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Abstract

A feasibility study of triple Higgs boson production at the Future Circular Col-
lider proton—proton stage, FCC-hh, at a centre-of-mass energy /s = 84 TeV
has been performed in the 4b27 final state. SM-like HH H signals are stud-
ied. Both the mixed leptonic-hadronic (TepThad) and fully hadronic (ThadThad)
decay modes of the T-lepton pair are considered in orthogonal channels and
combined. For each channel, a neural network classifier is trained to improve
experimental sensitivity by discriminating between the H H H signals and Stan-
dard Model backgrounds, utilising kinematic features of the events’ reconstructed
objects and Higgs boson candidates. Considering a conservative jet flavour iden-
tification uncertainty (uncertainty Scenario I), a 95% upper cross-section limit
of 3 X o£P 1 is expected, with the ThadThaa channel leading in sensitivity. The
sensitivity of this final state to constrain the tri-linear and quartic Higgs self-
couplings is evaluated for several uncertainty scenarios. Assuming the SM value
of the trilinear self-coupling, a constraint is derived on the quartic self-coupling of
between —5.6 and 21 times the SM value at 68% CL. In combination with other
triple-Higgs final states, this result demonstrates the potential of the FCC-hh to
constrain the quartic Higgs self-coupling.



1 Introduction

Since the discovery of the Higgs boson by the ATLAS and CMS experiments in 2012,
a rich and wide-ranging suite of measurements probing its properties have been per-
formed, including its mass, width and its couplings to fermions and gauge-bosons.
Furthermore, measurements probing the electroweak symmetry breaking mechanism
(EWSB) via the shape of the Higgs-potential are a crucial component of the LHC
physics programme.

The Higgs-potential may be parametrised as

1
V(H) = SmiH? + kahoH? + %/\H“ (1)
where my is the mass of the SM Higgs boson, v is the vacuum expectation value,
2
A= g; % and k3 and k4 are the ratios of the tri-linear and quartic Higgs self-couplings

to their SM predictions (k; = A;/APM), such that k3 = k4 = 1 in the SM [1]. To
constrain 3 directly, di-Higgs production (HH) is needed, however direct constraint
of k4 requires the study of triple-Higgs production (HH H). Complementary k4 sen-
sitivity may result from indirect methods, utilising EW-loop level corrections to HH
production [2, 3].

Production of HHH at hadron colliders is an exceptionally rare process in the
SM and upon completion of 3 ab~! of /s = 14 TeV data-taking at HL-LHC,
where the Next-to-Next-to-Leading-Order (NNLO) HH H production cross-section is
oM = 0.103 fb, the expected yield of HHH events is only O(10%). Compared
to the HH yield of O(10°), the challenge of constraining k4 relative to k3 is clear.
Measurements have been performed by the ATLAS [4] and CMS [5] collaborations in
the 6b and 4b2+v final states respectively, yielding expectedly weak constraints on the
quartic self-coupling. Upon completion of the high-luminosity LHC runs, ATLAS and
CMS are expected to constrain x3 € [0.7,1.3] and x4 € [—84,96] for k3 = 1 at 95%
confidence level (CL) in the 6b-channel [6]. Only modest improvements of this limit
are expected through improved reconstruction techniques and combination with addi-
tional channels. Notably, it is not foreseen that these limits will appreciably probe the
space not excluded by perturbative unitarity constraints [7].

SM-like H H H production at hadron colliders predominantly arises via gluon-gluon
fusion with top-quark loops; the four leading diagrams, alongside the associated depen-
dency on the coupling-modifiers, are shown in Figure 1. With the significant increase
in collision energy at the proposed FCC-hh, the cross-section for gluon-gluon fusion
processes exponentially increases, and the 0?3 - NNLO prediction at /s = 84 (100)
TeV is 3.56 (5.56) fb [8]. At the baseline /s = 84 TeV considered in this analysis,
the production cross-section is thus 53.98x larger than the HL-LHC prediction, and
the expected yield of SM H H H events is O(10°). Given the higher-statistics, one can
expect otherwise statistically limited, but experimentally cleaner signatures such as
4b2+v and 4b27 channels to prove powerful compared with the previously probed 6b
channel. A breakdown of channel statistics is provided in Table 1.

This note documents an analysis of the 4627 channel, with fewer irreducible back-
grounds and a more readily reconstructed final state than 6b. Feasibility studies are
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Fig. 1: Feynman diagrams for leading-order [QCD] gg — HHH production via a
quark loop. The dominant production mechanism is shown in (a), whilst sub-leading
diagrams (b), (c) and (d) are sensitive to k4, xzand k3 respectively, as indicated by
labels.

Table 1: Expected number of H H H events in various Higgs boson
decay channels at /s = 84 TeV and £ = 30 ab™!, assuming SM
Higgs boson branching ratios (BRs) from Ref. [9].

Final state BR expression Expected events (30 ab™1)
6b (0.58)3 20,819

4b27 3 x (0.58)2 x 0.063 6,791

412b 3 x (0.063)2 x 0.58 761

4b2y 3 x (0.58)% x 0.0023 247

27272b 6 x 0.58 x 0.063 x 0.0023 93

67 (0.063)3 27

462W 3 x (0.58)2 x 0.215 23,200

204W 3 x 0.58 x (0.215)2 8,571

6W (0.215)3 1,055

performed to establish the expected sensitivity to SM H H H production cross-section,
01‘3% > at the FCC-hh. Furthermore the expected sensitivity of using HH H produc-
tion to constrain SM-like scenarios with k3 and x4 modified from their expected SM
values, is investigated. The note is structured as follows. First, a summary of the
Monte Carlo (MC) simulated events used is given in Section 2. Section 3 explains how
events are reconstructed and Section 4 describes the event selection process used to
obtain sensitivity. The statistical analysis procedure is detailed in Section 5 followed
by a description of the systematic uncertainties considered in Section 6. The results
are presented in Section 7, with final conclusions drawn in Section 8.



2 Monte Carlo simulations

The baseline detector concept used for the FCC-hh physics studies is described
in Refs. [10, 11], wherein Scenario-II is used. All samples are simulated using the
DELPHES framework [12], with the parametrisation documented in Ref. [13]. The sam-
ples are then further processed for analysis using the Key4hep framework [14]. With
the large centre-of-mass energy and instantaneous luminosity, the pileup profile is sig-
nificant, reaching O(1000) additional interactions along the beamline. Despite this,
pile-up is not considered in the analysis, since studies into the FCC-hh pile-up miti-
gation performance are on-going and techniques are foreseen to significantly improve
with the experience gained during the HL-LHC - operating nominally around an
average pile-up of @(200). Including the harsh pile-up profile without such advanced
techniques deployed therefore would be overly conservative.

MC simulated samples are used for all signal and background processes in this
analysis. All processes are generated at leading order with MADGRAPH 5 [15], partons
showered and decayed with PyTHIA 8.311 [16], and smeared with the DELPHES fast
simulation of the FCC-hh Scenario II detector concept. The H — bb branching fraction
is set as 0.582, and its total width 4.088 MeV, corresponding to the SM values for a
Higgs boson mass of 125 GeV [9]. In line with other FCC-hh feasibility studies, the
MMHT2015ged nlo PDF set is used.

Signal samples for HHH production are generated assuming the SM values of
(k3,k4) = (1,1), including all diagrams shown in Figure 1 with full interference.
Sample re-weighting is used to obtain events at different (k3, £4) values. This is imple-
mented using the MADGRAPH 5 re-weighting tool [17], following a similar procedure
to that outlined in Ref. [18]. Variations in the cross-section across the (ks, k4) plane
considered are shown in Figure 2. The values of (k3, k4) determine the interference
between the diagrams, which impact the resultant event kinematics.

SM background processes generated include the dominant ¢t processes with addi-
tional b-jets (tf + bb), and sub-dominant processes including t#H, ttZ, ZZZ and tttt.
Other SM background processes such as HH, Z + jets and diboson are expected to
give small contributions and are left for future studies. Irreducible non-resonant back-
grounds such as QCD are not included but expected to be small or reducible via a
continuum background subtraction approach.

3 Event reconstruction

DELPHES provides a parametrised detector response, with resolution functions and
efficiency factors for particle reconstruction and identification. Physics objects such
as tracks and calorimeter clusters are generated, along with analysis objects such
as leptons, jets, jet flavour assignments and missing transverse momentum E?iss.
Hadronic jet reconstruction is performed using a particle flow method that integrates
track and calorimeter data to yield particle flow candidates, which are also used for
leptonic isolation and EMsS determination.

Hadronic jets are reconstructed using the anti-kt clustering algorithm [19] with
a radius parameter of 0.4, from particle-flow objects. They are required to have a
pr > 25 GeV and |n| < 4.
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Fig. 2: The relative HH H production cross-sections at /s = 84 TeV as a function of
the SM cross-section o5k, across the (3, #4) plane.

Truth-particles are associated to reconstructed jets with a matching radius of 0.3.
The jets, with the corresponding flavour association, are passed through the respec-
tive identification efficiency map, parametrised as a function of jet pr and 7. Jets
originating from B-hadrons are identified from the total visible four-momentum of
the jet candidates using the Medium identification working point defined in Ref. [13].
Hadronically decaying 7 candidates (mh,q4) are reconstructed from the total visible
four-momentum of the jet candidates using the Medium identification working point
defined in Ref. [13]. They are required to have a pr > 25 GeV and |n| < 4.

For both b-jet and 7,4 identification algorithms, (mis-)tagging efficiencies rely on a
parametrisation in jet pp and 1. These efficiencies are inspired by current transformer-
based tagging algorithms employed at the CMS experiment [20, 21], and are fully
described in Ref. [13]. The assumed b-jet tagging efficiency e, ranges from 75 — 85%,
and the light (charm) jet mis-tag rates range from 0.6 — 1.5% (10 — 20)%, across pr
and 7. The assumed T,.q tagging efficiency e, is 80 — 88% depending on the pr of the
Thaa candidate, the hadronic jet mis-tag rates €; are 1 — 2% depending upon the pr
of the jet. An overlap removal procedure is applied to the b-jet and 7.4 candidates to
avoid double-counting.

Electron and muon candidates, defined by DELPHES, are required to have a pp > 20
GeV and |n| < 4. Electron and muon reconstruction and identification efficiencies are
parametrised as functions of pr and 7. For each given electron (muon) candidate, all



particle flow objects within AR < 0.3 are used to define:

Zi[AR<O.3] P

1= pr(l)

2)

To remove the contribution of both non-prompt leptons and leptons originating from
a B-hadron decay, the following isolation criterion is applied. Electron and muon can-
didates are considered isolated if I < 0.2. The four-momenta of b-jets are corrected
through the inclusion of non-isolated muons within AR < 0.4 of the jet axis, which
improves the mean reconstructed Higgs boson mass and (slightly) its resolution.

The detector signature for stable invisible particles produced at FCC-hh is miss-
ing transverse momentum. The two-dimensional missing transverse momentum vector
?%‘iss is computed as the negative vector sum of the pt of all the reconstructed par-

miss

ticle flow objects in an event. The magnitude of this vector, Ef'*®, is the missing
transverse momentum value used in the analysis. Associated to the Ef'*® is the B
significance, estimated as EfF'/\/Hp, where Hr is defined by the scalar sum of the

pr of the particle flow objects in the event.

4 Event selection

Two orthogonal analysis channels are considered which target different decay modes of
the pair of T-leptons originating from one of the Higgs boson decays: TiepThad, targeting
the case where one tau decays hadronically and the other leptonically (to either an
electron or muon) and ThadThad, targeting the case where both decay hadronically. In
each channel, a set of Preselection requirements are applied to all events for use in the
analysis. Subsequently, in each channel a Neural Network (NN) classifier is trained
to discriminate between the H H H signal and SM backgrounds, and a requirement is
placed on the NN output score to define two single-bin search regions (SR-TiepThaa and
SR-ThadThad)- To produce the final results the SR-TjepThad and SR-Thad Thad regions are
fit simultaneously. A summary of the event selection is given in Table 2.

4.1 Preselection

Events are required to contain exactly four b-tagged jets and two 7-lepton candidates,
with no additional charged leptons (e or p) present beyond those from the correspond-
ing T-lepton decays. For both channels, the B-hadron jets from Higgs boson decays are
targeted by slightly raised selections on their transverse momenta, with the leading
three b-jets required to be greater than 40, 35 and 30 GeV, respectively.

Two oppositely-charged (OS) hadronic-7 candidates with the medium working
point are required for the 754 7had channel. For the Tjcpmhaq channel, oppositely charged
pairs formed from one electron or muon, and one hadronic 7 candidate, are required.’

1The pr distribution of the charged leptons from the 7-lepton decay is relatively soft, thus there would
be an efficiency gain were it possible to lower the pt > 20 GeV requirement in the FCC-hh environment.



Table 2: Summary of the event Preselection for the
ThadThad aNd TiepThad channels, and definitions of SR-
TlepThad aNd SR-Thad Thad-

Variable Tlep Thad Thad Thad
Preselection

n(b) ==4

pr(b1) [GeV] > 40

pr(b2) [GeV] > 35

pr(bs) [GeV] > 30

pr(ba) [GeV] > 25

1(Thad) ==1 ==2

n(l=e/p) ==1 —

T Charges OS(Thad7 l) OS(Thad: 7-had)

pT(Thad 1) [GeV} > 25

PT(Thadz) [GeV] - >25

pr(l) [GeV] > 20 -
SR-TiepThad SR-Thad Thad

Preselection Pass

NN Score NNiephad > 0.9875  NNpadhada > 0.9875

4.2 Higgs boson candidate reconstruction

The kinematic properties of the Higgs boson candidates are helpful in discriminating
between the signal and SM backgrounds. To reconstruct the four-momentum of the
Higgs boson that decays into a pair of 7-leptons, the four-momentum of the 77 system
is used. The Higgs boson mass is defined by the visible part of the reconstructed 77
invariant mass (mY$-©%). The distributions of the reconstructed Higgs boson mass for
each of the HH H signal and SM background processes are shown in Figure 3, in the
TlepThad @0d ThadThad channels, showing the expected behaviour that the signal mass
peaks below 125 GeV due to the missing invisible component. 2

To reconstruct the two Higgs boson candidates that each decay into pairs of b-jets,
a pairing algorithm is applied to events passing the Preselection to decide which of
the four b-jets originate from which Higgs boson decay. The optimal pairing algorithm
found is defined by minimising the greatest angular separation between the Higgs
boson candidates decay products (jets , j, k,1). This can be expressed as:

min(ARpax(b,b)) = ir’?ilcr}l(max(AR(i,j), AR(k,1))). (3)

The two Higgs boson candidates are then numbered in descending pr.

The distributions of the higher pt reconstructed Higgs boson mass for each of the
HHH signal and SM background processes are shown in Figure 4. This shows the
successful identification of a resonance around the Higgs boson mass for the HHH
signal and t#H background which contain a real Higgs boson. It also shows an expected

21t is expected that analysis sensitivity can be improved by using the Missing-Mass-Calculator [22] to
estimate the full 77 invariant mass including the invisible component. This is planned for inclusion in a
future iteration of the analysis.



FCC-hh Scenario Il — tibb zzz FCC-hh Scenario Il —— tibb zzz
| Delphes Simulation — tth — titt | Delphes Simulation — tth — titt
Vs =84TeV, 30ab~! ttz == HHH-4b2T Vs =84TeV, 30ab~! tiz == HHH-4b2T

o o o
S
5 5 B
g & 8
:

°© o o
O
5 2 0B
g & 8

Preselection: HadHad

Preselection: LepHad

Normalised events
Normalised events

0.1254 0.1254
0.100 4 0.100
0.075 4 0.075 4
0.050 0.050 1

0.025 4 0.025 4

0.000 T T T T T T T T 0.000 T T T T T T T T
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
m¥is=05 [GeV] mYis=05 [GeV]

Fig. 3: Distributions of the H — 77 candidate mass (mY5"08) for the HHH signal
and stacked SM backgrounds. The (a) TiepThad and (b) ThadThaa channels are shown
with the Preselection applied. Histograms are normalised to unit area.

peak at the Z-boson mass for the tZ and ZZZ processes, well-separated from the
signal distribution, and broad distributions for the non-resonant ¢f and tttt processes.
The overall signal-background discrimination provided by the reconstructed masses of
the Higgs boson candidates decaying into b-jets is further illustrated in the stacked
histograms in Figure 5.

4.3 Machine Learning

Although the Preselection is effective at eliminating a large portion of the SM back-
ground, the H H H signature is of exceptionally low cross-section and hence benefits
from the use of machine learning classifiers to enhance sensitivity. For each of the
TlepThad a1d ThadThad channels, a NN classifier (NNiephad, NNhadhad) is trained to dis-
criminate between the HH H signal and SM backgrounds, and a cut is placed on the
resulting NN output score to define the search region in that channel.

Input features to the NNs are chosen from kinematic variables related to the
kinematics of the b-jets, T-leptons, reconstructed Higgs boson candidates, EX and
event-wide variables. An example important variable for each network is shown in
Figure 6. In particular, there is significant discriminating power in the reconstructed
Higgs boson candidate masses, as the SM backgrounds lack the triply-resonant struc-
ture of the H H H signal. With variations in k3 and k4 manifesting in varied event-wide
kinematic distributions, care is needed when choosing the classifier’s input feature set
to avoid performance loss away from the SM signal used for training. An example of
such variations is shown in Figure 7, where strong shape variations across k3 and ky
are observed. Resonant features targeting specific Higgs boson kinematics are invari-
ant across the (k3, k4) plane, and thus prove beneficial in rejecting background whilst
remaining robust across the targeted parameter space.
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The NNs are implemented using Scikit-Learn [23]. The Optuna framework [24] is
used to optimise the hyper-parameters in each network. For both NNs, an architecture
with two hidden layers is chosen, with 256 hidden nodes in the first layer and 128 in
the second. Rectified linear unit (ReLU) activation is used. A standard Binary Cross-
Entropy loss function is used. For NNicpnad (NNhadnad) @ batch size of 512 (256) is
used, a learning rate of 0.01104 (0.002695) and an early-stopping patience of 15 (13)
epochs.

The networks are trained on SM H H H signal and SM background events passing
the Preselection, amounting to a total training dataset of size 4 x 10° events. Equal
sets of signal and background events are used for training, with the composition of the
background set following that of the preselection. To avoid overtraining and benefit
from the full set of available simulated samples, orthogonal training and testing/vali-
dation datasets are used. These are defined through a k-fold splitting procedure with
k =2 [25].

The score distributions are shown in Figure 8, illustrating the H H H signals suc-
cessfully peaking at the ‘signal-like’ score of 1 and the SM backgrounds peaking at
the ‘background-like’ score of 0. To define SR-TicpThad (SR-ThadThad), the NNicphad
(NNhadnhaa) score is required to be greater than 0.9875.

5 Statistical Analysis

A combined likelihood is constructed for the two independent channels and the cor-
responding profile likelihood ratio is maximised. The common fitted parameter of
interest, p, is the signal strength of a given (k3, k4) prediction, defined as the ratio of

10
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the observed to the predicted value of the signal cross-section times branching ratio
for that parameter point. Systematic uncertainties are included in the fit as nuisance
parameters (NPs), denoted by the set ?, and are constrained by Gaussian or Pois-
son probability density functions. The 68% and 95% confidence level exclusions are
obtained using the frequentist CLs prescription [26] with the profile likelihood ratio
test statistic [27]:

Gu = —2log (W) , (4)
L(f1,0)
where the numerator indicates the value of # that maximises £ for a given value of
11, and the denominator is evaluated for the values of fi and § which jointly maximise
the likelihood.

Four fits are performed using the TRexFitter framework [28]. Firstly, an upper-
limit scan is performed for the SM HHH cross-section, with the limits corresponding
to the 95% CL. Secondly, independent variations to (k3, x4) are considered across the
plane using a 2D likelihood scan. Given that LHC measurements currently favour ks

11
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values close to the SM prediction [29], a third fit is performed in which x5 is fixed to
its SM value while k4 is varied, effectively probing the quartic coupling in isolation.
Finally, a fit scanning k3 values for k4 = 1 is performed, to evaluate the sensitivity to
k3 alone.

6 Systematic uncertainties

Systematic uncertainties are considered on the b-jet and 7-lepton identification effi-
ciencies and the integrated luminosity determination. Two scenarios are defined for
particular performance regimes as indications of the analysis’ sensitivity to detector
design; a case without systematic uncertainties ‘No syst’ is also evaluated to illustrate
their impact. In Scenario I: b-jet and 1,4 efficiency uncertainties are estimated to be
1% per-object, leading to total uncertainties of 4.1(2.0)% for b-jet (7) identification
respectively in SR-TiepThad and SR-ThadThad. Additionally, the luminosity uncertainty
is taken to be a 1% variation in the expected yields in SR-TiepThad and SR-ThadThad. In
Scenario II: b-jet and 7,,q efficiency uncertainties are estimated to be 2% per-object,
leading to overall 8.2 (4.0)% uncertainties for b-jet () identification respectively in
the in SR-TiepThaa and SR-ThadThaa. Additionally, the luminosity uncertainty is taken
to be a 2% variation in the expected yields in SR-TiepThad and SR-ThadThad->

3We note that both scenarios are extremely conservative, as background yields and experimental identifi-
cation efficiencies are expected to be determined through data-derived approaches, significantly constraining
experimental systematics and also reducing theoretical ones.

12



7 Results

The expected yields of signal and background samples are shown in Table 3. The signal
yields remain small, illustrating the need for good control of background processes,
and further work to optimise the selection efficiency.

Table 3: Expected nominal HH H signal and SM background yields in
SR‘ThadThad and SR'TlepThad«
HHH | Total SM | & ttH #Z ZZZ titt S/VB

SR-Thad Thad 14 2210 1760 340 108 2.6 026 004
SR-TlepThad 19 390 310 63 15 044 009 095

The expected 95% CL upper limit on the SM cross-section upper limit of 10.5 b,
corresponding to 3.0 x o5k, at /s = 84 TeV. This is calculated using the Scenario
I systematic uncertainty set-up. For comparison, the ATLAS Run-2 result [4] placed
a limit of 59 fb, 760 x o3k, at /s = 13 TeV.

The expected simultaneous limits on the Higgs self-coupling modifiers k3 and k4
are shown in Figure 9, with the respective negative log-likelihood values shown in
Figure 10. The systematic uncertainty Scenario I is used for the fit results. Compar-
isons across each systematic Scenario, at the 68% CL, are shown in Figure 11. As
expected from the smallness of the signal and the systematic uncertainties’ conser-
vatism, their impact is significant, motivating the use of data-derived approaches to
constrain them.

Independent likelihood scans are performed for each coupling modifier, scanning
over one k value with the other fixed at the SM prediction of unity. The likelihood
scan results are shown in Figure 12, with 68% and 95% CL levels indicated. The two
systematic uncertainty Scenarios, and the ‘No syst’ scenario are shown. Assuming
k3 = 1, Ky is restricted to be with the range [—5.6,21] ([—10, 25]) at 68% (95%) CL, in
the Scenario I systematic uncertainty setup. This situation would be indicated if SM
HH is observed at HL-LHC or FCC-ee. Instead assuming k4 = 1, k3 is restricted to be
with the range [—0.44, 3.3] ([-1.0,4.3]) at 68% (95%) CL, in the Scenario I systematic
uncertainty setup.
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is used for the fit results.
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8 Conclusions

A key goal of the FCC-hh experimental programme is understanding the Higgs
potential. A feasibility study of the potential of the tri-Higgs boson production at
FCC-hh in the 4b27 final state has been performed, considering both TiepThaq and
ThadThad channels and their combination. Considering an expected centre-of-mass
energy, /s = 84 TeV, and a conservative jet flavour identification uncertainty, a 95%
upper cross-section limit of 3 x crflj\g g is expected, with ThaqThaa providing the greater
sensitivity. The sensitivity of this analysis to constrain the (k3, k4) parameter space is
evaluated for several uncertainty scenarios. Percent level precision on k3 is anticipated
through HH measurements, with this result constraining —5.6 < x4 < 21 at 68%
CL for k3 = 1 in the baseline uncertainty Scenario I. Further improvements to this
analysis may be possible from better optimised selections and jet tagging techniques,
improved m. . and my, reconstruction and use of my gy information. Combinations
with other channels of comparable sensitivity, such as 462y, will prove powerful and
constitute a key FCC result.
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