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Abstract We investigate the production of three Higgs
bosons at a proton-proton collider running at a centre-of-
mass energy of 100 TeV, all of which decay into b-jets.
This final state encapsulates by far the largest fraction of the
total cross section of triple Higgs boson production, approx-
imately 20%. We examine, by constructing detailed phe-
nomenological analyses, two scenarios: (i) one in which the
triple and quartic Higgs boson self-couplings are modified
independently by new phenomena with respect to their Stan-
dard Model (SM) values and (ii) an extension of the SM by a
gauge-singlet scalar that could drive first-order electroweak
phase transition, within the context of the so-called xXSM. In
the former, we find that competitive constraints of &'(1) can
be placed on the quartic coupling and in the latter we demon-
strate that it will be possible to obtain important information
on the structure of the extended scalar sector.

1 Introduction

In the past decade of operation of CERN’s Large Hadron Col-
lider (LHC), the landscape of particle physics has changed
dramatically. The discovery of the Higgs boson and the lack
of stark signals of new phenomena around the TeV scale are
defining characteristics of this new era. In the years to come
the Higgs boson is set to become itself a tool for exploration
and discovery. This will be particularly true at the future cir-
cular collider (FCC), which is planned to be hosted in a 100
km tunnel, envisioning an ensemble of eTe™, T p and pp
collider programmes through towards the end of the 21st cen-
tury [1-5]. Taken together, all of these programmes aim to
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map the properties of the Higgs boson and the electroweak
gauge bosons with an accuracy order(s) of magnitude better
than today and to improve by almost an order of magnitude
the discovery reach for new particles.

A particular “flagship” target of the FCC will be the inves-
tigation of the Higgs potential, through the measurement of
the Higgs boson’s (&) self-interactions that can be written,
post-electroweak symmetry breaking (EWSB), as:

1 1
V(h) = zm,%h2 + Azvoh’ + Z,\4h4, 1)

where vg ~ 246 GeV is the Higgs vacuum expectation value
(vev), mj ~ 125 GeV is the Higgs boson mass and the self-
couplings take the values A3 = A4 = m% /21}% = Asm Within
the SM. Legacy LHC measurements are expected to pro-
vide an < (1) measurement of the triple coupling, A3, with
respect to its SM value [6,7], and no significant direct infor-
mation on the quartic self-coupling A4. On the other hand,
several studies have demonstrated the potential of the proton-
proton programme of the FCC (the FCC-hh), to constrain the
triple coupling to within a few percent of the SM value, partic-
ularly through the production of Higgs boson pairs [1,8-15].
Several studies have also hinted that constraints are possible
on the quartic coupling at the FCC-hh, either indirectly in
double Higgs boson production [16,17], or directly through
triple Higgs boson production [18-26]. Up until now, in the
case of the latter process, the following final states have been
considered:

— hhh — (bb)(bb)(yy),

hhh — (bb)(bb)(tT17),

hhh — (bb)(tTt ) (1),

— hhh — (bb) (WHrWH(WHtW).
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The sum of all these channels represents less than 10% of
the total branching ratio of hhh. In the present article, we
investigate for the first time, to the best of our knowledge, the
process that encapsulates by far the largest branching ratio:
the case in which all three Higgs bosons decay into bottom
quarks (bb), resulting in complex final states involving six
b-jets.!

In addition to understanding EWSB, non-standard Higgs
boson self-couplings might provide the first experimental
evidence of extra gauge-singlet scalars at the weak scale.
These new scalar particles could “catalyse” electroweak
phase transition, turning it into a violent, out-of-equilibrium
event accompanied by massive entropy production (a first-
order transition), enabling electroweak baryogenesis and thus
explaining the observed matter-antimatter asymmetry, see
e.g. [36—41]. Evidence of such phenomena in multi-scalar
production processes could materialise, for example, even in
the case where the mixing of this new scalar and the “SM-
like” Higgs boson is small. Indeed, current limits put an upper
bound to the mixing angle that leads to cos 6 2> 0.85 which
at the end of the high-luminosity run of the LHC this is
expected to be = 0.95 [42]. First indications of the exis-
tence of these singlets could arise in resonant SM-like Higgs
boson pair production for example, either at later stages of
the LHC or during the FCC-hh lifetime. Such signals, along
with the measurement of the SM-like Higgs self-coupling
through non-resonant Higgs boson pair production, may not
be sufficient to understand the nature of the additional singlet
scalar. The production of three of these scalar particles, such
as triple SM-like Higgs boson production, the main object
of this article, could provide essential additional information
both on the triple scalar couplings and on the quartic cou-
plings. We demonstrate that this is possible by employing
the six b-jet final state that maximises the cross section.”

The article is organised as follows: in Sect. 2 we discuss
the setup used and describe the phenomenological analysis
in the context of triple SM Higgs boson production. In Sect. 3
we discuss the constraints that can be obtained in the anoma-
lous coupling picture, where the self-couplings are rescaled
with respect to the SM values, and in Sect. 4 we investigate
in explicit benchmark scenarios, the potential for discover-
ing triple Higgs boson production in the presence of a sin-
glet scalar that can viably generate a first-order electroweak
phase transition, taken from [44]. We conclude in Sect. 5. In
“Appendix A” we provide investigations of relevant uncer-
tainties entering our analysis.

1 We note that the equivalent final state in Higgs boson pair pair pro-
duction, leading to 4 b-jets, has been considered extensively in both
phenomenological and experimental studies, see e.g. [27-35].

2 We would like to note here that the six b-jet final state might be also
interesting in the context of hh + Z, see e.g. [43], or any triple neutral
boson final state.
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2 Searching for triple Higgs boson production
2.1 The setup

In what follows, we generate parton-level events either at
leading order or next-to-leading order by using MadGraph5
_aMC@NLO [45,46] and shower/match them via the
MC@NLO method [47] where appropriate, via the HERWIG
(7.1.5) parton shower [48—53]. We include modeling of the
hadronization and the underlying event but no detector effects
beyond geometry. We use the parton density function set
NNPDF23_1lo _as_0130_ged [54] throughout the chain
of event generation.

For the analysis, we cluster final-state particles with trans-
verse momentum pr > 100 MeV into anti-k7 jets [55] with
radius parameter R = 0.4 via the FastJet package [56].
We use the HwSim package [57] for HERWIG to write out
event files for each sample in a custom compressed ROOT
format [58] and to perform the phenomenological analysis.

2.2 Differential distributions in pp — hhh at 100 TeV

In the present subsection we investigate the form of differen-
tial distributions for the 2hh signal within the SM. Variations
of the shapes of these distributions due to the effect of new
phenomena are considered in the respective sections below:
in Sect. 3 we show variations due to different values of the
anomalous couplings and in Sect. 4 we show variations in
the presence of a singlet scalar at various masses. We refer
the reader to [19] for additional distributions, including a
comparison to Higgs boson pair production at 100 TeV.

We show in Fig. 1, the invariant mass of (any) two or
all three Higgs bosons reconstructed from Monte Carlo truth
with no cuts applied, Mp,j, and Mj,j,, respectively. The former
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Fig. 1 The invariant mass of any two (hh, dotted green) or all three
(hhh, solid red) Higgs bosons in triple Higgs production at the FCC-hh
at 100 TeV, reconstructed from Monte Carlo truth with no cuts applied
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Fig. 2 The transverse momentum of Higgs bosons ordered from hard-
est to softest (solid red, dotted green, dashed yellow, respectively), in
triple Higgs production at the FCC-hh at 100 TeV, reconstructed from
Monte Carlo truth with no cuts applied

peaks at ~ 300 GeV whereas the latter at ~ 600 GeV. In Fig. 2
we show the Monte Carlo truth transverse momentum of the
Higgs bosons ordered from hardest to softest. The transverse
momentum distributions peak at ~ 200 GeV, ~ 150 GeV
and ~ 50 GeV from hardest to softest, respectively.

2.3 Event generation

The simulation of final states containing up to six coloured
objects remains a challenge to this day, even at tree level.
In the present study we provide initial estimates by con-
sidering the efficiency of a phenomenological analysis on
(bb)(bb)(bb) final states. We stress here that we have
simulated the QCD-induced (bb)(bb)(bb) exactly at tree
level.? For backgrounds which arise from charm-jets or light
jets being mis-identified as b-jets (i.e. the reducible back-
grounds), we have estimated the cross sections and assumed
the analysis efficiencies to be identical to the equivalent pro-
cess with b-quarks, factoring out the mis-identification rates.

For the irreducible backgrounds, i.e. those that constitute
the “real” (bb)(bb)(bb) final states, we have considered pro-
cesses that contain three bosons (either a Higgs boson or a
Z boson) that each then decay into (bb): hhZ, hZZ,ZZZ.
We have included the loop-induced gluon-fusion component
in the case of hZZ and ZZZ.* Furthermore, we have con-
sidered backgrounds with either one or two bosons plus (bb)
that originate from QCD interactions: hZ + (bb), hh + (bb),

3 In particular, this was made possible thanks to the technique of Ref.
[46] that performs a Monte Carlo over helicities.

4 All processes incorporate the full effect of spin correlations, imple-
mented via MadSpin [59] that follows the method of [60], apart from
88 — hZZ and gg — ZZZ. This is not expected to have a significant
impact on the analysis efficiencies.

Table 1 The generation-level cuts imposed on the processes. The index
Jj indicates any quark flavour or gluons

Observable Cut

PT.j > 30 GeV
[yl <5.0
ARJ',J' > 0.2

ZZ+(bb) and Z+ (bb)(bb), h+ (bb)(bb). Of the aforemen-
tioned processes, Z + (bb)(bb) and h + (bb)(bb) turn out
to be the largest contributors to total background cross sec-
tion. For the latter process, i + (bb)(bb), we also consider
the Higgs effective theory contributions (i.e. including the
effective interaction ggh), which constitute approximately
3/4 of the cross section.’ However, we have found that the
largest background component by far is the pure QCD pro-
duction of (bb)(bb)(bb). We did not generate large samples
of events for the reducible backgrounds that would originate
from mis-tagging light or charm jets to b-jets; instead, we
considered estimates of their contributions to the ~+jets and
QCD multi-jet backgrounds, see Sect. 3.2. The details of the
analysis are presented in the next subsection.

We have simulated the triple Higgs boson signal at (loop-
induced) leading order and the quark-anti-quark-initiated
component of the tri-boson processes at next-to-leading
order. We have generated samples of 10* events for all signal
processes, except for the SM hhh, for which we generated
103 events to obtain statistically reliable estimates of the sig-
nificance.

All other processes have been simulated at leading order.
To take into account the higher-order corrections, we mul-
tiply all leading-order cross sections by a K-factor of 2.
The size of the higher-order corrections is well-motivated
for the hhh signal by approximate calculations, see [62].
In Appendix A, we provide variations of the K -factor for the
backgrounds to take into account this uncertainty, while given
that a full NLO computation would be needed, we do not
consider effects due to shapes. We have imposed generation-
level cuts on processes that involve quarks of QCD origin.
We list these cuts in Table 1.

We emphasise that the simulation of processes with more
than three final-state legs at next-to-leading order is an essen-
tial aspect that should be addressed in future studies at higher-
energy hadron colliders, as such final states will become
increasingly common.

5 A similar ratio was also observed for i + (bb) at the LHC [61].

@ Springer
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Table 2 The cuts that comprise the phenomenological analysis at
hadron level

Observable Cut

PT.b > 45 GeV

[np] <32

ARp ) > 0.3

pr(h?) > [170, 120,0] GeV,i =1,2,3
X2 < 17 GeV

< 8,8, 11 GeV
< [3.5,3.5,3.5], (i, j) =[(1,2), (1, 3), (2,3)]
<[3.5,3.5,35],i=1,2,3

Ammin, mid, max
ARk, )
ARy (h')

2.4 Analysis details

We give here the details of the phenomenological hadron-
level analysis that are common between the different new
physics scenarios that we consider.

We ask for the events to contain exactly six identified b-
jets with transverse momentum pr > 45 GeV. We ask for
these jets to lie within a pseudo-rapidity of |n| < 3.2 and we
also ask for the distance between any two b-jets to satisfy
AR > 0.3. The latter choice is simply to bring all processes
on equal footing, given that the backgrounds that contain
QCD-initiated b-quarks also obey a generation-level cut of
AR > 0.2. We consider the potential impact of reducing
the pseudo-rapidity coverage for the identified b-jets on our
conclusions in “Appendix A”. For each of the 15 possible
arrangements I = {ij, kl, mn} of the six b-jets into pairs we
construct the observable:

= >

qrepairings [

(Mg —m3)? 2)

where M, is the invariant mass of the b-jet pairing g7 in the
arrangement of pairings / and my, is the Higgs boson mass.
Given that it is challenging to determine experimentally the
charge of the b-quarks that initiated the b-jets, we consider
the minimisation of the x> observable over all the possible
pairings. The arrangement of pairings / that gives the min-
imum of x2, which we call Xéin, defines the three “recon-
structed Higgs bosons”, h’, for i = {1, 2, 3}. For this spe-
cific combination we calculate the absolute difference with
the Higgs mass and order from smallest to larger: (Ampin,

Ammid, Ammax). We impose cuts on the observables Xfm,
AMmin, AMmig and Ammpax. Furthermore, we impose cuts on
the transverse momentum of the hardest, second hardest and
softest reconstructed Higgs boson, pr (hi) fori ={1,2,3}.
We also impose cuts on the distances between the recon-
structed Higgs bosons, AR(hL, h}). Finally, we ask for the
distances between the two b-jets that comprise the recon-
structed Higgs bosons, ARpp(hY), to satisfy certain upper

@ Springer

bounds. The values of the cuts on these observables are sum-
marised in Table 2.°

3 Standard Model-like triple Higgs boson production
3.1 Anomalous self-couplings

We first consider a scenario in which the triple and quar-
tic couplings are modified independently of each other. This
“agnostic” anomalous coupling approach does not necessar-
ily represent a physically viable theory, but allows for an
investigation of the possible constraints that can be obtained
for SM-like triple Higgs boson production. We thus consider
interactions of the form:

_l 252 3 l 4
V(h) = 2mhh + Asm(1 4 ¢3)voh +4ASM(1+d4)h ,
(3)

where the coefficients c3 and d4 represent the modifications
of the triple and quartic Higgs boson self-interactions respec-
tively. Assuming that the Yukawa couplings to the top and
bottom quarks remain unchanged, these interactions will
induce changes to the main production channel for triple
Higgs boson production, that proceeds through gluon fusion,
mediated by heavy quark loops. Example Feynman diagrams
are shown in Fig. 3, together with their scaling with the coef-
ficients c3 and dj.

In Fig. 4 we show a variation of the cross section at a 100
TeV proton collider, normalised to the SM value. Evidently,
variations of the triple self-coupling via c3 produce larger
changes than equivalent variations with ds. A fit of the cross
section on this plane yields a polynomial in ¢3 and ds which
is quartic in ¢3 and quadratic in dy4. This is because there exist
diagrams with two insertions of the triple self-coupling c3 in
triple Higgs boson production (Fig. 3d), whereas there are
only diagrams with at most a single insertion of d4 (Fig. 3¢)
at this order. The dependence of the cross section on ¢3 and
dy, normalised to the SM cross section, was fitted as:

o (c3, da)pnn

—1=10.0309 x ¢§ —0.2079 x c3
o (SM)ppi
+0.0407 x c3ds +0.7384 x ¢3
+0.0156 x di — 0.1450 x c3dy

—0.1078 x dy — 0.6887 x c3. (4

The formula above can be used to estimate the cross sec-
tion in any model with SM-like Higgs boson triple produc-

© We note that the invariant masses My, and My, presented in
Sect. 2.2 for the SM case, could also prove useful in discriminating
the signal from the backgrounds. However, they would also provide a
method of distinguishing between different new physics scenarios and
hence we chose not to impose any cuts in our analysis.
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(a) A ~ 1 (b) A ~ (1+c3)
Fig. 3 Example Feynman diagrams contributing to Higgs boson triple
production via gluon fusion in the Standard Model, taken from [19].
The vertices highlighted with blobs indicate either triple (blue) or quar-
tic (red) self-coupling contributions. In the (c3, d4) model, a produces

o(c3,ds)/ogm, 100 TeV

Fig. 4 The cross section for triple Higgs production with modified
self-couplings (A4 = Asm (1 + ds) and A3 = Asm(1 + ¢3)) at the FCC-
hh at 100 TeV, normalised to the SM value. The black star indicates the
SM point

tion. For example, in the context of the SM effective field
theory (EFT) at D = 6, setting the relation ds = 6c¢3, one
reproduces to a good approximation, the fit of [19].”

We show in Fig. 5 the normalised invariant mass distri-
bution for the triple Higgs boson system for a few extreme
values of the modifications of the quartic or triple coupling.
It is clear that the anomalous couplings can modify substan-
tially not only the cross section but also the distributions. This
implies that for the same analysis cuts, the efficiency val-
ues will vary across the (c3, ds)-plane. The efficiency ranges
from ~ 0.5% to ~ 2%. A fit of the analysis efficiency € (> 0),
for the cuts given in Table 2, over the (c3, d4)-plane yields:

7 We have chosen to keep the double insertions of the corrections to
the triple self-coupling at the matrix-element level, despite the fact that,
strictly speaking, one would be required to include operators of higher
dimensionality than D = 6 in that case. The necessity of the inclusion
of higher-dimensional operators depends on the specific assumptions
on their scaling behaviour with energy. We refer the reader to a general
discussion of the validity of EFT on SM precision tests in [63].

() M ~ (1+dy) (d) A ~ (1+c3)?
matrix elements unmodified by the anomalous couplings (at this order),
b produce terms o< (1 + ¢3), ¢ o« (1 +ds) and d o (1 + ¢3)%. The
interference of such diagrams produces the terms that appear in Eq. 4

0.0040
pp@100 TeV, modified self-couplings
0.0035 - SM
— =8
> i
o) 0.0030
Q =0
: 0.0025 A
< -
< 0.0020 8
=
S
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©
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Fig. 5 The invariant mass of three Higgs bosons in triple Higgs pro-
duction in the SM and with modified self-couplings (A4 = Asm (1 +ds)
and A3 = Asm(1 + ¢3)) at the FCC-hh at 100 TeV, reconstructed from
Monte Carlo truth with no cuts applied

e(cs, dy) = [0.01 x e =001 x ¢

40.00 x c3dy —0.10 x 3
40.00 x d? — 0.00 x c3dy

—0.02Xd4+0.20XC3+1.31]%, (5)

where some coefficients are zero up to the uncertainty
obtained by the Monte Carlo sample employed. The cross
section after cuts over the (c3, d4)-plane can be obtained by
convolving Egs. 4 and 5.

3.2 Background processes

Some of the background processes will be affected at the
order we are considering by the rescaling of the self-
couplings of Eq. 3, an effect that should be taken into account
in a future analysis. However, we found that the processes
that are affected at leading order by the anomalous couplings,
i.e. those of the form hh + X, where X = Z or bb, consti-
tute sub-permille contributions to the sum of all backgrounds
after our analysis cuts are applied (see results of Table 3).
Therefore we do not consider these variations in our anal-

@ Springer
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Table 3 The processes considered in the six b-jet analysis, for the Stan-
dard Model. The second column shows the generation-level cross sec-
tions with the cuts (if any) as given in the main text. The Z bosons were
decayed at generation level and hence the cross section is given with the
Z branching ratios applied. The third column shows the starting cross

section for the analysis, including the branching ratio to (bb)(bb)(bb),

with a flat K -factor of K = 2.0 applied to all tree-level processes as an
estimate of the expected increase in cross section from leading order to
next-to-leading order. The fourth column gives the analysis efficiency
and the final column gives the expected number of events at 20 ab~!
of integrated luminosity at 100 TeV. The results are given for perfect
b-jet tagging efficiency. The label “ggF” implies that it is gluon-fusion
initiated

Process 0GEN (pb) oNLo X BR (pb) Eanalysis Nzc(l)an*'
hhh (SM) 2.88 x 1073 1.06 x 1073 0.0131 278
QCD (bb)(bb)(bb) 26.15 52.30 2.6 x 1079 27116
qq — hZZ — h(bb)(bb) 8.77 x 1074 4.99 x 10~ 1.8 x 107 ~2

qq — ZZ7Z — (bb)(bb) 7.95 x 104 7.95 x 104 1.2 x 1073 <1
egF hZ7Z — h(bb)(bb) 1.08 x 10~ 1.23 x 1074 0(1073) ~2
egF ZZ 7 — (bb)(bb) 1.36 x 107 2.73 x 107 2x 107 <1
h(bb)(bb) 1.46 x 1072 1.66 x 1072 54 x 10~ 179
hh(bb) 1.40 x 10~* 9.11 x 1073 2.8 x 107 ~1
hhZ — hh(bb) 4,99 x 1073 1.61 x 1073 72 x 1074 23
hZ(bb) — h(bb)(bb) 9.08 x 1073 1.03 x 1072 1.4 x 1074 29
ZZ(bb) — (bb)(bb)(bb) 2.87 x 1072 5.74 x 1072 1x1073 11
Z(bb)(bb) — (bb)(bb)(bb) 0.93 1.87 3% 1073 1121
> backgrounds 2.8 x 104

ysis, instead only considering their SM counterparts as an
order-of-magnitude estimate.

It is also evident that in Table 3 we have only included
irreducible processes, those that are identical at parton level
in flavour content to the signal: (bb)(bb)(bb). As discussed
previously, the degree of the contamination from reducible
backgrounds, those that come from the mis-identification of
light jets or charm-jets to b-jets, can be estimated by assum-
ing that the efficiency of the analysis is identical to that of
the equivalent irreducible ones. Explicitly, we will assume
e.g. that the probability of a (bb)(bb)(c?) event passing the
analysis cuts is identical to (bb)(bb)(bb), multiplied by the
probability that two charm jets are mis-identified as b-jets.
We will assume that the probability of a charm-jet being
mis-identified as b-jet is Z._,, = 0.1 and that of light jets is
Z;_p = 0.01, and that these values are independent of the
b-tagging efficiency which we will take to range from perfect
(100%) to the “worst-case scenario” of 80%, see “Appendix
A”.8 Table 4 shows the starting cross sections of the main
reducible processes and the estimated contribution to the total
cross section of the equivalent irreducible process, QCD six
b-jet production by taking into account appropriate rescal-
ing with powers of Z._., and &;_,;,. Given our results,
the reducible six-jet QCD backgrounds are expected to con-
tribute &'(10%) to &'(30%) of the total tagged six b-jet back-

8 We note that these rejection rates are close to those used in the self-
coupling studies of Ref. [4]. They are also not far from what is currently
achievable with the ATLAS and CMS experiments, see e.g. [64,65].

@ Springer

Table4 The reducible background processes considered in the six b-jet
analysis. The second column shows the generation-level cross sections
with the cuts identical to the ones applied to the irreducible processes
(Table 2). The third column shows the cross section after the mis-tagging
rates have been applied. We only consider processes equivalent to QCD
6 b-jet production. We do not consider process that contain mis-tagged
light and charm jets at the same time

Process 0GEN (pb) 0GEN X Z(6 b — jets) (pb)
(bb)(bb)(cc) 76.8 0.768

(bb)(cé)(cc) 75.6 0.00756

(cc)(cc)(c) 22.5 22.5 x 1073

(bb)(bb)(jj) 1.32 x 10* 1.32

(bb)(jj) () 9.79 x 19° 0.00979

GNGHGD 1.37 x 10° 1.37 x 107°

ground, for perfect b-tagging to &2,_,,, = 0.8, respectively.
Therefore it is clear that the contributions are sub-dominant
with respect to the irreducible process and from here on we
absorb them in the overall uncertainty of the cross section
estimates, the effect of which is also examined in “Appendix
A

3.3 Results for anomalous triple Higgs boson production

As aresult of the analysis described in Sect. 2.4, we show in
Fig. 6 the expected significance that would be obtained on
the (d4, c3)-plane for an integrated luminosity of 20 ab~!and
assuming perfect b-tagging. This result demonstrates that the
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S/vV/B, 100 TeV, 20.0 ab~!, P, = 100.0%

20

15 4

10 4

(‘nap "pis) @ouesiiubis

|
—
S
o

C3

Fig. 6 The significance for our analysis of triple Higgs boson pro-
duction in the (bb)(bb)(bb) final state with modified self-couplings
(A4 = Asm(l 4+ ds) and A3 = Asm(l + ¢3)) at the FCC-hh at 100
TeV. We have assumed an integrated luminosity of 20 ab~! and perfect
b-tagging. The black star indicates the SM point

six b-jet final state could constitute a significant contribution
to the study of triple Higgs boson production. As a concrete
example, a direct comparison with Fig. 6 of Ref. [19], exam-
ining the hhh — (bb)(bb) (y y) final state demonstrates this.
Full comparisons should performed with equivalent assump-
tions on detector performance and collider integrated lumi-
nosity in future studies.

Given that the constraints on the triple self-coupling at the
FCC-hh will reach the percent level, we also consider a sce-
nario in which ¢3 = 0, allowing for variations of the quartic
self-coupling through d4. The resulting one-dimensional sig-
nificance is shown in Fig. 7 for the case of perfect b-tagging.
The constraint in this scenario would then be, at 95% con-
fidence level (i.e. 20), ds € [—1.7,13.3] as indicated by
the red dashed lines in the figure. We defer the equivalent
plots with reduced b-tagging efficiencies and the range of
the pseudorapidity of b-tagging to “Appendix A”. We note
that the significance for the SM triple Higgs boson produc-
tion (ds = 0,¢3 = 0) is ~ 1.70, up to the Monte Carlo
uncertainties.

4 Triple Higgs boson production in the presence of a
singlet scalar

The discussion of the so-called xXSM and the study of this
section follows from [44]. A more detailed discussion of the
model and its relation to strong first-order electroweak phase
transition is discussed therein. See also [66] for a similar
study.

S/v/B, 100 TeV, 20.0 ab~?, P, = 100.0%

significance

T T T T T T T T T
-0 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20

Fig. 7 The significance for our analysis of triple Higgs boson produc-
tion in the (bb)(bb)(bb) final state with modified quartic self-coupling
(g = tsm(l + ds)) and no modification to the triple self-coupling
(c3 = 0) at the FCC-hh at 100 TeV. We have assumed an integrated
luminosity of 20 ab~! and perfect b-tagging. The red dashed lines indi-
cate the 20 points for the constraints on dy

4.1 The xXSM

The most general form of the xSM that depends on the Higgs
doublet, H, and a gauge-singlet scalar, S, is given by (see,
e.g. [38,40,44,67,68]):

V(H,S) = —p>(H H)+ M(H H)*> + %(HTH)S

a oot 2 b b33 b4y
+?(H H)S” + 7S + ?S + ZS , (6)
where the interactions proportional to aj constitute the
Higgs “portal” that links the SM with the singlet scalar. We
follow the study of [44] in retaining all of the parameters, i.e.
we do not impose a Z, symmetry that would preclude terms
of odd powers of S.

After EWSB, the Higgs doublet and the singlet scalar both
attain vevs: H — (vg + h)/+/(2), with vg ~ 246 GeV and
S — xo + s. Inevitably, the two states /& and s mix through
both the Higgs portal parameters a; and ay as well as the
singlet vev. Diagonalising the mass matrix, one obtains two
eigenstates, denoted by &1 and h», where:

hi = hcosf + ssinéf , 7
hy) = —hsinf + scosf .

where 6 is a mixing angle that can be expressed in terms of
the parameters of the model. For 6 ~ 0, iy ~ h and hy ~ s.
We will identify the eigenstate 41 with the state observed at
the LHC, and hence set m = 125 GeV.

@ Springer
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All the couplings of & > to the rest of the SM states are
simply obtained by rescaling by:
ghixx = CosOgNy o &mxx = sinOgXy ®)

with X X any SM final state. This allows for constraints to be
imposed on cos @ through the measurements of Higgs sig-
nal strengths. We concentrate on the scenario my > 2my,
allowing for resonant 71, — hhj, with no new decay modes
appearing for the h1.” The triple couplings between the
scalars i1 and hy, representing terms of the form V (h1, k) D
Aijkhihjhg, i, j, k = {1, 2}, are given by:

1
Al = Avocg + Z(al + 2a2x0)cgsg ,
1 b
+§a2v0s92cp + (? + b4x0> sg ,
_ 2 1 3
Ar12 = volaz — 3X)cysg — 2a2U0S9
1 1
+§(—a1 —2a2x0+2b3+6b4x0)CQs02+Z(a1+2a2x0)cg ,
_ 2 1 3
A122 = vo(3A — ap)syep + 2(121)009
1 2 1 3
+(b3 + 3bgxg — Eal —axxp)sgcy + Z(al + 2axxp)sy
! 3 2
Ao = I [4(h3 + 3bgxp)cy — 6azvocyse
+ 3(a1 + 2a2x0)cgs§ — lZAvOXg] , ©)]

where we have defined ¢y = cos 6 and sg = sin 6. The quar-
tic couplings, representing terms of the form V (hy, hy) D
Mijkthihjhchy, i, j, k, 1 = {1, 2}, are given by:

1
Al = Z(/\c;‘ + axchst + bysy)
1
Min = —5l=bs+ A+ (-ax + st (23 — Dlcasp

1
A2 = 1—6{02 +3(Mbs+ 1)
+3(az — by — MI(c] — s3)* — (spco)?1}

1
Al222 = Z[b4 — A+ (—az+bs+ )»)(Cg - Sg)]sece ,

1
Aayan = Z(b4cg + axclst + rsp) . (10)

The above couplings will lead to processes with multiple /1
and /., in the final state.

In [44], the authors studied parameter-space points, satis-
fying conditions on the scalar sector of the xSM that lead to
strong first-order electroweak phase transition (SFOEWPT).
They then derived benchmark points taken from this allowed
set that leads to enhanced resonant Higgs boson pair produc-
tion,i.e. hp — hihy,considering the phenomenological con-
sequences, i.e. whether enhanced 4141 would be observed at

9 We note the study of [69], where the heavier state is identified with
the SM-like Higgs boson instead.

@ Springer

future colliders, including a 100 TeV proton collider. One of
the main conclusions was that such a collider could probe
nearly all of the viable SFOWEPT-viable parameter space
through this process, leading to a potential discovery of the
xSM.

Here we consider the benchmark points of [44] in the
context of (SM-like) triple Higgs boson production, pp —
hyhyh1, which can potentially lead to a measurement of both
the triple and quartic couplings in the xSM, in the event of dis-
covery. Furthermore, there could be fine-tuned points in the
xSM that lead to some of the scalar couplings being small. In
that scenario, triple Higgs boson production could conceiv-
ably provide an alternative route for discovery of the xSM.
We show in Tables 5 and 6 in the next section the parame-
ters for the benchmark points, which are labelled in [44] as
“Blmax” to “B11max” and “B1min” to “B11min”.

4.2 Triple Higgs boson production in the xSM

The process by which three /| scalars are produced via gluon
fusion consists of diagrams identical to those that appear in
Fig. 3, with the addition that there exist diagrams with SM-
like Higgs propagators (i.e. /11 in this case) substituted by /5.
The strength of the interactions that appear in these diagrams
is governed by the triple and quartic couplings of Egs. 9 and
10. Note that the triple /1 coupling, A111, will also be modi-
fied in the xSM. In general there will be an intricate interfer-
ence pattern between all the contributing non-resonant and
resonant diagrams. Our aim here is not to provide a detailed
study of these effects; instead we investigate the observability
of triple Higgs boson production, pp — hihhy, in the con-
text of the six b-jet final state, focussing on the SFOEWPT
benchmark points provided in [44], which appear in Tables 5
and 6. For each point we also give the total triple /& pro-
duction cross section as a ratio to the SM hhh, including
the full (top or bottom quark) loop structure and interference
effects. For comparison we have also calculated the total /1
pair production cross section as a ratio to the SM hh. One
can observe that the enhancement in /151 h production can
be larger than the enhancement in /1h.

We show in Figs. 8 and 9, the invariant mass of the three
Higgs boson system and the transverse momentum of the
hardest Higgs boson in triple /4 production within the xSM
for three benchmark points as well as the SM expectation
for comparison. The double-peak structure that is present in
the distributions is physical and is due to the possibility of
either an on-shell decay i, — hihih, leading to a peak in
Mppy at ~ my, or an on-shell decay i, — hih; with either
hy or h1 being off-shell in a preceding s-channel propagator,
leading to the peak in My, at ~ mo + mj. We note that a
similar effect was pointed out in [70] in pp — hS — hyy,
in the context of a Zp-symmetric singlet scalar model.
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Table 5 Values of the various xSM independent and dependent param-
eters for each of the benchmark values chosen to maximize the
o - BR(hy — hihp) at a 100 TeV proton collider, taken from [44].

The ratio of cross sections of A1k to SM hh and of hihihy to hhh
production are given in the last two columns

Benchmark cosf sinf  my (GeV) [, (GeV) xo(GeV) A ay (GeV) a b3 (GeV) by e ((:;l;’;& ‘;i’%gﬁ u
Blmax 0.976  0.220 341 242 257 092 377 0.392 —403 0.77 22.44 60.55
B2max 0.982 0.188 353 2.17 265 0.99 —400 0.446 —378 0.69 22.43 56.69
B3max 0.983 0.181 415 1.59 54.6 0.17 —642 3.80 —214 0.16 6.43 3.01
B4max 0.984 0.176 455 2.08 474 0.18 =707 4.63 —607 0.85 5.19 3.37
BS5max 0.986 0.164 511 2.44 40.7 0.18 —744 5.17 —618 0.82 3.49 2.94
B6max 0.988 0.153 563 2.92 40.5 0.19 —844 5.85 —151 0.083 2.79 3.60
B7max 0.992 0.129 604 2.82 36.4 0.18 —898 7.36 —424 0.28 2.51 4.70
B8max 0.994 0.113 662 2.97 329 0.17 =976 8.98 —542 0.53 2.28 491
B9max 0.993 0.115 714 3.27 29.2 0.18 —941 8.28 497 0.38 1.98 2.68
B10max 0.996 0.094 767 2.83 24.5 0.17 =920 9.87 575 0.41 1.95 2.35
Bllmax 0.994 0.105 840 4.03 21.7 0.19 —988 9.22 356 0.83 1.76 1.03
Table 6 Values of the various xSM independent and dependent param- ratio of cross sections of 11y to SM hh and of h1hyh| to hhh produc-
eters for each of the benchmark values chosen to minimize the o - tion are given in the last two columns

BR(hy — hihp) at a 100 TeV proton collider, taken from [44]. The

Benchmark cos  sinf  my (GeV) [}, (GeV) xo (GeV) A ay (GeV) a b3 (GeV) by g((/i' /l)hslni ';((};lﬁ‘)z;/l)
Blmin 0.999 0.029 343 0.041 105 0.13 -850 391 — 106 0.29 2.35 1.24
B2min 0.973 0.231 350 0.777 225 0.18 —639 0986 —111 097 1.86 0.76
B3min 0.980 0.197 419 1.32 234 0.18 —981 1.56 0.42 0.96 2.04 0.78
B4min 0.999 0.026 463 0.0864 56.8 0.13 —763 6.35 113 0.73 2.34 1.68
B5min 0.999 0.035 545 0.278 50.2 0.13 —949 8.64 151 0.57 2.39 2.86
B6min 0.999 0.043 563 0.459 33.0 0.13 —-716 9.25 —448 0.96 2.42 3.90
B7min 0.984 0.180 609 4.03 342 022 —822 4.53 —183 0.57 1.72 0.75
B8min 0.987 0.161 676 4.47 30.3 0.22 —93] 5.96 —680 043 1.64 0.75
B9min 0.990 0.138 729 4.22 27.3 0.21  —909 6.15 603 093 1.68 0.91
B10min 0.995 0.104 792 3.36 22.2 0.18 —936 9.47 — 848 0.66 1.81 1.31
B11min 0.994 0.105 841 3.95 21.2 0.19 —955 8.69 684 0.53 1.76 0.94

4.3 Results for xSM triple Higgs boson production

Table 7 shows the significance of the analysis applied to the
22 benchmark points Blmax—B11max and B1min-B11min.
The analysis has not been optimised for the specific features
of these points, but the cuts are instead applied verbatim fol-
lowing those described previously (Table 2). It is quite likely,
as was shown in [44], that the /&, mass will be known dur-
ing the lifetime of the FCC-hh through the observation of
resonant production pp — hy — hih 10 This informa-
tion could then be employed in the analysis to enhance the
significance of the hjhih; further, particularly taking into
account the “double-peak” structure that we have pointed
out in Sect. 4.2. Furthermore, cuts affected by the changes in

10 See also [71] for an investigation of resonant Higgs boson pair pro-
duction in the SM with an additional gauge-singlet scalar.

the transverse momentum distributions as well as the angular
distances can be subject to further optimisation.

Given the values of the significance that we find here, it
is conceivable that the pp — hihih; channel will play a
crucial role in understanding the extended scalar sector in
many viable scenarios of scalar gauge-singlet models that
satisfy the constraints provided by requiring a SFOEWPT.!!

5 Conclusions

We have investigated triple Higgs boson production at a
future proton collider with centre-of-mass energy 100 TeV,

1 We note here that the ratio of hjhh; to hih might be interesting
to investigate in this scenario, so as to reduce theoretical uncertainties,
as was done in [72] for the case of Higgs boson pair production.

@ Springer
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Fig. 8 The (normalised) invariant mass distribution of the three Higgs
boson system in triple #; production within the xSM at the FCC-hh at
100 TeV, reconstructed from Monte Carlo truth with no cuts applied. We
show three benchmark points from [44], as well as the SM expectation
for comparison
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Fig. 9 The (normalised) transverse momentum distribution of the
hardest Higgs boson in triple &1 production within the xXSM at the
FCC-hh at 100 TeV, reconstructed from Monte Carlo truth with no
cuts applied. We show three benchmark points from [44], as well as the
SM expectation for comparison

in the case when all three Higgs bosons decay to bottom-
anti-bottom quark pairs, producing six b-jets. We have con-
structed a detailed phenomenological hadron-level analysis
including the effects of detector geometry. This analysis was
applied to two scenarios: in the first one, SM-like triple Higgs
boson production, we allowed for “anomalous” modifica-
tions of the triple and quartic self-couplings independently.
For the SM point, (d4, c3) = (0, 0), we demonstrated that
significances of ~ 20 can be obtained from the six b-jet final
state alone. Furthermore, we have shown that a constraint of
dy 2 —2 could be obtained in the case that the triple cou-
pling is measured to be close to the SM value, c3 ~ 0. These
results are competitive with previously studied final states,

@ Springer

Table 7 The significance (in standard deviations) of the six b-jet anal-
ysis in h1hyhy, applied to the benchmark points of Tables 5 and 6. We
have assumed a perfect b-tagging efficiency

Benchmark Significance Benchmark Significance
Blmax 46.6 Blmin 1.7
B2max 42.9 B2min 1.3
B3max 2.9 B3min 1.1
B4max 3.7 B4min 2.0
B5max 3.0 B5min 3.3
B6max 3.8 B6min 4.2
B7max 5.3 B7min 1.4
B8max 7.8 B8min 1.4
B9max 5.9 B9min 1.9
B10max 49 B10min 3.0
B1lmax 2.3 B1lmin 2.0

rendering the six b-jet process an important contribution to
the study of the self-couplings of the SM Higgs boson. In the
second scenario, we considered an extension of the SM by a
gauge-singlet scalar that could drive strong first-order elec-
troweak phase transition. We investigated the triple produc-
tion of the resulting SM-like scalar in the particular six b-jet
final state, for several well-motivated benchmark points com-
patible with strong first-order electroweak phase transition,
and we concluded that large significances can be obtained
for many of these. This motivates further study of the triple
Higgs boson process in the context of future collider studies
of scalar singlet models.

Finally, we emphasise that our conclusions are affected by
uncertainties due to the absence of higher-order calculations
for several of the background processes and details of the
performance of the detector, particularly with respect to the
tagging efficiencies, acceptance rates, resolution and triggers.
Once these uncertainties have been better understood, a more
detailed analysis, e.g. considering the differences between
the radiation pattern of the colour singlet Higgs boson and
QCD, or employing more advanced multivariate techniques,
could lead to higher significances. Nevertheless, we have
demonstrated here by varying several parameters, that the
six b-jet process will certainly constitute an important com-
ponent of the study of triple Higgs boson production at a
future 100 TeV hadron collider.
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Appendix A: Variations and uncertainties

In Figs. 10 and 11 we show variations of the significance
on the (dy, ¢3)-plane with 20 ab—!, when the b-tagging effi-
ciency is reduced from 100% (perfect), to 90% and 80%,
respectively. We also show the c3 = 0 significance over
the values of d4 in Figs. 12 and 13. The equivalent con-
straints at 95% C.L. on d4 would then be, respectively,
dy € [—3.6,15.2] and dy € [—6.0, 17.6], with 20 ab™!.

The FCC-hh detector coverage over which b-jets will be
tagged might also be tighter. Maintaining perfect b-tagging
within the restricted region, with the given set of cuts, we
apply |np| < 2.5 instead of |n,| < 3.2. The 95% C.L. con-
straint on dy in this case would be slightly shifted, yielding
arange: ds € [—3.1, 14.2] at 95% C.L.. The significance for
the SM point (dy4, c¢3) = 0 is also reduced to 1.30.

Finally, by far the largest theoretical uncertainty is in the
K-factors for the tree-level background processes. In the
main part of this article, we have applied K = 2 to all of
these. If this is increased to K = 3 for all tree-level back-

S/vB, 100 TeV, 20.0 ab™!, P, ., = 90.0%

(nep "pis) @oueonubis

Fig. 10 The significance for our analysis of triple Higgs boson pro-
duction in the (bb)(bb)(bb) final state with modified self-couplings
(A4 = Asm(1 4 dy) and A3 = Asm(1 + ¢3)) at the FCC-hh at 100 TeV.
We have assumed an integrated luminosity of 20 ab~! and b-tagging
efficiency of 90%. The black star indicates the SM point

S/VB, 100 TeV, 20.0 ab~?, P, = 80.0%

(‘Aop pis) aoueoyyubis

Fig. 11 The significance for our analysis of triple Higgs boson pro-
duction in the (bb)(bb)(bb) final state with modified self-couplings
(Ag = Asm (1 +dg) and A3 = Asm(1 + ¢3)) at the FCC-hh at 100 TeV.
We have assumed an integrated luminosity of 20 ab~! and b-tagging
efficiency of 80%. The black star indicates the SM point

S/v/B, 100 TeV, 20.0 ab~*, P, = 90.0%

significance
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Fig. 12 The significance for our analysis of triple Higgs boson produc-
tion in the (bb)(bb)(bb) final state with modified quartic self-coupling
(ka4 = ism(1 4 d4)) and no modification to the triple self-coupling
(c3 = 0) at the FCC-hh at 100 TeV. We have assumed an integrated
luminosity of 20 ab~! and b-tagging of 90%. The red dashed lines
indicate the 20 points for the constraints on ds

ground processes, we would obtain ~ 4.3 x 10* background
events, yielding a significance for the SM point of ~ 1.30.
On the other hand, if this is reduced K = 1.5, the number
of background events would decrease to ~ 2.1 x 10* with
a significance of ~ 1.90. We reckon that shape uncertain-
ties may also be important, in particular those effects due to
extra radiation generated before the production of b quarks.
However given the complexity related to assessing this kind

@ Springer
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13 The significance for our analysis of triple Higgs boson produc-

tion in the (bb)(bb)(bb) final state with modified quartic self-coupling

(A4

= Asm(1 + d4)) and no modification to the triple self-coupling

(c3 = 0) at the FCC-hh at 100 TeV. We have assumed an integrated
luminosity of 20 ab~! and b-tagging of 80%. The red dashed lines
indicate the 20" points for the constraints on dy4

of uncertainties, we do not include them in this explorative
study.
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