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Abstract

We present a parton-level phenomenological study of triple-Higgs production at leading
order in proton-proton collisions at a center-of-mass energy of 100 TeV with an integrated
luminosity of 30 ab−1. This study aims to estimate the prospects for measuring the signal
hhh production observable at the Future Circular Collider. We explore interesting final
states that could be used for this purpose and focus our study on the hhh→ γγbb̄bb̄ final
state. We construct a baseline analysis and investigate the signal sensitivity to simple
deformations of the Higgs potential in the presence of the dominating non-resonant back-
ground. From this, we are able to demonstrate the sensitivity of the pp→ hhh→ γγbb̄bb̄
process to quartic Higgs coupling.



Popular Science Summary

The existence of the Higgs boson was confirmed in 2012, adding the last missing puzzle piece
to the Standard Model of Particle Physics, our most accurate description of interactions
between the fundamental building blocks of nature. However, even though the Higgs
boson’s mass has been measured, there are still open questions left to address. One of
these questions is how the Higgs boson interacts with itself.

What we can learn about the Higgs self-interaction is directly linked to the so-called
electroweak symmetry breaking mechanism, which allows the electroweak bosons (W± and
Z0 bosons) to become massive. For the mechanism to work, there must exist both three-
and four-particle interaction couplings for the Higgs boson, yet to be measured. Their
values have profound implications for Beyond the Standard Model physics and cosmology,
particularly to the phase transition where the two, electromagnetic and weak, forces become
separated in the early universe. So, a comparison of the measured and predicted Higgs
boson self-interaction couplings provides the ultimate test of the Standard Model and its
extensions.

This task is a difficult one, as we need to experimentally observe the production of
several Higgs bosons in the same collision - a rare occurrence to say at least - and to make
sure that they are produced from an intermediate Higgs boson, due to a self-interaction,
rather than radiated from other particles. Experimentally, these two types of production
are indistinguishable. Indeed there is no way of knowing what has occurred after the
primary collision by detecting the shower of final-state particles in our detectors. Thus,
one would need to measure the production precisely to compare it to theoretical predictions
to understand how much of the signal comes due to the Higgs self-interactions. However,
measuring the three-Higgs self-interaction at the LHC might not be possible, and previous
studies have shown that the four-Higgs vertices are beyond our current grasp at the LHC
as well.

There is still hope for determining the coupling strengths at the recently proposed post-
LHC particle accelerator called the Future Circular Collider. At its collision energy of 100
TeV, it is believed that a precise measurement of Higgs self-interaction can be achieved. As
for now, we need to develop a strategy for extracting this information about the couplings
from the corresponding observables. There exist many difficulties along the way, and with
this study, we will determine how feasible such an analysis would be.

2



Contents

1 Introduction 4

2 The theoretical framework and Monte Carlo simulation tools 5

3 Event generation and analysis methods 6

4 Phenomenological analysis 11
4.1 Events selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.2 Differential distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

5 Discussion 19

6 Conclusions 20

A Event selection for the resonant background process 24

B BSM-to-SM ratio distributions 25

C Transverse momentum distribution 26

D Plots with lower mistagging weight 27

E MadGraph run card 30

3



1 Introduction

The existence of the Higgs boson was confirmed in 2012 by the ATLAS and CMS collabo-
rations [1, 2]. Its mass was measured at 125 GeV [3], and its gauge and Yukawa couplings
fall within the uncertainty Standard Model predictions within 10 − 15% of the current
experimental uncertainty [4]. The mass measurement of the Higgs boson was the first
experimental step towards determining the structure of the Higgs potential. The next step
is to determine the Higgs self-couplings.

From a theoretical point of view, determining the Higgs self-couplings is one of the most
fundamental issues today [5, 6, 7]. In the framework of the Standard Model, the scalar
self-couplings are completely determined by the mass of the Higgs boson and the Higgs
vacuum expectation value. Thus, if there are substantial deviations from the Standard
Model predictions for the Higgs self-couplings, this would mean that there is Beyond the
Standard Model (BSM) physics. There are many predictions from BSM physics, some of
which are discussed in Ref. [8]. For this reason, great efforts are made in investigating the
self-coupling of the Higgs boson at present colliders in various scenarios BSM [9].

The prospects of precision measurement of the Higgs self-coupling are not entirely
achievable with our current capabilities [10]. The reason is that the processes involving
Higgs self-couplings are rare [11, 12]. These multiple-Higgs production processes are the
double Higgs production relevant for accessing the cubic self-coupling [13] and the triple
Higgs production necessary to study the quartic Higgs coupling. The reason for the low
production rates is that there is a strong Higgs propagator suppression and the phase
space is small due to the production of several heavy particles in the final state. There
have been studies [14, 15, 16] investigating the potential of detecting the signal over the
background in various Higgs decay channels for the Higgs pair production process at the
high-luminosity phase [17] at the Large Hadron Collider (LHC). However, the triple Higgs
production has a cross-section that is 2 orders of magnitude smaller with respect to the
double-Higgs production, making the process more relevant to study at significantly higher
collision energies. This task is left for the post-LHC era, for which different options are
being discussed today. In this work, we explore the opportunities that are inherent to a
new accelerator, the so-called Future Circular Collider (FCC) [18]. We investigate triple
Higgs production in the gluon fusion channel in proton-proton collisions at a center-of-mass
energy of 100 TeV and consider statistics of 30 ab−1 of data. The investigation is based
on Monte Carlo simulations, where we generate and analyze both background and signal
events.

This thesis is set up as follows. Section 2 contains the description of the theoretical
framework that we have adopted in our study. The details of the Monte Carlo simulation
and event generation are described in Section 3. Triple Higgs production modes and final
states of interest are presented here. In Section 4.1, we present the event selection strategy
and the differential distributions at parton level for triple Higgs boson production in the
γγbb̄bb̄ channel at 100 TeV are shown in Section 4.2. A discussion of the mentioned results
and study of the sensitivity to deviations from the Standard Model in the Higgs quartic
interactions will occur in Section 5. We will also discuss potential improvements in this
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section, followed by a review and conclusions in Section 6.

2 The theoretical framework and Monte Carlo simu-

lation tools

The theoretical model description used here is based on the Standard Model with a mod-
ified Higgs potential to allow for deviations induced by new physics. The modification is
introduced in a model-independent fashion,

Vh =
1

2
m2
hh

2 + κ3λSMvh
3 + κ4

1

4
λSMh

4, (2.1)

namely in terms of otherwise free parameters, κ3 and κ4, as modification factors of trilinear
and quartic scalar self-couplings (the SM is recovered for κ3 = κ4 = 1). In our notation,
mh = 125 GeV is the Higgs boson mass, v is the vacuum expectation value of the Higgs
field, h denotes the physical Higgs-boson field, and λSM is the SM self-interaction coupling
given by

λSM =
m2
h

2v2
. (2.2)

To illustrate the role of the Higgs self-interactions, Figure 1 shows some of the Feynman
diagrams contributing to triple Higgs production, together with their scaling with the
coefficients κ3 and κ4. From the figure, it is clear that the production cross-section depends
on both κ3 and κ4 parameters. In comparison, the double Higgs boson production depends
only on κ3. We should remark that large departures of κ3 from the SM value are still
allowed by current observations due to the lack of strong constraints as summarised in Ref.
[19].

The introduction of the independent self-couplings approach does not necessarily rep-
resent a physically viable theory, but for our purposes, it can provide useful information
about coupling sensitivity for SM-like triple Higgs boson production. This being said, it
is beneficial to remark that the relation between the Higgs self-coupling and multi-Higgs
production properties is only unambiguous in the SM. If we assume models Beyond the
Standard Model, the multi-Higgs production rate could be altered by the presence of new
BSM fields and interactions affecting the multi-Higgs production diagrams. These BSM
effects could range from a modified top Yukawa coupling to higher-order Effective Field
Theory (EFT) operators leading to new local vertices.

Signal and background processes are modeled using the simulated Monte Carlo (MC)
event samples. These samples were produced with MG5aMC 2.6.7 version of MAD-
GRAPH5 aMC@NLO [20]. The modified scalar potential described above was imple-
mented into the existing UFO (Universal FeynRules Output) model called ”loop sm”, pro-
vided by the MadGraph package, with UFO guidelines given in Ref. [21]. The ”loop sm”
model contains both tree-level and loop-level information, necessary to produce the loop-
induced triple Higgs signal. The decay of the produced Higgs bosons was provided by
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(a) (b)

(c) (d)

Figure 1: Feynman diagrams contributing to triple Higgs production via gluon fusion in
the Standard Model. As described above, the corresponding matrix elements scaled by the
coefficients κ3 and κ4 are as follows: (a) remains unmodified, (b) M ∼ κ3, (c) M ∼ κ2

3

and (d) M∼ κ4.

MadSpin [22]. To enable Higgs to decay into two photons1, a direct vertex was imple-
mented according to ”heft” (Higgs Effective Field Theory) MadGraph model. The heft
model uses ”Infinite top mass approximation” (or ”Infinite top mass limit”)2, which con-
tracts the top quark and W -boson loop integral in the H → γγ decay to an effective
operator, used in tree-level diagram.

3 Event generation and analysis methods

The first stage of the study is to examine different processes contributing to triple Higgs
production that may be used to show if and how it can be observed above the Standard
Model background in a chosen channel. In Table 1, we have listed several triple Higgs boson
production final states, with 30 ab−1 of integrated luminosity at a proton-proton collider
at 100 TeV center-of-mass energy. The generation of the signal processes uses a four flavor
scheme, i.e. in terms of four massless active quarks3, and the model described in Section
2 and the MadGraph5 aMC@NLO framework. The events are generated at leading order

1The decay of the Higgs boson into two photons is a loop-induced process, which cannot be computed
by MadGraph.

2Note that this approximation works only if the mass of the produced particles is smaller then mass of
the top.

3A detailed description on 4-flavor or 5-flavor scheme can be found in Ref. [23]
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(LO) using the subprocesses and gluon fusion with the full top mass dependence. The
cross-sections of these processes are evaluated using the LO NN23LO1 (default setting)
parton distribution functions.

As can be seen in Table 1, the dominant Higgs production mode is gluon fusion with
subprocesses illustrated in Fig. 1, since, among other things, the gluons are the largest
component of the protons parton distribution functions at high energies. The other known
dominant Higgs production modes are vector-boson fusion, resulting in a signature of two
high-rapidity jets that can be used to separate this process from the background. Other
processes that provide a signal separation from the background are the gluon-gluon fusion
plus two jets and the decay of W/Z boson to charged leptons or neutrinos for the triple
Higgs–strahlung process (vector boson associated production). The last type of process of
interest to consider is top associated production. In Figure 2, illustrating the cross-section
calculations for main single-Higgs production mechanisms, we note that the rate of the sub-
dominant modes (VBF h, tt̄h and V h, where V stands for vector bosons W±, Z0) increases
significantly from 8 TeV to 100 TeV of collision energy. In particular, the associated top
pair production becomes as important as the vector boson fusion. A similar observation
can be seen in our results, shown in Table 1. There is an exception to this, which is the
vector-boson fusion mode represented by the green curve in Figure 2, and the same mode
represented by the 6th row in Table 1 generated at LO tree-diagrams.

Production process σ (ab) Statistical error N(30ab−1)
gg → hhh 2060 8.70 61800
pp→ hhhtb + j 210 0.628 6302
pp→ tt̄hhh 179 0.478 5380
pp→ (W+,W−, Z)hhh 38.5 0.115 1150
pp > tt̄tt̄hhh 1.19 1.42× 10−2 36
pp→ jjhhh 0.132 3.79× 10−4 4

Table 1: The LO total cross-section (at tree-level, except for gg → hhh which is a loop-
induced process) and the number of events (rounded to the nearest integer) for several
triple Higgs production channels at 100 TeV with 30 ab−1 of integrated luminosity with
minimal generation cuts (for further details see below). The table consists of the following
processes from the top: (1st) gluon-gluon fusion via quark loop-diagram, (2nd) single top
associated production, (3rd) top pair associated production, (4th) vector boson associated
production (or Higgs-strahlung process) from the fusion of a quark-anti-quark, (5th) 2 top
pair associated production and (6th) vector-boson fusion (two quarks exchanging a W± or
Z0 boson that fuse to create Higgs bosons).

When considering the decay of the triple Higgs boson system, the most relevant channel
in terms of branching ratios consists of a final state made of at least two jets originating
from the fragmentation of b-quarks. Some of the decay modes, resulting in a number of
events greater than 100 at 30 ab−1 of integrated luminosity from the gluon fusion process,
are listed in Table 2. The task of separating the signal from the overwhelming pure QCD
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Figure 2: Higgs-boson production cross-sections as functions of centre-of-mass energy of
pp collisions. This plot is taken from Ref. [24].

background, like for the bb̄bb̄ channel of the double Higgs-boson production, may not be
possible without the use of either boosted object reconstruction techniques [25, 26, 27] or
angular information [28]. Due to such techniques being strongly dependent on details of
a future detector (such as tracking performance and calorimetric granularity), it is not
easy to assess the usage of the six b-jet channel as a handle for separating the triple Higgs-
boson signal from the background. Therefore, we leave the study of this channel as an open
question and focus instead on analyzing the final state topologies that could be performed
with any conceivable detector design. Since our goal is to ascertain if the triple Higgs
production and by extension the quartic Higgs self-coupling is measurable, we apply the
further requirement to omit the decay modes with neutrinos in the final states and to focus
on processes that give more than than 100 events at 30 ab−1 of integrated luminosity.

With the imposed requirements described above, we are left with the following inter-
esting final states: (τ τ̄)(bb̄)(bb̄), (τ τ̄)(τ τ̄)(bb̄), (γγ)(bb̄)(bb̄). The decay modes involving
τ -leptons have distinct multi-lepton signatures as well as neutrinos in the final state, and
the main background comes from non-prompt leptons. However, this decay mode receives
a more severe background contamination compared to the (γγ)(bb̄)(bb̄) one. Another dis-
advantage is the neutrino production causing a loss of information, which affects the re-
construction of the Higgs bosons. Thus, to increase the likelihood of observation above the
Standard Model background, the final state under consideration in our study contains two
photons and four b-quarks having a clear resonant peak, at invariant mass equal to mh.
Therefore, the only Higgs production mode satisfying the above requirement of greater
than 100 events is the gluon-gluon fusion. We make a note that the top quark associated
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production contributes with around 26 events. To summarise, we determine the signal
events as (γγ)(bb̄)(bb̄) events from triple Higgs production via gluon fusion. These are gen-
erated at LO, as higher-order corrections are not available for these loop-induced processes.
It is worth to mention that QCD corrections are estimated to be large [29], and the sample
could be normalized by a multiplicative K-factor of 2. However, such a factor has been
omitted so that the results presented below can be seen as conservative.

gg → hhh→ final state BR (%) σ(ab) N(30ab−1)
(bb̄)(bb̄)(bb̄) 19.2 396 11872
(bb̄)(bb̄)(WW1l) 7.204 148 4452
(bb̄)(bb̄)(ττ) 6.312 130 3901
(bb̄)(ττ)(WW1l) 1.578 32.5 975
(bb̄)(bb̄)(WW2l) 0.976 20.1 603
(bb̄)(WW1l)(WW1l) 0.901 18.6 557
(bb̄)(ττ)(ττ) 0.691 14.2 427
(bb̄)(bb̄)(ZZ2l) 0.331 6.82 205
(bb̄)(WW2l)(WW1l) 0.244 5.03 151
(bb̄)(bb̄)(γγ) 0.228 4.70 141
(bb̄)(ττ)(WW2l) 0.214 4.41 132
(ττ)(WW1l)(WW1l) 0.099 2.04 61

Table 2: The list of channels for Nevents > 60 with 30 ab−1 and their branching ratios (BR)
from Ref. [30] (tables A1-A20). The subscript denotes the number of leptons in the final
state, originating from the pair of gauge bosons. The cross-section is calculated at the LO
for Higgs production via gluon-gluon fusion. The number of events has been rounded to
the nearest integer.

It is important to note the approximations made when generating and calculating the
different cross-sections for signal and background processes. Firstly, some of the processes
are generated at LO tree-level; the implications of this are discussed in Section 5. Ad-
ditionally, the width of the Higgs boson is set to zero (the width of the Higgs boson is
very narrow compared to its mass), the decay of the Higgs boson into two photons relies
on infinite top and W boson mass approximation. The branching ratio for hhh→ γγbb̄bb̄
has been rescaled to the corrected value with a multiplicative factor of 1.11 to reproduce
the CERN’s branching ratio calculation [31], which includes higher-order corrections in
the Higgs boson decays. The decay of the signal events via Madspin was done with the
spinmode setting set to none, as scalar particles induce no spin correlations. The documen-
tation of MadGraph (and Madspin) syntax used in our implementation has been added
into Appendix E.

The background processes for this specific decay channel can be classified when an-
alyzing them at the parton level as resonant and non-resonant ones. The non-resonant
background features the same final state as the signal process that is not associated with
an intermediate resonance of the Higgs boson. These include for example prompt γγbb̄bb̄
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(QCD) production, or a Z0-boson decaying to bb̄ pair. The resonant background contains
the processes with one or two Higgs-resonant decays to the same final state particles as the
signal, where the additional particles can be used as handles for discrimination. This is the
case for instance of hhbb̄, where h→ bb̄ and h→ γγ, as a background for the hhh→ γγbb̄bb̄
channel. All background processes considered in this study are listed in Table 3.

Process σ (ab) Statistical error σ (ab) MC error
pp→ jjbb̄bb̄ 2.39× 1012 1.65× 1010 − −
pp→ γjbb̄bb̄ 3.17× 109 2.21× 107 2.29× 103 7.56× 10−1

pp→ γγbb̄jj 7.61× 107 4.29× 105 2.30× 104 47.4
pp→ γγbb̄bb̄ 2.10× 106 1.41× 104 1.34× 10−2 3.44× 10−3

pp→ γγtt̄ 4.28× 105 3.67× 103 4.88× 102 1.26
pp→ γγZjj 1.38× 105 783 35.8 4.62× 10−2

pp→ hbb̄bb̄ 358 2.48 1.07× 10−4 1.49× 10−7

pp→ hhZ 264 2.40 5.23× 10−5 1.20× 10−7

pp→ γγZZ 30.0 0.221 − −
pp→ hZZ 0.949 2.17× 10−3 − −
pp→ hhjj 4.80× 10−2 1.32× 10−4 2.61× 10−2 6.26× 10−5

pp→ hhbb̄ 2.68 0.119 − −

Table 3: The total cross-section of the background processes for the (bb̄)(bb̄)(γγ) channel
in pp collisions at 100 TeV. The background events were generated at tree-level, except
for pp → hhbb̄ which was generated with loop-induced diagrams. The left cross-section
column is events generated with minimal generation cuts and the right are with generation
cuts given in the main text.

In order to maximize the Monte Carlo event efficiency in the signal region, we require
all produced final-state particles at the generation level to have a transverse-momentum
of pT > 20 GeV for the jets and pT > 10 GeV for the photons, a pseudorapidity satisfying
|η| < 5 for the jets and |η| < 2.5 for the photons, and the invariant mass of a b-jet pair to be
|mbb̄−mh| < 25 GeV and |mγγ−mh| < 15 for a photon pair. All particles are also required

to be separated by an angular distance of ∆r =
√

∆η2 + ∆φ2 > 0.4. Background processes
were generated at the tree level, with the exception of pp→ hhbb̄ which was generated with
loop-induced diagrams. Most of the background processes have large contributions from
higher-order corrections. This is an issue that we will bring up in the discussion below.

As will become clear later on, our analysis will heavily depend on the identification
and mistagging of b-jets. This is because the signal channel contains (parton-level) b-jets.
We consider two b-tagging setups, with an efficiency of 70%, for a mistagging rate of a
c-jet as a b-jet of 18% (1.8%) and a lighter jet as a b-jet of 1% (0.1%). These b-tagging
performances were inspired by the ATLAS paper [32]. The misidentification rate of a jet as
a photon is taken to be 0.1%. We inform the reader that the tagging rate is implemented
at the selection stage, presented in Section 4.1.

There are some points in Table 3 that need to be addressed before moving on. We
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observe that some of the processes lack values for the generation cuts, which we defined
above. The processes involving two Z0-bosons are generated on mass-shell and are evidently
zero with the generation cuts. Specifically, the cut that eliminates them is |mb1b2−mh| < 15
GeV. Decay of both Z0-bosons on mass-shell can be argued as a good approximation since
the likelihood of finding a Z0 boson around the Higgs mass (which we are after) in the Z0-
mass distribution is very low, so consequently, we could neglect a contribution with ZZ. For
the pp → jjbb̄bb̄ process, we could estimate the contribution. With the tagging efficiency
given above, we get ∼ 105 ab. The lowest effect of the generation cuts is of order 10−3 on
the non-resonant background, giving ∼ 102 ab. If it behaves similar to pp → γjbb̄bb̄, one
would obtain even lower contribution than for the γjbb̄bb̄ process. Lastly, the pp → hhbb̄
process was not generated with the generation cuts as it was not needed to estimate the
contribution to the background.

4 Phenomenological analysis

We perform a study of a triple-Higgs signal produced in proton-proton collisions at a center-
of-mass energy of 100 TeV and show how it can be observed above the Standard Model
background. The background events are generated with the generation cuts presented at
the end of the previous section. We analyze final states comprised of four b-jets and a
pair of photons. The investigation is divided into two parts: a rudimentary analysis of the
events selection performance given in Section 4.1 and a phenomenological analysis of our
process in Section 4.2.

4.1 Events selection

The differential cross-section analysis at a parton-level starts from determining a viable
selection strategy. The observables used to exploit differences between the signal from the
backgrounds are listed as follows:

• the transverse momentum of the leading and subleading photons, pT (γ1) and pT (γ2)
respectively, and the pT of the four b-tagged jets, pT (bi) for i = 1, 2, 3, 4 (sorted by
the decreasing values of their transverse momenta);

• the invariant mass of the diphoton and di-b-jet systems, mγ1γ2 , mbibj for i, j = 1, 2, 3, 4
and i 6= j;

• the angular distance, in the η − φ plane, between the momentum of the diphoton
system, ∆r(γ1, γ2), and for the di-b-jet system with the leading b-jet ∆r(b1, b).

Additionally, each event was required to contain at least 4 b-tagged jets and 2 tagged
photons. There were two other observables studied, the invariant mass of the 4 b system,
mb1b2b3b4 and the azimuthal separation between the di-particle systems. The selection
efficiency was deemed poor due to the non-negligible loss in signal events with respect
to background events. The meaning of ”non-negligible” refers to the fact that the signal
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events have low statistics, and the rejection of these events has to be limited to estimate
any signal sensitivity reliably. This point is illustrated in Figure 3, showing the number of
remaining events as a function of the maximum mb1b2b3b4 allowed, after applying the event
selection strategy, which is presented below. One can see that the vertical distance (i.e.,
the relative number of events between the signal and background) diminishes only after
signal events start to drop significantly.

Figure 3: Plots illustrating the number of remaining events (calculated for a luminosity of
30 ab−1) as a function of the invariant mass cut of the four b-tagged quarks (in GeV), after
applying the event selection strategy.

It is important to note about the list of observables above regarding the reconstruction
of the two Higgs candidates 4-momenta from the four b-tagged jets. For most b-jets, one
cannot determine if the origin was a b-quark or an anti-b-quark. This gives us a 3-fold
combinatorial ambiguity when trying to reconstruct our two Higgs candidates. This was
solved by constructing the invariant masses of the four b-jets and imposing |mh−mbbk | < 15
GeV for k = 1, 2. In the same manner as was done in Ref. [33], in case of several
combinations of dijet systems fulfilling the criterion, we choose the dijet systems that
minimize the mass asymmetry

∆bb1,bb2 =
mbb1 −mbb2

mbb1 +mbb2

.

The value of the selection cut was adopted from Ref. [34, 33], as it was for the invariant
mass of the photons |mh −mγγ| < 5 GeV.

The selection strategy was decided based on the plots of Figure 4 (and the distribution
plots in Section 4.2, representing the number of signal and background events as a function
of each consecutive (selection cut) variable used to separate the signal and background
processes. Due to the constraint of low signal statistics, we require that the number of
signal events rejected from the selection is limited to 3 events. The selection steps were
chosen as follows. The events are required to contain at least four b-tagged jets, where jets
can be misidentified as b-jets, and at least 2 tagged photons. The photons are required to
possess transverse momenta pT (γ1,2) > 55, 15 GeV. The photon pairs are further required to
have the invariant mass of |mh−mγγ| < 5 GeV, as already mentioned. The angular distance
∆r, in the η−φ plane, between the two photons is restricted to ∆r(γ1, γ2) < 3.6. A similar
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Figure 4: Plots illustrating the number of remaining events (calculated for a luminosity
of 30 ab−1) as a function of the cut on the selection variables after applying the previous
selection steps summarized in Table 4.

strategy is then imposed on b-tagged jets. We required that the pT (bi) > 75, 50, 20, 20 GeV
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for i = 1, 2, 3, 4, which denotes the hardest-pT b-jets sorted in a decreasing order. The
b-jets are then combined into two Higgs boson candidates by the manner described in the
above paragraph. The last selection criteria were to limit the angular distance, in the η−φ
plane, by ∆r(b1, b) < 3.2 between the leading b-jet and its partner in the Higgs candidate.
We make the note that these selection cuts are compatible with the generation cuts. We
summarize selection cuts in Table 4.

Selection step Signal γγbb̄bb̄ γγbb̄jj γγtt̄ γγZjj hhbb̄ γjbb̄bb̄ S vs B
Initial 9.51 0.0268 45825 982 71.7 5.36 4580 0.230
Tagging 2.28 0.00642 22.2 0.0206 0.0488 1.46 1.10 2.40
pT (γ1) > 55 GeV 2.18 0.00642 16.6 0.0198 0.0427 1.27 0.523 2.62
pT (γ2) > 15 GeV 2.05 0.00642 14.8 0.0190 0.0377 1.22 0.422 2.60
|mγ1γ2 −mh|
< 5 GeV

2.05 0.00214 4.94 0.0167 0.0153 1.22 0.0152 3.90

∆r(γ1γ2) < 3.6 2.04 0.00214 4.81 0.0167 0.0152 1.21 0.0124 3.93
pT (b1) > 75 GeV 1.97 0.00214 4.09 0.0142 0.0117 0.840 0.00968 4.10
pT (b2) > 50 GeV 1.92 0.00214 3.65 0.0125 0.0106 0.472 0.00968 4.26
pT (b3) > 20 GeV 1.89 0.00214 3.65 0.0125 0.0106 0.363 0.00968 4.25
pT (b4) > 20 GeV 1.52 0.00214 3.65 0.0125 0.0106 0.132 0.00968 3.59
|mbi,bj −mh|
< 15 GeV

1.52 0.00214 1.44 0.00127 0.00331 0.0173 0.00830 4.80

∆r(b1, b2) < 3.2 1.51 0.00107 1.42 0.00126 0.00326 0.0150 0.00692 4.80

Table 4: Effects of our selection strategy on the SM signal and background with generation
cuts. We present the resulting cross-sections (ab) after each of the selection steps, together
with the related signal significance ”S vs B”, defined as S/

√
(S +B), where S and B are

the number of events for the signal and background, respectively. The significance has
been calculated for a luminosity of 30 ab−1. In the table, we assume a b-tagging efficiency
of 70% and a mistagging rate of c and lighter jets as a b-jet of 18% and 1%, respectively.
The misidentification rate of jets as photons is 0.1%.

Together with the event selection strategy, we summarize its effectiveness in Table 4.
The background processes of the resonant type, hbb̄bb̄, hhZ and hhjj, have a negligible
contribution and are instead listed in Appendix A. This low cross-section is a result of just
considering tree-level diagrams and excluding higher-order corrections. As we mentioned
earlier, we will discuss and estimate their contribution in Section 5.

The b-tagging strategy is the most dominant factor in the prospect of distinguishing the
signal from the background. This can be seen in the ”Tagging” selection step. In the next
section, we will see the effect of the choice of the b-mistagging set. There is a deviation from
our expectation of the selection strategy shown in Table 4 that is needed to be pointed out.
It occurs at the pT (b4) > 20 GeV selection step. We see that only the signal is significantly
affected by the selection. This has to do with the cuts at the generation level, where the
background processes are already required to have pT (b) > 20 GeV, while the final-state
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particles for the signal event were generated with Madspin without generation cuts.

4.2 Differential distributions

In this sub-section, we present the differential distributions in triple Higgs production
with its dominant background, the γγbb̄jj process, in the Standard Model. The signal is
presented with different values for the quartic scalar self-couplings, where the Standard
Model is recovered for κ4 = 1. With minimal generation cuts, we get the following cross-
section by varying the quartic self-coupling while keeping the SM value for the cubic self-
coupling (κ3 = 1):

σ(κ4 = −1, 0, 1, 2, 4)× 10−3 = 2.75, 2.37, 2.06, 1.83, 1.61 ab.

The event selection (summarized in Table 4) has been applied to each plot.
Before moving to differential distributions, one can comment on the previous cross-

section dependence on κ4. The fact that the dependence does not yield a significant overall
change in cross-section motivates us to look to the differential distributions and see if there
is some phase-space dependence that could help to disentangle various κ4 values. To show
this dependence, we present a BSM-to-SM ratio times σSM/σBSM (the latter factor removes
the overall change due to cross-section), with each distribution. The ratio for the κ4 = 2
signal is not present in these plots, but is instead provided in Appendix B. This makes
the plots more readable, while κ4 = 2 does not provide any additional new information to
our discussion. Taking a look at each ratio, we can observe some phase-space dependence,
which for the most part lies within a factor of 0.5-1.5. One can make an observation that
the size of the deviation from the SM is proportional to the change of κ4, by comparing
the case of κ4 = 4 to the rest.

Figure 5 shows the transverse momentum of the leading photon, pT (γ1). The transverse
momenta of the sub-leading and the b-tagged jets are qualitatively similar and can be found
in Appendix C. Evidently, the corresponding distribution for the background γγbb̄jj is of
the same order of magnitude for pT . 200 GeV, and peaking at a similar value. The tail of
the pT distribution for the γγbb̄jj process becomes much smaller than that of the signal,
see the left logarithmic-scale plot for pT & 200 GeV.

We examine the invariant-mass distribution of the four leading b-jets system in Figure
6. For this observable, one finds it difficult to see a difference between the signal and the
γγbb̄jj background.

In Figure 7, we show the spectrum of the azimuthal separation (right) and the angular
distance (left), in the (η−φ) plane, of the diphoton system (top) and the di-b-jet ”system”
for the leading b-jet pair. One can observe that in the case of the photons, the γγbb̄jj
events generally have higher separation than the diphotons resulting from the Higgs boson
decay, as expected. The same correlation is not present for the separation of the b-jets,
making it harder to separate the γγbb̄jj from the signal.

The results of the second mistagging weight set (c as b-jets 1.8% and lighter jets as
a b-jet 0.1%) are presented in Appendix D in the form of plots corresponding to those
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Figure 5: Transverse momentum distribution of the leading photon for the triple-Higgs
signal and the γγbb̄jj background (log-scale plot on the upper left) plot. The signal is
plotted with different values for the quartic scalar self-coupling, κ4 (SM for κ4 = 1). The
plot below represent a BSM-to-SM ratio times σSM/σBSM of the above distribution plot.

given in this section. Note, the information contained in those plots is already present
in the figures given in this section. We summarized the differences in Table 5. The only
visual difference (omitting the transformation into log-scale) is an overall normalization of
the curve directly proportional to the changed mistagging weights (a factor 1/10) for the
participating particles it concerns to. There is one exception, and that is the γγtt̄ process.
However, showing these plots and table is still of interest because it ”reveals” the signal
on top of the background. Besides, it also shows the importance of high level b-tagging
efficiencies and low level misidentifications for a future collider if we want to target such
processes and to measure the quantities like the κ4. This will be further discussed in
Section 5.
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Figure 6: Invariant-mass distributions of the four leading b-tagged jets (log-scale plot on
the upper left) plot for the triple-Higgs signal and the γγbb̄jj background. The signal is
plotted with different values for the quartic scalar self-coupling, κ4 (SM for κ4 = 1). The
plot below represents a BSM-to-SM ratio times σSM/σBSM of the above distribution plot.

Signal γγbb̄bb̄ γγbb̄jj γγtt̄ γγZjj hhbb
σ (ab) 1.51 0.00107 0.0142 8.51× 10−5 3.26× 10−5 0.0151

γjbb̄bb̄ hhZ hhjj hbb̄bb̄ S vs B
σ (ab) 0.00692 1.53× 10−5 3.92× 10−7 3.04× 10−5 6.64

Table 5: The resulting cross-sections (ab) with the event selection applied, together with
the related signal significance ”S vs B”, defined as S/

√
(S +B), where S and B are the

number of events for the signal and background, respectively. The significance has been
calculated for a luminosity of 30 ab−1. The second set of mistagging rates is used, where
c→ b is 1.8% and lighter jets as a b-jet is of 0.1%.
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Figure 7: Azimuthal separation (right) and angular distance (left), in (η−φ) plane, distri-
butions of diphoton system (the above plots) and di-b-tagged jets (the below plots) for the
triple-Higgs signal and the γγbb̄jj background. The signal is plotted with different values
for the quartic scalar self-coupling, κ4 (SM for κ4 = 1). The plots below each distribution
plot represent the corresponding BSM-to-SM ratio times σSM/σBSM.
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5 Discussion

We start the discussion by reminding the reader that the resonant background is generated
at tree-level. We expect both loop-induced contributions and higher-order corrections to be
important for the background, which we can see by comparing the ratio of our estimations of
pp→ hhbb̄ (with loop-induced diagrams) and pp→ hhjj (without loop-induced diagrams)
cross-sections, with that for pp→ qq̄h and pp→ bb̄h processes in Figure 2. The difference
is a factor of 1000. We can try to estimate the size of these processes by extrapolating
from what we have presented so far and try to predict their significance. From Figure
2, we see that the cross-section increases by a factor of O(10) going from pp → hbb̄ to
pp → hqq̄. Similarly from Table 3, we see that the difference between pp → γγbb̄bb̄ and
pp → γγbb̄jj is of order O(10). One could guess that the relation between our calculated
pp → hhbb̄ process and pp → hhjj would be of a similar magnitude. Since the resonant
background processes are less reducible by the event selection, due to having few particles
that can be used as handles for separating the background from the signal, one can say
that pp → hhjj would be an important process contributing to the background. On the
other hand, the hhjj will suffer from the jet-to-b efficiency factors twice. Less significant
contribution can be found from the pp→ hhZ process, as the invariant mass of the decay
product of the Z-boson is unlikely to be at the mass of the Higgs boson. The pp→ hbb̄bb̄
process is harder to estimate as we have no similar process with a single Higgs boson
production from loop diagram to compare with. Nevertheless, to properly identify and
quantify relevant background processes and determine an effective strategy of separating
them from the signal, one would need to take into account higher-order corrections and
loop-induced diagrams for the background processes and the signal. However, as mentioned
earlier, the signal process was estimated to be large, while the higher-order corrections are
unknown.

A way of limiting the number of uncertainties would be to take into account detector
effects. As mentioned before, due to the unknown specifications of the future collider and
a limited time frame, this was not included in this thesis. However, one could include sim-
plistic detector effects based on existing detector performances and smear the momentum
and energy of the produced photons and jets according to the value of their transverse
momenta. This would give us a more reliable quantitative result, including a reasonable
expectation of uncertainty.

Returning to our results in the previous section, we chose two b-tagging setups with the
efficiency of 70% and the related mistagging rates of a c-jet (light jet) to b-jet of 18% (1%)
and 1.8% (0.1%). One can observe that to have a reasonably clear signal, the detector of
an FCC-hh needs to have a good c-jet and light jet rejection rate of O(1%) over a wide
phase space range. Another important note to make is the sensitivity of the signal to the
b-tagging efficiency. As the signal has low statistics, a ”small” reduction from 80% to 70%
would imply a loss of ≈ 40% due to the reconstruction of the four b-jets.

Another part of our results was optimizing the event selection strategy. It was done by
finding appropriate event selection cuts to minimize the background events in reference to
the signal events while keeping the loss of valuable signal events low. We use the classic
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approach by assuming that the measured quantities in the event do not vary with other
quantities in the event. While easy to implement, making the cuts can be an arbitrary and
inexact procedure, where we most probably do not make optimal use of the information
available in the event. A better way of performing this would be in a multi-variable sense,
but the space of all possible cuts on just a few event quantities is huge. This would
take care of hidden correlations between our quantities. A common solution to this is
the use of neural networks. However, in the view of available time, this has been left for
future studies. This is because the training of a neural network usually time consuming
as it takes large samples of signal and background to obtain stable results, and tends to
converge logarithmically.

In conclusion, we have shown that the study of triple Higgs production for future collider
program has a good potential but is a challenging task. Our analysis of the γγbb̄bb̄ channel
has shown promising results for measuring and constraining the Higgs quartic self-coupling
relevant for exploring the electroweak symmetry breaking and BSM physics. Though our
analysis was a baseline study, it definitely prompts for further investigation.

6 Conclusions

We have studied the prospects for measuring the triple Higgs boson production at the
future circular proton-proton collider with a center-of-mass energy of 100 TeV, in the
case when the three Higgs bosons decay to the γγbb̄bb̄ final state. This investigation was
done by constructing a phenomenological LO parton-level analysis. In this analysis, the
three Higgs bosons were produced in a Standard Model-like fashion, where we allowed for
independent variation of the quartic self-coupling. We show the efficiency of a selection
strategy and demonstrate a heavy dependence of the signal significance on the tagging
efficiencies. Furthermore, we obtain a signal significance of S/

√
S +B ≈ 5 and observe

phase space regions where the signal is relatively clean. We conclude that the γγbb̄bb̄ final
state is an important candidate for the study of the self-couplings of the Higgs boson in
the Standard Model and beyond.

Concerning further research, the first step is to cover the absence of higher-order calcu-
lations and dominating loop-induced diagrams for several background processes. A more
detailed analysis should include detector effects, as the current results are based on an
existing detector performance and smearing of the produced particles’ momenta and ener-
gies according to the value of their transverse momenta. One could also improve upon the
event selection with advanced multivariate techniques, leading to higher signal significance.
However, we have shown with a simple baseline analysis that there is a strong potential
for further studies of triple Higgs boson production as a promising way to constrain the
quartic Higgs self-coupling at a future 100 TeV hadron collider.
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A Event selection for the resonant background pro-

cess

Selection step hhZ hhjj hbb̄bb̄
Initial 1.05× 10−4 0.0522 2.15× 10−4

At least 4 b 2.51× 10−5 1.14× 10−4 5.16× 10−5

pT (γ1) > 55 GeV 2.41× 10−5 1.06× 10−4 4.89× 10−5

pT (γ2) > 15 GeV 2.36× 10−5 1.05× 10−4 4.76× 10−5

M(γ1, γ2) < 5 GeV 2.36× 10−5 1.05× 10−4 4.76× 10−5

∆r(γ1, γ2) < 3.6 2.35× 10−5 1.04× 10−4 4.75× 10−5

pT (b1) > 75 GeV 2.16× 10−5 7.94× 10−5 4.37× 10−5

pT (b2) > 50 GeV 2.16× 10−5 6.42× 10−5 4.35× 10−5

pT (b3) > 20 GeV 2.16× 10−5 6.42× 10−5 4.35× 10−5

pT (b4) > 20 GeV 2.16× 10−5 6.42× 10−5 4.35× 10−5

M(bi, bj) < 15 GeV 1.54× 10−5 4.03× 10−5 3.14× 10−5

∆r(b1, b2) < 3.2 1.53× 10−5 3.92× 10−5 3.04× 10−5

Table 6: Effects of our selection strategy on the SM signal and background. We present
the resulting cross-sections after each of the selection steps. In the table, we assume a
b-tagging efficiency of 70% and a mistagging rate of c and lighter jets as a b-jet of 18% and
1%, respectively.
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B BSM-to-SM ratio distributions

We show in Figure 8 the ratio distributions presented in Section 4.2, together with κ4 = 2
case.

Figure 8: The BSM-to-SM ratio times σSM/σBSM distribution plots for the observables
under consideration in Section 4.2, together with κ4 = 2 case. The signal is plotted for
different values of the quartic scalar self-coupling, κ4 (SM for κ4 = 1).
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C Transverse momentum distribution

In this section, we show the transverse momentum distributions for sub-leading photon
and the four leading b-jets. These contain similar information to that of the transverse
momentum distributions for the leading photon, shown in Section 4.2.

Figure 9: Transverse momentum distribution of the sub-leading photon for the triple-Higgs
signal and the γγbb̄jj background. The signal is plotted for different values of the quartic
scalar self-coupling, κ4 (SM for κ4 = 1).
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Figure 10: Transverse momentum distribution of the b-tagged jets for the triple-Higgs
signal and the γγbb̄jj background. The signal is plotted of different values of the quartic
scalar self-coupling, κ4 (SM for κ4 = 1).

D Plots with lower mistagging weight

We show here all studied log-scale distribution plots for the signal and the considered
background. The mistagging rate has been set to more optimistic value: a mistagging rate
of c and lighter jets as a b-jet of 1.8% and 0.1% respectively. The misidentification rate
of jets as photons is 0.1%. This makes the background contamination much smaller, by a
factor of 10−2.
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Figure 11: Invariant-mass distributions of the four leading b-tagged jets for the signal and
background processes stated in Table 4. The plots on the left are before applying any event
selection and the right ones are after event selection.

Figure 12: Transverse momentum distribution of the leading photon (the upper plots) and
the leading b-tagged jets (the lower plots) for the signal and background processes stated
in Table 4. The plots on the left are before applying any event selection and the right ones
are after event selection.
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Figure 13: Azimuthal separation distribution between the leading photon (the upper plots)
and the leading b-tagged jets (the lower plots) for the signal and background processes
stated in Table 4. The plots on the left are before applying any event selection and the
right ones are after event selection.

Figure 14: Angular distance (in the η − φ plane) distributions between the momentum
of the leading photon (the upper plots) and b-tagged jets (the lower plots) for the signal
and background processes stated in Table 4. The plots on the left are before applying any
event selection and the right ones are after event selection.
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E MadGraph run card

The following is a summary of the MadGraph and Madspin synax used to generate the
signal and background events.

Process Syntax
Gluon fusion generate g g > h h h QCD
Vector Bosons Fusion generate p p > p p h h h
Top pair assc. prod. generate g g > t t∼ h h h
Vector Boson assc. prod. define v = z w+ w-, generate p p > v h h h
Two top pair assc. prod. generate p p > t t∼ t t∼ h h h QED=4
Single Top assc. prod. generate p p > h h h t b∼ j $$ w+ w- @0

add process p p > h h h t∼ b j $$ w+ w- @1
add process p p > w- > h h h t∼ b @1

pp→ γγbb̄jj generate p p > a a b b∼ j j
pp→ γγZjj generate p p > a a z j j, z > b b∼
pp→ γγtt̄ generate p p > t t∼ a a, (t > b w+, w+ > all all)

(t∼ > b∼ w-, w- > all all)
pp→ hhZ generate p p > h h z, z > b b∼ , h > a a, h > b b∼
pp→ hZZ generate p p > h z z, z > b b∼ , z > b b∼ , h > a a
pp→ hhjj generate > h h j j, h > a a, h > b b∼
pp→ hhbb̄ generate g g > h h b b∼ , h > a a, h > b b∼
pp→ hbb̄bb̄ generate g g > h b b∼ b b∼ , h > a a
pp→ γγbb̄bb̄ generate p p > a a b b∼ b b∼
pp→ γγZZ generate p p > a a z z, z > b b∼ , z > b b∼
pp→ γbb̄bb̄j generate p p > a b b∼ b b∼ j
pp→ bb̄bb̄jj generate p p > b b∼ b b∼ j j
Madspin Syntax
No spin-correlation set spinmode none
h→ γγ decay h > a a
h→ bb̄ decay h > b b∼
h→ bb̄ decay h > b b∼
t→ W+b,W+ → all all decay t > w+ b, w+ > all all
t̄→ W−b̄,W− → all all decay t∼ > w- b∼, w- > all all
W+ → all all decay w+ > all all
W− → all all decay w- > all all
Z → all all decay z > all all

Table 7: The MadGraph and Madspin syntax used for generating the signal and back-
ground events. The model was a modified (as described in Section 2) version of ”loop sm”
model provided by MG5aMC 2.6.7. The defined multiparticle shorthand notations are the
default ones.
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