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Why Higgs physics at a 100 TeV pp collider

2. FCC-hh is an energy frontier experiment

- discovery of extended Higgs sectors 

- physics studies in extreme kinematic regimes

Fig. 40: Integrated Higgs transverse momentum rates, for various production channels, with 20 ab�1. The light-
dotted horizontal lines in the left (right) panel correspond to the production of 105 (10) events with a Higgs decay
to the indicated final states.

emerges as the most abundant source of large-pT Higgses. Moving to yet larger pT , even VBF and
eventually associated V H production come to be more important than gg � H . The key reason for this
is the form-factor-like suppression of the ggH vertex at large virtuality, when the finite-mtop effects are
properly accounted for.

This observation has important implications for the measurements. For example, while dedicated
cuts are needed to extract the VBF Higgs-production signal from the inclusive gg � H + X Higgs
sample, at large pT the dominant source of irreducible background is top production. The separation of
tt̄H from VBF when pT (H) > 1 TeV can rely on kinematic and event-shape discriminators, which are
likely more powerful and efficient than the usual VBF cuts. This may also have important implications on
the detector, since optimal acceptance to VBF cuts requires instrumentation in the very difficult forward
⇥ region.

Large Higgs pT values, furthermore, make it possible to consider using the otherwise disfavoured
H � bb̄ decay mode, thanks to the higher and higher discrimination power of jet-structure techniques.
The ability to use this high-BR decay, extends considerably the accessible pT (H) range. Lower-BR final
states, such as H � ��, ZZ⇥, Z� or µ+µ�, remain nevertheless usable for precision measurements (i.e.
event rates in excess of 104), over a broad range of pT .

In this Section we shall elaborate in some more detail on these ideas. One could organize the
discussion according to final state (e.g. addressing the issue of how to best measure a given BR from a
global fit of several production channels), or according to production channel (e.g. to compare different
decays in the same channel, in order to remove possible production systematics from the precise determi-
nation of BR ratios). We shall adopt a mixed approach and, as emphasized above, we shall not analyze in
quantitative terms all sources of theoretical and experimental uncertainties. Several of the studies shown
here were done including only the leading relevant order of pertubation theory. We include the dominant
sources of backgrounds, and make crude, and typically optimistic, assumptions about the relevant de-
tector performance issues. The key purpose is to show what is in principle possible, and postpone more
rigorous studies to future work.
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integrated Higgs transverse momentum rates

• many single Higgs channels with 1% stat. uncertainty at pT,H > 1 TeV
• possible to probe pT,H > 3 - 4 TeV



Why Higgs at 100 TeV pp?
1. FCC-hh is an energy frontier experiment
‣ direct searches for extended Higgs sectors
‣ study of high-energy tails of kinematic distributions

2. FCC-hh is an intensity frontier experiment
‣ precision studies of Higgs couplings
‣ access to rare processes
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4 Prospects for measurements of SM Higgs properties
Table 20 shows the number of Higgs bosons produced at 100 TeV with an integrated luminosity of
20 ab�1. For reference, we compare these rates to what was available at the end of the LHC run 1, and
what will be available at the end of the full HL-LHC programme, namely 3 ab�1 at 14 TeV.

N100 N100/N8 N100/N14

gg ! H 16 ⇥ 109 4 ⇥ 104 110
VBF 1.6 ⇥ 109 5 ⇥ 104 120
WH 3.2 ⇥ 108 2 ⇥ 104 65
ZH 2.2 ⇥ 108 3 ⇥ 104 85
tt̄H 7.6 ⇥ 108 3 ⇥ 105 420

Table 20: Indicative total event rates at 100 TeV (N100), and statistical increase with respect to the statistics of
the LHC run 1 (N8) and the HL-LHC (N14), for various prodution channels. We define here N100 = �100 TeV ⇥
20 ab�1, N8 = �8 TeV ⇥ 20 fb�1, N14 = �14 TeV ⇥ 3 ab�1.

Naive scaling leads to a potential for improvements in the statistical precision in the range of few
hundreds w.r.t to run 1, and of order 10-20 w.r.t. HL-LHC. As is well known, the HL-LHC itself will
already be systematics dominated for several measurements. But with such a huge increase in rate and,
as we shall see, in kinematic reach, one can envisage new approaches to both precision measurements
and to the exploration of new phenomena in the production dynamics. Furthermore, these rates will push
the search for rare or forbidden Higgs decays well beyond the LHC reach.

The most remarkable feature of Higgs production at 100 TeV is not just the rate increase w.r.t. the
LHC, but the extreme kinematical range over which the Higgs bosons are distributed. Figure 40 shows
the integrated pH spectra for the dominant production processes, and prompts several important remarks.

To start with, we highlight the remarkable statistics. Horizontal light-dotted lines in the figures
show the pT (H) values corresponding to samples of 105 (left) and 10 (right) events, for various final
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number of events in single Higgs channels

• huge number of Higgs bosons produced (~1010)
• rare channels get large boost wrt LHC (eg.  ttH rate enhanced by ~400)

benchmark
with L = 20 ab-1



Why Higgs at 100 TeV pp?

Huge statistics has several advantages

‣ can afford harder kinematical cuts 
          better control on backgrounds and systematics

‣ explore new kinematic regimes (eg. high-energy tails): 
          more sensitive to new physics  
          new tests of SM and BSM



Single Higgs processes



Higgs couplings at HL-LHC

Higgs searches at LHC have several limitations

‣ limited S/B  (even in clean channels)

•                                              S/B ~ few % 

•                                              S/B ~ 1
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Figure 3: Invariant mass distribution of the 4-lepton system for the ttH-like (a), VH-like (b), VBF-like (c)
and ggF-like categories (d).
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3 H ! ��
The H ! �� channel o↵ers a clear final state signature even in the challenging environment of the
HL-LHC. With a large number of signal events in a 3000 fb�1 sample, this potentially allows all Higgs
production modes to be studied with the same final state, which is very important for a measurement of
Higgs coupling parameters.

3.1 Diphoton event selection

The selection of diphoton events follows closely the inclusive selection developed for the H ! �� search
and observation in ATLAS at 8 TeV [10]:

• two isolated photons,

• one photon with pT>40 GeV and the other with pT>30 GeV,

• both photons within |⌘| <2.37 and outside the transition region 1.37 < |⌘| < 1.52.

Simulated events with a 125 GeV Higgs boson are used as signal samples in the gluon-gluon and vec-
tor boson fusion production channels. A sample of direct diphoton events is used to study the irreducible
background. Photon-jet and jet-jet samples are used for the reducible background analysis.

The available statistics are still not su�cient to model the background diphoton mass distribution
expected with 3000 fb�1. The background distrubution is therefore derived from an exponential fit to
the available background samples, which is then used to generate high statistics pseudo-data with the
expected statistical fluctuations. Figure 4 shows the diphoton spectrum of background plus signal events
after H ! �� reconstruction.

 [GeV]γγm

100 120 140 160

0

20000
Background subtracted events
Signal Fit

100 120 140 160

E
ve

n
ts

 

0

200

400

600

800
310×

=14 TeVs, 
-1

 L dt = 3000 fb∫
Simulation
Background Fit

ATLAS Simulation Preliminary

Figure 4: The expected diphoton mass distribution for the inclusive category. The blue line shows the
fitted background distribution. The lower plot shows the signal distribution, fitted to the simulated signal
events and pseudo-data background distribution, after subtracting the fitted background.

After combining all the generated signal and background samples, and applying the parametrised
photon reconstruction performance, the invariant mass distribution is found to agree with that of previous
studies for 14 TeV [1, 11].
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[ATL-PHYS-PUB-2013-014]
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gg ! H ! ZZ⇤ ! 4`



•                                              S/B ~ few % 

•                                              S/B ~ 1gg ! H ! ZZ⇤ ! 4`

Higgs couplings at HL-LHC

Higgs searches at LHC have several limitations

‣ limited S/B  (even in clean channels)

gg ! H ! ��

‣ limited statistics  (error on measurement dominated by stat.)

•                                              ~ 10 % precision

•                                              ~ 25 % precision
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Figure 16: (a) Distribution of the µ+µ� invariant mass of the signal and background processes generated
for
p

s = 14 TeV and L = 3000 fb�1. (b) Background subtracted invariant mass distribution of a toy MC
sample generated under the signal-plus-background hypothesis for L = 3000 fb�1.

8.3 Signal and Background Modelling

The final discriminating variable in the H ! µ+µ� searches is the µ+µ� invariant mass distribution.
The shape and normalisation of the total background is estimated from data by fitting the signal and
background parametrisation introduced in Ref. [18] to the invariant mass distribution.

A binned likelihood fit of the total µ+µ� invariant mass distribution is performed in the mass range of
100 GeV to 160 GeV to estimate the free parameters of the background model. The resulting fit param-
eters define the background estimate. Uncertainties on the shape and normalisation of the background
estimate are obtained from the fit uncertainties of the individual model parameters. A negligible system-
atic uncertainty in the background model is assessed by using alternative functions, either an exponential
together with a 4th order Bernstein polynomial, or the model from the 2011 MSSM h/A/H ! µ+µ�.

Figure 16 (b) shows the estimated background subtracted from a toy MC sample generated from the
signal-plus-background hypothesis expected for an integrated luminosity of 3000 fb�1. For comparison
the tested signal-plus-background and background only hypotheses are shown as well.

8.4 Results

The resulting number of signal and background events in a mass range of 122 GeV to 128 GeV are
shown in Table 13 for the two scenarios with

p
s = 14 TeV and 300 fb�1 or 3000 fb�1, respectively. The

uncertainty from the background estimation of the fit is shown. The expected signal significance and the
precision on the combined signal strength µ are obtained from the complete distributions in the full fit
range of 100 GeV to 160 GeV taking into account the signal and background shapes. With an integrated
luminosity of 3000 fb�1, the H ! µ+µ� channel can be observed, with an expected significance of 7.0�.

24
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‣ Higgs channel dominates over bkg at large pT

Coupling to photons at FCC-hh

Fig. 45: Left: Integrated transverse momentum rates (20 ab�1) for a photon pair with mass close to the Higgs
mass: signal and QCD background. Right: S/B, significance of the signal, and potential statistical accuracy of the
sample.

statistical precision, in presence of this background, remains below 1% up to pT (H) ⇠ 600 GeV.

4.2.2 H ! µ+µ�

Figure 46 (left plot) shows the pT spectrum of dimuons from H decays (BR = 2.2 ⇥ 10�4), and from
the leading irreducible background, namely Drell-Yan (DY) µ+µ� production, dominated by the tail of
the Z⇤/� distribution (see e.g. the ATLAS [149] and CMS [150] analyses).

The DY contribution is constrained by an invariant mass cut, |m(��) � 125 GeV| < 1 GeV.
This is better than the resolution of today’s LHC experiments: the signal full width at half maximum
estimated by CMS for events with one central muon, for example, varies in the range 4-5 GeV [150]),
but 1 GeV is consistent with the improvement in the muon pT resolution by a factor of O(5), projected
for the 100 TeV detectors.

The DY background includes qq̄ and qg initial states. Contrary to the �� decay, the S/B for
dimuons deteriorates at larger pT (H), but still allows for a precision in the rate measurement better than
2% for pT (H) up to ⇠ 200 GeV. This could allow for a 1% determination of the muon Yukawa coupling,
yµ, relative to the H�� coupling.

4.2.3 H ! ZZ⇤ and H ! Z�

We consider here H ! ZZ⇤ and H ! Z�, with leptonic decays of the Z boson to electron or muon
pairs (BR = 1.3 ⇥ 10�4 and BR = 1.1 ⇥ 10�4, respectively). The rates for signals and leading
irreducible backgrounds are given in Figs. 47 and 48.

We considered for these plots the following acceptance cuts:

– H ! ZZ⇤ ! 4`: pT (`) > 10 GeV, |⌘(`)| < 2.5

– H ! Z� ! 2`�: pT (`, �) > 20 GeV, |⌘(`, �)| < 2.5

We notice that, as shown in the acceptance plots of Fig. 44, at large pT (H) the cut pT (`) > 10 GeV
for all 4 leptons has an acceptance almost identical to that of the asymmetric cut 10/10/15/20 GeV. With
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The                        channelgg ! H ! ��

‣ large S/B at high pT,H   (S/B ~ 1 for pT,H > 300 GeV)

‣ accurate probe of Higgs pT spectrum

‣ better than 1% stat. error for pT,H < 600 GeV

pT,H(GeV) �stat

100 0.2%

400 0.5%

600 1%

1600 10%



‣ very low bkg for pT,H > 100 GeV

Fig. 46: Left: Integrated transverse momentum rates (20 ab�1) for a muon pair with mass close to the Higgs mass:
signal and DY background. Right: S/B, significance of the signal, and potential statistical accuracy of the sample.

Fig. 47: Integrated transverse momentum rates (20 ab�1) for a four-lepton final state (` = e, µ), with mass close
to the Higgs mass: signal and QCD background.

reference to that figure, we also point out that increasing the ⌘ range and reducing the threshold for the
pT of the softest lepton, would each increase the signal rate by a factor of 2.

We assume here once again 4 GeV as mass resolution for both the 3- and 4-body final states. For
the 4-lepton final state, the S/B ratio was already larger than 1 in the 8 TeV run of the LHC; due to greater
increase in the gluon PDF relative to the quark one, the QCD background at 100 TeV becomes negligible.
A 1% determination of the rate is statistically possible for pT (H) <⇠ 300 GeV. Likewise, the S/B ratio
for Z� improves significantly as pT (H) is increased, and becomes larger than 0.5 above ⇠ 300 GeV.
In this region the statistical precision is better than 2%, allowing for a percent-level measurement of the
HZ� coupling relative to H��.
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Coupling to Z bosons at FCC-hh

The                                    channelgg ! H ! ZZ⇤ ! 4`

Fig. 46: Left: Integrated transverse momentum rates (20 ab�1) for a muon pair with mass close to the Higgs mass:
signal and DY background. Right: S/B, significance of the signal, and potential statistical accuracy of the sample.

Fig. 47: Integrated transverse momentum rates (20 ab�1) for a four-lepton final state (` = e, µ), with mass close
to the Higgs mass: signal and QCD background.

reference to that figure, we also point out that increasing the ⌘ range and reducing the threshold for the
pT of the softest lepton, would each increase the signal rate by a factor of 2.

We assume here once again 4 GeV as mass resolution for both the 3- and 4-body final states. For
the 4-lepton final state, the S/B ratio was already larger than 1 in the 8 TeV run of the LHC; due to greater
increase in the gluon PDF relative to the quark one, the QCD background at 100 TeV becomes negligible.
A 1% determination of the rate is statistically possible for pT (H) <⇠ 300 GeV. Likewise, the S/B ratio
for Z� improves significantly as pT (H) is increased, and becomes larger than 0.5 above ⇠ 300 GeV.
In this region the statistical precision is better than 2%, allowing for a percent-level measurement of the
HZ� coupling relative to H��.
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pT,H(GeV) �stat

100 0.3%

300 1%

1000 10%
‣ better than 1% stat. error for pT,H < 300 GeV



‣ good statistical error (~1%) for pT,H > 100 GeV

Coupling to muons at FCC-hh

Fig. 46: Left: Integrated transverse momentum rates (20 ab�1) for a muon pair with mass close to the Higgs mass:
signal and DY background. Right: S/B, significance of the signal, and potential statistical accuracy of the sample.

Fig. 47: Integrated transverse momentum rates (20 ab�1) for a four-lepton final state (` = e, µ), with mass close
to the Higgs mass: signal and QCD background.

reference to that figure, we also point out that increasing the ⌘ range and reducing the threshold for the
pT of the softest lepton, would each increase the signal rate by a factor of 2.

We assume here once again 4 GeV as mass resolution for both the 3- and 4-body final states. For
the 4-lepton final state, the S/B ratio was already larger than 1 in the 8 TeV run of the LHC; due to greater
increase in the gluon PDF relative to the quark one, the QCD background at 100 TeV becomes negligible.
A 1% determination of the rate is statistically possible for pT (H) <⇠ 300 GeV. Likewise, the S/B ratio
for Z� improves significantly as pT (H) is increased, and becomes larger than 0.5 above ⇠ 300 GeV.
In this region the statistical precision is better than 2%, allowing for a percent-level measurement of the
HZ� coupling relative to H��.
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The                         channelgg ! H ! µµ

pT,H(GeV) �stat

100 1%

500 10%‣ could be used to improve muon Yukawa 
(using ratio                                         could help with syst.)BR(H ! µµ)/BR(H ! ��)



‣ good signal S/B ~ 1

Coupling to Zγ at FCC-hh

Fig. 48: Left: Integrated transverse momentum rates (20 ab�1) for a dimuon+photon pair system with mass close
to the Higgs mass: signal and QCD background. Right: S/B, significance of the signal, and potential statistical
accuracy of the sample.

4.3 Associated V H production
We consider here some examples of possible measurements of WH production, in the H ! bb̄ final
state. As in the previous discussion, we do not attempt to optimize the detection of the fully inclu-
sive sample, but examine the opportunities offered by production in kinematical configuration that are
unconventional at the LHC, and where the 100 TeV collider could offer prospects for interesting new
measurements.

We start by the case of WH production at large invariant mass. As shown before, this is dominated
by the Born-level topologies, with the W and H recoiling against each other. The largest backgrounds to
the H ! bb̄ decay are the QCD associated production of Wbb̄, and the large-mass tail of the Z boson in
WZ⇤, with Z⇤ ! bb̄. For these kinematics, top quark production is not an important background. The
integrated mass spectra of signal and backgrounds are shown in the left panel of Fig. 49. We model the
background with a parton-level calculation, require the bb̄ pair to have an invariant mass in the range of
100–150 GeV, and both W and bb̄ system are in the region |⌘| < 2.5. The rates include the branching
ratio for the decays W ! `⌫ (` = e, µ).

Of course the invariant mass on the bb̄ pair provides only a very crude picture of the potential to
suppress the QCD Wbb̄ background. The application of the standard H ! bb̄ tagging techniques [151],
developed for boosts in the range of few hundred GeV, may require important adaptations and optimiza-
tion in the multi-TeV regime, where the whole Higgs-jet is contained with a cone of radius smaller than
R = 0.1. In the accompanying SM Volume of this Report [6], the tagging of multi-TeV gauge bosons
from the decay of resonances with masses in the 5-40 TeV range is discussed. Gauge boson hadronic
decays can be tagged with efficiencies in the range of 80%, with suppression factors of order 20-100 for
normal QCD jets of comparable pT . This performance is comparable to the effectiveness of the naive
mbb cut we applied: the dotted line in Fig. 49 shows in fact the background level obtained by requesting
the bb̄ pair to be contained within a jet of radius R = 1, without any mass cut. The reduction due to
the mass cut is a factor of order 10-20. The very large S/B shown in Fig. 49 shows that there is plenty
of room to cope with the challenge of identifying these hyper-boosted H ! bb̄ jets and rejecting their
backgrounds.

As a further example of possible applications, we consider the other kinematical configurations of
interest, namely WH production in presence of a high-pT jet. For the signal, the dominant process if
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The                                  channelgg ! H ! Z� ! ``�

‣ huge improvement in stat. error (~1%) wrt LHC
pT,H(GeV) �stat

100 1%

900 10%‣ can allow for precision test of HZγ 
(BSM deviations possible, eg. composite Higgs )



Top Yukawa at FCC-hh

Large rates in ttH production allow to access several final states

4.4 Measurement of top Yukawa coupling from the tt̄H/tt̄Z ratio
The tt̄H production process can be studied for a variety of Higgs decay channels. We collect in Table 22
the event rates for potentially interesting Higgs decays combined with tt̄H production, for an integrated
luminosity of 20 ab�1 at 100 TeV. These numbers include the branching ratio for the mixed lepton-hadron
tt̄ ! `⌫`+ jets decay (` = e, µ), in addition to the relevant Higgs branching ratios.

Since analysis cuts and efficiencies will further reduce these rates, the otherwise very clean H !
4` will hardly meet the target of the 1% precision. In the case of H ! ��, basic parton level cuts such
as:

pT,�,b,j > 25 GeV , |⌘�,b,j | < 2.5 , �Rjj,bb,bj > 0.4

pT,` > 20 GeV , |⌘`| < 2.5 (20)

leave around 5 · 104 events with 20 ab�1, while the tt̄�� background, subject to a |m�� � 125| < 5 GeV
cut, is almost a factor of 10 smaller. The H ! 2`2⌫ final state has also a potentially interesting rate,
which will deserve a dedicated study.

The large rate for H ! bb̄ decays allows to consider boosted topologies, placing tight cuts on
the emerging jets, and drastically reducing the various sources of backgrounds. Figure 33 shows, for
example, that requesting pT,H > 500 GeV gives a rate of O(1) pb, or 10M events with 10 ab�1. This
improved statistics also allows us to rely on a well-measured and similarly peaked tt̄Z ! tt̄ bb̄ signal to
reduce systematic and theoretical uncertainties, as anticipated in Section 3.6, and discussed in detail in
Ref. [133]. We summarize here these findings, and update the results of that work to a broader range of
Higgs pT . We refer to Ref. [133] for the details.

The analysis models the first HEPTOPTAGGER application to tt̄H production with H ! bb̄ [152],
and builds on the recent improvements in the HEPTOPTAGGER2 [153] and in the BDRS Higgs tag-
ger [151], which reduce background sculpting and increase the signal statistics.

We consider the final states:

pp ! tt̄H ! (bjj) (b̄`⌫̄) (bb̄), (b`⌫) (b̄jj) (bb̄) . (21)

and the leading backgrounds:

pp ! tt̄ bb̄, the main irreducible QCD background
pp ! tt̄Z, including the Z-peak in the mbb distribution
pp ! tt̄+jets with fake-bottoms tags

The analysis requires:

1. an isolated lepton with |y`| < 2.5 and pT,` > 15 GeV.

2. a tagged top (R = 1.8, pT,j > 200 GeV, |y(t)
j | < 4) without any b-tag requirement

3. a tagged Higgs jet with two b-tags inside (R = 1.2, pT,j > 200 GeV, |y(H)
j | < 2.5)

4. a b-tagged jet (R = 0.6, pT,j > 30 GeV, |yb| < 2.5) outside the top and Higgs fat jets, correspond-
ing to the top decaying semileptonically.

H ! 4` H ! �� H ! 2`2⌫ H ! bb̄
2.6 · 104 4.6 · 105 2.0 · 106 1.2 · 108

Table 22: tt̄H event rates for various Higgs decay modes, with 20 ab�1 at 100 TeV, assuming tt̄ ! `⌫+jets. Here
and for Higgs decays, ` can be either an electron or a muon.
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Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).

[Mangano, Plehn et al. ’15]

‣              channel could lead to ~1% precision

‣                 also promising

H ! ��

H ! 2`2⌫

‣ additional interesting channel                        [Mangano, Plehn et al. ‘15]H ! bb̄

events w/ L = 20 ab-1 
with tt ! `⌫ + jets

• huge number of events
• could use ratio               to reduce syst. uncertainties tt̄H/tt̄Z

✦ Determination of top Yukawa at ~1% could be achievable at FCC-hh  
much better than LHC reach (~10%)!



Rare Higgs decays at FCC-hh
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Fig. 56: Direct (left and center) and indirect (right) contributions to the H ! V � decay amplitude. The blob
represents the non-perturbative meson wave function. The crossed circle in the third diagram denotes the off-shell
H ! ��⇤ and H ! �Z⇤ amplitudes, which in the SM arise first at one-loop order.

Yukawa coupling can be accessed by measuring b-tagged jets in the associated production of the Higgs
boson with a W or Z boson, this method becomes progressively more difficult for the lighter-quark
couplings. Advanced charm-tagging techniques may allow some access to the charm-quark Yukawa
coupling [168], but no other way of directly measuring even lighter-quark couplings is currently known.
The small branching ratios for these exclusive decays renders them inaccessible at future e+e� colliders.
The program of measuring these decay modes is therefore unique to hadron-collider facilities. The large
Higgs boson production rate at a proposed 100 TeV collider makes this facility an ideal place to measure
these otherwise inaccessible quantities.

The possibility of measuring rare exclusive Higgs decays was first pointed out in [169, 170], and
the theoretical framework for their prediction was further developed in [171–173]. Our discussion
follows closely the techniques introduced in these works, and we only summarize the salient features
here. We begin our discussion of the theoretical predictions for these modes by introducing the effective
Yukawa Lagrangian

L = �
X

q

q
mq

v
H q̄LqR �

X

q 6=q0

yqq0p
2

H q̄Lq0R + h.c. , (34)

where in the SM q = 1 while the flavor-changing Yukawa couplings yqq0 vanish. The effective La-
grangian leads to two categories of exclusive Higgs decays: flavor-conserving decays involving the q

couplings, where V = ⇢,!,�, J/ , ⌥(nS), and flavor-violating decays involving the yqq0 couplings,
where V = B⇤0

s , B⇤0
d , K⇤0, D⇤0. In view of the very strong indirect bounds on flavor off-diagonal Higgs

couplings to light quarks [174], the flavor-violating decays H ! V � are bound to be very strongly
suppressed. We will therefore restrict our discussion here to flavor-conserving processes.

The exclusive decays H ! V � are mediated by two distinct mechanisms, which interfere destruc-
tively.

– In the indirect process, the Higgs boson decays (primarily through loops involving heavy top
quarks or weak gauge bosons) to a real photon � and a virtual �⇤ or Z⇤ boson, which then converts
into the vector meson V . This contribution only occurs for the flavor-conserving decay modes.
The effect of the off-shellness of the photon and the contribution involving the H�Z⇤ coupling are
suppressed by m2

V /M2
H and hence are very small [173].

– In the direct process, the Higgs boson decays into a pair of a quark and an antiquark, one of which
radiates off a photon. This mechanism introduces the dependence of the decay amplitude on the
q parameters. The formation of the vector meson out of the quark-antiquark pair involves some
non-trivial hadronic dynamics.

The relevant lowest-order Feynman diagrams contributing to the direct and indirect processes are shown
in Figure 56.
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Exclusive Higgs decays can probe light quark Yukawa’s
[Bodwin et al. ’13; Kagan et al. ’15]

‣ SM rates BR(H ! V �) ⇠ 10�6

H ! J/ � yc

H ! � � ys

H ! ⇢ � yu,d

‣ Estimate of LHC limits on                    :H ! J/ �

LHC  (14 TeV 300 fb-1)

HL-LHC  (14 TeV 3 ab-1)

. 150⇥ 10�6

. 45⇥ 10�6
far from SM value

statistically limited:
~3 events at HL-LHC

✦ FCC-hh gives a O(100) enhancement in rate
possible to reach SM value!



Invisible Higgs BR at FCC-hh
Large statistics and better control of systematics can allow for a good 
determination of Higgs invisible BR at FCC-hh

‣ most sensitive channels at FCC-hh:  monojet and ttH
‣ reach sensitivity to SM  H ➝ invisible  for with ~ few ab-1

[see talk by P. Harris at FCC workshop 
and Physics WG meeting]
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How do things scale?

Cross the SM neutrino wall at FCC with < 1 ab-1

‣ with ~ 20 ab-1 can test BR(H ! invisible) ⇠ few 10�4

BRSM(H ! 4⌫) = 0.12%

HL-LHC benchmark ~ 3%



Multiple Higgs production
non-linear Higgs couplings



Testing the Higgs self couplings
Testing the shape of the Higgs potential is very difficult at the LHC

✦ small sensitivity to trilinear coupling 
(mainly accessible through Higgs pair production)

‣ only O(1) determination possible at HL-LHC

✦ (almost) no sensitivity to quartic coupling

Higgs self-coupling important for BSM:

• sizable deviations in many BSM models (eg. composite Higgs, Higgs portal)

• controls EW phase transition  (consequences for baryogenesys/cosmology)
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5 Multi-Higgs production
In the previous sections we focused on processes involving the production of a single Higgs boson,
which allow one to test with high accuracy the linear Higgs interactions, most noticeably those involving
gauge bosons and third-generation SM fermions. These processes, however, cannot be used to directly
probe interactions containing two or more Higgs fields, whose determination is of primary importance
for analyzing the Higgs potential. Non-linear Higgs vertices can be accessed by looking at channels in
which multiple Higgs bosons are produced either alone or in association with additional objects. In this
section we will consider these channels with the aim of understanding the precision with which the Higgs
potential could be determined at a future 100 TeV hadron collider.

5.1 Parametrizing the Higgs interactions
As we already mentioned, the main aim of the analyses that we will present in this section is to estimate
the precision with which the Higgs potential can be probed through the exploitation of multi-Higgs
production processes. It is thus useful to parametrize the relevant Higgs self-interactions in a general
form. In the language of an effective field theory, we can write the Higgs self-interaction Lagrangian as

L = �1

2
m2

hh2 � �3
m2

h

2v
h3 � �4

m2
h

8v2
h4 , (36)

where v = 246 GeV denotes the Higgs vacuum expectation value. The SM Lagrangian is obtained by
setting �3 = �4 = 1; in this case the terms in Eq. (36) provide the whole Higgs potential. On the
contrary, in BSM scenarios, higher-order operators are in general also present, as for instance contact
interactions involving higher-powers of the Higgs field or additional derivatives.

The use of the parametrization in Eq. (36) can be fully justified in an effective-field-theory frame-
work in which an expansion in powers of the momenta is valid. Namely, we assume that each additional
derivative in the effective Lagrangian is accompanied by a factor 1/m⇤, where m⇤ is a mass scale that
broadly characterize a possible new-physics dynamics. In this way the contribution of higher-derivative
terms to low-energy observables is suppressed by additional powers of E2/m2

⇤, guaranteeing that the
effective theory is valid for energy scales E ⌧ m⇤. For most of the processes we are going to consider
the kinematic distributions are peaked mostly at threshold. Hence an analysis focusing on the total cross
section can be interpreted in the effective-field-theory context provided that the new physics is at the TeV
scale or beyond (m⇤ & 1 TeV).1 It is important to stress that the parametrization in Eq. (36) does not
rely on any expansion in powers of the Higgs field. Operators involving more than four powers of h are
in fact irrelevant for the processes we are considering and can be safely neglected.

In the case in which, in addition to the derivative expansion, we can also rely on an expansion in
powers of the Higgs field, the most relevant new-physics effects can be described in terms of dimension-6
operators [185–187]. If the Higgs is part of an SU(2)L doublet H , only two effective operator contribute
to the modification of the Higgs self-interactions, namely2

�L6 � cH

2v2
@µ(H†H)@µ(H†H) � c6

v2

m2
h

2v2
(H†H)3 , (37)

where H denotes the Higgs doublet. These operators induce corrections to the trilinear and quadrilinear
Higgs interactions, whose size is given by

�3 = 1 � 3

2
cH + c6 , �4 = 1 � 25

3
cH + 6 c6 . (38)

1Possible issues with the effective description can instead arise in analyses focused on the high-energy tails of the invariant
mass distributions.

2We neglect a third operator OT = (H† !D µH)(H† !D µH), since it breaks the custodial symmetry and is constrained by
the EW precision measurements to have a very small coefficient.
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Multiple Higgs production

process �(14 TeV) (fb) �(100 TeV) (fb) accuracy

HH (ggf) 45.05+4.4%
�6.0% ± 3.0% ± 10% 1749+5.1%

�6.6% ± 2.7% ± 10% NNLL matched to NNLO

HHjj (VBF) 1.94+2.3%
�2.6% ± 2.3% 80.3+0.5%

�0.4% ± 1.7% NLO

HHZ 0.415+3.5%
�2.7% ± 1.8% 8.23+5.9%

�4.6% ± 1.7% NNLO

HHW+ 0.269+0.33%
�0.39% ± 2.1% 4.70+0.90%

�0.96% ± 1.8% NNLO

HHW� 0.198+1.2%
�1.3% ± 2.7% 3.30+3.5%

�4.3% ± 1.9% NNLO

HHtt̄ 0.949+1.7%
�4.5% ± 3.1% 82.1+7.9%

�7.4% ± 1.6% NLO

HHtj 0.0364+4.2%
�1.8% ± 4.7% 4.44+2.2%

�2.6% ± 2.4% NLO

HHH 0.0892+14.8%
�13.6% ± 3.2% 4.82+12.3%

�11.9% ± 1.8% NLO

Table 25: Cross sections for production of two or three SM Higgs bosons, including associated production chan-
nels, at a 14 TeV and 100 TeV hadron collider [29]. The cross sections are computed by choosing µ = Mhh/2

(µ = Mhhh/2 in the case of triple production). The error intervals correspond to scale variation and PDF + ↵s

uncertainty. In HH production in the gluon-fusion channel a conservative 10% uncertainty is included to take into
account the effects of the infinite top-mass approximation (see Section 5.2.1).
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Fig. 58: Cross sections as a function of the collider COM energy. From ref. [196].

5.1.2 Production cross sections and summary of results
To conclude this introduction, we present an overview of the various multi-Higgs production channels
and we quickly summarize the results of the analyses that will be presented in details in the following
subsections.

Table 25, extracted from the results of Ref. [29], reports the rates for SM Higgs pair and triple
production, including channels of associated production with jets, gauge bosons and top quarks. The
dependence of the production rates on the center-of-mass (COM) energy of the collider is shown in
Fig. 58. As for single-Higgs production, the dominant channel for Higgs pair production is gluon fusion,
with a rate of 1750 fb, which constitutes more than 90% of the total production rate. With respect to the
14 TeV LHC, the gluon-fusion rate is enhanced by a factor ⇠ 40. The second more significant channel
is pair production in association with a top pair, whose cross section is 82 fb, closely followed by VBF
with a rate of 80 fb. Notice that the relative importance of these two channels is reversed with respect to
the 14 TeV LHC case, where VBF was about twice larger than HHt̄t. The remaining pair production
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Multiple Higgs production rates hugely enhanced!

‣ double Higgs production in gluon fusion becomes precision channel

‣ triple Higgs production channel becomes visible

process �FCC�hh �FCC�hh/�LHC14

HH (ggf) 1749 fb 39

HHjj (VBF) 80.3 fb 41

HHZ 8.23 fb 20

HHW+
4.70 fb 17

HHW�
3.30 fb 17

HHt¯t 82.1 fb 87

HHtj 4.44 fb 122

HHH 4.82 fb 54



# signal events in bb̄��

LHC 14TeV 300 fb�1 36

LHC 14TeV 3 ab�1 360

FCC 100TeV 30 ab�1 138000

Signal:  double Higgs production via gluon fusion (             )gg!hh
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ŝ

◆

13

New analysis of HH production for the FCC report

• Goals: 1. improve on previous studies and 
get a commonly-agreed estimate

2. study dependence on efficiencies 
and systematics

R.C., C. Englert, G. Panico, A. Papaefstathiou, J. Ren, M. Selvaggi, M. Son, M. Spannowsky, W. Yao

Previous analyses:
W. Yao  arXiv:1308.6302 (Snowmass Summer Study 2013) 
Barr, Dolan, Englert, de Lima, Spannowsky  JHEP 1502 (2015) 016
Azatov, R.C., Panico, Son   PRD 92 (2015) 035001
H-J. He, J. Ren, W. Yao PRD 93 (2016) 015003
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Most sensitivity on 
trilinear coupling comes 
from threshold events

Trilinear Higgs coupling at FCC-hh
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Fig. 59: Dependence of total cross sections on the Higgs trilinear coupling at 14 TeV. From ref. [196].

process precision on �SM 68% CL interval on Higgs self-couplings

HH ! bb�� 3% �3 2 [0.97, 1.03]

HH ! bbbb 5% �3 2 [0.9, 1.5]

HH ! bb4` O(25%) �3 2 [0.6, 1.4]

HH ! bb`+`� O(15%) �3 2 [0.8, 1.2]

HH ! bb`+`�� � �
HHH ! bb̄bb̄�� O(100%) �4 2 [�4, +16]

Table 26: Expected precision (at 68% CL) on the SM cross section and 68% CL interval on the Higgs trilinear and
quartic self-couplings (in SM units). All the numbers are obtained for an integrated luminosity of 30 ab�1 and do
not take into account possible systematic errors.

modes, in association with a gauge boson or with tj, play a secondary role, since their cross section is at
most ⇠ 8 fb. Finally, triple Higgs production has a cross section around 5 fb.

As we already mentioned, the main aim of the analyses reported in this section is to determine the
precision with which the SM production rates and the Higgs self-couplings can be measured. It is thus
important to analyze the dependence of the cross section on the Higgs self-couplings. The production
rates for the Higgs pair production channels are shown in Fig. 59 as a function of the trilinear Higgs
coupling �3. Although the plot shows the rates for the 14 TeV LHC, it is approximately valid also at
100 TeV. One can see that for �3 ⇠ 1, i.e. for values close to the SM one, a significant reduction in the
cross section is present in the gluon-fusion and VBF channels and, even more, in the HHtj channel.
This feature decreases the signal significance for the SM case. However, it allows one to more easily
differentiate scenarios with a modified trilinear coupling (especially if �3 < 1), since in these cases a
large increase in the cross section is present.

In the following we will present a few analyses focused on the most important multi-Higgs pro-
duction channels. Here we summarize the main results. In particular, the expected precisions on the
extraction of the SM signal cross section and the Higgs self-couplings are listed in Table 26.

Due to the sizable cross section, the gluon-fusion mode lends itself to the exploitation of several
final states. As at the 14 TeV LHC, the bb̄�� final state remains the “golden” channel, since it retains
a significant signal rate and allows one to efficiently keep the backgrounds under control. From this
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Leading production via gluon fusion

‣ sensitive to h3 interaction

main sensitivity 
at threshold

✦ clean channel gg ! HH ! bb̄�� [Contino, Englert, GP, Papaefstathiou, Ren, Selvaggi, 
Son Spannowsky, Yao in FCC report]

entering 
~% precision

w/ stat. error only:

events (L = 30ab

�1
)

h(b¯b)(��) SM 12060

bbj� 14000

jj�� 4910

t¯th(��) 4880

b¯b�� 2950

b¯bh(��) 227

bj�� 155

total bkg 27122

S/B ' 0.45p
S +B/S ' 0.016



Trilinear Higgs coupling at FCC-hh

overall rescaling 
of bkg rate

nB ! rB ⇥ nB

theory error:
uncertainty on 

signal rate

�S =
��(pp ! hh)

�(pp ! hh)

‣ precision likely to be limited by systematics 
(theory syst. dominant for                 , leading to                 )

‣ ultimate FCC-hh reach in the 3 - 6 % range

�S & 2.5% ��3 ' 2�S

‣ HE-LHC (~30 TeV) could reach ~30 % precision with ~10 ab-1

�S = 0.00 �S = 0.01 �S = 0.015 �S = 0.02 �S = 0.025

rB = 0.5 2.7% 3.4% 4.1% 4.9% 5.8%

rB = 1.0 3.4% 3.9% 4.6% 5.3% 6.1%

rB = 1.5 3.9% 4.4% 5.0% 5.7% 6.4%

rB = 2.0 4.4% 4.8% 5.4% 6.0% 6.8%

rB = 3.0 5.2% 5.6% 6.0% 6.6% 7.3%

Table 30: Impact of the systematic uncertainties on the precision on the trilinear Higgs coupling. The precision on
�3 is shown for different values of the systematic uncertainty on the signal, �S , and of the rescaling factor for the
total background rate rB . The “Medium” detector performance scenario and an integrated luminosity of 30 ab�1

have been assumed.

main limitation in the extraction of �3. At present, as already discussed, the computation of the signal
has a ⇠ 10% uncertainty due to the use of the infinite top mass approximation. It is highly probable that
finite-mass computations will become available in the near future. The remaining uncertainty from scale
variation at NNLL order is still ⇠ 5%, while the pdf error is ⇠ 3%. Without further improvements on
these two issues, the systematic uncertainty will be the main limiting factor in the determination of �3

and the maximal precision would be limited to ��3/�3 ⇠ 10%.

5.2.3 The HH ! bb̄bb̄ channel
In the analysis of the bb̄�� final state presented in the previous subsection, a large fraction of the double
Higgs production cross section was sacrificed in order to select a clean final state, for which the back-
ground levels can be easily kept under control. In this subsection a different strategy is considered which
makes use of the final state with the largest branching ratio, namely bb̄bb̄. The total cross section for
this final state is 580 fb at a hadronic 100 TeV collider, which is two order of magnitude larger than
the bb̄�� one. The level of backgrounds one needs to cope with, however, is much larger thus severely
complicating the signal extraction.

One of the possible advantages of the bb̄bb̄ final state is the fact that it provides a reasonable
number of events in the tail at large invariant masses of the Higgs pair. This, in principle, allows one to
analyse the high-energy kinematic regime much better than other final states with smaller cross sections.
As we discussed before, the tail of the mhh distribution is not particularly sensitive to the change of the
trilinear Higgs coupling, which mostly affects the kinematic distribution at threshold. However it can be
more sensitive to other new-physics effects, such as deviations induced by dimension-6 and dimension-8
effective operators that induce a contact interaction between the Higgs and the gluons (see for instance
the discussion in Ref. [189]). The analysis of these effects, although interesting and worth studying
further, goes beyond the scope of the present report. In the following we will concentrate only on the
SM case and on the extraction of the Higgs trilinear coupling and we will discuss an analysis based on a
recent feasibility study at the 14 TeV LHC [218],9 with suitable modifications for the 100 TeV case.

5.2.3.1 Monte Carlo samples generation
Higgs pair production in the gluon-fusion channel is simulated at LO thorugh MadGraph5_aMC@NLO [134,
211] by using the recently developed functionalities for loop-induced processes [221]. The calculation
is performed in the nf = 4 scheme and the renormalization and factorization scales are taken to be
µF = µR = HT /2. The NNPDF 3.0 nf = 4 LO set [111] is adopted with ↵s(m2

Z) = 0.118, interfaced
via LHAPDF6 [124]. To achieve the correct higher-order value of the integrated cross-section, the LO
signal sample is rescaled to match the NNLO+NNLL inclusive calculation [202, 207]. Parton level

9Other studies of Higgs pair production in the same final state at the LHC can be found in Refs. [219, 220].
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Higgs quartic coupling at FCC-hh

5.2.4.4 The hh ! (bb)(`+`��) channel
The hh ! (b̄b)(`+`��) channel in the SM has a cross section �SM ' 0.21 fb, only slightly lower than
the hh ! (bb̄)(4`) one. The backgrounds are, however, substantially larger. An estimate of the relevance
of this channel can be obtained by including only the most significant irreducible backgrounds, namely
those from bb̄Z�, tt̄�, and hZ�, as well as the dominant reducible ones, where a photon is mis-tagged
in bb̄Z or tt̄ production.

Events are selected by requiring two leptons of the same flavor with pT,`{1,2} > {40, 35} GeV, two
anti-kt R = 0.4 b-jets with pT,b{1,2} > {60, 40} GeV, /ET < 80 GeV and a photon with pT,� > 40 GeV.
No isolation requirements are imposed on the photon. The additional cuts are imposed: �R(`1, `2) <
1.8, �R(`1, �) < 1.5 and 0.5 < �R(b1, b2) < 2.0. The invariant mass of the b-jet pair is required to be
in the range 100 < Mbb̄ < 150 GeV, while the system of the two leptons and the photon must have an
invariant mass lying in the rage 100 GeV < M`+`�� < 150 GeV.

Even after these cuts, the bb̄Z� background dominates the final sample, giving a signal-to-
background ratio of O(0.02 � 0.03) with only O(100) signal events with 30 ab�1 integrated luminosity.
Therefore, this channel is not expected to provide significant information on the double Higgs production
process at a 100 TeV pp collider, unless a significant alteration of the hh channel is present due to new
physics effects.

5.3 Triple Higgs production and the quartic Higgs self-coupling
In this section we discuss the prospects for the measurement of the triple-Higgs production process. The
main relevance of this channel lies in the possibility of directly accessing the quadrilinear Higgs self-
coupling. The very small production cross section, however, makes the measurement of �4 extremely
challenging.

Early work on triple-Higgs production showed that lepton colliders can not access this channel.
For instance, at an e+e� machine with a center-of-mass energy of

p
s = 1 TeV, the cross section of

the process e+e� ! ZHHH is only 0.4 ab [246], leading to just 1.2 signal events when assuming the
designed integrated luminosity of 3 ab�1.

The situation can instead be more favorable at high-energy hadron colliders. In this case the main
production channel is gluon fusion, while production modes in association with a gauge bosons, namely
WHHH + X and ZHHH + X , have a negligible cross section [247]. At the 14 TeV LHC the total
SM production cross section is of the order of 0.1 fb [211, 248, 249], which is too small to be observed
with the current designed luminosity. On the other hand, at a 100 TeV hadron collider, similarly to what
happens for double-Higgs production, the gluon fusion cross section increases by almost two orders of
magnitude with respect to the LHC value, reaching about 5 fb (see Table 25). This leads to a reasonable
amount of signal events to perform a dedicated analysis.
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Fig. 69: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard
Model. The vertices highlighted with blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

The main diagrams contributing to the gluon fusion channel are shown in Fig. 69. It turns out that,
exactly as in the double-Higgs process, the main contribution to the amplitude comes from the diagrams
that do not contain the multi-Higgs interactions, namely the pentagon ones. The diagrams with a trilinear
and a quadrilinear Higgs coupling, on the other hand, are significantly suppressed. The dependence of
the total cross section on the Higgs self couplings is thus expected to be quite mild. This expectation
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Higgs quartic self coupling much more challenging!

• clean channel  
bur very small production rate

• small dependence on      close to SM �4

is indeed confirmed by Fig. 70, which shows the total cross section as a function of the Higgs quartic
coupling. A modification of the Higgs quartic self-coupling has also a marginal impact on the kinematic
distributions, as shown in Fig. 71. These results suggest that the extraction of the �4 coupling is a very
challenging task, and can be problematic unless the triple-Higgs production channel can be measured
with quite good accuracy.

Fig. 70: Inclusive LO cross-section for gg ! HHH as a function of the �4 parameter. Details on the computation
can be found in Ref. [250].

Fig. 71: Dependence of the differential cross-section for the triple Higgs production channel on the Higgs quartic
self-coupling. The left and right panels show the

p
ŝ and pH1

T distributions for the benchmark points �4 = 1 (SM)
and �4 = 0.

One of the most promising decay channel to observe the triple-Higgs production process is pp !
HHH ! bb̄bb̄��. This channel combines a clear enough final state, which can be used discriminate the
signal against the various backgrounds, and a relatively large cross section. In the following subsections
we will describe the three analyses of Refs. [250–252], which focus on scenarios with different b-tagging
efficiency, namely 60%, 70% and 80%. The 60% b-tagging benchmark can be considered as a pessimistic
scenario since it assumes the current b-tagging working point at the LHC. The other two analyses, on the
other hand, give an idea of how much the prospects for measuring triple-Higgs production can improve
with a higher detector performance.
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HHH ! (bb̄)(bb̄)(��)

N ev
30ab�1 ⇠ 10

after cuts

‣ SM signal can be probed with O(100%) precision

‣ order-of-magnitude test of Higgs quartic coupling �4 2 [�4, +16]
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eg.  SO(5)/SO(4) composite Higgs models: 

Double Higgs from VBF

ina

Figure 12. Posterior probability densities for �c2V at the LHC for L = 300 fb�1 (LHC
14

) and
L = 3 ab�1 (HL-LHC) and for the FCC with L = 10 ab�1. Note the di↵erent scales of the axes in
the two panels.

68% probability interval on �c2V

1⇥ �bkg 3⇥ �bkg

LHC14 [�0.37, 0.45] [�0.43, 0.48]

HL-LHC [�0.15, 0.19] [�0.18, 0.20]

FCC100 [0, 0.01] [�0.01, 0.01]

Table 5. Expected precision (at 68% probability level) for the measurement of �c2V at the LHC
and the FCC, assuming SM values of the Higgs couplings. We show results both for the nominal
background cross section �

bkg

, and for the case in which this value is rescaled by a factor 3.

instead a log normal distribution leads to similar results. In addition, we take a Poissonian

likelihood L(N i|N i
obs) in each bin and assume the prior probability ⇡(c2V ) to be uniform.

The resulting posterior probabilities are shown in Fig. 12 for the LHC with L = 300 fb�1

(LHC14) and L = 3 ab�1 (HL-LHC), and for the FCC with L = 10 ab�1.

From Fig. 12 we can determine the expected precision for a measurement of �c2V at the

LHC and the FCC in the case of SM values of the Higgs couplings. The 68% probability

intervals for the determination of c2V at the LHC and the FCC are listed in Table 5. This

is the central result of this work. To assess its robustness with respect to our estimate of

the background cross sections, we also provide the same intervals in the case of an overall

rescaling of the total background by a factor 3.

From Table 5, we find that the c2V coupling, for which there are currently no di-

rect experimental constraints, can already be measured at the LHC with 300 fb�1 with a

reasonably good accuracy: +45%
�37% with 68% probability. This accuracy is only marginally

degraded if the background is increased by a factor 3. A better precision, of the order

of +19%
�15%, is expected at the HL-LHC with 3 ab�1. Also, this estimate is robust against

an overall rescaling of the background cross section. Finally, we find a very significant

improvement at the FCC with 10 ab�1, where a measurement at the 1% level could be
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Figure 13. Left: the expected precision for a measurement of �c2V at the 68% CL as a function of
mmax

hh for the LHC and the FCC. The gray area indicates the region where �c2V > �max

c2V , obtained
by setting ⇤ = mmax

hh . Right: the 95% CL exclusion limits in the (⇤ = mhh, g⇤) plane, assuming
Eq. (4.3), where again the gray area corresponds to the non-perturbative regime, defined by g⇤ � 4⇡.

.

event are included in the posterior probability of Eq. (4.1). The gray area in Fig. 13

corresponds to the non-perturbative region where �c2V > �max
c2V

, obtained by setting ⇤ =

mmax
hh in Eq. (4.4), the most optimistic assumption compatible with the validity of the EFT

expansion.

As an additional way to quantify the validity of the EFT approach in our analysis, we

derive the region of exclusion in the plane (⇤, g⇤) [94], corresponding to the limits on �c2V
derived as a function of mmax

hh . This is shown in the left panel of Fig. 13, making use of

Eq. (4.3) and then setting ⇤ = mmax
hh . The gray area in the upper part of the plot indicates

the non-perturbative region, defined by g⇤ � 4⇡. We find that the dominant constrains on

�c2V arise from a region in the parameter space where the EFT expansion is valid, both at

the LHC and at the FCC. The results from the two panels of Fig. 13 indicate that our EFT

analysis is robust and that can be used to derive stringent bounds on �c2V in the absence

of new explicit degrees of freedom.

Finally, in Fig. 14 we show the signal significance, S/
p
B, in the c2V = 0.8 scenario as

a function of the di-Higgs invariant mass mhh at the HL-LHC and the FCC. The results are

presented for the two b-tagging working points defined in Eq. (3.1). As already discussed,

these have been chosen so that the first (WP1) is consistent with the current ATLAS and

CMS performances, while the second (WP2) assumes an improved detector performance.

One can observe that the signal significance of each individual bin is at most S/
p
B ' 2

at the HL-LHC (though the precise numbers depend on the specific choice of binning),

while at the FCC one finds much higher signal significances, with S/
p
B ' 5 already for

mhh ' 1.5 TeV and then increasing very rapidly for higher values of mhh. Figure 14

clearly shows that the signal significance depends very mildly on the specific details of the

b-tagging performance and that operating at WP2 instead of WP1 implies only a minor

improvement.

To summarize, we have demonstrated how Higgs boson pair production via VBF can

be used to provide the first direct constraints on the c2V coupling already at the LHC
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‣ limited reach at HL-LHC (very small statistics)

‣ huge improvement at FCC-hh:  probe ~1% deviations

[Bishara, Contino, Rojo ’16]

‣ strong implications for explicit scenarios

|�c2V | . 1% f & 3.5 TeV

c2V = 1� 2⇠ = 1� 2v2/f2



Extended Higgs sectors



Additional scalar singlet
Extensions of the Higgs sector are quite common in BSM scenarios
eg.  additional singlet     often present   (eg.  NMSSM,  Twin Higgs, …)

results taken from  Buttazzo, Sala, Tesi, 1505.05488
see also references therein
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‣ complementarity of direct searches and Higgs coupling measurements



MSSM Higgs sector

Classical scenario: direct searches for MSSM Higgs sector
                          can access ~10 TeV states
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Fig. 88: 95% C.L. exclusion bounds for neutral (left panel, from [517]) and charged (right panel, from [296])
Higgses of the MSSM at a 100 TeV collider. The blue and orange regions are probed by the channels pp !
bbH0/A ! bb⌧⌧ and pp ! bbH0/A ! bbtt for the neutral Higgses and pp ! tbH± ! tb⌧⌫ pp ! tbH± ! tbtb

for the charged Higgses, respectively. The red region is probed by heavy Higgs production in association with one
or two top quarks, with subsequent decay to t̄t, yielding a same-sign dilepton signature. Given the same channel
or the same color, the two different opacities indicate the sensitivities w.r.t. a luminosity of 3 ab�1 and 30 ab�1 at
a 100 TeV pp collider, respectively. The cross-hatched and diagonally hatched regions are the predicted exclusion
contours for associated Higgs production at the LHC for 0.3 ab�1, and 3 ab�1, respectively.

Parent Higgs Decay Possible Final States Channels in 2HDM
HH type (bb/⌧⌧/WW/ZZ/��)(bb/⌧⌧/WW/ZZ/��) H0 ! AA, h0h0

Neutral Higgs HZ type (``/qq/⌫⌫)(bb/⌧⌧/WW/ZZ/��) H0 ! AZ, A ! H0Z, h0Z
H0, A H+H� type (tb/⌧⌫/cs)(tb/⌧⌫/cs) H0 ! H+H�

H±W⌥ type (`⌫/qq0)(tb/⌧⌫/cs) H0/A ! H±W⌥

Charged Higgs HW± type (`⌫/qq0)(bb/⌧⌧/WW/ZZ/��) H± ! h0W, H0W, AW

Table 44: Summary of exotic decay modes for non-SM Higgs bosons. For each type of exotic decays (second
column), we present possible final states (third column) and relevant channels in 2HDM. Note that H in column
two refers to any of the neutral Higgs, e.g. h0, H0 or A in 2HDM.

In addition to their decays to the SM particles, non-SM Higgses can decay via exotic modes, i.e.,
heavier Higgs decays into two light Higgses, or one light Higgs plus one SM gauge boson. Clearly this
happens in the case when the splitting between the various heavy higgses is not small. This can happen
in the alignment limit of the 2HDM without decoupling. As outlined above, this limit is less generic than
the decoupling limit, but still worth a detail study.

Five main exotic decay categories for Higgses of the 2HDM are shown in Table 44. Once these
decay modes are kinematically open, they typically dominate over the conventional decay channels.
Recent studies on exotic decays of heavy Higgs bosons can be found in Refs. [518–529].

Theoretical and experimental constraints restrict possible mass hierarchies in 2HDM. At high
Higgs mass and close to the alignment limit, unitarity imposes a relation between the soft Z2-breaking
term and the heavy CP-even neutral Higgs mass m2

12 = m2
H0

s�c�
33. In this limit, the decay branching

fraction H0 ! h0h0, AA, H+H� vanishes and vacuum stability further requires the CP-even non-SM
33Note that this is automatically fulfilled in the MSSM.
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Precision EW measurements
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Z

equivalence theorem
E � mV

‣ high-energy longitudinally polarized gauge fields can be “traded” for 
Higgs/Goldstones

probing di-boson production at high-energy is a way 
to test Higgs dynamics!

Effective Higgs couplings can also be tested through EW precision 
measurements at high energy



Precision EW measurements

✦ deviations from SM typically grow with energy

0.1 % at 100 GeV 10 % at 1 TeV

✦ LHC could match LEP sensitivity by going at high energy

Asm+bsm

Asm
⇠ 1 + #

E2

⇤2

‣ enhancement can compensate limited accuracy at hadron machines



Analysis of  WZ fully leptonic
a
(3)
q

(1TeV)2
(iH†�a !D µH)(qL�

a�µqL)eg.: dim.-6 Higgs contact interaction

‣ already LHC can improve LEP bound, even better at future machines
‣ stronger bounds by exploiting the high-energy enhancement

‣ other channels might give complementary information:  WH, ZH, WW.
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Conclusions



Conclusions
FCC-hh has huge potential to explore new physics territories and 
improve our knowledge of the Higgs

✦ Exploiting the energy frontier
‣ probe extended Higgs sectors   (2HDM, additional singlets, …)

‣ access high-energy tails of distributions   (enhanced new-physics effects)
• test Higgs interactions in di-boson processes   (HH in VBF,  WZ, …)

✦ Exploiting the intensity frontier

‣ precision studies of Higgs couplings
•               and                enter precision era
• large improvement in top Yukawa (~1%)

‣ access to rare processes
• test light quark Yukawa’s   (eg. charm)
• test SM Higgs invisible BR
• test Higgs potential:  trilinear coupling 3 -5 %;   quadrilinear [-4, +16]

H ! µµ H ! Z�


