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Abstract

The future circular hadron-hadron collider FCC-hh is expected to produce collisions at the
center of mass energy of

√
s = 100 TeV and to deliver an integrated luminosity of 30 ab−1.

The Higgs-self coupling will be measured with a 5% precision via double Higgs production.
Tens of billions of Higgs bosons will be produced at the FCC-hh. Such large statistics
will allow for a wide range of possibilities in the realm of precision Higgs measurements.
Several Higgs couplings will be measured to a percent level precision, including the second
generation muon yukawa coupling. The Higgs to invisible branching fraction will be probed
to a level of few 10−4 and the rate of longitudinally polarized vector bosons produced in
vector boson scattering will be measured with 2% precision.
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2 Higgs and Electroweak Symmetry Breaking

1 Introduction

With the discovery [1, 2] of the Higgs particle [3–8] at the LHC the Standard Model is now complete.
The scalar sector of the SM is however the less understood part of the theory. The principles dictating
its structure are still unclear. Not surprisingly, many of the open problems of the SM are connected to
the Higgs sector. For example, the stability of the Higgs mass [9] and of the Electroweak (EW) scale in
general against UV-sensitive radiative corrections motivate the existence of new symmetries near the TeV
scale. To address these questions, possible theoretical extensions of the SM have been proposed. Their
experimental manifestations can be direct, via the production of new particles, or indirect, via deviations
of the Higgs properties from their SM predictions.

With its extraodinary energy and integrated luminosity, a 100 TeV pp collider would provide an unpre-
cedented potential to explore in detail the Higgs boson properties, uniquely complementing the capabil-
ities at the LHC and possible future e+e− colliders. This note is dedicated to describing this potential.

Section 2 of this note discusses the potential for measuring Higgs properties using single Higgs pro-
duction. We have been focussing on measurements where the FCC-hh will be able to make the difference
compared to the HL-LHC [10] and the FCC-ee [11]. The large statistics available at the FCC-hh allow
to select specific region of the phase-space in which the S/B-ratio is large, and where systematics can
be kept under control. We will also discuss prospects for measuring the scattering of the longitudinal
component of vector bosons, as an indirect probe of the interaction of the Higgs to vector bosons.

Section 3 addresses the determination of the Higgs self-coupling. This measurement is crucially im-
portant for several reasons. In the SM, the shape of the Higgs potential is completely fixed by the mass
and vacuum expectation value of the Higgs field. Therefore, a measurement of the trilinear Higgs self-
interaction provides important additional tests of the validity of the SM and possibly on the origin of the
shape of the Higgs potential. The Higgs self-coupling can be accessed through double Higgs production
at hadron colliders. We will discuss this measurement in several decay channels and will show that the
FCC-hh can provide the single most precise measurement among all proposed future experiments (with
a precision of ≈ 5%) of this important quantity.

All studies were performed using samples of simulated Monte Carlo events generated with the MG5-
aMC@NLO [12] package, showered and hadronized with PYTHIA8 [13]. The detector simulation has
been performed with the fast simulation tool DELPHES [14] using the reference FCC-hh detector para-
meterisation [15, 16]. The analyses presented in what follows are still rather crude when compared to
the LHC standards, but have been helpful to define targets for the ultimate attainable precision and the
overall detector performance.

2 Higgs and Electroweak Symmetry Breaking

The strength of the Higgs interaction to SM particles have only been measured with limited precision
with the current the Run II LHC dataset [17, 18]. Even after the full High Luminosity LHC (HL-
LHC) run with the full L = 3 ab−1 dataset, the measurements of Higgs couplings to second generation
fermions (in the H→ µ

+
µ
− channel for example) will remain statistically limited [10]. In addition, the

FCC-ee will not be able to improve the HL-LHC sensitivity in these channels due to the limited number
of produced Higgs bosons [19].

At
√

s = 100 TeV, the Higgs production rate increases by a factor 16 for gluon-fusion production
(ggF) with respect to

√
s = 14 TeV, as shown in Table 1. Assuming a total integrated luminosity of

L = 30 ab−1 at the FCC-hh, we expect O(100) increase in the number of Higgs events compared to
HL-LHC, leading to an overall reduction of O(10) of statistical uncertainties. The large rates will thus
enable precise measurements of branching ratios for rare decay channels.

The case is somewhat similar for the top-Higgs coupling, that despite its large nominal value (due to
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2 Higgs and Electroweak Symmetry Breaking

Figure 1: Production rates of Higgs bosons at high pT , for various production channels at 100 TeV and
L = 30 ab−1.

the large top mass), will also be a statistically limited measurement at HL-LHC since it has to be derived
from the associated Higgs production with a tt̄ pair production rate, which is two orders of magnitude
smaller than gluon fusion production at the LHC. At the FCC-hh the ttH rate increases by factor 52 with
respect to the LHC, giving a total rate similar to gluon fusion production at the LHC (see Table 1).

Figure 1 shows the Higgs rates above a given pT threshold, for various production channels. It should
be noted that these rates remain above the level of one million up to pT ≈ 1 TeV. Furthermore, for
pT(H) >1 TeV, the leading production channel becomes ttH, followed by vector boson fusion when
pT(H) >2 TeV. The huge statistics available at the FCC-hh (see Table 1) together with the large kin-
ematic range can be used to define cuts improving the signal-to-background ratios and the modelling or
experimental systematics (thereby “trading” statistics for low systematics). This will allow to improve
the measurements that are systematics limited at HL-LHC, such as H→ γγ . The large rates at high
Higgs pT can also be exploited for constraining the branching ratio of Higgs decaying to invisible exotic
particles.

ggF VBF ttH VH

σ(100TeV)(pb) 802 69 33 27

σ(100TeV)/σ(14TeV)(pb) 16 16 52 11

N(
√

s = 100 TeV, 30 ab−1) 25 ×109 2.5×109 109 7.5×108

Table 1: Upper row: Cross sections at
√

s = 100 TeV for the production of a SM Higgs boson in the
gluon fusion (ggF), vector boson fusion (VBF), top pair associated (ttH) and Higgs-strahlung
(VH) production modes. Middle row: Rate increase at 100 TeV relative to 14 TeV. Lower row:
Expected number of Higgs bosons produced with an integrated luminosity of 30 ab−1 [20].
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2 Higgs and Electroweak Symmetry Breaking

2.1 Measurement of Higgs branching ratios

In this section we discuss the prospects for measuring the branching fractions of Higgs decaying in the
following channels:

• H→ γγ

• H→ ZZ∗→ 4`

• H→ µ
+

µ
−

• H→ Zγ → `+`−γ

Signal The four main production modes have been considered: gluon fusion production (ggF),
vector boson fusion (VBF), top pair associated production (ttH) and Higgs-strahlung (VH). The cross-
sections and the expected number of events expected with an integrated luminosity of 30 ab−1 at

√
s =

100 TeV are summarized in Table 1. Signal events were generated at leading order (LO) with up to two
extra merged jets using the MLM procedure [21]. All considered diagrams are at tree level except the
ggF mode that was generated including the full top mass dependence. The yields are summarized in
Table 2 after inclusive K-factors accounting for current calculations have been applied. The Higgs decay
branching fractions have been taken from [22].

H→ γγ H→ 4` H→ µ
+

µ
− H→ `+`−γ

pT (H) > 0 GeV 50×106 3×106 5×106 2.5×106

pT (H) > 200 GeV 900×103 50×103 90×103 40×103

pT (H) > 500 GeV 100×103 6×103 10×103 5×103

pT (H) > 1 TeV 4000 250 400 200

Table 2: Expected number of Higgs produced in each decay channel for various Higgs transverse mo-
mentum thresholds with an integrated luminosity of 30 ab−1.

Backgrounds The irreducible background in the H→ γγ channel is QCD di-photon production
which includes a large tree level qq→ γγ component, generated with up to two merged extra-jets, and a
smaller loop-induced component, gg→ γγ , generated up to one additional merged jet. This background
sample has been generated with the following requirements: pγ

T > 30 GeV, |ηγ | < 5 and 50 < mγγ < 200
GeV. The LO cross-sections are found to be σ(qq→ γγ) = 615 pb and σ(gg→ γγ) = 25 pb respectively.
An overall normalisation using a global K-factor K=2 has been applied to both contributions to account
for higher order QCD corrections.

In the H→ ZZ∗→ 4` channel, only the 4` background continuum has been considered. It has been
generated at tree-level, with up to one extra merged jet and with p`T > 4 GeV, |η` | < 5 and 50 < m4` <
200 GeV. The cross-section is found to be 62 fb, including an overall K-factor K=1.6 2.

In the H→ µ
+

µ
− and H→Zγ channels the continuum µ

+
µ
− and `+`−γ backgrounds were generated

at tree-level, with up to one extra merged jet and with p`,γT > 20 GeV, |η`,γ | < 5 and 50 < mµµ (m``γ ) <
200 GeV. The cross-section for these processes are σ(µ+

µ
−) = 200 pb, with K=1.2 assumed equal to

the Drell-Yan production K-factor, and σ(`+`−γ) = 2 pb with K=1.5.
Contributions from object mis-identification (fakes) were neglected. In the H→ γγ channel for in-

stance, the light jets in the γ+jets background (mostly coming from π
0 in jets) could be mis-identified

2This value for the K-factor is chosen equal to the inclusive ZZ production at
√

s = 100 TeV [23].
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2 Higgs and Electroweak Symmetry Breaking
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Figure 2: The uncertainty on the reconstruction efficiency of electrons, photons and muons as a func-
tion of transverse momentum. An optimistic (solid) and a conservative (dashed) scenario are
considered.

as photons. At present LHC experiments, after applying all identification and isolation criteria, the fake
background contribution in this decay mode constitutes at most 25% of the total background contribution.
We therefore assume this contribution to be included in our conservative K-factor.

Proposed measurements The results are expressed in terms of precision on the signal strength
defined as µ = σobs/σSM. In the decay channels considered here, the Higgs decay products are visible in
the detector and thus the full Higgs invariant mass can be reconstructed. As highlighted in the introduc-
tion, the analyses presented here focus on a specific phase space region where the impact of systematic
uncertainties tied to reconstruction efficiencies are small. A key observable to define such region is the
transverse momentum of the Higgs pT (H), that can be reconstructed completely via the visible decay
products.

Physics objects at high pT are typically measured with a high precision, due to reduced mis-identification
contributions (fakes) and a smaller relative impact of pile-up. Moreover the accuracy for estimating re-
construction efficiencies typically suffer at low pT from the vicinity to trigger thresholds and from lack
of clean data samples for measuring such efficiencies in data. To overcome such issues one has to rely
on Monte Carlo simulation, hence increasing the impact of modelling in the total uncertainty. At the
FCC-hh, huge control samples will be available at high momenta and will allow for very precise meas-
urements of reconstruction efficiencies in high purity data samples. For instance, electron and muons
will be measured from Drell-Yan, both at threshold and in the boosted regime (in order to cover the
full kinematic range). Likewise, photon efficiencies will be controlled from abundant and very clean
data samples of Z→ µ

+
µ
−

γ . The precision of these measurements is nowadays statistics-limited at the
LHC. Finally, the use of high-pT Higgs decays allows to minimize the acceptance modeling uncertainties
for the production in common fiducial volumes, when extracting ratios of branching ratios for different
final states.

Event selection and signal extraction Only minimal optimisation of the selection has been per-
formed. Acceptance cuts for isolated electrons, muons and photons aimed at maximizing the S/B-ratio
are applied followed by a requirement on the invariant mass constructed from the Higgs decay candidates
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2 Higgs and Electroweak Symmetry Breaking

H→ γγ H→ 4` H→ µ
+

µ
− H→ `+`−γ

pmax
T (γ) > 30 GeV

pmin
T (γ) > 25 GeV

p(1)
T (`) > 20 GeV

p(2)
T (`) > 10 GeV

p(3)
T (`) > 7 GeV

p(4)
T (`) > 5 GeV

pmax
T (µ) > 20 GeV

pmin
T (µ) > 20 GeV

pmax
T (`) > 20 GeV

pmin
T (`) > 20 GeV

pT(γ) > 15 GeV

|η(γ)|< 4 |η(`)|< 4 |η(µ)|< 4 |η(`,γ)|< 4

rel.Iso(γ) < 0.15 rel.Iso(`) < 0.4 rel.Iso(µ) < 0.4
rel.Iso(γ) < 0.15

rel.Iso(`) < 0.4

m(1)
`` ∈ [40,120] GeV

m(2)
`` ∈ [12,120] GeV

m`` ∈ [75,105] GeV∣∣mγγ −mH
∣∣< 2 GeV |m4`−mH|< 1 GeV

∣∣mµµ −mH
∣∣< 1 GeV

∣∣m``γ −mH
∣∣< 2 GeV

Table 3: Summary of the event selection criteria used for each channel

to be compatible with mH = 125 GeV. The relative isolation is computed using the momentum sum of
particle-flow candidates [24] inside a cone of size R = 0.3 around the reconstructed particle (excluding
the particle itself) divided by the particle pT.

The event selection for the H→ γγ and H→ µ
+

µ
− requires at least two isolated photons or opposite

sign muons. For the H→ ZZ∗ → 4` channel, at least four leptons with two opposite sign and same
flavour pair are required. One pair is required to have kinematics compatible with an on-shell Z decay,
while the other is allowed to be largely off-shell with a small m``. For the H→ Zγ → `+`−γ channel, an
isolated photon and only one opposite sign and same flavour pair compatible with an on-shell Z decay
is allowed. Further details of the event selection can be found in Table 3. The Higgs invariant mass
distributions used for signal extraction are shown in Figures 3 and 4 (left).

Systematic uncertainties At hadron colliders the ultimate precision on cross-section measurements
is typically limited by systematic uncertainties on the production cross section σprod and the integrated
luminosity L .

The current uncertainty on the Higgs production cross-section is∼ 3% [25] dominated by uncertainties
on the parton distribution function, αS and scale uncertainties. We assume that improvements in the
theoretical predictions within the timescale of the FCC will result in δσprod < 1%. LHC analyses assume
luminosity uncertainties of δL ≈ 2.5% [26], here we assume that novel techniques can improve this
systematics to δL ≈ 1%.

Systematic uncertainties also enter due to object reconstruction efficiencies. The uncertainties for
single muon, electron and photon are shown in Figure 2. A conservative and an optimistic scenario are
considered. For example, at asymptotically high momenta respectively δε(e,γ) = 0.5% and δε(µ) =
0.25% for the optimistic and δε(e,γ) = 1.0% and δε(µ) = 0.50% for the conservative scenarios. We
assume that the uncertainties for electrons and photons are equal and fully correlated, but uncorrelated
to those for the muons.

The normalisation of the backgrounds for all channels is determined from control regions defined
away from the Higgs mass peak. We therefore assume a negligible uncertainty on the background yield.

Individual channel results The expected precision on the signal strength is given in Figures 3
(right) and 4 (right) as a function of the minimal requirement on the reconstructed Higgs pT obtained
in the H→ γγ , H→ 4`, H→ µ

+
µ
− and H→ `+`−γ channels. The expected precision is given for
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Figure 3: Left: Invariant mass spectrum of the reconstructed Higgs candidate in the H→ γγ (top) and
H→ 4` (bottom) channels, for signal and backgrounds. Right: Expected precision on the
signal strength (defined as µ = σobs/σSM) as a function of the minimal requirement on the
Higgs reconstructed transerverse momentum obtained in the H→ γγ (top) and H→ 4` (bottom)
channels . The expected precision is given for three scenarios where various assumptions on
the uncertainties are made: only statistical uncertainties are included (stat-only), statistical and
systematics on the object reconstruction efficiencies (stat. + syst), and statistical, systematics
on the object reconstruction efficiencies, and luminosity systematics of δL ≈ 1% (stat + syst
+ lumi).

three scenarios where various assumptions on the uncertainties are made: only statistical uncertainties
(stat-only), statistical plus systematic uncertainties on the object reconstruction efficiencies (stat. + syst),
and statistical plus systematics on the object reconstruction efficiencies and luminosity δL = 1% (stat +
syst + lumi). When considering statistical uncertainty only, the expected δ µ/µ does not exceed 1% up to
pT (H) = 200GeV in all channels. When including systematic uncertainties, in particular those related to
reconstruction efficiencies, δ µ/µ reaches a miminum for a given pmin

T (H). This is because the systematic
uncertainty dominates over statistical uncertainty at low momenta, whereas the opposite occurs at high
momenta. There is no explicit minimum for the H→ µ

+
µ
− channel, because this channel becomes

statistically limited already at low pT (H). Depending on the channel and the scenario, the achievable
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Figure 4: Left: Invariant mass spectrum of the reconstructed Higgs candidate in the H→ µ
+

µ
− (top)

and H→ `+`−γ (bottom) channels, for signal and backgrounds. Right: Expected precision on
the signal strength (defined as µ = σobs/σSM) as a function of the minimal requirement on the
Higgs reconstructed transerverse momentum obtained in the H→ µ

+
µ
− (top) and H→ `+`−γ

(bottom) channels. Three scenarios where various assumptions on the uncertainties are shown:
only statistical uncertainties are included (stat-only), statistical and systematics on the object
reconstruction efficiencies (stat. + syst), and statistical, systematics on the object reconstruction
efficiencies, and luminosity measurement systematics of δL ≈ 1% (stat + syst + lumi).

precision on the branching ratio is ≈ 1-2%.

Combined results and discussion The results presented in the previous sections can be combined
into ratios of couplings, or equivalently of ratio of branching fractions. Given that the fiducial regions
for the single channel measurements are defined as function of pT (H), the relative contributions of pro-
duction rates across the various channels are preserved. Therefore, the theoretical uncertainties on the
production mechanisms, as well as the luminosity uncertainty cancel out in BR(H→ X)/BR(H→ Y)
ratios. The precision on such ratios is thus determined by statistics and by efficiency uncertainties.
Moreover, in specific ratios such as BR(H→ µ

+
µ
−)/BR(H→ 4µ), BR(H→ γγ)/BR(H→ 2e2µ) or

BR(H→ µµγ)/BR(H→ 4µ), the reconstruction efficiency uncertainties partially cancel. The cancel-
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Figure 5: Expected precision on the ratio BR(H→ µ
+

µ
−)/BR(H→ 4µ) (top left),

BR(H→ γγ)/BR(H→ 2e2µ) (top right), BR(H→ µµγ)/BR(H→ 4µ) (bottom left) and
BR(H→ γγ)/BR(H→ µ

+
µ
−) (bottom right) as a function of the minimal requirement on the

Higgs reconstructed transverse momentum. The expected precision is given for three scenarios
where various assumptions on the uncertainties are made: only statistical uncertainties
are included (stat-only), statistical and optimistic (conservative) systematics on the object
reconstruction efficiencies. All the uncertainties on the production, both theoretical and from
luminosity cancel in the ratio.

lation is complete when the uncertainties on the objects are fully correlated (e.g. if the same object
appear in the numerator and denominator) and if the kinematics are similar. The expected precision for
four such ratios is shown in Figure 5 as a function of the requirement on pT (H). The expected precision
is given for three scenarios where various assumptions on the uncertainties are made: only statistical
uncertainties are included (stat-only), and statistical plus optimistic (or conservative) systematics on the
object reconstruction efficiencies. Roughly, the maximum precision is respectively ≈ 1% (2%) for op-
timistic (conservative) assumptions. At the FCC-ee, BR(H→ ZZ∗) can be measured with a precision of
≈ 0.2% (see Ref. [19]). Provided that such measurement becomes available before FCC-hh data tak-
ing, relative measurements that involve the H→ ZZ∗ coupling in the denominator can be converted to
absolute measurements of the branching fraction involved in the numerator.
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2 Higgs and Electroweak Symmetry Breaking

2.2 Higgs to Invisible

Introduction An important component of the dark matter search is the search for the Higgs decaying
to invisible particles. For a large class of models [27–31], the Higgs boson can act as a portal between
matter and dark matter. In these models, the Higgs is capable of interacting with both matter and dark
matter. In some cases, the Higgs mixes with a dark sector scalar particle and decays to dark sector
particles as a result of the mixing. In other cases, the Higgs couples directly to a dark matter particle
without any additional particles.

The search for Higgs decaying invisibly uses the pmiss
T distribution since the pmiss

T reflects the pT
spectrum of the Higgs boson. The large statistics of Higgs produced at large pT, in the TeV range,
allows to search for its invisible decays in an environment where the instrumental pmiss

T backgrounds are
suppressed, and the physics ones (e.g. Z→ νν̄) can be better controlled.

Multiple Higgs production modes can be used. The total Higgs production cross section is dominated
by gluon fusion and vector boson fusion. However, at high pT the relative proportion of gluon fusion
with respect to the rest of the other production modes is reduced (see Figure 1), including Higgs produced
in association with top quarks and vector boson fusion. The VBF and the ttH both have advantageous
properties that allow for further signal background separation.

The VBF production mode has the characteristic signature of two jets with relatively large |η | corres-
ponding to additional quarks that result from the emission of W pairs necessary to produce the Higgs
boson. With the current 13 TeV searches, the VBF production mode is the dominant channel for the
Higgs invisible search. Largely as a result of the quark initial state, the vector boson production mode
does not have a significantly different pT spectrum when compared with background processes. Con-
sequently, the most powerful approach to searching for the Higgs invisible decay in this mode is to look
for events with large missing transverse energy and large di-jet pair mass m j j. The current 13 TeV search
is performed by fitting the dijet mass pair with a pmiss

T requirement above 200 GeV.
The search for Higgs decaying invisibly produced with pairs of top quarks is perhaps the most prom-

ising channel since the relative cross section is hugely enhanced with the respect to background processes
when compared to 13 TeV Higgs production and the top pair decays allow for a very distinct signature
that can significantly reduce the background. In this study, a dedicated analysis isolating Higgs pro-
duction produced in association with tops is not performed; its addition would likely lead to a further
enhancement in sensitivity.

Event Selection Events are required to have large missing energy and no additional leptons includ-
ing taus. Events are triggered with a missing energy trigger. For this study a trigger that yields 100%
efficiency at a pmiss

T value of 200 GeV is required. This choice of trigger is consistent with the current
plateau in both the LHC ATLAS and CMS experiments. Projections with the high luminosity upgrade
for the LHC also indicate that with the addition of tracking into the level one trigger system, this plateau
can be maintained during high intensity running of the LHC.

Backgrounds The main backgrounds consist of Z boson production, where the Z boson decays to
neutrinos (Z→ νν̄) and W boson production, where the W boson decays leptonically and the lepton is
not identified. The lepton is missed either because the lepton transverse momentum is too low (as in
the case of τ → `νν̄) or the lepton falls out of the acceptance of detectors capable of identifying the
lepton (eg. tracking detector and muon chambers for the case of muons). The next largest background
consists of top pair production where one of the top quarks decays leptonically and the lepton fails to be
identified. This background is very similar to single W boson production with additional jets.

Current monojet analysis in ATLAS and CMS [32, 33] use a series of control regions to precisely
predict the backgrounds. The Z boson background where the Z boson decays to neutrinos, is predicted
by constructing a control region by selecting electron or muon pairs, consistent with the Z boson decay.
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2 Higgs and Electroweak Symmetry Breaking

The leptons are then treated as “invisible” and removed from the event to effectively mimic the Z to
neutrino topology. The overall shape of these Z events matches the Z to neutrino events very well,
excluding the regions where the leptons would not be selected in the detector. The normalization of the
Z boson events can then be determined from the data and is limited by the uncertainty in the lepton pair
selection efficiency.

W events are selected by requiring a lepton, electron or muon, and missing transverse energy. The
lepton is removed from the computation of the pmiss

T so as to match the final pmiss
T selection. These

events are then used to predict the shape of the W boson events where the lepton is not selected by
adding extrapolation uncertainties characteristic with the accuracy of the lepton rapidity distribution and
the lepton efficiency. In addition, W boson events can be used to predict Z boson events and single
isolated photon events can be used to predict the background shape of both Z boson and W boson events.
To use these events in the prediction, we exploit the fact that the prediction of the production ratios is
known to significantly higher precision than the production of the individual processes [34]. This is
because W, Z, and photon production have the same QCD production diagrams at leading order in the
electroweak production. They differ at higher order electroweak scale. However, their differences have
been characterized leading to a predicted uncertainty in the production modes that varies from 1-5% as a
function of the single boson pT.

Monte Carlo Samples The generation of Z events includes all instances where a Z boson decays
to neutrinos, including both diboson production and single Z production. W boson events include both
single boson and diboson production occur as long as there is one leptonically decaying W boson. W
and Z boson events are generated at NLO with up to 2 jets and merged followed the FxFx merging
prescription [35]. Top pair events are generated separately at NLO with up to one additional jet and
at least one top is required to have a W boson decaying leptonically. Electroweak production of W
and Z boson through vector boson fusion is generated separately at LO. These processes consist of W
and Z boson merged events, which can produce a single boson. Such backgrounds are necessary when
trying to characterize the sensitivity to vector boson fusion since they constitute the largest irreducible
backgrounds.

Signal extraction and results The signal is extracted using a simultaneous fit of all background
control regions is performed using the same Monte Carlo where the total number of Monte Carlo events
is fixed to a specific luminosity choice. The luminosity is then scanned ranging from 1 fb−1 to the full
30 ab−1. At each luminosity point the asymptotic limit is extracted using the fit with all control regions.
The performance is examined considering multiple systematic uncertainty approaches:

• Experimental Systematics: The driving experimental systematic uncertainties originate from the
extrapolation from the control regions to the signal region. For W boson and top events falling
in the signal region, a lepton must not be found within the signal region acceptance. The leading
uncertainty is the uncertainty on the lepton efficiency. We assume a lepton efficiency uncertainty
of 0.5%, 0.25%, and 5% for the electron, muon, and hadronic taus respectively. We assume a
luminosity uncertainty of 1%. It should be noted that such experimental systematics will dominate
in the large integrated luminosity regime (≈ 1 ab−1). At low integrated luminosity, where the
statistics of Z→ `` control samples at large Z pT are small, the extrapolation from control to signal
region will be performed using theory predictions (mainly from γ+jets, see next bullet).

• “Conservative/default” Theoretical Systematics: When performing the signal extraction, the
uncertainties on the fit are driven by the uncertainty on the ratio of the production of single bosons.
To simplify the implementation we take three sets of uncertainties: an increasing slope going from
5% at a pT = 0 GeV to 15% at a pT = 3TeV, which mimics the NLO electroweak correction shape;
a flat uncertainty of 8%, which matches the orthogonal eigen-component of the factorization and
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renormalization scales and a 5% uncertainty at a pT = 0 GeV that then goes to a negative 5%
uncertainty at a pT = 3 TeV. Each suite of three uncertainties are combined for each respective
process production ratio W/Z and γ/Z. Again, we stress that such uncertainties from theoretical
predictions have a sizable effect only in the low integrated luminosity regime, where the statistics
from Z→ νν̄ are small.

• “Aggressive/1%” Theoretical Systematics: The same uncertainty scheme as the previous one is
used except now the uncertainty is reduced by an order of magnitude.

Figure 6 shows the sensitivity of the Higgs boson to invisible branching ratio as a function of lu-
minosity for several uncertainty schemes. Either approach to the theoretical uncertainties appears to be
sub-dominant to the impact of the experimental uncertainties. In all cases, however, the uncertainties con-
tinue to scale with

√
L . With L = 30 ab−1, we reach a branching ratio of the Higgs boson to invisible of

10−4. This is well below the SM branching ratio of the Higgs boson to neutrinos BR(H→ ZZ→ νννν)
≈ 10−3 and consequently we would be able to observe a signal which would look very much like an
actual dark matter signature. No actual loss in sensitivity is incurred by the observation of the SM pro-
duction because we assume that the SM production rate is known. The signal was extracted either from
the pmiss

T distribution or from a two category extraction where in the one jet exclusive category the pmiss
T

is fit while for events with at least two jets the two highest pT jets are combined and their dijet mass m j j
are fit. The two category extraction enhances the sensitivity to VBF production. In both scenarios, the
sensitivity is within 20% of each other and the scaling with respect to the luminosity is roughly the same.

The results are translated to compare to direct detection results following [36]. Figure 6 shows that
a result comparable to that of the expected ultimate limit of direct detection as defined by the bound
induced from neutral current neutrino interactions known as the neutrino floor.

In summary, by performing a simultaneous fit of the hadronic recoil (e.g. pmiss
T ) spectra of five control

regions defined by Z and W to lepton decays and γ+jets it is possible to constrain both theory and experi-
mental systematics to obtain an extremely precise prediction of the Z→ νν spectrum. This simultaneous
fit is used to probe the decay of the Higgs to invsible particles. The resulting sensitivity shows a sensit-
ivity to a branching ratio of the Higgs to invisible particles of roughly 10−4; a bound that is sensitive to
the SM H→ νννν and which extends to the maximal bound of the direct detection searches.
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2.3 The Top Yukawa

The coupling of the Higgs with the top quark yt is a crucial parameter of the SM. In contrast to other
Yukawa couplings that can be assessed via Higgs decay rates, the largest direct sensitivity can be obtained
via the ttH production mechanism. The ttH production mode was recently observed at the LHC [41,
42]. Due to the small production rate (only 1% among the Higgs bosons produced at the LHC are
produced via ttH), yt is expected to be measured with a precision of ≈ 3.4% by the end of HL-LHC
program [10]. Given the large Q2 of the ttH production mode, the cross-section increases by a factor
≈ 55 from

√
s = 14 TeV to

√
s = 100 TeV (see Table 1). There are a number of Higgs decay channels

which can be used to study ttH production, including H→ γγ , H→ bb̄ and Higgs decays to leptons.
Here we focus on the ttH, H→ bb̄ (boosted) channel, following the approach outlined in Ref. [43].

The idea is to measure the ratio of the rates of the two processes ttH and ttZ in the H→ bb̄ and Z→ bb̄
decay modes respectively. The quantity σttH/σttZ, or equivalently α = N(ttH)/N(ttZ) (where N is the
number of events after some selection) allows to exploit the similarity and thus the cancellation of the
dominant sources of uncertainties in the numerator and the denominator. The similarity between the
diagrams and energy scales for ttH and ttZ production will ensure that most theoretical uncertainties
will cancel out [43]. Likewise, experimental uncertainties such as the luminosity uncertainty and, due
to similar kinematics between the Z→ bb̄ and H→ bb̄ final states, uncertainties on the object selection
also cancel out to a large extent.

We focus on the final state where one top decays leptonically, the other top decays hadronically and the
Higgs to decay to a bb̄ pair. The combinatorial backgrounds are reduced, by focussing on the “boosted
topology” where the Higgs boson is produced with large transverse momentum. The final state is there-
fore characterized by one isolated high pT lepton, two large radius jets that contain the boosted hadronic
top and the higgs, an additional heavy flavour jet (b-tagged) and large missing transverse energy pmiss

T .

Monte Carlo Events The ttH and ttZ samples were generated at LO with up to one extra merged
jet. Predictions of NLO cross sections of σttH = 34 pb [20] and σttZ = 64.2 pb [23] were used. The
tt̄+jets background was generated at LO in two separate components: the reducible tt̄+jets contribution
in the 4-flavour (4F) scheme and the irreducible tt̄bb̄ contribution. Both components were generated with
a ptt̄

T > 150 GeV requirement at generation level. In order to account for higher order QCD corrections
a K-factor (K=1.4) derived from inclusive tt̄ production has been applied. The cross-sections obtained
with the described setup are σtt̄+jets = 6.75 nb and σtt̄bb̄ = 120 pb. The W+jets background is negligible.

Event selection Jets are clustered from particle-flow candidates with the anti-kT algorithm [44] with
a radius parameter R=1.5. A large fraction of the Higgs and top decay products are included in the jet,
hence the denomination “fat-jets”. Events are first pre-selected by requiring at least two central fat jets
with p j

T > 250 GeV and |η j|< 3.0 that contain at least two subjets with R=0.4, and at least one central
isolated lepton with p`T > 25 GeV and |η`|< 3.0.

The fat-jets containing the smallest and largest number of sub-jets are labeled as the “Higgs-jet” and
“Top-jet” respectively. If the number of sub-jets is equal, the fat-jets are ranked according to the soft-
dropped mass mSD [45] and the fat-jet with the smallest (largest) mSD is labeled the Higgs-(Top-)jet.

Fat-jets containing the Higgs or top decay products, typically feature two-prong or three-prong struc-
tures, in contrast to QCD jets from the tt̄+jets background that contain on average one subjet. The
difference in the "2" versus "1" prong hypotheses of a jet is exploited with the τ2,1 observable [46] and
used to further increase the signal purity in Higgs-jet candidates. Similarly a τ3,2 selection can exploit the
difference in the "3" versus "2 or less" sub-jets hypotheses. The Top-jet candidate is required to pass the
criteria 120 < mtop

SD < 250 GeV and τ3,2 < 0.8 while the Higgs-jet is only required to pass the τ2,1 < 0.6
criterion. Given that mH

SD is used for the signal extraction, no selection is applied on this observable.
Finally, in order to further reject the large tt̄+jets background, at least 4 b-tagged jets are required.
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Figure 7: Invariant mass the di-jet pair forming the Higgs candidate including all backgrounds (left) and
after (perfect) background subtraction as input for measuring the ttH/ttZ fraction (right).

Signal extraction and results The ttH and the ttZ contributions are simultaneously extracted by
fitting the di-jet invariant mass spectrum shown in Figure 7. Our signal model is a linear combination
of ttH and ttZ templates where the ttH and ttZ yields are the parameters of interest. The tt̄+jets and tt̄bb̄
backgrounds yields are measured with a negligible statistical uncertainty from a control sample defined
by the mbb̄ > 200 GeV event selection criterion. We find N(ttH)/N(ttZ) = 1.64±0.01 (stat.) that leads to
an overall precision on the Yukawa coupling of δyt/yt ≈ 1%. This assumes that the theoretical prediction
on N(ttH)/N(ttZ) (inclusive and differential) will have similar precision [23] and that the ttZ coupling
will be known with a precision of 1%, possibly thanks to the FCC-ee run at the tt̄threshold. We note that
in this study we neglected the impact of the modelling of the background shape on the determination of
N(ttH)/N(ttZ). Further studies to assess this effect will need to be carried out.

2.4 Vector Boson Scattering

Introduction In the absence of the Higgs boson in the Standard Model (SM) the scattering of lon-
gitudinally polarized vector bosons (VLVL scattering where V=W,Z) is divergent at high energy and
violates unitarity. In particular, if the couplings of the Higgs boson to vector bosons deviate from the
SM value, the delicate balance that preserves unitarity can be spoiled and lead to large enhancements
in VV scattering at high energy, potentially providing hints of new physics. Vector boson scattering
(VBS) at high energies can therefore help to elucidate the nature and the mechanism of electro-weak
symmetry breaking (EWSB) in a model independent way. At hadron colliders VBS occurs via the reac-
tion qq→ VVjj. Due to the absence of colour exchange, the final state typically features the presence of
two very forward jets, with very little central activity. The average pseudo-rapidity of the most forward
jet is |η | ≈ 4.5 at

√
s = 100 TeV compared to |η | ≈ 3.5 at

√
s = 14 TeV.

VBS processes can be studied in several channels but we focus here only on the W±W± same sign
production, which provides the largest S/B. Projections for the HL-LHC indicate an expected signfic-
ance of 3σ for the WLWL discovery after 3 ab−1 [47]. Thanks to large increase in rate at

√
s = 100 TeV

the FCC-hh will allow for a measurement the VLVL process at the percent level.
In this document, we explore the prospects of measuring the longitudinal W±L W±L VBS cross section at

the FCC-hh. The robustness of the sensitivity as a function of various scenarios of detector acceptance is
also discussed. The VBS process does in principle interfere with other electro-weak and QCD production
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Figure 8: Representative Feynman diagrams for Vector Boson Scattering (left), EWK t-channel produc-
tion (center) and QCD (right) W±W±jj production.

W±W± mechanisms (see Figure 8), however the interference between EWK and QCD is very small and
can be neglected. In the fully leptonic mode this channel features two same sign leptons in addition to
the characteristic forward jets. The main prompt backgrounds for same sign leptons are W±W± (QCD)
and WZ+jets production. Other potential backgrounds such as non-prompt backgrounds coming from tt̄,
WW and double parton scattering are neglected in this study.

Signal and background events The electro-weak pp→W±W±qq→ `±ν`±νqq sample was gen-
erated at LO for the three polarisations (TT,TL and LL) components separately. Fiducial requirements
were applied in the generation to increase the generation efficiency. Both partons were required to
have pT > 20 GeV and |η | < 6. We also require a rapidity gap ∆ηqq > 2.5 and a large di-jet invariant
mass mqq > 200 GeV to enhance the VBS contribution. The total fiducial cross-section for this process
at
√

s = 100 TeV is σ(W±W±jj)EWK = 0.39 pb. The composition in LL component is around 10%.
Since the interference with the EWK contribution is small, the QCD contribution was generated in a
separate sample with the same selection at generator level. The LO cross section for this process is
σ(W±W±jj)QCD = 0.17 pb. Finally the WZ contribution was generated at LO with up to 2 jets merged.
The inclusive cross-section σ(WZ) = 611 pb was used, including a K=1.7 to account for higher order
corrections [23].

Event selection and signal extraction We require at least two same-sign leptons (electrons and
muons) with p`T > 20 GeV and |η`|< 4. The relative isolation is computed using the momentum sum of
particle-flow candidates [24] inside a cone of size R = 0.3 around the reconstructed particle (excluding
the particle itself) divided by the particle pT. We then require at least two jets with p j

T > 30 GeV and
|η j|< 6 reconstructed with the anti-kT [44] algorithm with a parameter R = 0.4.

Specific cuts designed to enhance the VBS topology contribution relative the other EWK and QCD
W±W±jj contributions are then applied. Events with a large di-jet invariant mass mjj > 600 GeV and
rapidity gap between the two leading jets ∆ηjj > 3.5 GeV are selected. We reduce substantially the WZ
background by vetoing events with the presence of an additional lepton and require pmiss

T > 50 GeV as
well as m`` > 50 GeV.

Figure 9 shows the WZ and the W±W± QCD background contributions to three key observables
together with the total EWK contribution normalized to L = 30 ab−1. Figure 9 (left) shows the di-
jet invariant mass. The center plot shows the dilepton invariant mass distribution, as a proxy for the
WW invariant mass. Several thousands of events will be available at large diboson mass to probe the
unitarization of the vector boson scattering. In Figure 9 (right) we shown the pseudo-rapidity distribution
of the most forward jet.

Two observables are used for the signal extraction. The azimuthal angle between the two leptons ∆φ``

discriminates between the LL and TT/TL polarisations as can be seen in Figure 10 (left). The leading
jet rapidity discriminates against the large WZ+jets and the W±W± QCD backgrounds. The extraction
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Figure 9: Distributions of the di-jet (left), di-lepton (center) invariant mass and pseudo-rapidity of the
most forward reconstructed jet (right). The background contributions WZ and W±W± (QCD)
are stacked, while the W±W± (EWK) process is not.
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of the longitudinal component of the W±W± (EWK) process is performed via a 2-dimensional fit of
these two observables using templates for each polarisation component and assuming that the TT, TL
components will be known (possibly from opposite sign WW scattering). The fit uncertainties are driven
by an uncertainty of 10% on shapes , 1% on luminosity , 1% on the parton distribution functions and
0.5% on lepton efficiency.

Results and discussion The expected relative uncertainty on the same-sign W±L W±L scattering
cross-section is shown in Figure 10 (right) as a function of the integrated luminosity. Under the nominal
detector assumption (red curve), i.e. with the ability of reconstructing leptons up to |η`|< 4 and jets up
to |η j|= 6, this process can be measured with precision of ≈ 2% with the full L = 30 ab−1 of FCC-hh
program.

We also studied the effect on the sensitivity of a reduced acceptance (similar to that of the LHC
experiments) for leptons and jets (|η`| < 2.5 and |η j| = 4.5). With these assumptions the expected
precision is degraded to ≈ 6%.

With 1000 simultaneous interactions per bunch cross (pile-up events) it may be impossible to accur-
ately reconstruct jets down to p j

T > 30 GeV, in particular in the forward region. We studied the impact
of raising this threshold to p j

T > 50 GeV (yellow) and we observe a relatively negligible degradation in
the sensitivity. Nevertheless, pile-up rejection in the forward region, for example with the help of timing
detectors is essential for the success of this measurement.
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3 Measurement of the Higgs self-coupling

2.5 Summary

The prospects for measurements of the Higgs properties are summarized in Table 4, separately showing
the statistical and systematic uncertainties obtained in our studies. As remarked above, there is in prin-
ciple room for further progress, by fully exploiting data-driven techniques to reduce the experimental
systematics. At the least, one can expect that these potential improvements will compensate for the
current neglect of other experimental complexity, such as pile-up. The most robust measurements will
involve the ratios of branching ratios. Taking as a given the value of the HZZ coupling (and therefore
BR(H→ 4`)), which will be measured to the few per-mille level by FCC-ee, from the FCC-hh ratios it
could be possible to extract the absolute couplings of the Higgs to γγ (0.4%), µµ (0.7%), and Zγ (0.9%).

The ratio with the tt̄Z process is considered for the tt̄H process, as proposed in Section 2.3 and
Ref. [43]. Assuming the FCC-ee will deliver the expected precise knowledge of BR(H→bb̄), and the
confirmation of the SM predictions for the Ztt̄ vertex, the tt̄H/tt̄Z ratio should therefore allow a determ-
ination of the top Yukawa coupling to 1%. The limit quoted in Table 4 on the decay rate of the Higgs
boson to new invisible particles is obtained from a study of large missing transverse energy signatures
was discussed in Section 2.2. The implications of this measurement for the search of dark matter or dark
sectors coupling to the Higgs boson are discussed in [11].

Observable Parameter Precision (stat) Precision (stat+syst+lumi)

µ = σ (H)×BR(H→ γγ) δ µ/µ 0.1% 1.45%

µ = σ (H)× BR(H→µµ) δ µ/µ 0.28% 1.22%

µ = σ (H)×BR(H→ 4µ) δ µ/µ 0.18% 1.85%

µ = σ (H)×BR(H→ γµµ) δ µ/µ 0.55% 1.61%

R = BR(H→µµ)/BR(H→4µ) δR/R 0.33% 1.3%

R = BR(H→γγ)/BR(H→ 2e2µ) δR/R 0.17% 0.8%

R = BR(H→γγ)/BR(H→ 2µ) δR/R 0.29% 1.38%

R = BR(H→µµγ)/BR(H→µµ) δR/R 0.58% 1.82%

R = σ (tt̄H)× BR(H→ bb̄)/σ (tt̄Z)×BR(Z→ bb̄) δR/R 1.05% 1.9%

BR(H→ invisible) BR@95%CL 1×10−4 2.5×10−4

Table 4: Target precision for the parameters relative to the measurement of various Higgs decays, ratios
thereof, and of the Higgs self-coupling λ . Notice that Lagrangian couplings have a precision
that is typically half that of what is shown here, since all rates and branching ratios depend
quadratically on the couplings.

3 Measurement of the Higgs self-coupling

The next experimental goal after the HL-LHC should be to accurately probe the quantum structure of
the Higgs potential. A precise measurement of the Higgs self-coupling probes the shape of the Higgs
potential near our vacuum and could provide insights about the electro-weak phase transition (EWPT).
Although there is no single target that one can propose for this purpose, electroweak loop corrections are
typically in the realm of O(few%), thus to begin probing the quantum structure of the Higgs potential the
experimental measurement of the Higgs self-coupling need to be sensitive to typical quantum corrections
of this magnitude.
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Figure 11: Leading order Feynman diagrams for non-resonant production of Higgs boson pairs in the
Standard Model through (a) the Higgs boson self-coupling and (b) the top-box diagram.

At hadron colliders, the Higgs self-coupling can be probed directly via Higgs-pair production. The
most studied channel, in view of its large rate, is gluon fusion. In the SM, a large destructive interference
between the diagram with the top-quark loop and that with the self-coupling occurs (see Figure 11).
While this interference suppresses the SM rate, it makes the rate more sensitive to possible deviations
from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as shown in
Figure 12. For values of κλ close to 1, 1/σHHdσHH/dκλ ∼ −1, and a measurement of κλ at the few
percent level requires therefore the measurement and theoretical interpretation of the Higgs-pair rate at a
similar level of precision.

It should be noted that the s-channel “triangle” contribution is suppressed (and the box diagram dom-
inates) at large values of mHH. Conversely the triangle diagram contribution, that contains information
on the Higgs self-coupling, is enhanced at low mHH. Information on the Higgs self-coupling can thus
be extracted from the differential mHHdistribution, provided that the Higgs decay products can be fully
reconstructed.

The Higgs self-coupling can be probed via a number of different Higgs boson decay channels. Given
the small cross-section, typically at least one of the Higgs bosons is required to decay to a pair of b-
quarks. Here, we consider four channels: HH→ bb̄γγ , HH→ bb̄ZZ (4`), HH→ bb̄bb̄+ jet and HH→
bb̄WW.
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Figure 12: Left: Total gg→HH cross-section at
√

s = 100 TeV as a function of the self-coupling modifier
κλ for several fixed order calculations [48].
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Figure 13: Di-Higgs (left) and di-photon (right) candidates invariant mass spectra after applying all se-
lection criteria.

3.1 HH→ bb̄γγ

Signal and background events The bb̄γγ decay mode provides a very clear signature of two
photons and two b-jets in the final state. The main backgrounds are γγ+jets, γ+jets (with at least one jet
being mis-identified as a photon) as well as single Higgs production. The ttH sample has been generated
at LO with up to one extra jet merged with the parton shower. The latest NLO cross section σttH = 34 pb
was used for this sample [20]. The gluon fusion single Higgs contribution has been generated at LO in
the infinite top mass approximation with an extra bb̄ pair. The VH sample has been produced at LO with
up to two extra jet merged. The VBF contribution was found to be negligible. The QCD backgrounds
γγ+jets, and γ+ jets have simply been generated at LO. All samples have been generated using the 5
flavour scheme (5F) with a vanishing b-quark mass.

Detector and performance assumptions The photon identification efficiency is assumed to be
εγ = 95% for |η | < 2.5 and εγ = 90% for 2.5 < |η | < 4.0 regardless of the photon pT . The light jet to
photon mis-identification probability (fake-rate) is parameterised by the function ε j→γ = 0.002exp(−pT [GeV]/30).
We assume a nominal resolution on the di-photon pair invariant mass δmγγ = 1.3 GeV. The b-tagging
efficiency εb and the light (charm) mistag rates εl(c)→b are assumed to be εb = 85% and εl(c)→b = 1 (5)%.

Event selection and signal extraction Events are required to contain at least two isolated photons
and two b-tagged jets. Jets are clustered using particle-flow candidates with the anti-kT algorithm with
radius parameter R=0.4. We required pT(γ,b) > 30 GeV and |η(γ,b)| < 3.0. The Higgs candidates are
formed from the two jets and photons with highest pT(γ,b). The leading photon and b-jet are required to
have pT(γ,b)> 60 GeV, and the di-photon and di-jet pairs pT(γγ,bb̄) > 125 GeV. In order to suppress the
ttH background, we veto leptons with pT (`) > 25 GeV and |η(`)| < 3.0 and require ∆Rbb̄ < 2.0. Finally,
we apply a window cut on the invariant mass of the bb̄pair 100 < mbb < 130 GeV. The signal extraction is
performed via a 2-dimensional likelihood fit over the the photon pair and the Higgs pair invariant masses,
mγγ and mHH, shown in Figure 13 (left) and (right). The signal shape is parameterized by a Gaussian and
the sum of a Landau and an exponential distribution respectively.

Results and discussion The negative log-likelihood (NLL) distribution for the parameter κλ with
respect to the best-fit value obtained for varying systematics, background normalisation and detector
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Figure 14: Expected precision on the Higgs self-coupling modifier κλ with no systematic uncertainties
(only statistical), 1% signal uncertainty, 1% signal uncertainty together with 1% uncertainty
on the Higgs backgrounds (left) and assuming respectively ×1, ×2, ×0.5 background yields
(right).)

assumptions is shown in Figures 14 and 15. The 1σ and 2σ lines correspond to the 68% and 95%
confidence levels (CL) respectively.

Figure 14 (left) shows the sensitivity obtained with different assumptions about the uncertainties. With
only the statistical uncertainty (blue curve), we find δκλ = 5.5%. When a 1% systematic uncertainty
on the signal normalisation is included (red curve) the expected precision decreases to δκλ = 6%. An
additional uncertainty of 1% on the single Higgs backgrounds normalisation (green curve) is shown under
the assumption that the QCD background can be extrapolated from a control sample with high statistics
defined by |mγγ−mH|> 10 GeV into the signal region. For the single Higgs background defining such a
control sample is more challenging and we therefore assume an uncertainty of 1% on the normalisation,
motivated by expected precision on single Higgs rates at the FCC-hh [43]. In this scenario we find an
expected precision δκλ = 6.5%. Figure 14 (right) shows how the precision is affected by varying the
overall background yields by factors of 2 and 0.5 and find an impact on the overall κλ precision of
≈±1%.

Figure 15 shows the impact of detector performance related assumptions on the sensitivity. Figure 15
(left) shows the impact of degrading the energy resolution of the electromagnetic calorimeter, which
affects the ∆mγγ resolution. Figure 15 (center) shows the impact of varying the photon reconstruction
efficiency and Figure 15 (right) shows the impact of varying the jet-to-photon fake rate. Each of these
scenarios degrades the precision on the self-coupling by 1-2%, highlighting the importance of designing
a detector with excellent photon energy resolution and fake rejection capabilities. These less optimistic
performance assumptions roughly correspond to the expected performance of the ATLAS and CMS
detectors at High-Luminosity LHC [49, 50].

To summarize, within the stated assumptions on the expected performance of the FCC-hh detector, a
statistical precision on the Higgs self-coupling of δκλ = 5% in the HH→ bbγγ channel can be achieved.

3.2 HH→ bb̄ZZ (4`)

The large Higgs pair production cross section at 100 TeV allows for rare but cleaner final states to become
accessible. One example is the HH→ bb̄ZZ (4`) decay channel (where ` = e±, µ

±). Despite a small
cross section (σHH→bb̄ZZ (4`) = 178 ab), the presence of four leptons in association with two b-jets leads
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Figure 15: Expected precision on the Higgs self-coupling modifier κλ obtained by varying the photon
reconstruction performance. Left: Comparison of two scenarios with nominal (∆mγγ =
1.3 GeV) and degraded (∆mγγ = 2.9 GeV) energy resolution. Center: Comparison of two
scenarios with nominal (εγ = 95%) and degraded (εγ = 85%) photon reconstruction efficiency.
Right: Comparison of three scenarios with nominal (see eq.), degraded (×5) and improved
(×0.2) photon mistag rate.

to a very clean final state topology allowing to maintain a rather good signal selection efficiency while
keeping the background contribution small. The main backgrounds processes are ttH (4`), H(4`)+bb̄,
Z(bb̄)H(4`), and tt̄Z (2`), followed by minor negligible contributions such as 4`+bb̄ continuum, tt̄H(µµ)
and tt̄ ZZ(4`).

The ttH, H+bb̄, ZH, and tt̄Z (2`) background samples were generated at LO and higher order radiative
corrections were accounted for by applying K-factors of K(ttH) = 1.22, K(ggH) = 3.2 and K(ZH) = 1.1
(extracted from [20]). The contribution of the 4`+jets continuum is evaluated using a ````jj sample,
generated with the four leptons invariant mass in the range [100, 150] GeV and only heavy flavour
partons (b/c). This background contribution was found to be negligible.

Event Selection Events are required to have exactly four identified and isolated muons (electrons)
with pT > 5(7) GeV and |η |< 4.0. Z boson candidates are formed from pairs of opposite-charge leptons
(`+`−). At least two di-lepton pairs are required. The Z candidate with the invariant mass closest to
the nominal Z mass is denoted as Z1; then, among the other opposite-sign lepton pairs, the one with
the highest pT is labelled as Z2. Z candidates must pass a set of kinematic requirements: the Z1 and
Z2 invariant masses have to be in the [40, 120] GeV and [12, 120] GeV ranges, respectively. At least
one lepton is required to have pT > 20 GeV and a second is required to have pT > 10 GeV. A minimum
angular separation ∆R(`i, ` j) > 0.02 between two leptons is required. The four leptons invariant mass,
m4`, is requested to be in the range 120 < m4` < 130 GeV.

At least two identified b-jets, reconstructed with the anti-kT algorithm inside a cone of radius R = 0.4,
are required. Their invariant mass is required to be in the range 80 < mbb̄ < 130 GeV and the angular
distance between the 2 b-jets has to be 0.5 < ∆Rbb̄ < 2. These cuts are particularly effective to reject the
ttH background.

Results The invariant mass spectrum of the four leptons after the full event selection is shown in
Figure 16 (left). The negative log-likelihood on the self-coupling modifier κλ is shown in Figure 16,
(right), for three different systematics assumptions:

1. Statistical uncertainties only

2. 1% systematic uncertainty on signal and background: ∆S
S = ∆B

B = 1%
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Figure 16: Left: Stacked plot of the four leptons invariant mass for the HH→ bb̄ZZ (4`) signal and
all the analysed background processes after the full selection for 30 ab−1. Right: Expected
precision on the Higgs-self coupling.

3. 3% systematic uncertainty on signal and background: ∆S
S = ∆B

B = 3%

The expected precision on the Higgs self-coupling modifier κλ without systematics is 14% at 68%
CL. When assuming a 1% systematic uncertainty on the signal and the backgrounds the precision on κλ

becomes 15% and with a 3% systematic uncertainty it decreases to 24%.

3.3 HH→ bb̄bb̄+ jet

The channel HH→bb̄bb̄ is interesting to investigate due to the large Higgs branching fraction to a bb̄ pair.
The overwhelming QCD background can be reduced by requiring the Higgs to be boosted such that the
decay products are contained inside a single, large radius jet. A boosted configuration in which the two
Higgs bosons have a large boost and recoil against each other can be effective in terms of background
rejection but without further requirements this configuration provides low sensitivity to the Higgs self-
coupling since the di-Higgs rate dependence on the tri-linear largely originates from configurations with
low mHH. Following the approach in [51], we study the configuration where the Higgs pair recoils against
one or more jets, forcing the pair to have a small invariant mass. The main backgrounds include at least
four b-jets, where the two bb̄ pairs come from either strong production (QCD), mainly from g→ bb̄
splittings, either QCD and electroweak production (QCD+EWK), e.g. Zbb̄, or pure EW production, e.g.
ZH or ZZ.

The signal sample consists in HH+jet and was generated taking into account the full top mass de-
pendence at leading order (LO) with the jet pjet

T (or equivalently the di-Higgs pHH
T ), pT > 200 GeV,

accounting for the full top mass. Higher order QCD corrections are accounted for with a K-factor
K =1.95 applied to the signal samples [51], leading to σHHj = 38 fb for pjet

T > 200 GeV and κλ =1.
The LO background cross-sections are computed with pjet

T > 200 GeV and are σbb̄bb̄j(QCD) = 443.1 pb,
σbb̄bb̄j(QCD+EWK) = 6.2 pb and σbb̄bb̄j(EWK) = 72 fb.

Event selection and signal extraction Jets are clustered using particle-flow candidates with the
anti-kT algorithm with a large parameter R=0.8. The large cone size is chosen such that a large fraction
of the Higgs decay products will be included in the jet, hence the denomination “fat-jets”. Events are
first pre-selected by requiring at least two central fat jets that contain at least two b-subjets. We assume
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Figure 17: 2-to-1 (τ2,1) subjettiness ratio (left) and softDropped mass (left) spectra of the leading Higgs
fat-jet candidate.
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Figure 18: Left: Invariant mass spectrum of the di-Higgs pair constructed from the two fat-jet higgs
candidates after the full event selection. Right: Expected precision on the Higgs self-coupling
modifier κλ assuming respectively ×1, ×2, ×0.5 the nominal background yields.)

a conservative 70% b-tagging efficiency. The fat-jets are selected if pj
T > 300 GeV and |pj

T|< 2.5. The
two highest momentum double b-tagged fat-jets constitute our Higgs candidates. We further ask the
di-fatjet pair to be sufficiently boosted, pjj

T > 250 GeV, and the leading jet to have a pj
T > 400 GeV. The

N-subjettiness ratio τ2,1 observable [46] is shown in Figure 17 (left) and the soft-dropped mass mSD is
shown in Figure 17 (right). Higgs jets are tagged by selecting jets with τ2,1 < 0.35 and 100 < mSD < 130
GeV, which yields a signal tagging efficiency of 6% and a background mis-identification rate of 0.1%.
Each of the two fat jets is required to be tagged. The signal extraction is performed via a one-dimensional
likelihood fit on the di-Higgs mass observable mHH, shown in Figure 18 (left).

Results and discussion The negative log-likelihood (NLL) distribution of the parameter κλ is
shown in Figure 18 (right). For the nominal detector and background yield assumptions we find an
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expected precision of the self-coupling of δκλ = 30%. The uncertainty on the QCD background yield
is parametrised by varying the overall normalisation by factors of 2 and 0.5 yielding an impact of the
overall κλ precision by ≈±10%.

This measurement can be improved by extending the analysis in the semi-resolved phase space region,
where one Higgs is boosted and forms a fat-jet and the other is resolved, and into the fully resolved region
with 4 b-jets in the final state.

3.4 HH→ bb̄WW

For the bbWW decay mode, only the channel where one W boson to decay hadronically and the other
leptonically is considered. The dominant backgrounds are tt̄ and multi-jet background, with smaller
contributions from Drell-Yan and single top-quark production. Events are required to meet the following
requirements: pT(WW) > 150 GeV, an invariant mass of the two b-jets system of 80 < mbb < 180 GeV
and an angular distance between the two b-jets system of ∆Rbb <2.0.

The signal selection is optimized using a boosted decision tree (BDT). The input variables used by
the BDT are the leptons, the jets and the neutrino 4-momenta as well as the azimutal angular distance
between various objects. The BDT is trained to discriminate the signal from the dominant background
tt̄. The event selection on the BDT output score has been optimised to ensure a high significance ratio
(where S is the number of signal events and B the number of background events after the full event
selection).

An example of an input distribution used in the BDT is shown in Figure 19 (a), which is the angular
separation between the two W bosons. The output BDT distribution for the signal and background is
shown in Figure 19 (b). With L = 30 ab−1, a significance of 5σ can be achieved using the bbWW decay
mode, corresponding to a precision of δκλ = 40%

3.5 Summary of Higgs self-coupling studies

A summary of the target precision in the measurement of κλ is given in Table 5. Reference [51] proposed
using a boosted HH final state to enhance the self-coupling sensitivity in the case of the bb̄ττ final state,
following the approach discussed in Section3.3. A precision δκλ ± 8% can obtained at 68%CL in this
decay mode and we include in the summary table for completeness. Within the stated assumptions
on the expected performance of the FCC-hh detector, a precision target on the Higgs self-coupling of
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δκλ = 5% appears achievable, by exploiting several techniques and decay modes, and assuming the
future theoretical progress in modelling signals and backgrounds.

bb̄γγ bb̄ττ bb̄ZZ*[→4`] bb̄WW*[→2j`ν] 4b+jet

δκλ 6% 8% 14% 40% 30%

Table 5: Precision of the direct Higgs self-coupling measurement in gg→HH production at
√

s =
100 TeV with L = 30 ab−1 for various decay modes.
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