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Why HHH?
• Some properties of the Higgs boson is well measured, e.g. mass, couplings to heavy 

fermions and gauge-bosons

• However, we do not know much about the shape of the Higgs potential.

• To constrain the potential, we must measure the higher order terms in the expansion, 
such as triple and quartic self-couplings.
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This is illustrated by the red line in Fig. 1. The minimum of the potential, 
that is, the energetically most favourable choice for φ, lies at a value of φ 
that is non-zero, φ = 1. An important implication of the non-zero constant 
value of the Higgs field is the impossibility to carry angular momentum, 
or more technically having ‘spin 0’. A non-zero value for the spin would 
break at least one of the well-tested space–time symmetries. Hence, the 
excitation of the Higgs field, the Higgs boson, must be a spin-0 particle 
and it is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the 
Higgs boson was that it finally made it possible to start testing the remark-
able theoretical picture outlined above. It is not possible to probe the 
interactions of a given particle with the Higgs field. However, one can 
instead measure a particle’s interaction with the excitations of the Higgs 
field, that is, with a Higgs boson. If the Standard Model provides the correct 
picture for the generation of mass, the strength of any particle’s interac-
tion with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mecha-
nism, the interaction of the Higgs boson with other particles is intrigu-
ing because it implies the existence of a ‘fifth force’, mediated by the 
exchange of Higgs bosons. The fact that such a force is stronger for heavier  
particles makes it qualitatively different from all other interactions in 
the Standard Model, whose interaction strengths come in multiples 
of some basic unit of charge, like the electron charge for the electric 
force. The pattern is, if anything, more reminiscent of gravity, but with 

important differences. One is that the force mediated by the Higgs boson 
is active only at very short distances, whereas Einstein’s gravity acts over 
all distance scales. Another is that the Higgs boson couples directly only 
to elementary Standard Model particles. By contrast, gravity couples to 
the total mass. In ordinary matter, that total mass is much larger than 
the sum of the elementary particle masses, because the strong force 
contributes substantially to the proton and neutron masses14.

What we know so far and how
The Higgs mechanism provides the simplest model to explain particle 
masses in a way that is consistent with the electroweak interactions. As 
physicists we should seek to establish whether it is the model chosen 
by nature.

Experimental studies of the Higgs boson take place at particle colliders.  
The likelihood of producing a Higgs boson in a collision becomes larger 
when the particles that collide interact strongly with the Higgs field, 
that is, when they are heavy. At the high centre-of-mass energies that 
are required, particle physicists know how to collide just two things: 
protons and electrons, as well as their antiparticles. That poses an issue, 
because electrons and the particles that make up protons are light, that 
is, they interact only very weakly with the Higgs boson.

The approach of particle physicists is to exploit the occasional pro-
duction of heavy particles in the high-energy collision of light particles, 
and to then have those heavy particles produce a Higgs boson. CERN’s 
LHC collides protons, which are mostly made of up and down quarks 
and gluons. The most frequent way of producing a Higgs boson is for a 
pair of gluons, one from each proton, to collide and create a top quark 
and a top anti-quark as a very short-lived quantum fluctuation. The top 
quark is the heaviest known particle (about 184 times the proton mass) 
and so the top and anti-top quarks interact strongly with the Higgs 
field, thereby occasionally producing a Higgs boson. A short while 
later (about 10−22 s), the Higgs boson decays. About 2.6% of decays are 
to a pair of Z bosons, which themselves also decay almost immediately, 
for example each to an electron–positron or muon–anti-muon pair 
(so-called charged leptons), which gives a distinctive experimental 
signature. This sequence is illustrated in Fig. 2a.

The ATLAS and CMS experiments at the LHC select events with four 
such leptons and record the total of the energy of the leptons (in their 
centre-of-mass frame). There are a variety of ways in which four lep-
tons can be produced, but for those events in which they come from a 
Higgs-boson decay, the total energy is expected to cluster around the 
Higgs mass—the red peak in Fig. 2b. That red peak provides consider-
able information: (1) the existence of the peak near 125 GeV tells us 
that there is a new particle, the Higgs boson; (2) the position of the 
peak indicates the mass of the Higgs boson; (3) other features of the 
events in the peak, for example the relative angular distributions of  
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Fig. 1 | Higgs potential. The potential energy density V φ( ) associated with the 
Higgs field φ, as a function of the value of φ. The red curve shows the potential 
within the Standard Model. The Higgs field has a value corresponding to a 
minimum of the potential and the region highlighted in black represents our 
current experimental knowledge of the potential. Alternative potentials that 
differ substantially from the Standard Model away from that minimum (for 
example, the blue curve) would be equally consistent with current data.

Table 1 | Ways in which the Higgs boson affects the world around us

Particle whose mass is set by the 
interaction with the Higgs field

Role of the particle 
masses

Impact on everyday life Has the Higgs-particle interaction 
been experimentally confirmed?

Up quark (mup ≈ 2.2 MeV c–2) 
Down quark (mdown ≈ 4.7 MeV c–2)

Affects the mass  
of the proton and 
neutron

Differences in quark masses (mup < mdown) contribute to protons 
(made of two up and one down quarks) being lighter than 
neutrons (made of one up and two down quarks). As a result, 
protons are stable, as required for the existence of hydrogen.

No

Electron Atomic radius ∝ 1/me A different value of the electron mass would modify the energy 
levels and chemical reactions of all known elements.

No

W boson Radioactive beta  
decay rate ∝ 1/mW

4
Many radioactive decays, and the fusion reactions that power 
the Sun, involve the W boson. The W mass affects the rate of all 
of these reactions.

Yes

Three examples of how particle masses94 play a crucial role in determining the physical nature of the world in which we live. 
In all three cases, the Standard Model suggests that the corresponding particle masses arise from interactions of those particles with the Higgs field. The last column indicates whether  
or not we have clear experimental indications that confirm that hypothesis.
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FIGURE 7 | Stability diagram of the Standard Model vacuum state in the pole

masses Mt, Mh of the top quark and Higgs boson, respectively. Ellipses show

the 1σ , 2σ , 3σ confidence intervals for Mt and Mh around their central values

from Tanabashi et al. (2018). In the green region, the current vacuum is

absolutely stable, in the yellow region it satisfies the bound (5.9), and in the red

region it is so unstable that it would not have survived until the present day.

The instability boundary includes gravitational backreaction (Rajantie and

Stopyra, 2017) and is shown for ξ = 0 and ξ = ±1000 of the non-minimal

curvature coupling. The blue dashed line shows the instability bound (5.62)

obtained by taking the thermal history of the Universe into account (Delle Rose

et al., 2016) and assuming a high reheat temperature TRH = 1016 GeV. For

lower reheat temperatures, the instability bound becomes weaker, and

approaches the red dotted line as TRH → 0.

what we observe, no matter how low the probability is a priori.
One can therefore argue that observations do not require 〈N 〉 !
1. However, the anthropic argument does not rule out bubbles
hitting us in the future, and therefore, if the Universe survives for
a further period of time, that imposes a bound that is not subject
to the anthropic principle. For this, the quantity that matters is
the time derivative of the expected number of bubbles,

d〈N 〉
dt

= 4π

a0
$0

∫ η0

ηini

dη a(η)4(η0 − η)2. (5.11)

This imposes constraints that are numerically weaker but cannot
be avoided by anthropic reasoning. To be concrete, one can
carry out an experiment by waiting for a period of time texp, for
example 1 year. If, at the end of the time period, the experimenter
has not been hit by a bubble wall, this gives a constraint

texp
d〈N 〉
dt

! 1. (5.12)

For the post-inflationary Universe this is

texp
d〈N 〉
dt

= (texpH0)× 4.91$0H
−4
0 , (5.13)

and for texp = 1yr, one obtains the bound

$0 ! 2.9× 1010H4
0 , or B " 520. (5.14)

This is weaker than Equation (5.9), but because of the very strong
dependence of$0 on the top andHiggsmasses, it does not change
the stability constraints on them significantly.

5.3. Inflation
Although most of the spacetime volume of our past lightcone
comes from the late times, the vacuum decay rate $(a) was much
higher in the very early Universe. Depending on the cosmological
scenario, it can be high enough to violate the bound (5.7), and this
can be used to constrain theories.

The earliest stage in the evolution of the Universe that
we have evidence for is inflation, a period of accelerating
expansion, which made the Universe spatially flat, homogeneous
and isotropic and also generated the initial seeds for structure
formation. In simplest models of inflation, the energy density
driving it is in the form of the potential energy V(φ) of a
scalar field φ known as the inflaton. The inflaton field is nearly
homogeneous, and satisfies the equation of motion

φ̈ + 3Hφ̇ + V ′(φ) = 0. (5.15)

During inflation the potential satisfies the slow-roll conditions,

ε ≡
M2

P

2

(

V ′

V

)2

(1, and −1(η ≡ M2
P

(

V ′′

V

)

(1. (5.16)

These conditions guarantee the existence of a solution in which
the first term in Equation (5.15) is subdominant, and the inflaton
field rolls slowly down the potential V(φ). As a consequence, the
energy density ρ ≈ V(φ) and the Hubble rate are approximately
constant.

The Hubble rate during inflation, Hinf, is largely unknown.
Observationally it is constrained from above by the limits
on primordial B-mode polarization in the cosmic microwave
background radiation. This gives an upper bound r < 0.09
on the tensor-to-scalar ratio (Ade et al., 2016), which implies
Hinf ! 3.3 × 10−5MP ≈ 8.0 × 1013 GeV at the time when
the observable scales left the horizon. In a realistic inflationary
model, the Hubble rate decreases with time, and would therefore
be lower at the end of inflation. Although there are models in
which the Hubble rate is well below the tensor bound, it is
generally expected to be close to it, and in the simplest single-
field inflation models it even exceeds it. It is therefore considered
to be likely that the Hubble rate was significantly higher than the
Higgs massmH ≈ 125 GeV.

The minimal inflationary model is Higgs inflation (Bezrukov
et al., 2008), in which the non-minimal curvature coupling of the
Higgs field is large, ξ ∼ −49000

√
λ. This allows it to play the

role of the inflaton, without the need for a separate inflaton field.
During inflation, the Higgs field has a large value ϕ ∼ MP/|ξ |,
which means that the existence of a negative-energy minimum
would appear to pose a problem for the scenario, because if the
Higgs field gets trapped there, it would lead to a rapid collapse of
the Universe instead of inflation. However, inclusion of higher-
dimensional operators and finite temperature effects can avoid
this problem (Bezrukov et al., 2015). Of course, if the actual
top and Higgs masses lie in the stable region (see Figure 7), no
problem arises. Furthermore, if they are just below the stability
boundary, the effective Higgs potential would have an inflection
point which would allow the scenario known as critical Higgs
inflation (Bezrukov and Shaposhnikov, 2014; Hamada et al.,
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with the lowest energy resulting in the decay of the electroweak
vacuum.

Through increasing experimental accuracy and improved
analytic estimates in recent years it has become apparent that the
central values for the couplings of the SM allow extrapolation
to energy scales close to the Planck scale and that they are
in fact incompatible with the situation where the electroweak
vacuum would be the state of lowest energy. Some important
early works addressing the question of vacuum instability are
Krive and Linde (1976), Krasnikov (1978), Maiani et al. (1978),
Politzer and Wolfram (1979), Hung (1979), and Cabibbo et al.
(1979). The full body of work studying aspects of the vacuum
instability is vast (to say the least) and includes Linde (1980),
Lindner (1986), Lindner et al. (1989), Arnold (1989), Arnold
and Vokos (1991), Ellwanger and Lindner (1993), Ford et al.
(1993), Sher (1993), Altarelli and Isidori (1994), Casas et al.
(1995), Espinosa and Quiros (1995), Casas et al. (1996), Hambye
and Riesselmann (1997), Nie and Sher (1999), Frampton et al.
(2000), Isidori et al. (2001), Gonderinger et al. (2010), Ellis et al.
(2009), Holthausen et al. (2012), Elias-Miro et al. (2012), Chen
and Tang (2012), Elias-Miro et al. (2012), Rodejohann and Zhang
(2012), Bezrukov et al. (2012), Datta and Raychaudhuri (2013),
Alekhin et al. (2012), Chakrabortty et al. (2013), Anchordoqui
et al. (2013), Masina (2013), Chun et al. (2012), Chung et al.
(2013), Gonderinger et al. (2012), Degrassi et al. (2012), Buttazzo
et al. (2013), Bhupal Dev et al. (2013), Nielsen (2012), Tang
(2013), Klinkhamer (2013), He et al. (2013), Chun et al. (2013),
Jegerlehner (2014), Branchina and Messina (2013), Di Luzio
et al. (2016), Martin (2014), Gies et al. (2014), Branchina and
Messina (2017), Eichhorn et al. (2015), Antipin et al. (2013), Chao
et al. (2012), Spencer-Smith (2014), Chetyrkin and Zoller (2012),
Chetyrkin and Zoller (2013), Gabrielli et al. (2014), Branchina
et al. (2015), Bednyakov et al. (2015), Branchina et al. (2014),
Bednyakov et al. (2013), Bednyakov et al. (2013), Bednyakov
et al. (2014), Kobakhidze and Spencer-Smith (2013), Salvio et al.
(2016), Chigusa et al. (2018), Chigusa et al. (2017), Garg et al.
(2017), Khan and Rakshit (2015), Khan and Rakshit (2014),
Liu and Zhao (2013), Bambhaniya et al. (2017), Schrempp and
Wimmer (1996), Sher (1989), and Moss (2015).

The modern high precision era of vacuum instability
investigations can be thought to have been initiated by the
detailed analyses performed in Degrassi et al. (2012) and Buttazzo
et al. (2013), which presented the first complete next-to-next-to-
leading order analysis of the Standard Model Higgs potential and
the running couplings.

The current state-of-the-art calculation for the running of
Standard Model parameters uses two-loop matching conditions,
three-loop RG evolution and pure QCD corrections to four-loop
order (Bednyakov et al., 2015). The running of the Higgs self-
coupling λ is shown in Figure 3 for the central mass values (1.1),
together with bands showing the effects of the estimated errors
in the parameter values. For the central mass values (1.1), the
instability scale (2.25), defined by λ(µ") = 0, is

µ" = 9.92× 109 GeV. (2.31)

FIGURE 3 | RG evolution of the Higgs four-point coupling. The bands

represent uncertainties up to 3σ coming from the mass of the Higgs, the top

quark and the strong coupling constant Mh, Mt and αS, respectively, using

central values (Tanabashi et al., 2018) of Mh = 125.18± 0.16GeV,

Mt = 173.1± 0.9GeV, αS = 0.1181± 0.0011.

This depends sensitively on the top and Higgs masses: At 1σ
the range is 1.16 × 109 GeV < µ" < 2.37 × 1011 GeV, and
the case in which λ(µ) is never negative at still included within
3σ uncertainty. Using the three-loop running, and including the
one-loop correction in the RGI effective potential with the scale
choice µ∗(ϕ) = ϕ, the top of the potential barrier lies at

ϕbar = 4.64× 1010 GeV, (2.32)

and the barrier height is

&V(ϕbar) = V(ϕbar)− V(ϕfv) = 3.46× 1038 GeV4

= (4.31× 109 GeV)4. (2.33)

For comparison, the tree-level RGI form (2.23), which means
dropping the one-loop correction and is common in the
literature, would give a significantly lower position for the
top of the potential barrier, ϕbar = 7.70 × 109 GeV. Using
the unimproved one-loop effective potential with parameters
renormalized at the electroweak scale gives as even lower value
ϕbar = 5.78 × 104 GeV. This demonstrates that, as discussed
in section 2.2, the use of renormalization group improvement
and the inclusion of at least the one-loop correction in the RGI
effective potential are both crucial for accurate results.

A slightly more formal issue that must also be kept in mind
is that the barrier position ϕbar is in fact gauge dependent and
strictly speaking has limited physical significance (Andreassen
et al., 2014; Di Luzio and Mihaila, 2014; Espinosa et al., 2017,
2016). The value of the potential at its extrema are however
gauge independent as demanded by the famous Nielsen identity
(Nielsen, 1975). In the simplest approximation the probability
of vacuum decay involves only the values of the potential at the
extrema and subtleties involving gauge dependence are evaded.
Furthermore, more precise calculations of the rate of vacuum
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FIG. 1: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model.
The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

If we apply further requirements to the final states
listed in Table I:

• to possess greater than 100 events at 30 ab�1 of
integrated luminosity,

• and all gauge bosons fully decay to leptons,

then we are left with the following interesting final states:
(bb̄)(bb̄)(bb̄), (bb̄)(bb̄)(⌧ ⌧̄), (bb̄)(bb̄)(WW2`), (bb̄)(⌧ ⌧̄)(⌧ ⌧̄),
(bb̄)(bb̄)(��), (bb̄)(⌧ ⌧̄)(WW2`). In particular, the ex-
pected combined number of events in the multi-b-jet
and multi-⌧ final states is ⇠45000 over the lifetime of
the FCC-hh, and will most likely provide valuable in-
formation on the triple Higgs boson process. In the
present study we focus on the rare but clean final state
(bb̄)(bb̄)(��).

III. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie
within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having

P
i pT,i less than 15% of its

transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
ered.

B. Event generation

Events for the hhh signal samples have been gen-
erated via the loop-induced module of the MadGraph
5/aMC@NLO package [84–88]. The SM loop model present
in MadGraph 5/aMC@NLO was modified to allow for de-
formations of the Higgs boson triple and quartic self-
couplings away from the SM values. All tree-level and
next-to-leading order (i.e. matched via the MC@NLO
method [89]) background processes have been gener-
ated using MadGraph 5/aMC@NLO, apart from the di-
Higgs plus jets (hh + jets) background, which was simu-
lated using HERWIG++ in conjunction with the OpenLoops

†
Note that the HL-LHC expectation has the approximate form

Pj!� = 0.0093 ⇥ e
�0.036pTj/GeV

[78]. For a pT ⇠ 40 GeV, this

gives approximately Pj!� ⇠ 2 ⇥ 10
�3

. Thus, the value employed

here is expected to be a reasonable approximation to future detec-

tor performance.
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In the hadron-level analysis that follows, we consider
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algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie
within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having

P
i pT,i less than 15% of its

transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
ered.

B. Event generation

Events for the hhh signal samples have been gen-
erated via the loop-induced module of the MadGraph
5/aMC@NLO package [84–88]. The SM loop model present
in MadGraph 5/aMC@NLO was modified to allow for de-
formations of the Higgs boson triple and quartic self-
couplings away from the SM values. All tree-level and
next-to-leading order (i.e. matched via the MC@NLO
method [89]) background processes have been gener-
ated using MadGraph 5/aMC@NLO, apart from the di-
Higgs plus jets (hh + jets) background, which was simu-
lated using HERWIG++ in conjunction with the OpenLoops
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Note that the HL-LHC expectation has the approximate form
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FIG. 1: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model.
The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.
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Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.
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interesting task in its own right, and as will be seen, in-
deed challenging at the FCC-hh. The goal of this article
is to provide a first baseline study of Standard Model-like
triple Higgs boson production via gluon fusion (ggF), at
a future 100 TeV proton-proton collider. Furthermore,
we investigate triple Higgs production in two scenarios
where it is a↵ected by new physics: (i) in the SM aug-
mented by a single higher-dimensional operator in an ef-
fective field theory approach and (ii) the generic case on
the (c3 � d4)-plane.

The article is organised as follows: in Section IA we
investigate an explicit scenario that contains a single
higher-dimensional operator. In Section II we list, for fu-
ture reference, the final states that could be interesting in
the study of Higgs boson triple production. The Monte
Carlo event generation, simulation of b-jet and photon
tagging are described in Section III. Di↵erential distri-
butions at parton level for triple Higgs boson production
at 100 TeV, compared to those of Higgs boson pair pro-
duction and the analysis of the channel (bb̄)(bb̄)(��) is
described in Section IV. We use this analysis to provide
constraints in two scenarios. Finally, we provide discus-
sion and conclusions in Section V.

A. The self-coupling in D = 6 EFT

In the framework of the dimension-6 operator exten-
sion to the Standard Model (D = 6 EFT), one can com-
pare the sensitivity of multi-Higgs production to varia-
tions of the operator Wilson coe�cients [50]. Here we
consider, as an illustrative example, a simplified mode
with the assumption that the e↵ect of all coe�cients
apart from a single one, originating from an operator of
the form O6 ⇠ |H|

6, where H is the Higgs doublet scalar
before electroweak symmetry breaking:

Vself = µ
2
|H|

2 + �|H|
4 +O6, O6 ⌘

c6

⇤2
�|H|

6
, (2)

where µ
2 and � are the conventional parameters em-

ployed in the SM potential for the Higgs doublet H.
The changes in the quartic and the triple Higgs cou-

plings, defined in Eq. 1, are related via [50]:⇤

c3 = c6, d4 = 6c6 . (3)

Due to the relation appearing in Eq. 3, the cross section
for triple Higgs boson production is a quartic polynomial
in c6, i.e. it contains terms up to c

4
6. Such terms come

from squared matrix elements of diagrams containing two
triple Higgs couplings, such as the one shown in Fig. 1(d).

In Fig. 3(b) we show the variation of the inclusive
leading-order cross sections for ggF hh and hhh with re-
spect to the SM (c6 = 0). The fit as a function of c6 for

⇤
Note that, in general, c3 and d4 would be multiplied by v

2
/⇤

2
in

D = 6 EFT. We have set ⇤ = v for simplicity here.

the two cases, at 100 TeV, is:

�(c6)hh
�(SM)hh

= 0.22⇥ c
2
6

� 0.71⇥ c6 + 1.00,

�(c6)hhh
�(SM)hhh

= 0.03⇥ c
4
6

+ 0.03⇥ c
3
6 + 0.43⇥ c

2
6

� 1.31⇥ c6 + 1.00. (4)

The line d4 = 6c3 is also shown as a dissection on the
c3 � d4 plane in Fig. 3(a).

II. TRIPLE HIGGS PRODUCTION FINAL
STATES

We list the dominant Higgs boson triple production fi-
nal states, i.e. those that yield Nevents > 10 with 30 ab�1

of integrated luminosity at a proton collider at 100 TeV
centre-of-mass energy, in Table I.

hhh ! final state BR (%) � (ab) N30ab�1

(bb̄)(bb̄)(bb̄) 19.21 1110.338 33310
(bb̄)(bb̄)(WW1`) 7.204 416.41 12492
(bb̄)(bb̄)(⌧ ⌧̄) 6.312 364.853 10945
(bb̄)(⌧ ⌧̄)(WW1`) 1.578 91.22 2736
(bb̄)(bb̄)(WW2`) 0.976 56.417 1692
(bb̄)(WW1`)(WW1`) 0.901 52.055 1561
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.691 39.963 1198
(bb̄)(bb̄)(ZZ2`) 0.331 19.131 573
(bb̄)(WW2`)(WW1`) 0.244 14.105 423
(bb̄)(bb̄)(��) 0.228 13.162 394
(bb̄)(⌧ ⌧̄)(WW2`) 0.214 12.359 370
(⌧ ⌧̄)(WW1`)(WW1`) 0.099 5.702 171
(⌧ ⌧̄)(⌧ ⌧̄)(WW1`) 0.086 4.996 149
(bb̄)(ZZ2`)(WW1`) 0.083 4.783 143
(bb̄)(⌧ ⌧̄)(ZZ2`) 0.073 4.191 125
(bb̄)(��)(WW1`) 0.057 3.291 98
(bb̄)(⌧ ⌧̄)(��) 0.05 2.883 86
(WW1`)(WW1`)(WW1`) 0.038 2.169 65
(⌧ ⌧̄)(WW2`)(WW1`) 0.027 1.545 46
(⌧ ⌧̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.025 1.459 43
(bb̄)(WW2`)(WW2`) 0.017 0.956 28
(WW2`)(WW1`)(WW1`) 0.015 0.882 26
(bb̄)(bb̄)(ZZ4`) 0.012 0.69 20
(⌧ ⌧̄)(⌧ ⌧̄)(WW2`) 0.012 0.677 20
(bb̄)(ZZ2`)(WW2`) 0.011 0.648 19
(⌧ ⌧̄)(ZZ2`)(WW1`) 0.009 0.524 15
(bb̄)(��)(WW2`) 0.008 0.446 13
(⌧ ⌧̄)(��)(WW1`) 0.006 0.36 10

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.
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FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

III. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [? ? ], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie

†
Note that the HL-LHC expectation has the approximate form

Pj!� = 0.0093 ⇥ e
�0.036pTj/GeV

[? ]. For a pT ⇠ 40 GeV,

this gives approximately Pj!� ⇠ 2 ⇥ 10
�3

. Thus, the value em-

ployed here is expected to be a reasonable approximation to future

detector performance.

hhh ! final state BR (%) � (ab) N30ab�1

(bb)(bb)(bb) 19.754 1141.805 34254
(bb)(bb)(WjWj) 9.937 574.367 17231
(bb)(bb)(gg) 8.331 481.523 14445
(bb)(bb)(⌧⌧) 6.382 368.891 11066
(bb)(bb)(WjW`) 6.174 356.855 10705
(bb)(bb)(WjW⌧ ) 3.293 190.323 5709
(bb)(bb)(cc) 2.942 170.036 5101
(bb)(gg)(WjWj) 2.794 161.482 4844
(bb)(bb)(ZjZj) 2.611 150.919 4527
(bb)(⌧⌧)(WjWj) 2.14 123.71 3711
(bb)(WjWj)(WjW`) 2.07 119.674 3590
(bb)(⌧⌧)(gg) 1.794 103.713 3111
(bb)(gg)(WjW`) 1.736 100.329 3009
(bb)(WjWj)(WjWj) 1.666 96.309 2889
(bb)(⌧⌧)(WjW`) 1.33 76.861 2305
(bb)(gg)(gg) 1.171 67.689 2030
(bb)(WjW⌧ )(WjWj) 1.104 63.826 1914
(bb)(cc)(WjWj) 0.987 57.023 1710
(bb)(bb)(W`W`) 0.959 55.429 1662
(bb)(gg)(WjW⌧ ) 0.926 53.509 1605
(bb)(WjWj)(ZjZj) 0.876 50.612 1518
(bb)(cc)(gg) 0.827 47.805 1434
(bb)(bb)(ZjZ⌫) 0.746 43.125 1293
(bb)(gg)(ZjZj) 0.734 42.43 1272
(bb)(⌧⌧)(WjW⌧ ) 0.709 40.993 1229
(bb)(⌧⌧)(⌧⌧) 0.687 39.727 1191
(bb)(WjW⌧ )(WjW`) 0.686 39.655 1189
(bb)(WjW`)(WjW`) 0.643 37.177 1115
(bb)(cc)(⌧⌧) 0.634 36.623 1098
(bb)(cc)(WjW`) 0.613 35.428 1062
(bb)(⌧⌧)(ZjZj) 0.562 32.506 975
(bb)(WjW`)(ZjZj) 0.544 31.445 943
(bb)(cc)(WjW⌧ ) 0.327 18.895 566
(bb)(WjWj)(W`W`) 0.322 18.588 557
(gg)(⌧⌧)(WjWj) 0.301 17.39 521
(gg)(WjWj)(WjW`) 0.291 16.823 504
(bb)(ZjZj)(WjW⌧ ) 0.29 16.771 503
(bb)(gg)(W`W`) 0.27 15.584 467
(bb)(cc)(ZjZj) 0.259 14.983 449
(bb)(WjWj)(ZjZ⌫) 0.25 14.462 433
(bb)(bb)(ZjZ`) 0.249 14.388 431
(gg)(WjWj)(WjWj) 0.234 13.538 406
(bb)(bb)(��) 0.231 13.351 400
(⌧⌧)(WjWj)(WjW`) 0.223 12.888 386
(bb)(gg)(ZjZ⌫) 0.21 12.124 363
(bb)(⌧⌧)(W`W`) 0.207 11.938 358
(bb)(WjW`)(W`W`) 0.2 11.549 346

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.

within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having

P
i pT,i less than 15% of its

transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
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interesting task in its own right, and as will be seen, in-
deed challenging at the FCC-hh. The goal of this article
is to provide a first baseline study of Standard Model-like
triple Higgs boson production via gluon fusion (ggF), at
a future 100 TeV proton-proton collider. Furthermore,
we investigate triple Higgs production in two scenarios
where it is a↵ected by new physics: (i) in the SM aug-
mented by a single higher-dimensional operator in an ef-
fective field theory approach and (ii) the generic case on
the (c3 � d4)-plane.

The article is organised as follows: in Section IA we
investigate an explicit scenario that contains a single
higher-dimensional operator. In Section II we list, for fu-
ture reference, the final states that could be interesting in
the study of Higgs boson triple production. The Monte
Carlo event generation, simulation of b-jet and photon
tagging are described in Section III. Di↵erential distri-
butions at parton level for triple Higgs boson production
at 100 TeV, compared to those of Higgs boson pair pro-
duction and the analysis of the channel (bb̄)(bb̄)(��) is
described in Section IV. We use this analysis to provide
constraints in two scenarios. Finally, we provide discus-
sion and conclusions in Section V.

A. The self-coupling in D = 6 EFT

In the framework of the dimension-6 operator exten-
sion to the Standard Model (D = 6 EFT), one can com-
pare the sensitivity of multi-Higgs production to varia-
tions of the operator Wilson coe�cients [50]. Here we
consider, as an illustrative example, a simplified mode
with the assumption that the e↵ect of all coe�cients
apart from a single one, originating from an operator of
the form O6 ⇠ |H|

6, where H is the Higgs doublet scalar
before electroweak symmetry breaking:

Vself = µ
2
|H|

2 + �|H|
4 +O6, O6 ⌘

c6

⇤2
�|H|

6
, (2)

where µ
2 and � are the conventional parameters em-

ployed in the SM potential for the Higgs doublet H.
The changes in the quartic and the triple Higgs cou-

plings, defined in Eq. 1, are related via [50]:⇤

c3 = c6, d4 = 6c6 . (3)

Due to the relation appearing in Eq. 3, the cross section
for triple Higgs boson production is a quartic polynomial
in c6, i.e. it contains terms up to c

4
6. Such terms come

from squared matrix elements of diagrams containing two
triple Higgs couplings, such as the one shown in Fig. 1(d).

In Fig. 3(b) we show the variation of the inclusive
leading-order cross sections for ggF hh and hhh with re-
spect to the SM (c6 = 0). The fit as a function of c6 for

⇤
Note that, in general, c3 and d4 would be multiplied by v

2
/⇤

2
in

D = 6 EFT. We have set ⇤ = v for simplicity here.

the two cases, at 100 TeV, is:

�(c6)hh
�(SM)hh

= 0.22⇥ c
2
6

� 0.71⇥ c6 + 1.00,

�(c6)hhh
�(SM)hhh

= 0.03⇥ c
4
6

+ 0.03⇥ c
3
6 + 0.43⇥ c

2
6

� 1.31⇥ c6 + 1.00. (4)

The line d4 = 6c3 is also shown as a dissection on the
c3 � d4 plane in Fig. 3(a).

II. TRIPLE HIGGS PRODUCTION FINAL
STATES

We list the dominant Higgs boson triple production fi-
nal states, i.e. those that yield Nevents > 10 with 30 ab�1

of integrated luminosity at a proton collider at 100 TeV
centre-of-mass energy, in Table I.

hhh ! final state BR (%) � (ab) N30ab�1

(bb̄)(bb̄)(bb̄) 19.21 1110.338 33310
(bb̄)(bb̄)(WW1`) 7.204 416.41 12492
(bb̄)(bb̄)(⌧ ⌧̄) 6.312 364.853 10945
(bb̄)(⌧ ⌧̄)(WW1`) 1.578 91.22 2736
(bb̄)(bb̄)(WW2`) 0.976 56.417 1692
(bb̄)(WW1`)(WW1`) 0.901 52.055 1561
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.691 39.963 1198
(bb̄)(bb̄)(ZZ2`) 0.331 19.131 573
(bb̄)(WW2`)(WW1`) 0.244 14.105 423
(bb̄)(bb̄)(��) 0.228 13.162 394
(bb̄)(⌧ ⌧̄)(WW2`) 0.214 12.359 370
(⌧ ⌧̄)(WW1`)(WW1`) 0.099 5.702 171
(⌧ ⌧̄)(⌧ ⌧̄)(WW1`) 0.086 4.996 149
(bb̄)(ZZ2`)(WW1`) 0.083 4.783 143
(bb̄)(⌧ ⌧̄)(ZZ2`) 0.073 4.191 125
(bb̄)(��)(WW1`) 0.057 3.291 98
(bb̄)(⌧ ⌧̄)(��) 0.05 2.883 86
(WW1`)(WW1`)(WW1`) 0.038 2.169 65
(⌧ ⌧̄)(WW2`)(WW1`) 0.027 1.545 46
(⌧ ⌧̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.025 1.459 43
(bb̄)(WW2`)(WW2`) 0.017 0.956 28
(WW2`)(WW1`)(WW1`) 0.015 0.882 26
(bb̄)(bb̄)(ZZ4`) 0.012 0.69 20
(⌧ ⌧̄)(⌧ ⌧̄)(WW2`) 0.012 0.677 20
(bb̄)(ZZ2`)(WW2`) 0.011 0.648 19
(⌧ ⌧̄)(ZZ2`)(WW1`) 0.009 0.524 15
(bb̄)(��)(WW2`) 0.008 0.446 13
(⌧ ⌧̄)(��)(WW1`) 0.006 0.36 10

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.
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FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

III. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [? ? ], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie

†
Note that the HL-LHC expectation has the approximate form

Pj!� = 0.0093 ⇥ e
�0.036pTj/GeV

[? ]. For a pT ⇠ 40 GeV,

this gives approximately Pj!� ⇠ 2 ⇥ 10
�3

. Thus, the value em-

ployed here is expected to be a reasonable approximation to future

detector performance.

hhh ! final state BR (%) � (ab) N30ab�1

(bb)(bb)(bb) 19.754 1141.805 34254
(bb)(bb)(WjWj) 9.937 574.367 17231
(bb)(bb)(gg) 8.331 481.523 14445
(bb)(bb)(⌧⌧) 6.382 368.891 11066
(bb)(bb)(WjW`) 6.174 356.855 10705
(bb)(bb)(WjW⌧ ) 3.293 190.323 5709
(bb)(bb)(cc) 2.942 170.036 5101
(bb)(gg)(WjWj) 2.794 161.482 4844
(bb)(bb)(ZjZj) 2.611 150.919 4527
(bb)(⌧⌧)(WjWj) 2.14 123.71 3711
(bb)(WjWj)(WjW`) 2.07 119.674 3590
(bb)(⌧⌧)(gg) 1.794 103.713 3111
(bb)(gg)(WjW`) 1.736 100.329 3009
(bb)(WjWj)(WjWj) 1.666 96.309 2889
(bb)(⌧⌧)(WjW`) 1.33 76.861 2305
(bb)(gg)(gg) 1.171 67.689 2030
(bb)(WjW⌧ )(WjWj) 1.104 63.826 1914
(bb)(cc)(WjWj) 0.987 57.023 1710
(bb)(bb)(W`W`) 0.959 55.429 1662
(bb)(gg)(WjW⌧ ) 0.926 53.509 1605
(bb)(WjWj)(ZjZj) 0.876 50.612 1518
(bb)(cc)(gg) 0.827 47.805 1434
(bb)(bb)(ZjZ⌫) 0.746 43.125 1293
(bb)(gg)(ZjZj) 0.734 42.43 1272
(bb)(⌧⌧)(WjW⌧ ) 0.709 40.993 1229
(bb)(⌧⌧)(⌧⌧) 0.687 39.727 1191
(bb)(WjW⌧ )(WjW`) 0.686 39.655 1189
(bb)(WjW`)(WjW`) 0.643 37.177 1115
(bb)(cc)(⌧⌧) 0.634 36.623 1098
(bb)(cc)(WjW`) 0.613 35.428 1062
(bb)(⌧⌧)(ZjZj) 0.562 32.506 975
(bb)(WjW`)(ZjZj) 0.544 31.445 943
(bb)(cc)(WjW⌧ ) 0.327 18.895 566
(bb)(WjWj)(W`W`) 0.322 18.588 557
(gg)(⌧⌧)(WjWj) 0.301 17.39 521
(gg)(WjWj)(WjW`) 0.291 16.823 504
(bb)(ZjZj)(WjW⌧ ) 0.29 16.771 503
(bb)(gg)(W`W`) 0.27 15.584 467
(bb)(cc)(ZjZj) 0.259 14.983 449
(bb)(WjWj)(ZjZ⌫) 0.25 14.462 433
(bb)(bb)(ZjZ`) 0.249 14.388 431
(gg)(WjWj)(WjWj) 0.234 13.538 406
(bb)(bb)(��) 0.231 13.351 400
(⌧⌧)(WjWj)(WjW`) 0.223 12.888 386
(bb)(gg)(ZjZ⌫) 0.21 12.124 363
(bb)(⌧⌧)(W`W`) 0.207 11.938 358
(bb)(WjW`)(W`W`) 0.2 11.549 346

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.

within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having

P
i pT,i less than 15% of its

transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
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FIG. 1: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model.
The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

If we apply further requirements to the final states
listed in Table I:

• to possess greater than 100 events at 30 ab�1 of
integrated luminosity,

• and all gauge bosons fully decay to leptons,

then we are left with the following interesting final states:
(bb̄)(bb̄)(bb̄), (bb̄)(bb̄)(⌧ ⌧̄), (bb̄)(bb̄)(WW2`), (bb̄)(⌧ ⌧̄)(⌧ ⌧̄),
(bb̄)(bb̄)(��), (bb̄)(⌧ ⌧̄)(WW2`). In particular, the ex-
pected combined number of events in the multi-b-jet
and multi-⌧ final states is ⇠45000 over the lifetime of
the FCC-hh, and will most likely provide valuable in-
formation on the triple Higgs boson process. In the
present study we focus on the rare but clean final state
(bb̄)(bb̄)(��).

III. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie
within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having

P
i pT,i less than 15% of its

transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
ered.

B. Event generation

Events for the hhh signal samples have been gen-
erated via the loop-induced module of the MadGraph
5/aMC@NLO package [84–88]. The SM loop model present
in MadGraph 5/aMC@NLO was modified to allow for de-
formations of the Higgs boson triple and quartic self-
couplings away from the SM values. All tree-level and
next-to-leading order (i.e. matched via the MC@NLO
method [89]) background processes have been gener-
ated using MadGraph 5/aMC@NLO, apart from the di-
Higgs plus jets (hh + jets) background, which was simu-
lated using HERWIG++ in conjunction with the OpenLoops

†
Note that the HL-LHC expectation has the approximate form

Pj!� = 0.0093 ⇥ e
�0.036pTj/GeV

[78]. For a pT ⇠ 40 GeV, this

gives approximately Pj!� ⇠ 2 ⇥ 10
�3

. Thus, the value employed

here is expected to be a reasonable approximation to future detec-

tor performance.
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FIG. 1: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model.
The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

If we apply further requirements to the final states
listed in Table I:

• to possess greater than 100 events at 30 ab�1 of
integrated luminosity,

• and all gauge bosons fully decay to leptons,

then we are left with the following interesting final states:
(bb̄)(bb̄)(bb̄), (bb̄)(bb̄)(⌧ ⌧̄), (bb̄)(bb̄)(WW2`), (bb̄)(⌧ ⌧̄)(⌧ ⌧̄),
(bb̄)(bb̄)(��), (bb̄)(⌧ ⌧̄)(WW2`). In particular, the ex-
pected combined number of events in the multi-b-jet
and multi-⌧ final states is ⇠45000 over the lifetime of
the FCC-hh, and will most likely provide valuable in-
formation on the triple Higgs boson process. In the
present study we focus on the rare but clean final state
(bb̄)(bb̄)(��).

III. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie
within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having

P
i pT,i less than 15% of its

transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
ered.

B. Event generation

Events for the hhh signal samples have been gen-
erated via the loop-induced module of the MadGraph
5/aMC@NLO package [84–88]. The SM loop model present
in MadGraph 5/aMC@NLO was modified to allow for de-
formations of the Higgs boson triple and quartic self-
couplings away from the SM values. All tree-level and
next-to-leading order (i.e. matched via the MC@NLO
method [89]) background processes have been gener-
ated using MadGraph 5/aMC@NLO, apart from the di-
Higgs plus jets (hh + jets) background, which was simu-
lated using HERWIG++ in conjunction with the OpenLoops

†
Note that the HL-LHC expectation has the approximate form

Pj!� = 0.0093 ⇥ e
�0.036pTj/GeV

[78]. For a pT ⇠ 40 GeV, this

gives approximately Pj!� ⇠ 2 ⇥ 10
�3

. Thus, the value employed

here is expected to be a reasonable approximation to future detec-

tor performance.
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FIG. 1: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model.
The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

If we apply further requirements to the final states
listed in Table I:

• to possess greater than 100 events at 30 ab�1 of
integrated luminosity,

• and all gauge bosons fully decay to leptons,

then we are left with the following interesting final states:
(bb̄)(bb̄)(bb̄), (bb̄)(bb̄)(⌧ ⌧̄), (bb̄)(bb̄)(WW2`), (bb̄)(⌧ ⌧̄)(⌧ ⌧̄),
(bb̄)(bb̄)(��), (bb̄)(⌧ ⌧̄)(WW2`). In particular, the ex-
pected combined number of events in the multi-b-jet
and multi-⌧ final states is ⇠45000 over the lifetime of
the FCC-hh, and will most likely provide valuable in-
formation on the triple Higgs boson process. In the
present study we focus on the rare but clean final state
(bb̄)(bb̄)(��).

III. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie
within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having

P
i pT,i less than 15% of its

transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
ered.

B. Event generation

Events for the hhh signal samples have been gen-
erated via the loop-induced module of the MadGraph
5/aMC@NLO package [84–88]. The SM loop model present
in MadGraph 5/aMC@NLO was modified to allow for de-
formations of the Higgs boson triple and quartic self-
couplings away from the SM values. All tree-level and
next-to-leading order (i.e. matched via the MC@NLO
method [89]) background processes have been gener-
ated using MadGraph 5/aMC@NLO, apart from the di-
Higgs plus jets (hh + jets) background, which was simu-
lated using HERWIG++ in conjunction with the OpenLoops

†
Note that the HL-LHC expectation has the approximate form

Pj!� = 0.0093 ⇥ e
�0.036pTj/GeV

[78]. For a pT ⇠ 40 GeV, this

gives approximately Pj!� ⇠ 2 ⇥ 10
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. Thus, the value employed

here is expected to be a reasonable approximation to future detec-
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The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

If we apply further requirements to the final states
listed in Table I:

• to possess greater than 100 events at 30 ab�1 of
integrated luminosity,

• and all gauge bosons fully decay to leptons,

then we are left with the following interesting final states:
(bb̄)(bb̄)(bb̄), (bb̄)(bb̄)(⌧ ⌧̄), (bb̄)(bb̄)(WW2`), (bb̄)(⌧ ⌧̄)(⌧ ⌧̄),
(bb̄)(bb̄)(��), (bb̄)(⌧ ⌧̄)(WW2`). In particular, the ex-
pected combined number of events in the multi-b-jet
and multi-⌧ final states is ⇠45000 over the lifetime of
the FCC-hh, and will most likely provide valuable in-
formation on the triple Higgs boson process. In the
present study we focus on the rare but clean final state
(bb̄)(bb̄)(��).
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In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie
within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having
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transverse momentum in a cone of �R = 0.2 around it.
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ered.
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Events for the hhh signal samples have been gen-
erated via the loop-induced module of the MadGraph
5/aMC@NLO package [84–88]. The SM loop model present
in MadGraph 5/aMC@NLO was modified to allow for de-
formations of the Higgs boson triple and quartic self-
couplings away from the SM values. All tree-level and
next-to-leading order (i.e. matched via the MC@NLO
method [89]) background processes have been gener-
ated using MadGraph 5/aMC@NLO, apart from the di-
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interesting task in its own right, and as will be seen, in-
deed challenging at the FCC-hh. The goal of this article
is to provide a first baseline study of Standard Model-like
triple Higgs boson production via gluon fusion (ggF), at
a future 100 TeV proton-proton collider. Furthermore,
we investigate triple Higgs production in two scenarios
where it is a↵ected by new physics: (i) in the SM aug-
mented by a single higher-dimensional operator in an ef-
fective field theory approach and (ii) the generic case on
the (c3 � d4)-plane.

The article is organised as follows: in Section IA we
investigate an explicit scenario that contains a single
higher-dimensional operator. In Section II we list, for fu-
ture reference, the final states that could be interesting in
the study of Higgs boson triple production. The Monte
Carlo event generation, simulation of b-jet and photon
tagging are described in Section III. Di↵erential distri-
butions at parton level for triple Higgs boson production
at 100 TeV, compared to those of Higgs boson pair pro-
duction and the analysis of the channel (bb̄)(bb̄)(��) is
described in Section IV. We use this analysis to provide
constraints in two scenarios. Finally, we provide discus-
sion and conclusions in Section V.

A. The self-coupling in D = 6 EFT

In the framework of the dimension-6 operator exten-
sion to the Standard Model (D = 6 EFT), one can com-
pare the sensitivity of multi-Higgs production to varia-
tions of the operator Wilson coe�cients [50]. Here we
consider, as an illustrative example, a simplified mode
with the assumption that the e↵ect of all coe�cients
apart from a single one, originating from an operator of
the form O6 ⇠ |H|

6, where H is the Higgs doublet scalar
before electroweak symmetry breaking:

Vself = µ
2
|H|

2 + �|H|
4 +O6, O6 ⌘

c6

⇤2
�|H|

6
, (2)

where µ
2 and � are the conventional parameters em-

ployed in the SM potential for the Higgs doublet H.
The changes in the quartic and the triple Higgs cou-

plings, defined in Eq. 1, are related via [50]:⇤

c3 = c6, d4 = 6c6 . (3)

Due to the relation appearing in Eq. 3, the cross section
for triple Higgs boson production is a quartic polynomial
in c6, i.e. it contains terms up to c

4
6. Such terms come

from squared matrix elements of diagrams containing two
triple Higgs couplings, such as the one shown in Fig. 1(d).

In Fig. 3(b) we show the variation of the inclusive
leading-order cross sections for ggF hh and hhh with re-
spect to the SM (c6 = 0). The fit as a function of c6 for

⇤
Note that, in general, c3 and d4 would be multiplied by v

2
/⇤

2
in

D = 6 EFT. We have set ⇤ = v for simplicity here.

the two cases, at 100 TeV, is:

�(c6)hh
�(SM)hh

= 0.22⇥ c
2
6

� 0.71⇥ c6 + 1.00,

�(c6)hhh
�(SM)hhh

= 0.03⇥ c
4
6

+ 0.03⇥ c
3
6 + 0.43⇥ c

2
6

� 1.31⇥ c6 + 1.00. (4)

The line d4 = 6c3 is also shown as a dissection on the
c3 � d4 plane in Fig. 3(a).

II. TRIPLE HIGGS PRODUCTION FINAL
STATES

We list the dominant Higgs boson triple production fi-
nal states, i.e. those that yield Nevents > 10 with 30 ab�1

of integrated luminosity at a proton collider at 100 TeV
centre-of-mass energy, in Table I.

hhh ! final state BR (%) � (ab) N30ab�1

(bb̄)(bb̄)(bb̄) 19.21 1110.338 33310
(bb̄)(bb̄)(WW1`) 7.204 416.41 12492
(bb̄)(bb̄)(⌧ ⌧̄) 6.312 364.853 10945
(bb̄)(⌧ ⌧̄)(WW1`) 1.578 91.22 2736
(bb̄)(bb̄)(WW2`) 0.976 56.417 1692
(bb̄)(WW1`)(WW1`) 0.901 52.055 1561
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.691 39.963 1198
(bb̄)(bb̄)(ZZ2`) 0.331 19.131 573
(bb̄)(WW2`)(WW1`) 0.244 14.105 423
(bb̄)(bb̄)(��) 0.228 13.162 394
(bb̄)(⌧ ⌧̄)(WW2`) 0.214 12.359 370
(⌧ ⌧̄)(WW1`)(WW1`) 0.099 5.702 171
(⌧ ⌧̄)(⌧ ⌧̄)(WW1`) 0.086 4.996 149
(bb̄)(ZZ2`)(WW1`) 0.083 4.783 143
(bb̄)(⌧ ⌧̄)(ZZ2`) 0.073 4.191 125
(bb̄)(��)(WW1`) 0.057 3.291 98
(bb̄)(⌧ ⌧̄)(��) 0.05 2.883 86
(WW1`)(WW1`)(WW1`) 0.038 2.169 65
(⌧ ⌧̄)(WW2`)(WW1`) 0.027 1.545 46
(⌧ ⌧̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.025 1.459 43
(bb̄)(WW2`)(WW2`) 0.017 0.956 28
(WW2`)(WW1`)(WW1`) 0.015 0.882 26
(bb̄)(bb̄)(ZZ4`) 0.012 0.69 20
(⌧ ⌧̄)(⌧ ⌧̄)(WW2`) 0.012 0.677 20
(bb̄)(ZZ2`)(WW2`) 0.011 0.648 19
(⌧ ⌧̄)(ZZ2`)(WW1`) 0.009 0.524 15
(bb̄)(��)(WW2`) 0.008 0.446 13
(⌧ ⌧̄)(��)(WW1`) 0.006 0.36 10

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “x`” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.

1 − 1.31 ⋅ c6 + 0.43 ⋅ c2
6 + 0.03 ⋅ c3

6 + 0.03 ⋅ c4
6

𝒪6 ≡
c6

v2
λ |H |6
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FIG. 1: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model.
The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

If we apply further requirements to the final states
listed in Table I:

• to possess greater than 100 events at 30 ab�1 of
integrated luminosity,

• and all gauge bosons fully decay to leptons,

then we are left with the following interesting final states:
(bb̄)(bb̄)(bb̄), (bb̄)(bb̄)(⌧ ⌧̄), (bb̄)(bb̄)(WW2`), (bb̄)(⌧ ⌧̄)(⌧ ⌧̄),
(bb̄)(bb̄)(��), (bb̄)(⌧ ⌧̄)(WW2`). In particular, the ex-
pected combined number of events in the multi-b-jet
and multi-⌧ final states is ⇠45000 over the lifetime of
the FCC-hh, and will most likely provide valuable in-
formation on the triple Higgs boson process. In the
present study we focus on the rare but clean final state
(bb̄)(bb̄)(��).

III. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie
within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having

P
i pT,i less than 15% of its

transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
ered.

B. Event generation

Events for the hhh signal samples have been gen-
erated via the loop-induced module of the MadGraph
5/aMC@NLO package [84–88]. The SM loop model present
in MadGraph 5/aMC@NLO was modified to allow for de-
formations of the Higgs boson triple and quartic self-
couplings away from the SM values. All tree-level and
next-to-leading order (i.e. matched via the MC@NLO
method [89]) background processes have been gener-
ated using MadGraph 5/aMC@NLO, apart from the di-
Higgs plus jets (hh + jets) background, which was simu-
lated using HERWIG++ in conjunction with the OpenLoops

†
Note that the HL-LHC expectation has the approximate form

Pj!� = 0.0093 ⇥ e
�0.036pTj/GeV

[78]. For a pT ⇠ 40 GeV, this

gives approximately Pj!� ⇠ 2 ⇥ 10
�3

. Thus, the value employed

here is expected to be a reasonable approximation to future detec-

tor performance.
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FIG. 3: Total cross section ratios normalised to the Standard Model values for gluon-fusion-initiated multi-Higgs production
at 100 TeV. The Higgs boson mass was fixed to mh = 125 GeV. The SM cross section at leading order is ⇠ 2.88 fb. On the
left-hand panel we show a contour plot of the variation of the cross section ratio with respect to the c3 and d4 parameters (see
Eq. 1)). On the right-hand panel one can see the variation with respect to the SM in a theory where the SM is extended with
a O6 ⇠ |H|

6 operator as in Eq. 2, for both Higgs boson pair production (hh) and Higgs boson triple production (hhh). For
both calculations, the NNPDF23 nlo as 0119 parton density function set was used.

matrix-element generator [32, 90]. The default par-
ton density functions were used in each case: for the
signal and tree-level backgrounds (including hh+jets)
the NNPDF23 nlo as 0119 set was used, whereas for the
NLO samples the NNPDF23 nlo as 0118 qed set was em-
ployed [91].

Due to the large cross sections and high-multiplicity
final states present at a 100 TeV collider, we only gener-
ate the tree-level processes to include true photons and
true b-quarks at parton level. This implies that light ex-
tra jets for these processes will be generated by the par-
ton shower, for which we employ the HERWIG++ general-
purpose event generator [92–95].‡ Inevitably this intro-
duces an uncertainty to the results presented herein, ren-
dering any observables related to these light jets leading-
log accurate.§ We do not expect this, however, to alter
the main conclusions of this first, baseline, study. Fur-
thermore, generation-level cuts that anticipate the anal-
ysis cuts at hadron level are imposed on the b quarks and
the photons. In the case of decaying resonances (i.e. h

and Z bosons) no cuts are imposed. The phase-space
cuts applied on the samples bb̄bb̄, bb̄bb̄�, bb̄bb̄��, bb̄�� are
shown in Table II.

‡
Simulation of hadronization and the underlying event were also

included. [96]. No simulation of pile-up events was considered.

§
The hh+jets process is the only exception, with the first jet being

leading-order accurate [32].

observable PS cut
pT,b > 35 GeV, at least one > 70 GeV
|⌘b| < 3.2
pT,� > 35 GeV, at least one > 70 GeV
|⌘� | < 3.5
�R�� > 0.2
m�� 2 [90, 160] GeV

TABLE II: The phase-space (PS) cuts imposed on the back-
ground samples bb̄bb̄, bb̄bb̄�, bb̄bb̄��, bb̄��.

At this point one should stress that even though
NLO event generation matched to the parton shower has
been largely automated, NLO calculations for the high-
multiplicity final states, particularly with many coloured
particles and complicated phase space cuts, remain chal-
lenging at present. We hence apply a conservatively large
flat K-factor of K = 2.0 to all the processes calculated at
tree level, as well as the hhh and hh+jets loop-induced
processes. This is a crucial point that should be ad-
dressed in future studies at higher-energy hadron collid-
ers, as such final states will become increasingly common.

The analysis of the signal and backgrounds gener-
ated for the final state (bb̄)(bb̄)(��) is presented in sec-
tion IVB.

 dependence on  c3, d4 σhhh

Vself(h) =
m2

h

2v (1 + c3) h3 +
m2

h

8v2 (1 + d4) h4
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FIG. 1: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model.
The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

If we apply further requirements to the final states
listed in Table I:

• to possess greater than 100 events at 30 ab�1 of
integrated luminosity,

• and all gauge bosons fully decay to leptons,

then we are left with the following interesting final states:
(bb̄)(bb̄)(bb̄), (bb̄)(bb̄)(⌧ ⌧̄), (bb̄)(bb̄)(WW2`), (bb̄)(⌧ ⌧̄)(⌧ ⌧̄),
(bb̄)(bb̄)(��), (bb̄)(⌧ ⌧̄)(WW2`). In particular, the ex-
pected combined number of events in the multi-b-jet
and multi-⌧ final states is ⇠45000 over the lifetime of
the FCC-hh, and will most likely provide valuable in-
formation on the triple Higgs boson process. In the
present study we focus on the rare but clean final state
(bb̄)(bb̄)(��).

III. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie
within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having

P
i pT,i less than 15% of its

transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
ered.

B. Event generation

Events for the hhh signal samples have been gen-
erated via the loop-induced module of the MadGraph
5/aMC@NLO package [84–88]. The SM loop model present
in MadGraph 5/aMC@NLO was modified to allow for de-
formations of the Higgs boson triple and quartic self-
couplings away from the SM values. All tree-level and
next-to-leading order (i.e. matched via the MC@NLO
method [89]) background processes have been gener-
ated using MadGraph 5/aMC@NLO, apart from the di-
Higgs plus jets (hh + jets) background, which was simu-
lated using HERWIG++ in conjunction with the OpenLoops

†
Note that the HL-LHC expectation has the approximate form
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FIG. 3: Total cross section ratios normalised to the Standard Model values for gluon-fusion-initiated multi-Higgs production
at 100 TeV. The Higgs boson mass was fixed to mh = 125 GeV. The SM cross section at leading order is ⇠ 2.88 fb. On the
left-hand panel we show a contour plot of the variation of the cross section ratio with respect to the c3 and d4 parameters (see
Eq. 1)). On the right-hand panel one can see the variation with respect to the SM in a theory where the SM is extended with
a O6 ⇠ |H|

6 operator as in Eq. 2, for both Higgs boson pair production (hh) and Higgs boson triple production (hhh). For
both calculations, the NNPDF23 nlo as 0119 parton density function set was used.

matrix-element generator [32, 90]. The default par-
ton density functions were used in each case: for the
signal and tree-level backgrounds (including hh+jets)
the NNPDF23 nlo as 0119 set was used, whereas for the
NLO samples the NNPDF23 nlo as 0118 qed set was em-
ployed [91].

Due to the large cross sections and high-multiplicity
final states present at a 100 TeV collider, we only gener-
ate the tree-level processes to include true photons and
true b-quarks at parton level. This implies that light ex-
tra jets for these processes will be generated by the par-
ton shower, for which we employ the HERWIG++ general-
purpose event generator [92–95].‡ Inevitably this intro-
duces an uncertainty to the results presented herein, ren-
dering any observables related to these light jets leading-
log accurate.§ We do not expect this, however, to alter
the main conclusions of this first, baseline, study. Fur-
thermore, generation-level cuts that anticipate the anal-
ysis cuts at hadron level are imposed on the b quarks and
the photons. In the case of decaying resonances (i.e. h

and Z bosons) no cuts are imposed. The phase-space
cuts applied on the samples bb̄bb̄, bb̄bb̄�, bb̄bb̄��, bb̄�� are
shown in Table II.

‡
Simulation of hadronization and the underlying event were also

included. [96]. No simulation of pile-up events was considered.

§
The hh+jets process is the only exception, with the first jet being

leading-order accurate [32].

observable PS cut
pT,b > 35 GeV, at least one > 70 GeV
|⌘b| < 3.2
pT,� > 35 GeV, at least one > 70 GeV
|⌘� | < 3.5
�R�� > 0.2
m�� 2 [90, 160] GeV

TABLE II: The phase-space (PS) cuts imposed on the back-
ground samples bb̄bb̄, bb̄bb̄�, bb̄bb̄��, bb̄��.

At this point one should stress that even though
NLO event generation matched to the parton shower has
been largely automated, NLO calculations for the high-
multiplicity final states, particularly with many coloured
particles and complicated phase space cuts, remain chal-
lenging at present. We hence apply a conservatively large
flat K-factor of K = 2.0 to all the processes calculated at
tree level, as well as the hhh and hh+jets loop-induced
processes. This is a crucial point that should be ad-
dressed in future studies at higher-energy hadron collid-
ers, as such final states will become increasingly common.

The analysis of the signal and backgrounds gener-
ated for the final state (bb̄)(bb̄)(��) is presented in sec-
tion IVB.
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NLO event generation matched to the parton shower has
been largely automated, NLO calculations for the high-
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lenging at present. We hence apply a conservatively large
flat K-factor of K = 2.0 to all the processes calculated at
tree level, as well as the hhh and hh+jets loop-induced
processes. This is a crucial point that should be ad-
dressed in future studies at higher-energy hadron collid-
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FIG. 4: Comparison of di↵erential distributions for Higgs boson pair (hh) and triple production (hhh) in the Standard Model.
Parton showering e↵ects are included on top of leading-order matrix elements. Figure (a) shows the transverse momentum of
any single Higgs boson, pT,h. In (b) we show the the spectrum of the transverse momentum of the Higgs boson “system”,
pT,hn , i.e. the triplet of Higgs bosons in hhh, and the two Higgs bosons in hh. In (c) the distance between two Higgs bosons,
�R(h, h), is examined and in (d) we show the the invariant mass of all Higgs bosons, Mhn .

hhh, thus passing transverse momentum cuts easily. This
background could be tackled in future studies via h ! bb̄

tagging using jet substructure techniques that exploit the
decay versus the g ! bb̄ branching that produces the
additional bb̄ pair in hh+jets.‡‡

‡‡
Note that the additional two b-jets in hh+jets and hZ have been

generated by gluon splitting into bb̄, performed by the shower

Monte Carlo.

C. Sensitivity in D = 6 EFT

Despite the rather large backgrounds, a signal-to-
background ratio of O(1) can be obtained for the SM
case. To summarise the results of the analysis, we present
in the first two columns of Table V, respectively, the num-
ber of expected hhh events and the total expected num-
ber of events, for the SM, as well as for the two simple
deformations obtained by including the D = 6 operator
O6, with coe�cient values c6 = ±1. The third column
of Table V indicates that, if one assumes that the SM
is the underlying theory, then c6 = ±1 can be excluded
at 95% C.L. or better, using hhh ! (bb̄)(bb̄)(��) at the
‘high-luminosity’ phase of the FCC-hh.
Furthermore, we show in Fig. 5 the expected exclu-

sion region on the c6 coe�cient, as well as the expected
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FIG. 3: Total cross section ratios normalised to the Standard Model values for gluon-fusion-initiated multi-Higgs production
at 100 TeV. The Higgs boson mass was fixed to mh = 125 GeV. The SM cross section at leading order is ⇠ 2.88 fb. On the
left-hand panel we show a contour plot of the variation of the cross section ratio with respect to the c3 and d4 parameters (see
Eq. 1)). On the right-hand panel one can see the variation with respect to the SM in a theory where the SM is extended with
a O6 ⇠ |H|

6 operator as in Eq. 2, for both Higgs boson pair production (hh) and Higgs boson triple production (hhh). For
both calculations, the NNPDF23 nlo as 0119 parton density function set was used.

matrix-element generator [32, 90]. The default par-
ton density functions were used in each case: for the
signal and tree-level backgrounds (including hh+jets)
the NNPDF23 nlo as 0119 set was used, whereas for the
NLO samples the NNPDF23 nlo as 0118 qed set was em-
ployed [91].

Due to the large cross sections and high-multiplicity
final states present at a 100 TeV collider, we only gener-
ate the tree-level processes to include true photons and
true b-quarks at parton level. This implies that light ex-
tra jets for these processes will be generated by the par-
ton shower, for which we employ the HERWIG++ general-
purpose event generator [92–95].‡ Inevitably this intro-
duces an uncertainty to the results presented herein, ren-
dering any observables related to these light jets leading-
log accurate.§ We do not expect this, however, to alter
the main conclusions of this first, baseline, study. Fur-
thermore, generation-level cuts that anticipate the anal-
ysis cuts at hadron level are imposed on the b quarks and
the photons. In the case of decaying resonances (i.e. h

and Z bosons) no cuts are imposed. The phase-space
cuts applied on the samples bb̄bb̄, bb̄bb̄�, bb̄bb̄��, bb̄�� are
shown in Table II.

‡
Simulation of hadronization and the underlying event were also

included. [96]. No simulation of pile-up events was considered.

§
The hh+jets process is the only exception, with the first jet being

leading-order accurate [32].

observable PS cut
pT,b > 35 GeV, at least one > 70 GeV
|⌘b| < 3.2
pT,� > 35 GeV, at least one > 70 GeV
|⌘� | < 3.5
�R�� > 0.2
m�� 2 [90, 160] GeV

TABLE II: The phase-space (PS) cuts imposed on the back-
ground samples bb̄bb̄, bb̄bb̄�, bb̄bb̄��, bb̄��.

At this point one should stress that even though
NLO event generation matched to the parton shower has
been largely automated, NLO calculations for the high-
multiplicity final states, particularly with many coloured
particles and complicated phase space cuts, remain chal-
lenging at present. We hence apply a conservatively large
flat K-factor of K = 2.0 to all the processes calculated at
tree level, as well as the hhh and hh+jets loop-induced
processes. This is a crucial point that should be ad-
dressed in future studies at higher-energy hadron collid-
ers, as such final states will become increasingly common.

The analysis of the signal and backgrounds gener-
ated for the final state (bb̄)(bb̄)(��) is presented in sec-
tion IVB.
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been largely automated, NLO calculations for the high-
multiplicity final states, particularly with many coloured
particles and complicated phase space cuts, remain chal-
lenging at present. We hence apply a conservatively large
flat K-factor of K = 2.0 to all the processes calculated at
tree level, as well as the hhh and hh+jets loop-induced
processes. This is a crucial point that should be ad-
dressed in future studies at higher-energy hadron collid-
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ated for the final state (bb̄)(bb̄)(��) is presented in sec-
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bbbbγγ
hγγZbbZbb

hγγhbbZbb

hγγZbb + jets

bbbbγ + jets

bbbb + jets

bbγγ + jets

[𝒫j→b]2×

𝒫j→γ×
[𝒫j→γ]2×

[𝒫j→b]2×

𝒫j→b = 10−2

𝒫j→γ = 10−3

4b + 2γ

<latexit sha1_base64="g/sxb8WIylBxOPV7NZ6YFqqylPg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcIS/wDLx4U8eoXefNvnCR70GhBQ1HVTXdXkEhh0HW/nMLS8srqWnG9tLG5tb1T3t1rmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpG11O/9cC1EbG6x3HC/YgOlAgFo2ilu8fupFeuuFV3BvKXeDmpQI56r/zZ7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyZJU+CWNtSyGZqT8nMhoZM44C2xlRHJpFbyr+53VSDC/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/Hlv6R5UvXOq2e3p5XaVR5HEQ7gEI7BgwuowQ3UoQEMBvAEL/DqSOfZeXPe560FJ5/Zh19wPr4BhrWN+Q==</latexit>

}

Background to 4b + 2γ

hγγhbb + jets [𝒫j→b]2×

mis-tag rates:

Generator level cutsBackground processes:

BG

Signal

b-tag rate: 
𝒫b→b = 80 %
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Combinatorics
<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b
<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b

<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b
<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b

There are 3 ways to pair 4 b-jets: 

1. take the highest pT b-jet 
2. pair it with the closest one in terms of ΔR 
3. the rest is fixed

Algorithm 1:
<latexit sha1_base64="adOIQCTI0OqwoYiop2oX+Oy/oE0=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVg16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDyCGM8A==</latexit>

b
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[m(bi1 , bi2)�mh]
2 + [m(bi3 , bi4)�mh]

2

1. take the combination that minimises

 combinations found from the two algorithms differ with O(1)% chance⟹

 we use Algorithm 1.⟹
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IV. ANALYSIS

A. Di↵erential distributions

We investigate the shape of the di↵erential distribu-
tions in Higgs triple production in the Standard Model.
Here we keep the Higgs bosons stable and include parton
shower e↵ects. We compare the shape of the hhh distri-
butions to those coming from the more familiar case of
Higgs boson pair production (hh) at 100 TeV.

Figure 4(a) shows the transverse momentum of any
single Higgs boson either in hh or hhh production, pT,h.
Evidently, the transverse momentum of a Higgs boson
in hhh is softer than that of hh, peaking at ⇠ 100 GeV
instead of ⇠ 150 GeV.

In Fig. 4(b) we show the the spectrum of the transverse
momentum of the Higgs boson “system”, pT,hn , i.e. the
triplet of Higgs bosons in hhh, and the two Higgs bosons
in hh. One can observe that the pT,hn is harder in hhh

than that of the pair in hh.
We examine the distance between two Higgs bosons,

�R(h, h), in hh and hhh production in Fig. 4(c). In
the case of triple production the distance is calculated
between any two Higgs bosons. The Higgs bosons in hh

are found to be more back-to-back than those in hhh, as
expected.

Finally, in Fig. 4(d) we show the the invariant mass
of all Higgs bosons in hh or hhh production, Mhn .
The invariant mass distribution in hhh peaks just above
Mh3 ⇠ 600 GeV, whereas that in Higgs pair production,
just above Mh2 ⇠ 400 GeV.

B. hhh ! (bb̄)(bb̄)(��)

The hhh ! (bb̄)(bb̄)(��) process is expected to be rel-
atively clean and simple to reconstruct.¶ The excellent
resolution of the di-photon invariant mass, that has con-
tributed to the Higgs boson discovery at the LHC’s Run
1, can be exploited to facilitate background rejection.

The present analysis follows a simple path, using the
R = 0.4 anti-kt jets as described in Section III. Note,
however, that an analysis utilising the jet substructure
of boosted Higgses to a bottom-anti-bottom pairs, e.g.
as in [98], could assist in signal-background separation.
We defer this task to future work.

We ask for four b-jets, or light jets mis-identified as
b-jets, within |⌘| < 3.0, possessing transverse momenta
pT,b{1,2,3,4} > {80, 50, 40, 40} GeV, where the subscripts
1, 2, 3, 4 denote the first, second, third and fourth
hardest b-jets respectively. We ask for two photons,
or mis-identified jets as photons, within |⌘| < 3.0 and

¶
Note that this final state has been considered in [97], in the context

of the two-Higgs doublet model hH ! hhh final state. Here we

consider the SM case.

pT,�{1,2} > {70, 40} GeV. Due to the fact that, for the
majority of b-jets we cannot identify whether they orig-
inated from a b-quark or an anti-b-quark, there exists a
3-fold combinatorial ambiguity in combining b-jets into
the two Higgs boson candidates. As a simple choice, we
take the highest-pT b-jet and pair it with the closest b-
jet in �R =

p
�⌘2 +��2, and pair the other two re-

maining b-jets together.k We thus construct the paired
b-jet invariant mass, respectively, m

close,1
bb and m

close,2
bb ,

for which we demand m
close,1
bb 2 [100, 160] GeV and

m
close,2
bb 2 [90, 170] GeV. The rather large mass win-

dows are chosen to maintain high signal e�ciency given
the small initial cross section. Moreover, we construct
the distance between the highest-pT b-jet and the corre-
sponding paired one, and impose �R

close,1
bb 2 [0.2, 1.6].⇤⇤

For the photon pair, we simply construct the invariant
mass and impose a strong window on the measured Higgs
boson mass m�� 2 [124, 126] GeV.†† We also restrict the
distance between the two photons to �R�� 2 [0.2, 4.0].
We collect these selection cuts in Table III.

observable selection cut
pT,b{1,2,3,4} > {80, 50, 40, 40} GeV
|⌘b| < 3.0
m

close,1
bb 2 [100, 160] GeV

m
close,2
bb 2 [90, 170] GeV

�R
close,1
bb 2 [0.2, 1.6]

�R
close,2
bb no cut

pT,�{1,2} > {70, 40} GeV
|⌘� | < 3.5
�R�� 2 [0.2, 4.0]
m�� 2 [124, 126] GeV

TABLE III: The final selection cuts imposed in the analysis
of the (bb̄)(bb̄)(��) final state. The observables are defined in
the main text.

We show a summary of the processes considered in the
analysis in Table IV. The most significant backgrounds
in our set-up turn out to be the SM bb̄bb̄�� and those
coming from Higgs boson pair production in association
with extra jets. Specifically, the latter emulates the signal
well, as the di-photon mass window is expected to have
similar e�ciency to the signal. Moreover, as we have
pointed out at the beginning of the section, the Higgs
bosons in hh are harder on average than than those in

k
We have verified explicitly that an alternative method based on

minimization of the squared sum of (mbb �mh) from each combi-

nation yields results that di↵er by O(1%) compared to the simpler

�R method.
⇤⇤

The distance between the other paired b-jets was not found to have

significant discriminatory power.

††
This cut implies that the di-photon resolution should be better

than ⇠ 1 GeV at the FCC-hh. The current resolution at the LHC

is 1-2 GeV, [99, 100] and thus it is not unreasonable to expect an

improvement at the detectors of the future collider.
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We show a summary of the processes considered in the
analysis in Table IV. The most significant backgrounds
in our set-up turn out to be the SM bb̄bb̄�� and those
coming from Higgs boson pair production in association
with extra jets. Specifically, the latter emulates the signal
well, as the di-photon mass window is expected to have
similar e�ciency to the signal. Moreover, as we have
pointed out at the beginning of the section, the Higgs
bosons in hh are harder on average than than those in

k
We have verified explicitly that an alternative method based on

minimization of the squared sum of (mbb �mh) from each combi-

nation yields results that di↵er by O(1%) compared to the simpler

�R method.
⇤⇤

The distance between the other paired b-jets was not found to have

significant discriminatory power.

††
This cut implies that the di-photon resolution should be better

than ⇠ 1 GeV at the FCC-hh. The current resolution at the LHC

is 1-2 GeV, [99, 100] and thus it is not unreasonable to expect an

improvement at the detectors of the future collider.
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process �LO (fb) �NLO ⇥ BR⇥ Ptag (ab) ✏analysis N
cuts

30 ab�1

hhh ! (bb̄)(bb̄)(��), SM 2.89 5.4 0.06 9.7
hhh ! (bb̄)(bb̄)(��), c6 = 1.0 0.46 0.9 0.04 1.1
hhh ! (bb̄)(bb̄)(��), c6 = �1.0 7.94 15.0 0.05 22.5
bb̄bb̄�� 1.28 1050 2.6⇥ 10�4 8.2
hZZ, (NLO) (ZZ ! (bb̄)(bb̄)) 0.817 0.8 0.002 ⌧ 1
hhZ, (NLO)(Z ! (bb̄)) 0.754 0.8 0.007 ⌧ 1
hZ, (NLO) (Z ! (bb̄)) 8.019⇥ 103 1129 O(10�5) ⌧ 1
bb̄bb̄� + jets 2.948⇥ 103 2420 O(10�5) O(1)
bb̄bb̄ + jets 5.449⇥ 103 4460 O(10�6) ⌧ 1
bb̄�� + jets 98.7 4.0 O(10�5) ⌧ 1
hh + jets, SM 275.0 592.7 7⇥ 10�4 12.4
hh + jets , c6 = 1.0 153.8 331.5 0.001 9.9
hh + jets , c6 = �1.0 518.2 1116.9 4⇥ 10�4 13.4

TABLE IV: The processes considered in the analysis of the (bb̄)(bb̄)(��) final state. The parton-level cross section, including the
cuts given in the main text is given (if any), the analysis e�ciency and the expected number of events at 30 ab�1 are given. A
flat K-factor of K = 2.0 has been applied to all tree-level processes (including hh+jets) as an estimate of the expected increase
in cross section from LO to NLO. The hZZ, hhZ and hZ processes have been produced at NLO and hence no K-factor is
applied. Even though the hhZ process depends on c6, we only consider the SM case, as it was found to be negligible after cuts.

number of events after cuts, at 30 ab�1. The theoretical
uncertainty on the expected number of events for the hh

and the hh+jets processes was taken to be 40% and un-
correlated between the two. The analysis e�ciencies for
hhh and hh+jets were individually fitted using points in
the region c6 2 [�3.0, 4.0].§§ We assume that there is neg-
ligible uncertainty on the ‘other’ backgrounds, which are
taken to consist of the bb̄bb̄�� and bb̄bb̄�+jets processes.
By examining the central values of the the grey exclusion
band, we can see that the regions c6 . �0.7 and c6 & 3.0,
as well as the intermediate region c6 2 [⇠ 1.0,⇠ 1.7], are
expected to be excluded at 95% C.L. (2�). Moreover, due
to the fast-rising hhh cross section, as a function of the c6
coe�cient in this simple model, the 5�-excluded region
lies close to the 2� outer regions: c6 . �1.4, c6 & 3.5.
Note that the analysis can be optimised for each value
of c6 to obtain a higher significance, but in light of the
many sources of uncertainties we do not pursue this here.
Such optimisation could substantially alter the shape of
the hhh and hh+jets curves in Fig. 5.

D. Sensitivity on the (c3 � d4)-plane

Higgs boson triple production can be used to place con-
straints on the (c3�d4)-plane. This can subsequently be
used to impose constraints on arbitrary relations between
the triple and quartic coe�cients in explicit models. We
approximate the hhh signal e�ciency over the whole
plane by calculating its average value for c3 2 [�3.0, 4.0],
d4 = 6c3, as obtained in the D = 6 EFT example. The
analysis is used verbatim, without any modification of

§§
The fitting uncertainty is not shown in Fig. 5.

(a)

FIG. 5: The expected exclusion significance on the c6 coef-
ficient (right vertical axis), assuming that the theoretical un-
certainty on the expected number of hhh and hh+jets events
is 40% for each process and uncorrelated between the two.
The left vertical axis shows the expected number of events
after cuts at 30 ab�1. The horizontal magenta dashed lines
show the 2� and 5� exclusion points.

cuts along the plane. The standard deviation on the ef-
ficiency obtained this way was found to be ⇠ 20% along
this direction in the given interval. Considering the mag-
nitude of the uncertainties on the signal and background
predictions, we consider this to be adequate at present.
For the hh+jets background we use the e�ciency fit cal-
culated for the D = 6 EFT case. We show the projected
constraints on the (c3� d4)-plane an integrated luminos-
ity of 30 ab�1 in Fig. 6. As a sanity check, we draw the
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hh + jets , c6 = 1.0 153.8 331.5 0.001 9.9
hh + jets , c6 = �1.0 518.2 1116.9 4⇥ 10�4 13.4

TABLE IV: The processes considered in the analysis of the (bb̄)(bb̄)(��) final state. The parton-level cross section, including the
cuts given in the main text is given (if any), the analysis e�ciency and the expected number of events at 30 ab�1 are given. A
flat K-factor of K = 2.0 has been applied to all tree-level processes (including hh+jets) as an estimate of the expected increase
in cross section from LO to NLO. The hZZ, hhZ and hZ processes have been produced at NLO and hence no K-factor is
applied. Even though the hhZ process depends on c6, we only consider the SM case, as it was found to be negligible after cuts.

number of events after cuts, at 30 ab�1. The theoretical
uncertainty on the expected number of events for the hh

and the hh+jets processes was taken to be 40% and un-
correlated between the two. The analysis e�ciencies for
hhh and hh+jets were individually fitted using points in
the region c6 2 [�3.0, 4.0].§§ We assume that there is neg-
ligible uncertainty on the ‘other’ backgrounds, which are
taken to consist of the bb̄bb̄�� and bb̄bb̄�+jets processes.
By examining the central values of the the grey exclusion
band, we can see that the regions c6 . �0.7 and c6 & 3.0,
as well as the intermediate region c6 2 [⇠ 1.0,⇠ 1.7], are
expected to be excluded at 95% C.L. (2�). Moreover, due
to the fast-rising hhh cross section, as a function of the c6
coe�cient in this simple model, the 5�-excluded region
lies close to the 2� outer regions: c6 . �1.4, c6 & 3.5.
Note that the analysis can be optimised for each value
of c6 to obtain a higher significance, but in light of the
many sources of uncertainties we do not pursue this here.
Such optimisation could substantially alter the shape of
the hhh and hh+jets curves in Fig. 5.

D. Sensitivity on the (c3 � d4)-plane

Higgs boson triple production can be used to place con-
straints on the (c3�d4)-plane. This can subsequently be
used to impose constraints on arbitrary relations between
the triple and quartic coe�cients in explicit models. We
approximate the hhh signal e�ciency over the whole
plane by calculating its average value for c3 2 [�3.0, 4.0],
d4 = 6c3, as obtained in the D = 6 EFT example. The
analysis is used verbatim, without any modification of

§§
The fitting uncertainty is not shown in Fig. 5.

(a)

FIG. 5: The expected exclusion significance on the c6 coef-
ficient (right vertical axis), assuming that the theoretical un-
certainty on the expected number of hhh and hh+jets events
is 40% for each process and uncorrelated between the two.
The left vertical axis shows the expected number of events
after cuts at 30 ab�1. The horizontal magenta dashed lines
show the 2� and 5� exclusion points.

cuts along the plane. The standard deviation on the ef-
ficiency obtained this way was found to be ⇠ 20% along
this direction in the given interval. Considering the mag-
nitude of the uncertainties on the signal and background
predictions, we consider this to be adequate at present.
For the hh+jets background we use the e�ciency fit cal-
culated for the D = 6 EFT case. We show the projected
constraints on the (c3� d4)-plane an integrated luminos-
ity of 30 ab�1 in Fig. 6. As a sanity check, we draw the
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hhh total |N(SM)�N(c6)|p
N(SM)

SM 9.7 31.3
c6 = 1.0 1.1 20.2 ⇠ 2.0
c6 = �1.0 22.5 45.1 ⇠ 2.5

TABLE V: The number of events for an integrated luminosity
of 30 ab�1 at 100 TeV, for the Standard Model and the the
two simple deformations with O6, with coe�cient values c6 =
±1. The first and second columns show, respectively, the
number of events for the hhh signal and the total expected
number of events for all contributing processes: hhh, hh+jets,
bb̄bb̄�� (using 8.2 events) and bb̄bb̄�+jets (using 1 event). The
third column shows, approximately, the level (in number of
standard deviations) at which the two hypotheses c6 = ±1 can
be excluded given that the standard model is the underlying
theory.

d4 = 6c3 line and check that the outer 2�-region: c6 . �2
and c6 & 3 approximately reproduces the D = 6 EFT
result given the uncertainties. A few interesting observa-
tions can be made. Firstly, the whole region c3 . �1 can
be excluded at 5� irrespective of the value of d4 using
triple Higgs production. Moreover, if c3 is constrained
to lie near c3 ⇠ 0, then the weakest constraints on d4

are obtained in all of the plane. On the other hand, if a
non-zero value of c3 is measured, e.g. c3 ⇠ 4, then the
constraint on d4 can be quite stringent and in a region
excluding d4 = 0, i.e. d4 2 [⇠ 4,⇠ 8] at 5�.

(a)

FIG. 6: The approximate expected 1� (red), 2� (violet)
and 5� (blue) exclusion regions on the c3 � d4 plane after
30 ab�1 of integrated luminosity, derived assuming a constant
signal e�ciency, calculated along the d4 = 6c3 line in c3 2

[�3.0, 4.0].

V. DISCUSSION AND CONCLUSIONS

Evidently, discovering Standard Model-like triple
Higgs boson production will be a challenging task. Our
analysis of the hhh ! (bb̄)(bb̄)(��) channel has demon-
strated that the process merits serious investigation at a
future collider running at 100 TeV proton-proton centre-
of-mass energy. It is important at this point to emphasise
the defining points and caveats that lead this phenomeno-
logical analysis to this conclusion:

• The detector of an FCC-hh needs to have excel-
lent photon identification and resolution, so that a
di-photon invariant mass window of width 2 GeV
around the Higgs boson mass can imposed. As we
already mentioned, the current resolution at the
LHC is 1-2 GeV, [99, 100]. Moreover, the pro-
jections for photon identification e�ciency at the
high-luminosity LHC are at O(80%) [101]. It is not
unreasonable to expect an improvement in both of
these parameters at the FCC-hh, to a resolution of
. 1 GeV or photon identification of & 90%.

• Tagging of b-jets should be extremely good, at least
in the range of 70-80%, with excellent light jet re-
jection of O(1%) over a wide range of transverse
momenta and pseudorapidities. Reducing the tag-
ging probability from 80% to 70% would reduce the
final number of events in ‘true’ 4-b-jet final states
by about 40%. We note that the expected perfor-
mance of the b-tagging algorithms for the LHC Run
2 is already at this ballpark [102].

• Any analysis of triple Higgs production that in-
cludes bb̄ pairs will also benefit from a very good
forward coverage, allowing identification of b-jets
up to pseudo-rapidities of |⌘| ⇠ 3.0. Good forward
coverage for photons to |⌘| ⇠ 3.5 would also bene-
fit the analysis. For example, the fraction of signal
events with two b-jets falling in |⌘b| 2 [2.5, 3.0] is
⇠ 15% and the fraction of events with two photons
falling in |⌘� | 2 [2.5, 3.5] is ⇠ 5%. These two are
approximately uncorrelated, and thus an LHC-like
coverage of |⌘b| < 2.5, |⌘� | < 2.5 would cause a
⇠ 20% reduction in signal e�ciency compared to
the analysis presented in this article.

• Predictions of the triple Higgs boson production
cross section, as for the case of double production,
posses large theoretical uncertainties at present,
due to the unknown higher-order corrections. The
best available calculation includes only exact real
emission diagrams in combination with ‘low-energy
theorem’ results [15]. A full next-to-leading order
calculation will reduce this and allow one to use the
process to extract constraints on various models of
new physics.

• Crucially, the Monte Carlo event generation of mul-
tiple coloured partons (4-6) at next-to-leading or-

 sensitivityc6
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process �LO (fb) �NLO ⇥ BR⇥ Ptag (ab) ✏analysis N
cuts

30 ab�1

hhh ! (bb̄)(bb̄)(��), SM 2.89 5.4 0.06 9.7
hhh ! (bb̄)(bb̄)(��), c6 = 1.0 0.46 0.9 0.04 1.1
hhh ! (bb̄)(bb̄)(��), c6 = �1.0 7.94 15.0 0.05 22.5
bb̄bb̄�� 1.28 1050 2.6⇥ 10�4 8.2
hZZ, (NLO) (ZZ ! (bb̄)(bb̄)) 0.817 0.8 0.002 ⌧ 1
hhZ, (NLO)(Z ! (bb̄)) 0.754 0.8 0.007 ⌧ 1
hZ, (NLO) (Z ! (bb̄)) 8.019⇥ 103 1129 O(10�5) ⌧ 1
bb̄bb̄� + jets 2.948⇥ 103 2420 O(10�5) O(1)
bb̄bb̄ + jets 5.449⇥ 103 4460 O(10�6) ⌧ 1
bb̄�� + jets 98.7 4.0 O(10�5) ⌧ 1
hh + jets, SM 275.0 592.7 7⇥ 10�4 12.4
hh + jets , c6 = 1.0 153.8 331.5 0.001 9.9
hh + jets , c6 = �1.0 518.2 1116.9 4⇥ 10�4 13.4

TABLE IV: The processes considered in the analysis of the (bb̄)(bb̄)(��) final state. The parton-level cross section, including the
cuts given in the main text is given (if any), the analysis e�ciency and the expected number of events at 30 ab�1 are given. A
flat K-factor of K = 2.0 has been applied to all tree-level processes (including hh+jets) as an estimate of the expected increase
in cross section from LO to NLO. The hZZ, hhZ and hZ processes have been produced at NLO and hence no K-factor is
applied. Even though the hhZ process depends on c6, we only consider the SM case, as it was found to be negligible after cuts.

number of events after cuts, at 30 ab�1. The theoretical
uncertainty on the expected number of events for the hh

and the hh+jets processes was taken to be 40% and un-
correlated between the two. The analysis e�ciencies for
hhh and hh+jets were individually fitted using points in
the region c6 2 [�3.0, 4.0].§§ We assume that there is neg-
ligible uncertainty on the ‘other’ backgrounds, which are
taken to consist of the bb̄bb̄�� and bb̄bb̄�+jets processes.
By examining the central values of the the grey exclusion
band, we can see that the regions c6 . �0.7 and c6 & 3.0,
as well as the intermediate region c6 2 [⇠ 1.0,⇠ 1.7], are
expected to be excluded at 95% C.L. (2�). Moreover, due
to the fast-rising hhh cross section, as a function of the c6
coe�cient in this simple model, the 5�-excluded region
lies close to the 2� outer regions: c6 . �1.4, c6 & 3.5.
Note that the analysis can be optimised for each value
of c6 to obtain a higher significance, but in light of the
many sources of uncertainties we do not pursue this here.
Such optimisation could substantially alter the shape of
the hhh and hh+jets curves in Fig. 5.

D. Sensitivity on the (c3 � d4)-plane

Higgs boson triple production can be used to place con-
straints on the (c3�d4)-plane. This can subsequently be
used to impose constraints on arbitrary relations between
the triple and quartic coe�cients in explicit models. We
approximate the hhh signal e�ciency over the whole
plane by calculating its average value for c3 2 [�3.0, 4.0],
d4 = 6c3, as obtained in the D = 6 EFT example. The
analysis is used verbatim, without any modification of

§§
The fitting uncertainty is not shown in Fig. 5.

(a)

FIG. 5: The expected exclusion significance on the c6 coef-
ficient (right vertical axis), assuming that the theoretical un-
certainty on the expected number of hhh and hh+jets events
is 40% for each process and uncorrelated between the two.
The left vertical axis shows the expected number of events
after cuts at 30 ab�1. The horizontal magenta dashed lines
show the 2� and 5� exclusion points.

cuts along the plane. The standard deviation on the ef-
ficiency obtained this way was found to be ⇠ 20% along
this direction in the given interval. Considering the mag-
nitude of the uncertainties on the signal and background
predictions, we consider this to be adequate at present.
For the hh+jets background we use the e�ciency fit cal-
culated for the D = 6 EFT case. We show the projected
constraints on the (c3� d4)-plane an integrated luminos-
ity of 30 ab�1 in Fig. 6. As a sanity check, we draw the
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cuts given in the main text is given (if any), the analysis e�ciency and the expected number of events at 30 ab�1 are given. A
flat K-factor of K = 2.0 has been applied to all tree-level processes (including hh+jets) as an estimate of the expected increase
in cross section from LO to NLO. The hZZ, hhZ and hZ processes have been produced at NLO and hence no K-factor is
applied. Even though the hhZ process depends on c6, we only consider the SM case, as it was found to be negligible after cuts.
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and the hh+jets processes was taken to be 40% and un-
correlated between the two. The analysis e�ciencies for
hhh and hh+jets were individually fitted using points in
the region c6 2 [�3.0, 4.0].§§ We assume that there is neg-
ligible uncertainty on the ‘other’ backgrounds, which are
taken to consist of the bb̄bb̄�� and bb̄bb̄�+jets processes.
By examining the central values of the the grey exclusion
band, we can see that the regions c6 . �0.7 and c6 & 3.0,
as well as the intermediate region c6 2 [⇠ 1.0,⇠ 1.7], are
expected to be excluded at 95% C.L. (2�). Moreover, due
to the fast-rising hhh cross section, as a function of the c6
coe�cient in this simple model, the 5�-excluded region
lies close to the 2� outer regions: c6 . �1.4, c6 & 3.5.
Note that the analysis can be optimised for each value
of c6 to obtain a higher significance, but in light of the
many sources of uncertainties we do not pursue this here.
Such optimisation could substantially alter the shape of
the hhh and hh+jets curves in Fig. 5.

D. Sensitivity on the (c3 � d4)-plane

Higgs boson triple production can be used to place con-
straints on the (c3�d4)-plane. This can subsequently be
used to impose constraints on arbitrary relations between
the triple and quartic coe�cients in explicit models. We
approximate the hhh signal e�ciency over the whole
plane by calculating its average value for c3 2 [�3.0, 4.0],
d4 = 6c3, as obtained in the D = 6 EFT example. The
analysis is used verbatim, without any modification of
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FIG. 5: The expected exclusion significance on the c6 coef-
ficient (right vertical axis), assuming that the theoretical un-
certainty on the expected number of hhh and hh+jets events
is 40% for each process and uncorrelated between the two.
The left vertical axis shows the expected number of events
after cuts at 30 ab�1. The horizontal magenta dashed lines
show the 2� and 5� exclusion points.

cuts along the plane. The standard deviation on the ef-
ficiency obtained this way was found to be ⇠ 20% along
this direction in the given interval. Considering the mag-
nitude of the uncertainties on the signal and background
predictions, we consider this to be adequate at present.
For the hh+jets background we use the e�ciency fit cal-
culated for the D = 6 EFT case. We show the projected
constraints on the (c3� d4)-plane an integrated luminos-
ity of 30 ab�1 in Fig. 6. As a sanity check, we draw the

red and 
blue curves black curve

𝒪6 ≡
c6

v2
λ |H |6

18

40% theory 
uncertainty



8

hhh total |N(SM)�N(c6)|p
N(SM)

SM 9.7 31.3
c6 = 1.0 1.1 20.2 ⇠ 2.0
c6 = �1.0 22.5 45.1 ⇠ 2.5

TABLE V: The number of events for an integrated luminosity
of 30 ab�1 at 100 TeV, for the Standard Model and the the
two simple deformations with O6, with coe�cient values c6 =
±1. The first and second columns show, respectively, the
number of events for the hhh signal and the total expected
number of events for all contributing processes: hhh, hh+jets,
bb̄bb̄�� (using 8.2 events) and bb̄bb̄�+jets (using 1 event). The
third column shows, approximately, the level (in number of
standard deviations) at which the two hypotheses c6 = ±1 can
be excluded given that the standard model is the underlying
theory.

d4 = 6c3 line and check that the outer 2�-region: c6 . �2
and c6 & 3 approximately reproduces the D = 6 EFT
result given the uncertainties. A few interesting observa-
tions can be made. Firstly, the whole region c3 . �1 can
be excluded at 5� irrespective of the value of d4 using
triple Higgs production. Moreover, if c3 is constrained
to lie near c3 ⇠ 0, then the weakest constraints on d4

are obtained in all of the plane. On the other hand, if a
non-zero value of c3 is measured, e.g. c3 ⇠ 4, then the
constraint on d4 can be quite stringent and in a region
excluding d4 = 0, i.e. d4 2 [⇠ 4,⇠ 8] at 5�.

(a)

FIG. 6: The approximate expected 1� (red), 2� (violet)
and 5� (blue) exclusion regions on the c3 � d4 plane after
30 ab�1 of integrated luminosity, derived assuming a constant
signal e�ciency, calculated along the d4 = 6c3 line in c3 2

[�3.0, 4.0].

V. DISCUSSION AND CONCLUSIONS

Evidently, discovering Standard Model-like triple
Higgs boson production will be a challenging task. Our
analysis of the hhh ! (bb̄)(bb̄)(��) channel has demon-
strated that the process merits serious investigation at a
future collider running at 100 TeV proton-proton centre-
of-mass energy. It is important at this point to emphasise
the defining points and caveats that lead this phenomeno-
logical analysis to this conclusion:

• The detector of an FCC-hh needs to have excel-
lent photon identification and resolution, so that a
di-photon invariant mass window of width 2 GeV
around the Higgs boson mass can imposed. As we
already mentioned, the current resolution at the
LHC is 1-2 GeV, [99, 100]. Moreover, the pro-
jections for photon identification e�ciency at the
high-luminosity LHC are at O(80%) [101]. It is not
unreasonable to expect an improvement in both of
these parameters at the FCC-hh, to a resolution of
. 1 GeV or photon identification of & 90%.

• Tagging of b-jets should be extremely good, at least
in the range of 70-80%, with excellent light jet re-
jection of O(1%) over a wide range of transverse
momenta and pseudorapidities. Reducing the tag-
ging probability from 80% to 70% would reduce the
final number of events in ‘true’ 4-b-jet final states
by about 40%. We note that the expected perfor-
mance of the b-tagging algorithms for the LHC Run
2 is already at this ballpark [102].

• Any analysis of triple Higgs production that in-
cludes bb̄ pairs will also benefit from a very good
forward coverage, allowing identification of b-jets
up to pseudo-rapidities of |⌘| ⇠ 3.0. Good forward
coverage for photons to |⌘| ⇠ 3.5 would also bene-
fit the analysis. For example, the fraction of signal
events with two b-jets falling in |⌘b| 2 [2.5, 3.0] is
⇠ 15% and the fraction of events with two photons
falling in |⌘� | 2 [2.5, 3.5] is ⇠ 5%. These two are
approximately uncorrelated, and thus an LHC-like
coverage of |⌘b| < 2.5, |⌘� | < 2.5 would cause a
⇠ 20% reduction in signal e�ciency compared to
the analysis presented in this article.

• Predictions of the triple Higgs boson production
cross section, as for the case of double production,
posses large theoretical uncertainties at present,
due to the unknown higher-order corrections. The
best available calculation includes only exact real
emission diagrams in combination with ‘low-energy
theorem’ results [15]. A full next-to-leading order
calculation will reduce this and allow one to use the
process to extract constraints on various models of
new physics.

• Crucially, the Monte Carlo event generation of mul-
tiple coloured partons (4-6) at next-to-leading or-

 constraintsc3, d4

Vself(h) =
m2

h

2v (1 + c3) h3 +
m2

h

8v2 (1 + d4) h4

 constraints on  can be obtained at a 100TeV collider with   𝒪(1) c3, d4, c6 30 ab−1
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• HHH production is practically the only way to directly probe the  interaction.h4

• The cross section is small, ~0.1/fb @LHC and ~5/fb @FCChh, and the signal is diluted 
into many different final states:   σ → σ ⋅ BR1 ⋅ BR2 ⋅ BR2

• In the  channel @FCChh, O(1) deviation from the SM  and  couplings 
can be detected.

(bb)(bb)(γγ) h3 h4

• The signal efficiency is sensitive to the b-tagging efficiency:  
reduces the signal efficiency by ~40%. 

ϵb = 80 % → 70 %

• A very good photon energy resolution (~ 1GeV) is necessary.  
We required  mγγ = [124,126] GeV

• There should be a lot of room to improve the analysis:  boosted merged jets, ML 
methods, different final states, combination of multiple channels.
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