive and negative error interval around the SM
value δκλ = 0 by approximately a factor of 2.4 and 2.6.

Figure 18a shows the contours in δκλ and δκHZZ both at 68% (solid blue line) and 95% (dashed blue
line) CL without the constraints from HL-LHC, while the black dot represents the SM expectation.
We notice that the two POI are anti-correlated, which is due to the fact that in the κ framework the
substitution σi,NLO → σi,NLO · κ2

i has to be made.

For the second study we considered δκλ and µZH floating in the fit. That decreases the precision on
δκλ similarly with respect to the first study and also spoils the sensitivity on µZH by increasing the
negative and positive boundary of the confidence interval at 68% CL by a factor of 2.4 and 2.9. Here
are the POI anti-correlated as well (see Fig. 18b), because in the equation of Nsig µZH is multiplied
directly with the NLO cross section which contains κλ at first order.
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Four-dimensional fit

The most general case we considered is, when we leave four POI floating in the simultaneous fit
(δκλ, µZH, µVBF,WW and µVBF,ZZ), while assuming µf := 1 for all channels including VBF. Since the
VBF channels contribution to the sensitivity of δκλ is subdominant compared to the Higgsstrahlung,
the degradation of the precision reach of δκλ is limited. The impact on the performance on the
measurement of δκλ compared to the two-dimensional fit is thus negligible (see Fig. 19).
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Figure 19: (a): The variations from κλ and µZH when leaving them floating in the 2D fit without
(blue) and with (orange) constraints from HL-LHC. We assumed that µZH is the same at 240 GeV
and 365 GeV. (b): Situation for the 4D case.
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4 Conclusion and outlook

The purpose of this work was to show how well future lepton colliders, namely the FCC-ee, can be
used to test the Standard Model Higgs sector. It improved and expanded the previous analysis [43]
by adding the hadronic Higgsstrahlung at both energy points as well as the leptonic Higgsstrahlung
at 365 GeV. Furthermore, it featured the inclusion of more background channels especially at 365
GeV, a new orthogonal categorization of events and the usage of Monte Carlo samples which included
both initial as well as final state radiation.

We considered three main observables related to the Higgs sector which can be measured to high
precision at the FCC-ee. The Higgs boson mass mH can be constrained at the FCC-ee using leptonic
Higgsstrahlung using both energy points by measuring the invariant mass of the system recoiling to
the Z to 5.6 MeV around the nominal value of 125 GeV. This analysis incorporated experimental
systematic uncertainties such as fluctuations of the COM energy, the measured integrated luminosity
and the signal selection efficiency which influence the ultimate precision of the Higgs boson mass mea-
surement. Other sources of systematic uncertainties coming from e.g ISR, FSR, lepton momentum
scale or the jet energy scale are not treated, because it would be beyond the scope of this work.

The second observable is the Higgs boson production cross section of leptonic and hadronic Hig-
gsstrahlung and VBF. The performance of measuring this parameter was evaluated by using the
signal strength modifiers µfi , while assuming that the observed Higgs boson branching ratios follow
the SM prediction. We showed that when including the hadronic ZH processes, the FCC-ee would
be capable to constrain µZH with sub-percent precision. The VBF signal strength modifiers µVBF,ZZ

and µVBF,WW are far less constraint (O(0.1)) due to their small number of signal events. A more
realistic estimate of the precision reach of µi is expected, if the assumption µf := 1 is dropped and,
for the hadronic ZH only, the BDTs are trained on datasets which feature a priori anti-ISR selection
cuts. Apart from that, the jet tagging algorithm currently in use can be improved with ParticleNet
[66], which represents the jet as a particle cloud and uses deep learning techniques to extract the jet
flavor.

Lastly, we looked at the Higgs boson trilinear self-coupling κλ as well as the precision of measuring
possible deviations of the Higgs boson coupling to vector bosons δκHZZ and δκHWW . Taking into
account one-loop corrections of the ZH and VBF Feynman diagrams as well as self-energy corrections,
the NLO cross sections as a function of κλ, κHZZ and κHWW were computed. Due to the quadratic
correction on the NLO cross section introduced by the renormalization factor ZH , the NLL of δκλ
has a second minimum at around 9 which is lifted well beyond the 5 σ threshold when including
inclusive ZH and exclusive VBF at 365 GeV. In this one-dimensional case, the FCC together with
measurements from HL-LHC can constrain δκλ by the end of the 365 GeV run within [-0.29, 0.31] at
68% CL. The precision on the measurement of κλ will decrease if two or more POI are left floating
in the fit. We showed, that for δκλ the boundaries (negative, positive) of the confidence interval at
68% CL increases by approximately a factor of 2.4 and 2.6 respectively. For µZH the negative and
positive boundaries of the confidence interval at 68% CL increase by a factor of 2.4 and 2.9 thus
spoiling the precision on this parameter as well.

More global scenarios can be probed, if also Higgs boson couplings to fermions are included. In the
κ framework, additional couplings can be added through the replacement σi,NLO → σi,NLO · κ̄f 2 where
κ̄f := κf/κH . Also, the currently used MC samples feature a Delphes fast-simulation. In order to
draw a comparison to LHC or other electron-positron colliders (e.g. ILC, CEPC) the IDEA detector
has to be fully modelled. Furthermore, additional sources of systematic uncertainties (ISR/FSR,
momentum scale variations, etc.) have to be considered as well. In summary, the present analysis
gives a promising estimate of the very rich Higgs boson physics potential of the FCC-ee and the road
in this direction should be continued.
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A Categorization of events

A.1 Categorization of events at 240 GeV
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A.2 Categorization of events at 365 GeV
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B Cutflow

B.1 Z(qq̄)H at 240 GeV

Z(qq̄)H ZZ WW Z→ qq̄

Number of bb events (Yield) 35’980 102’058 3’657 2’749’902
Z(bb) tag, Mbb ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βbb > 0.1535 91.46 % 33.82 % 7.85 % 1.86 %

Number of bc events (Yield) 21’323 72’333 340’276 1’178’552
Z(bc) tag, Mbc ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βbc > 0.1836 94.84 % 61.75 % 37.30 % 7.41 %

Number of bj events (Yield) 77’962 239’121 459’119 3’877’196
Z(bj) tag, Mbj ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βbj > 0.2211 89.70 % 56.60 % 12.35 % 7.41 %

Number of cc events (Yield) 7’669 75’904 151’562 2’212’543
Z(cc) tag, Mcc ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βcc > 0.3920 43.81 % 2.48 % 3.92 % 0.08 %

Number of cj events (Yield) 28’694 247’987 3’531’014 5’526’605
Z(cj) tag, Mcj ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βcj > 0.3074 62.67 % 14.07 % 11.30 % 0.93 %

Number of ij events (Yield) 152’887 1’737’363 13’330’415 44’087’163
Z(ij) tag, Mij ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βij > 0.3710 29.53 % 1.51 % 0.37 % 0.06 %

Table 17: Effects of the BDTs on the Z(qq̄)H at 240 GeV. The final classifier β is chosen such that
the significance S/

√
S +B is maximized.
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B.2 Z(qq̄)H at 365 GeV

Z(qq̄)H ZZ WW Z→ qq̄

Number of bb events (Yield) 6’812 17’456 594 418’139
Z(bb) tag, Mbb ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βbb > 0.2860 86.17 % 20.61 % 2.69 % 0.65 %

Number of bc events (Yield) 3’590 9’746 56’959 169’928
Z(bc) tag, Mbc ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βbc > 0.2638 92.90 % 36.63 % 22.24 % 4.77 %

Number of bj events (Yield) 13’335 32’046 68’732 534’669
Z(bj) tag, Mbj ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βbj > 0.2271 94.53 % 44.75 % 16.39 % 7.41 %

Number of cc events (Yield) 2’019 12’928 28’384 314’981
Z(cc) tag, Mcc ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βcc > 0.3138 69.34 % 8.00 % 1.91 % 0.31 %

Number of cj events (Yield) 6’570 36’975 574’476 786’251
Z(cj) tag, Mcj ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βcj > 0.3071 83.23 % 17.35 % 11.37 % 2.93 %

Number of ij events (Yield) 38’288 278’485 1’869’718 59’900’602
Z(ij) tag, Mij ∈ [86, 96] GeV 100 % 100 % 100 % 100 %
+ βij > 0.3271 61.81 % 5.05 % 2.19 % 0.50 %

B.3 Z(µ+µ−)H at 365 GeV

µ+µ−H ZZ WW γγ → µ+µ−

Number of events (Yield) 5’061 56’990 184’907 693’722
NZ = 1 80.00 % 5.87 % 1.15 % 16.27 %
NZ = 1, Mµµ ∈ [86, 96] GeV 65.19 % 3.71 % 0.02 % 1.72 %
NZ = 1, Mµµ ∈ [86, 96] GeV,
MRec ∈ [120, 140] GeV

46.41 % 0.33 % 5.20∗10−4 % 0.04 %

NZ = 1, Mµµ ∈ [86, 96] GeV,
MRec ∈ [120, 140] GeV, pµµT ∈ [20, 70] GeV

3.11 % 0.12 % 2.60∗10−4 % 6.00∗10−5 %

NZ = 1, Mµµ ∈ [86, 96] GeV,
MRec ∈ [120, 140] GeV, pµµT > 70 GeV

43.07 % 0.18 % 2.60∗10−4 % 0 %

NZ = 1, Mµµ ∈ [86, 96] GeV,
MRec ∈ [120, 140] GeV, pµµT > 80 GeV

41.69 % 0.16 % 2.60∗10−4 % 0 %
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C Centrally produced MC samples

C.1
√
s = 240 GeV MC samples

Sample designation Main process MC events Cross section
Signal wzp6 ee mumuH ecm240 e+e− → Z(µ+µ−)H 1’000’000 0.0067643

wzp6 ee eeH ecm240 e+e− → Z(e+e−)H 900’000 0.0071611
wzp6 ee qqH ecm240 e+e− → Z(qq̄)H 9’900’000 0.13635

Background p8 ee WW ecm240 e+e− → W+W− 10’000’000 16.4385
p8 ee ZZ ecm240 e+e− → ZZ 10’000’000 1.35899
p8 ee Zqq ecm240 e+e− → qq̄ 10’000’000 52.6539
wzp6 ee Mee 30 150 ecm240 e+e− → e+e− 79’400’000 8.305
wzp6 ee mumu ecm240 e+e− → µ+µ− 49’400’000 5.288
wzp6 ee tautau ecm240 e+e− → τ+τ− 49’600’000 4.668
wzp6 gaga mumu 60 ecm240 γγ → µ+µ− 30’000’000 1.5523

Table 18: Monte Carlo samples used for the processes at
√
s = 240 GeV [33]. The cross sections are

in pb−1.

C.2
√
s = 365 GeV MC samples

Sample designation Main process MC events Cross section
Signal wzp6 ee mumuH ecm365 e+e− → Z(µ+µ−)H 200’000 0.004185

wzp6 ee eeH ecm365 e+e− → e+e−H 400’000 0.00739
wzp6 ee qqH ecm365 e+e− → Z(qq̄)H 2’000’000 0.084307
wzp6 ee nunuH ecm365 e+e− → νν̄H 1’000’000 0.05394

Background p8 ee WW ecm365 e+e− → WW 5’000’000 10.7165
p8 ee ZZ ecm365 e+e− → ZZ 5’000’000 0.6428
p8 ee Zqq ecm365 e+e− → qq̄ 59’500’000 21.4149
p8 ee ZH ecm365 e+e− → ZH 5’000’000 0.1173
wzp6 ee Mee 30 150 ecm365 e+e− → e+e− 10’000’000 1.53
wzp6 ee mumu ecm365 e+e− → µ+µ− 9’900’000 2.287
wzp6 ee tautau ecm365 e+e− → τ+τ− 10’000’000 2.017
wzp6 gaga mumu 60 ecm365 e+e− → γγ → µ+µ− 10’000’000 2.843

Table 19: Monte Carlo samples used for the processes at
√
s = 365 GeV [33]. The cross sections are

in pb−1.
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D Profile likelihood plots

D.1 Higgs mass measurement

124.985 124.99 124.995 125 125.005 125.01 125.015
Hm

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

-ln
(L

L)

)HµµZ(
Z(ee)H
Combined

σ1 

 HNLL in m

Figure 20: The profile likelihood of the reconstructed Higgs boson mass mH . The contribution of
Z(µ+µ−)H at 240 GeV in blue, Z(e+e−)H at 240 GeV is in green and the combined contribution at
both energies for all leptonic Z decays in black. The one sigma line is at 0.5.
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Figure 21: The profile likelihood of the reconstructed Higgs boson mass mH . The contribution of
Z(µ+µ−)H at 365 GeV in blue and Z(e+e−)H at 365 GeV in green. The sensitivity on the Higgs
boson mass is significantly degraded compared to the 240 GeV channels due to the poor pT resolution
of the drift chamber 1.1. The one sigma line is at 0.5.
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D.2 Cross section measurement
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Figure 22: The profile likelihoods of the signal strength modifier µ at different energies for different
Higgs boson production processes. The contributions to µZH from different ZH channels at

√
s = 240

GeV (a) and
√
s = 365 GeV (b). In both cases the hadronic ZH has the highest contribution to the

sensitivity.
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Figure 23: The profile likelihoods of the signal strength modifier µ at different energies for different
Higgs boson production processes. (a): The signal strength modifier µVBF,WW for the charged VBF.
(b): The signal strength modifier µVBF,ZZ for the neutral VBF. The one sigma line is at 0.5 in all
Figures.
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D.3 κλ measurement
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Figure 24: (a): Profile likelihood of Higgsstrahlung processes at 240 GeV. The degeneracy around
δκλ ≈ 9 is introduced by the wave-function renormalization ZH . (b): The combined analysis with
ZH and VBF at both energies. The degeneracy is lifted after introducing the inclusive ZH channel
at 365 GeV.
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Figure 25: Profile likelihood of all processes at both energies showing the precision reach of each
channels separately.
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Figure 26: The profile likelihood of the deviation of κλ from the SM value. The contribution of
Z(µ+µ−)H at 240 GeV is in green, leptonic ZH at both energies in blue, leptonic ZH at both
energies plus VBF at 365 GeV in orange and the combined contribution at both energies for all
considered Higgs boson production processes in black. Adding additionally the constraint expected
to be put in place by the HL-LHC [14] result in the dashed black line. The one sigma line is at 0.5.
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Figure 27: (a): The variations from κλ and µZH when leaving them floating in the 2D fit without
(blue) and with (orange) constraints from HL-LHC. We assumed that µZH is the same at 240 GeV
and 365 GeV. (b): The variations from the POI in the 4D fit.
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Figure 28: (a): The NLL contour of δκλ (x axis) and δκHZZ (y axis) involving all ZH and VBF at
both energies and no HL-LHC constraint. The solid blue line represents the contour at 68% CL and
the dashed blue line represents the contour at 95% CL. The black dot is corresponding to the SM
expectation of the two POI. (b): The NLL contour of δκλ (x axis) and µZH (y axis) involving all ZH
and VBF at both energies and no HL-LHC constraint. The values of µVBF,WW and µVBF,ZZ are fixed
to unity.
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Figure 29: The NLL contour of δκλ (x axis) and µZH (y axis) involving all ZH and VBF at both
energies and no HL-LHC constraint. The solid blue line represents the contour at 68% CL and
the dashed blue line represents the contour at 95% CL. The black dot is corresponding to the SM
expectation of the two POI. The values of µVBF,WW and µVBF,ZZ are floating parameters of the fit.
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E MRec vs. Mij distribution

The following section will show the MRec vs. Mij distribution of the e+e− → qq̄ background sample
before and after applying the BDT.
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Figure 30: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ = b.
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Figure 31: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ ∈ {b, c}.
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Figure 32: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ ∈ {b, j}.
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Figure 33: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ = c.
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Figure 34: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ ∈ {c, j}.
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Figure 35: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ ∈ {i, j}.
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E.2
√
s = 365 GeV
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Figure 36: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ = b.
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Figure 37: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ ∈ {b, c}.
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Figure 38: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ ∈ {b, j}.

58



0 50 100 150 200 250
RecM

86

87

88

89

90

91

92

93

94

95ij
M

0

500

1000

1500

2000

2500

3000

3500

4000

p8_ee_Zqq_ecm365 (cc + no BDT)

0 50 100 150 200 250
RecM

86

87

88

89

90

91

92

93

94

95ij
M

0

2

4

6

8

10

12

14

16

18

20

p8_ee_Zqq_ecm365 (cc + BDT)

Figure 39: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ = c.
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Figure 40: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ ∈ {c, j}.
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Figure 41: A 2D distribution with the recoil mass MRec ∈ [0, 170] GeV on the x axis and the di-jet
mass Mij ∈ [86, 96] GeV on the y axis. Both plots show the PYTHIA8 Z → qq̄ background sample
where q, q̄ ∈ {i, j}.
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F BDT configurations

In the following chapter, we discuss the BDT configurations (input variable distributions, correlations
and response curves) for each channel in more detail. The BDTs were trained for processes at both
240 GeV and 365 GeV to reduce the background (especially coming from e+e− → Z(qq̄) and vector
boson production). Over the course of this work 14 BDTs were created (twelve for hadronic ZH, one
for charged VBF and one for neutral VBF). For each BDT a learning rate of βada = 0.1 was used
to train 800 trees with a minimum node size of 1% and with a maximum depth of the trees of 3.
Globally, the Gini index [44] was used as a decision metric. The choice of the input variables largely
depends on the channel at hand and what distribution is considered.

F.1
√
s = 240 GeV

e+e− → Z(bb̄)H

In total 16 input variables were used to train the BDT which are mostly related to the Z system.
The most discriminative variable is the number of b-jets in the final state (see table 20). We used
20’000 signal events and 120’000 background events for training the BDT. To determine the cut on
the final BDT classifier, we used the maximum of the significance distribution (S/

√
S +B, Fig. 44)

which is calculated with 31’651 signal events and 298’464 background events in mind (number of
events before applying any BDT cut).

Rank Variable Rank Variable

1 Nbjets 9 θbb
2 Mbb 10 Acollinearity of jets
3 Njets 11 pT,bb
4 MRec 12 cos(θmiss)
5 MET 13 pT,b,2

6 HT 14 ∆φ(bb)
7 Ej,2 15 pT,b,1

8 Ej,1 16 ∆η(bb)

Table 20: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 42: The input variable distributions for the bbH-BDT at 240 GeV.
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Figure 43: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 44: Significance as a function of the final BDT classifier. The significance function is based
on 31’651 signal events and 298’464 background events.
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e+e− → Z(bc̄)H

In total 18 input variables were used to train the BDT which are mostly related to the Z system.
The most discriminative variable is the number of b-jets in the final state (see table 21). We used
20’000 signal events and 120’000 background events for training the BDT. To determine the cut on
the final BDT classifier, we used the maximum of the significance distribution (S/

√
S +B, Fig. 47)

which is calculated with 15’973 signal events and 369’666 background events in mind (number of
events before applying any BDT cut).

Rank Variable Rank Variable

1 Nbjets 10 b Jet flag 1
2 Mbc 11 cos(θmiss)
3 Njets 12 pT,bc
4 HT 13 pT,j,2

5 MET 14 θbc
6 b Jet flag 2 15 Acollinearity of Jets
7 Ej,2 16 ∆φ(bc)
8 Ej,1 17 pT,j,1

9 MRec 18 ∆η(bc)

Table 21: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.

65



Figure 45: The input variable distributions for the bcH-BDT at 240 GeV.
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Figure 46: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 47: Significance as a function of the final BDT classifier. The significance function is based
on 15’973 signal events and 369’666 background events.
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e+e− → Z(bj̄)H

In total 18 input variables were used to train the BDT which are mostly related to the Z system.
The most discriminative variable is the number of b-jets in the final state (see table 22). We used
20’000 signal events and 120’000 background events for training the BDT. To determine the cut on
the final BDT classifier, we used the maximum of the significance distribution (S/

√
S +B, Fig. 50)

which is calculated with 77’962 signal events and 4’575’436 background events in mind (number of
events before applying any BDT cut).

Rank Variable Rank Variable

1 Nbjets 10 cos(θmiss)
2 Mbj 11 b Jet flag 1
3 Njets 12 pT,bj
4 HT 13 pT,j,2

5 b Jet flag 2 14 θbc
6 MET 15 Acollinearity of Jets
7 Ej,2 16 ∆φ(bj)
8 Ej,1 17 pT,j,1

9 MRec 18 ∆η(bj)

Table 22: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 48: The input variable distributions for the bjH-BDT at 240 GeV.
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Figure 49: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 50: Significance as a function of the final BDT classifier. The significance function is based
on 77’962 signal events and 4’575’436 background events.
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e+e− → Z(cc̄)H

In total 17 input variables were used to train the BDT which are mostly related to the Z system.
The most discriminative variable is the recoil mass (see table 23). We used 10’000 signal events and
120’000 background events for training the BDT. To determine the cut on the final BDT classifier,
we used the maximum of the significance distribution (S/

√
S +B, Fig. 53) which is calculated with

7’669 signal events and 2’440’009 background events in mind (number of events before applying any
BDT cut).

Rank Variable Rank Variable

1 MRec 10 MET
2 Mcc 11 θcc
3 Ncjets 12 Nbjets

4 Njets 13 cos(θmiss)
5 Acollinearity of Jets 14 pT,j,2

6 Ej,2 15 ∆φ(cc)
7 HT 16 pT,j,1

8 pT,cc 17 ∆η(cc)
9 Ej,1

Table 23: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 51: The input variable distributions for the ccH-BDT at 240 GeV.
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Figure 52: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 53: Significance as a function of the final BDT classifier. The significance function is based
on 7’669 signal events and 2’440’009 background events.
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e+e− → Z(cj̄)H

In total 19 input variables were used to train the BDT which are mostly related to the Z system.
The most discriminative variable is the dijet mass (see table 24). We used 20’000 signal events and
120’000 background events for training the BDT. To determine the cut on the final BDT classifier,
we used the maximum of the significance distribution (S/

√
S +B, Fig. 56) which is calculated with

28’694 signal events and 9’305’606 background events in mind (number of events before applying any
BDT cut).

Rank Variable Rank Variable

1 Mcj 11 c Jet flag 1
2 Njets 12 pT,cj
3 MRec 13 θcj
4 HT 14 cos(θmiss)
5 Ej,2 15 pT,j,2

6 MET 16 Nbjets

7 Ncjets 17 ∆φ(cj)
8 Ej,1 18 pT,j,1

9 c Jet flag 2 19 ∆η(cj)
10 Acollinearity of Jets

Table 24: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 54: The input variable distributions for the cjH-BDT at 240 GeV.
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Figure 55: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 56: Significance as a function of the final BDT classifier. The significance function is based
on 28’694 signal events and 9’305’606 background events.
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e+e− → Z(ij̄)H

In total 19 input variables were used to train the BDT which are mostly related to the Z system.
The most discriminative variable is the dijet mass (see table 25). We used 20’000 signal events and
120’000 background events for training the BDT. To determine the cut on the final BDT classifier,
we used the maximum of the significance distribution (S/

√
S +B, Fig. 59) which is calculated with

152’887 signal events and 59’154’940 background events in mind (number of events before applying
any BDT cut).

Rank Variable Rank Variable

1 Mij 11 cos(θmiss)
2 MRec 12 Nbjets

3 Njets 13 pT,j,2

4 Ej,2 14 ∆φ(ij)
5 HT 15 b Jet flag 2
6 Acollinearity of Jets 16 b Jet flag 1
7 Ej,1 17 pT,j,1

8 MET 18 ∆η(ij)
9 pT,ij 19 Ncjets

10 θij

Table 25: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 57: The input variable distributions for the ijH-BDT at 240 GeV.
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Figure 58: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 59: Significance as a function of the final BDT classifier. The significance function is based
on 152’887 signal events and 59’154’940 background events.
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F.2
√
s = 365 GeV

e+e− → Z(bb̄)H

In total 16 input variables were used to train the BDT which are mostly related to the Z system. The
most discriminative variable is the number of jets in the final state (see table 26). We used 20’000
signal events and 120’000 background events for training the BDT. To determine the cut on the final
BDT classifier, we used the maximum of the significance distribution (S/

√
S +B, Fig. 62) which is

calculated with 6’812 signal events and 436’189 background events in mind (number of events before
applying any BDT cut).

Rank Variable Rank Variable

1 Njets 9 MET
2 Nbjets 10 θbb
3 HT 11 cos(θmiss)
4 pT,bb 12 Acollinearity of Jets
5 MRec 13 Eb,2

6 Mbb 14 Eb,1

7 pT,b,2 15 pT,b,1

8 ∆φ(bb) 16 ∆η(bb)

Table 26: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 60: The input variable distributions for the bbH-BDT at 365 GeV.
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Figure 61: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 62: Significance as a function of the final BDT classifier. The significance function is based
on 6’812 signal events and 436’189 background events.
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e+e− → Z(bc̄)H

In total 18 input variables were used to train the BDT which are mostly related to the Z system.
The most discriminative variable is the number of jets in the final state (see table 27). We used
20’000 signal events and 100’000 background events for training the BDT. To determine the cut on
the final BDT classifier, we used the maximum of the significance distribution (S/

√
S +B, Fig. 65)

which is calculated with 15’973 signal events and 369’666 background events in mind (number of
events before applying any BDT cut).

Rank Variable Rank Variable

1 Njets 10 ∆φ(bc)
2 HT 11 cos(θmiss)
3 MRec 12 Acollinearity of Jets
4 Nbjets 13 Eb,1

5 pT,bc 14 Eb,2

6 Mbc 15 b Jet flag 2
7 θbc 16 b Jet flag 1
8 MET 17 pT,j,1

9 pT,j,2 18 ∆η(bc)

Table 27: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 63: The input variable distributions for the bcH-BDT at 365 GeV.
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Figure 64: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 65: Significance as a function of the final BDT classifier. The significance function is based
on 15’973 signal events and 369’666 background events.
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e+e− → Z(bj̄)H

In total 18 input variables were used to train the BDT which are mostly related to the Z system.
The most discriminative variable is the number of jets in the final state (see table 28). We used
20’000 signal events and 100’000 background events for training the BDT. To determine the cut on
the final BDT classifier, we used the maximum of the significance distribution (S/

√
S +B, Fig. 68)

which is calculated with 13’335 signal events and 635’447 background events in mind (number of
events before applying any BDT cut).

Rank Variable Rank Variable

1 Njets 10 Acollinearity of Jets
2 Nbjets 11 cos(θmiss)
3 HT 12 ∆φ(bj)
4 MRec 13 Eb,1

5 pT,bj 14 Eb,2

6 Mbj 15 b Jet flag 2
7 θbj 16 b Jet flag 1
8 MET 17 pT,j,1

9 pT,j,2 18 ∆η(bj)

Table 28: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 66: The input variable distributions for the bjH-BDT at 365 GeV.
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Figure 67: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 68: Significance as a function of the final BDT classifier. The significance function is based
on 13’335 signal events and 635’447 background events.
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e+e− → Z(cc̄)H

In total 17 input variables were used to train the BDT which are mostly related to the Z system.
The most discriminative variable is the number of jets in the final state (see table 29). We used 5’000
signal events and 100’000 background events for training the BDT. To determine the cut on the final
BDT classifier, we used the maximum of the significance distribution (S/

√
S +B, Fig. 71) which is

calculated with 2’019 signal events and 356’293 background events in mind (number of events before
applying any BDT cut).

Rank Variable Rank Variable

1 Njets 10 MET
2 pT,cc 11 cos(θmiss)
3 HT 12 Acollinearity of Jets
4 MRec 13 Ec,2

5 ∆φ(cc) 14 Ec,1

6 Ncjets 15 pT,j,1

7 pT,j,2 16 Nbjets

8 Mcc 17 ∆η(cc)
9 θcc

Table 29: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 69: The input variable distributions for the ccH-BDT at 365 GeV.
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Figure 70: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 71: Significance as a function of the final BDT classifier. The significance function is based
on 2’019 signal events and 356’293 background events.
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e+e− → Z(cj̄)H

In total 19 input variables were used to train the BDT which are mostly related to the Z system.
The most discriminative variable is the number of jets in the final state (see table 30). We used
20’000 signal events and 100’000 background events for training the BDT. To determine the cut on
the final BDT classifier, we used the maximum of the significance distribution (S/

√
S +B, Fig. 74)

which is calculated with 6’570 signal events and 1’397’702 background events in mind (number of
events before applying any BDT cut).

Rank Variable Rank Variable

1 Njets 11 Ncjets

2 HT 12 Acollinearity of Jets
3 pT,cj 13 Ej,2

4 MRec 14 Ej,1

5 Mcj 15 c Jet flag 2
6 pT,j,2 16 c Jet flag 1
7 θcj 17 Nbjets

8 ∆φ(cj) 18 pT,j,1

9 MET 19 ∆η(cj)
10 cos(θmiss)

Table 30: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 72: The input variable distributions for the cjH-BDT at 365 GeV.
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Figure 73: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 74: Significance as a function of the final BDT classifier. The significance function is based
on 6’570 signal events and 1’397’702 background events.
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e+e− → Z(ij̄)H

In total 19 input variables were used to train the BDT which are mostly related to the Z system.
The most discriminative variable is the number of jets in the final state (see table 31). We used
20’000 signal events and 100’000 background events for training the BDT. To determine the cut on
the final BDT classifier, we used the maximum of the significance distribution (S/

√
S +B, Fig. 77)

which is calculated with 38’288 signal events and 8’138’805 background events in mind (number of
events before applying any BDT cut).

Rank Variable Rank Variable

1 Njets 11 Acollinearity of Jets
2 HT 12 Ej,2

3 pT,ij 13 Ej,1

4 MRec 14 pT,j,1

5 Mij 15 Nbjets

6 pT,j,2 16 b Jet flag 2
7 ∆φ(ij) 17 b Jet flag 1
8 θij 18 ∆η(ij)
9 cos(θmiss) 19 Ncjets

10 MET

Table 31: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 75: The input variable distributions for the ijH-BDT at 365 GeV.
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Figure 76: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 77: Significance as a function of the final BDT classifier. The significance function is based
on 38’288 signal events and 8’138’805 background events.
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e+e− → νeν̄eH(bb̄)

In total 15 input variables were used to train the BDT which are mostly related to the H system.
The most discriminative variable is the number of b-jets in the final state (see table 32). We used
7’500 signal events and 50’000 background events for training the BDT. To determine the cut on
the final BDT classifier, we used the maximum of the significance distribution (S/

√
S +B, Fig. 80)

which is calculated with 690 signal events and 1’028 background events in mind (number of events
before applying any BDT cut).

Rank Variable Rank Variable

1 Nbjets 9 pT,bb
2 HT 10 pT,b,2

3 Njets 11 cos(θmiss)
4 MET 12 Eb,1

5 MRec 13 θbb
6 Eb,2 14 pT,b,1

7 Mbb 15 ∆η(bb)
8 Acollinearity of Jets

Table 32: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 78: The input variable distributions for the ννbb-BDT at 365 GeV.
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Figure 79: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 80: Significance as a function of the final BDT classifier. The significance function is based
on 690 signal events and 1’028 background events.
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e+e− → e+e−H(bb̄)

In total 18 input variables were used to train the BDT which are mostly related to the H system.
The most discriminative variable is the invariant mass of the electron system (see table 33). We
used 5’000 signal events and 50’000 background events for training the BDT. To determine the cut
on the final BDT classifier, we used the maximum of the significance distribution (S/

√
S +B, Fig.

82) which is calculated with 225 signal events and 177 background events in mind (number of events
before applying any BDT cut).

Rank Variable Rank Variable

1 Mee 10 pT,j,2

2 Nbjets 11 pT,bb
3 MET 12 θbb
4 Mbb 13 ηb,2
5 Njets 14 Eb,1

6 MRec 15 cos(θmiss)
7 HT 16 pT,j,1

8 Eb,2 17 ∆η(bb)
9 Acollinearity of Jets 18 ηb,1

Table 33: The ranking of the input variables according to their separation power. The highest ranked
variable corresponds to the most discriminative variable.
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Figure 81: (a): Correlation matrix based on events from the signal sample. (b): Correlation matrix
based on events from the background samples.

Figure 82: Significance as a function of the final BDT classifier. The significance function is based
on 225 signal events and 177 background events.
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Figure 83: The input variable distributions for the eebb-BDT at 365 GeV.
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G Inclusive VBF

Neutral VBF

(a)

(b)

Figure 84: (a): Mass of the Higgs system in neutral VBF with an inclusive Higgs decay. The
background through vector boson production is very pronounced. (b): The same mass distribution
after the application of a BDT cut.
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Charged VBF

(a)

(b)

Figure 85: (a): Mass of the Higgs system in charged VBF with an inclusive Higgs decay. The
background through vector boson production is very pronounced. (b): The same mass distribution
after the application of a BDT cut.
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