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Table 6 Expected precision at 68% CL on the di-Higgs production
cross-section and Higgs self coupling using the bb̄bb̄ channel at the
FCC-hh with Lint = 30 ab−1. The symmetrized value δ = (δ++δ−)/2
is given in %

@68% CL Scenario I Scenario II Scenario III

δµ

Stat only 8.4 9.1 10.8

Stat + syst 10.4 12.2 17.9

δ κλ

Stat only 18.0 20.0 24.2

Stat + syst 22.3 27.1 32.0

6.4 Combined precision

When combining results from the various channels, the sys-
tematic uncertainties from the various sources affecting those
processes that we assume to be estimated from Monte Carlo
simulations (HH, single Higgs, and ZZ) are accounted for as
follows.

Lepton (e/µ, τ ) uncertainties are correlated across all pro-
cess and across the bb̄τhτh and bb̄τhτ% channels. In the bb̄γ γ

channel, the photon uncertainty for the single and double
Higgs processes are correlated. The luminosity uncertainty
is correlated across all these processes and all channels. The
same applies, for each process independently, to the overall
normalisation uncertainty. The uncertainties on lepton ID,
luminosity and normalisation are assumed to affect only the
overall normalization of signal and background shapes and
to not introduce a significant deformation of their shapes. For

the b-jets ID, we take into account both the shape and normal-
isation uncertainty due to the b-jets systematic uncertainties.
This is achieved by shifting the efficiency for each jet by the
(pT-dependent) values reported in Table 2, and re-computing
the resulting BDT distributions. As discussed in Sect. 4.3,
this uncertainty is correlated across different channels when
it affects the same process. Overall normalisation uncertain-
ties are cancelled out when a background is estimated from a
control region. Moreover, we expect all control regions to be
well-populated at the FCC-hh. For these reasons, we assume
the systematic uncertainties affecting those backgrounds that
are most likely to be estimated from well populated control
regions or side bands, such as QCD, Zbb, photon(s) + jets,
and tt̄, to be negligible and we do not include them in the fit
procedure.

The combined expected negative log-Likelihood scan is
shown in Fig. 13. The expected precision for the single chan-
nels is also shown. For completeness, we introduced in the
combination also the bb̄Z Z (4%) channel, which provides a
sensitivity similar to the 4b channel. This decay channel was
not re-optimized in this study and the result of the analysis
is documented in Ref. [37]. The expected combined preci-
sion on the Higgs self-coupling obtained after combining the
channels bb̄γ γ , bb̄ ττ , bb̄bb̄ and bb̄Z Z (4%) can be inferred
from the intersection of black curves with the horizontal 68%
and 95% CL lines. The expected statistical precision for Sce-
nario I, neglecting systematic uncertainties, can be read from
the dashed black line in Fig. 13, and gives δ κλ = 3.0% at
68% CL. The solid line corresponds to scenario II, while
the boundaries of the shaded area represent respectively the
alternative scenarios I and III. From the shaded black curve

Fig. 13 Expected negative
log-Likelihood scan as a
function of the trilinear
self-coupling modifier
κλ = λ3/ λSM

3 in all channels,
and their combination. The solid
line corresponds to the scenario
II for systematic uncertainties.
The band boundaries represent
respectively scenarios I and III.
The dashed line represents the
sensitivity obtained including
statistical uncertainties only,
under the assumptions of
scenario I
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Physics potential of FCC-hh: high mass new particles
Evidence for the existence of heavier particles from flavour observables or 
precision EW/Higgs measurements will require direct probes à FCC-hh is the 
only machine that can achieve that within the current technological landscape 

Increase in c.o.m energy à discovery reach @ high mass ∼ 7 times larger than 
at the (HL-) LHC

High statistics is crucial à define the needed dataset for discovery

7/2/22FCC-hh Physics potential and open questions4

FCC Physics Opportunities

main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected
indirect constraints on stops from LHC Higgs measurements are shown alongside projected constraints
at FCC-ee and FCC-hh. Since the precision of Higgs coupling measurements is greatest at FCC-ee the
latter constraints are dominated by the FCC-ee measurements. Dedicated studies at FCC-hh, using e.g.
H+jet production at high invariant mass, could further reveal the structure of the indirect corrections to
the Higgs interactions.
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Figure 9.1: Left: Projected 2� indirect reach solely from Higgs coupling constraints on stops from FCC-
ee and FCC-hh [274]. Right: Projected direct FCC-hh 2� and 5� discovery reach for supersymmetric
Higgsinos, Winos, sleptons, stops, squarks, and gluinos (see Ref. [275] for details). HL-LHC projections
are only shown for coloured sparticles and projections for Higgsinos and Winos are currently under
investigation.

At high energies it is also possible to produce the supersymmetric partner particles directly.
The experimental signatures typically involve final states featuring jets and missing energy, however
a plethora of dedicated searches are required to cover the full suite of possible experimental signatures.
In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is shown for a variety of super-
symmetric particles. Details of the phenomenological studies are presented in the extensive review of
BSM searches at FCC-hh, Ref. [275]. Further dedicated analyses have been carried out in the framework
of the FCC-hh detector performance studies. The study of the reach for Higgsino and Wino, in the con-
text of DM searches, is presented in Chapter 12. The search for stops is reviewed in the next section.
The direct reach shown in Fig. 9.1 extends far beyond the indirect precision Higgs coupling reach, in
some cases to well above 10 TeV. As a result, the combined FCC projects could comprehensively and
unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-
parity, is respected. Such a symmetry is useful for stabilising dark matter candidates and/or forbidding
observable proton decay. However, it is possible that R-parity is violated in a manner that is consistent
with such constraints. In models with R-parity violation it is possible to have single, rather than pair,
production of sparticles. This can be probed by multi-lepton and multijet signatures at the FCC-hh. At the
FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-̃t Yukawa interaction can be probed at the level of �131 . 0.01.
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Fig. 10 Summary of the 95% CL limits (left) and 5σ discovery reach (right) as a function of the resonance mass for different luminosity scenarios
of FCC-hh and HE-LHC

6 Characterisation of a Z′ discovery

6.1 Context of the study

We consider in this section a scenario in which a heavy dilep-
ton resonance is observed by the end of HL-LHC run. In this
case, considering that current limits are already pushing to
quite high values the possible mass range, a collider with
higher energy in the , would be needed to study the reso-
nance properties, since too few events will be available at√
s = 14 TeV. In this section we present the discrimination

potential, among six Z ′ models, of the 27 TeV HE-LHC, with
an assumed integrated luminosity of L = 15 ab−1. Under
the assumption that these Z ′’s decay only to SM particles,
we show that there are sufficient observables to perform this
model differentiation in most cases.

6.2 Bounds from HL-LHC

As a starting point we need to estimate what are, for
√
s =

14 TeV, the typical exclusion/discovery reaches for standard
reference Z ′ models, assuming L = 3 ab−1 and employing
only the e+e− and µ+µ− channels. To address this and the
other questions below we will use the same set of Z ′ models
as employed in Ref. [70] and mostly in Ref. [71]. We employ
the MMHT2014 NNLO PDF set [72] throughout, with an
appropriate constant K -factor (= 1.27) to account for higher
order QCD corrections. The production cross section times
leptonic branching fraction is shown in Fig. 11 (left) for these
models at

√
s = 14 TeV in the narrow width approximation

(NWA). We assume here that these Z ′ states only decay to
SM particles.

Using the present ATLAS and CMS results at 13 TeV, [73]
and [74], it is straightforward to estimate by extrapolation the
exclusion reach at

√
s = 14 TeV using the combined ee+µµ

final states. This is given in the first column of Table 7. For
discovery, only the ee channel is used, due to the poor µµ-
pair invariant mass resolution near MZ ′ = 6 TeV. Estimates
of the 3σ evidence and 5σ discovery limits are also given
in Table 7. This naive extrapolation can be compared to the
ATLAS HL-LHC prospect analysis in Ref. [1] and is found to
be agreement. Based on these results, we will assume in our
study for the HE-LHC that we are dealing with a Z ′ of mass
6 TeV. Figure 11 (right) shows the NWA cross sections for
the same set of models, at

√
s = 27 TeV. We note that very

large statistical samples will be available, with L = 15 ab−1,
for MZ ′ = 6 TeV and in both dilepton channels.

6.3 Definition of the discriminating variables

The various Z ′ models can be disentangled with the help of 3
inclusive observables: the production cross sections for dif-
ferent leptonic and hadronic final states, the leptonic forward-
backward asymmetry AFB and the rapidity ratio ry . The vari-
able AFB can be seen as an estimate of the charge asymmetry

AFB = AC = σ ("|y| > 0) − σ ("|y| < 0)
σ ("|y| > 0)+ σ ("|y| < 0)

, (6.1)

where "|y| = |yl | − |yl̄ |. This definition is equivalent to

AFB = σF − σB

σF + σB
, (6.2)
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20 ab-1 as per accelerator goals, 
30 ab-1 used as target foreseeing 
(at least partial) combination of 
datasets from two experiments  
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Fig. 10.32: Expected discovery significance for the (a) wino and (b) higgsino models with 30 ab�1 with
the requirement of Nhit

layer = 5. The grey (red) bands show the significance using the default (alternative)
layout #1 (#3). The difference between the solid and hatched bands corresponds to the different pile-up
conditions of hµi = 200 and 500. The band width corresponds to the significance variation due to the
two models assumed for soft QCD processes.
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Fig. 10.33: Expected discovery significance for the (a) wino and (b) higgsino models with 30 ab�1 with
the requirements of N

hit

layer = 5 and a good time-fit quality. The background reduction rate with the
time information is assumed to be the same for both pile-up conditions. The grey (red) bands show the
significance using the default (alternative) layout #1 (#3). The difference between the solid and hatched
bands corresponds to the different pile-up conditions of hµi = 200 and 500. The band width corresponds
to the significance variation due to the two models assumed for soft QCD processes.
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Introduction
• Hadron colliders are general purpose machines and, as such, capable of 

making a wide range of physics measurements including


• Precision measurements of the Standard Model 


• Profiting from large cross-sections and high-luminosity


• Direct searches for new particles and new physics

• Unique capability in direct reach to high mass and high-energies


• This talk will cover selected topics from both  and highlight the 
capabilities of hadron colliders


• see talk by A. Zaborowska for details of the machines and 
detectors


• Physics capabilities of hadron colliders are complementary to those of 
e+e- colliders 


• see talk by F. Simon


• Will focus here on physics studies for the FCC-hh, but these also 
illustrate the potential for any 100 TeV collider

2



Cross sections vs collider energy
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Large increase in cross 
sections with collider 

energy

e.g. As increase is larger for 
heavier particles, ttH cross 

section becomes larger than WH/
ZH production at 100 TeV

https://indico.fnal.gov/event/6969/contributions/99168/attachments/64958/77888/EFCrossSections.pdf


Kinematic Coverage
4

1 General considerations on the acceptance

Figure 1: Kinematical coverage in the (x,MX ) plane of a
p

s = 100 TeV hadron collider (solid blue line), com-
pared with the corresponding coverage of the LHC at

p
s = 14 TeV (dot-dashed red line). The dotted

lines indicate regions of constant rapidity y at the FCC. We also indicate the relevant MX regions for
phenomenologically important processes, from low masses (Drell-Yan, low pT jets), electroweak scale
processes (Higgs, W,Z, top), and possible new high-mass particles (squarks, Z0). This figure is taken
from Ref. [18]

exploration of the high energy frontier, a detector operating at
p

s = 100 TeV must therefore be able to
detect and measure with high precision decay products in such geometrical acceptance.

1.1 Rapidity coverage

Processes occurring at a given characteristic energy scale Q2 = MX will be produced on average from
collisions that are more asymmetric at

p
s = 100 TeV compared to

p
s = 14 TeV. This effect, clearly

visible in Figure 1, is due to the fact that, for a maximally imbalanced collision, the minimum available
longitudinal momentum fraction is given by xmin =

M2
X

s . A maximally imbalanced collision corresponds
to one of the partons entering the collision parton carrying a momentum fraction xmax = 1 of the proton
momentum. In practice, due to the rapidly falling PDFs at high x, one can assume xmax ⇡ 0.5, which
gives xmin ⇡

2M2
X

s corresponding to a maximal rapidity ymax =�ln(2MXp
s ). As a result, at the FCC-hh the

decay products of the particles of interest will be produced on average more forward compared to the
LHC. For example, at

p
s = 14 TeV, a Higgs boson originating from gluon fusion can be produced up to

rapidities ymax ⇡ 4, whereas at
p

s = 100 TeV it can be produced up to ymax ⇡ 6. This effect is illustrated
in Figure 2 where the pseudo-rapidity distribution of the most forward lepton in a H ! ZZ⇤ ! 4` decay
(left) and the most forward jet in vector boson fusion Higgs (right) is shown for two different collision
energies.

This aspect of
p

s = 100 TeV collisions sets stringent requirements on the detector acceptance. In
particular, in order to maintain high efficiency for reconstructing top, Higgs, W and Z particles, which
will constitute a substantial part of the FCC-hh physics programme, the FCC-hh detector must be able
to reconstruct decay products up to very large rapidities, h ⇡ 6. Since the forward region of the detector

4

CERN-FCC-PHYS-2020-0004

• Processes at FCC-hh will 
be produced at higher 
rapidity than at the 
LHC


• Requirements on 
detector design and 
acceptance

https://cds.cern.ch/record/2717785?ln=en


Precision Measurements: 

Higgs Physics

5

 [GeV]H
T,min

p
50 100 150 200 250 300 350 400 450 500

) )
 (%

)
µ
µ
µ
µ 

→
) /

 B
R

(H
 

µ
µ 

→
 ( 

BR
(H

 
δ

1−10

1

10

210
stat + syst (cons.)

stat + syst (optim.)

stat. only

stat + syst (cons.)

stat + syst (optim.)

stat. only

FCC-hh Simulation (Delphes)

 = 100 TeVs
-1 L = 30  ab

)µµµµ →BR(H 
)µµ →BR(H  

 [GeV]H
T,min

p
100 200 300 400 500 600 700 800 900 1000

) )
 (%

)
µ
µ

 e
e

→
) /

 B
R

(H
 

γγ 
→

 ( 
BR

(H
 

δ

1−10

1

10

stat + syst (cons.)

stat + syst (optim.)

stat. only

stat + syst (cons.)

stat + syst (optim.)

stat. only

FCC-hh Simulation (Delphes)

 = 100 TeVs
-1 L = 30  ab

)µµ ee→BR(H 
)γγ →BR(H  

 [GeV]H
T,min

p
50 100 150 200 250 300 350 400 450 500

) )
 (%

)
µ
µ
µ
µ 

→
) /

 B
R

(H
 

γ
µ
µ 

→
 ( 

BR
(H

 
δ

1−10

1

10

stat + syst (cons.)

stat + syst (optim.)

stat. only

stat + syst (cons.)

stat + syst (optim.)

stat. only

FCC-hh Simulation (Delphes)

 = 100 TeVs
-1 L = 30  ab

)µµµµ →BR(H 
)γµµ →BR(H  

 [GeV]H
T,min

p
50 100 150 200 250 300 350 400 450 500

) )
 (%

)
µ
µ 

→
) /

 B
R

(H
 

γγ 
→

 ( 
BR

(H
 

δ

1−10

1

10

210
stat + syst (cons.)

stat + syst (optim.)

stat. only

stat + syst (cons.)

stat + syst (optim.)

stat. only

FCC-hh Simulation (Delphes)

 = 100 TeVs
-1 L = 30  ab

)µµ →BR(H 
)γγ →BR(H  

Fig. 10.4: Expected precision on the ratio BR(H! µ+µ� )/BR(H! 4µ) (top left),
BR(H ! ��)/BR(H! 2e2µ) (top right), BR(H! µµ�)/BR(H ! 4µ) (bottom left) and
BR(H ! ��)/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.

experimental uncertainties, such as the luminosity uncertainty and uncertainties on the event selection5288

due to similar kinematics will likewise, to a large extent, cancel.5289

One top is required to decay leptonically; the other hadronically, and the Higgs decays to a bb̄5290

pair. The combinatorial backgrounds are reduced by focussing on the ‘boosted topology’, where the5291

Higgs boson is produced with large transverse momentum. The final state has one high pT lepton, two5292

large radius jets that contain the hadronic top and Higgs decay products, and an additional heavy flavour5293

jet and missing energy.5294

Monte Carlo Events The ttH and ttZ samples were generated at LO with up to one extra5295

merged jet. NLO cross sections of �ttH = 34 pb [5] and �ttZ = 64.2 pb [16] were used. The tt̄ + jets5296

background was generated at LO in two separate components: the reducible tt̄ + jet contribution in the5297

234

Top Yukawa (production)

35

• production ratio σ(ttH)/σ(ttZ) ≈ yt2 yb2/ gttZ 2 

• measure σ(ttH)/σ(ttZ) in H/Z→bb mode in the boosted 
regime, in the semi-leptonic channel

• perform simultaneous fit of double Z and H peak 
• (lumi, scales, pdfs, efficiency) uncertainties cancel out in ratio

• assuming gttZ and κb known to 1% (from FCC-ee), 

→ measure yt to 1%  

δyt / yt ≲1  % 

ttH

ttZ

MLM, D. Jamin, C. Helsens, G. Ortona, MS

production. In both scenarios, the sensitivity is within 20% of each other and the scaling with respect to6029

luminosity is roughly the same.6030

The results are translated to compare to direct detection results following [260]. Figure 10.286031

shows that a result comparable to that of the expected ultimate limit of direct detection, as defined by the6032

bound induced from neutral current neutrino interactions known as the neutrino floor.6033

In summary, by performing a simultaneous fit of the hadronic recoil (e.g. E
miss
T ) spectra of five6034

control regions defined by Z and W to lepton decays and �+jets, it is possible to constrain both theory6035

and experimental systematics to obtain an extremely precise prediction of the Z! nn spectrum. This6036

simultaneous fit is used to probe the decay of the Higgs to invisible particles. The resulting sensitivity6037

shows a sensitivity to a branching ratio of the Higgs to invisible particles of roughly 10
�4; a bound that6038

is sensitive to Standard Model H! nnnn and which extends to the maximal bound of the direct detection6039

searches.6040
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Fig. 10.28: (Left) Expected limit as a function luminosity for the Higgs to invisible, for multiple uncer-
tainty schemes. (Right) Translation of the limit at 30 ab�1 to the direct detection plane and comparison
with LUX [261], PandaX-II [262], CDMSLite [263], and the neutrino floor [264].

10.3.5 Dark Matter: disappearing tracks6041

Astrophysical observations of galaxies and the large-scale structure in the universe strongly indicate that6042

dark matter predominate the matter contents in the universe. The nature of dark matter is, however,6043

still unknown and the Standard Model (SM) of particle physics has no states acting as dark matter.6044

Within the theory of supersymmetry (SUSY), a dark matter candidate is a neutralino, which is a mixed6045

state of neutral supersymmetric partners of the SM U(1)⇥SU(2) gauge bosons and the two SU(2) Higgs6046

doublets. The lightest neutralino (�̃0

1) is often assumed to be the lightest supersymmetric particle (LSP).6047

If we assume that dark matter is the neutral wino (higgsino), which is a supersymmetric partner of the6048

SM SU(2) gauge boson (Higgs boson) and that it was produced in thermal processes, the upper limit6049

of the LSP mass is determined by the observed relic density of dark matter to be 3 (1) TeV for the6050

wino (higgsino) LSP scenario. In this section, the discovery potential of the FCC-hh with the reference6051

detector is assessed, for wino and higgsino dark matter up to the limits set by thermal production.6052

When the pure wino or higgsino state is the LSP and has a large mass, the �̃0

1 is highly degenerate6053

with the lightest chargino (�̃±
1 ), because the wino/higgsino belong to the same SU(2) multiplets. The6054

mass difference between the �̃
±
1 and the �̃

0

1is typically 160 (355) MeV for the wino (higgsino) LSP sce-6055

nario, as evaluated from the calculation of radiative correction in Refs. [265,266]. Due to the small mass6056

difference, the �̃
±
1 has a long lifetime of approximately 0.2 (0.023) ns for the 3 TeV wino (1 TeV hig-6057
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-
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Fig. 10.3: Left: Invariant mass spectrum of the reconstructed Higgs candidate in the H ! µ+µ� (top)
and H ! `

+
`
�
� (bottom) channels, for signal and backgrounds. Right: Expected precision on the signal

strength (defined as µ = �obs/�SM) as a function of the minimal requirement on the Higgs reconstructed
transerverse momentum obtained in the H ! µ+µ� (top) and H ! `

+
`
�
� (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 �L ⇡ 1% (stat + syst + lumi).

single muon, electron and photon are shown in Fig. 10.1. A conservative and an optimistic scenario are5235

considered. For example, at asymptotically high momenta �✏(e, �) = 0.5% and �✏(µ) = 0.25% for the5236

optimistic and �✏(e, �) = 1.0% and �✏(µ) = 0.50% for the conservative scenarios, respectively. We5237

assume that the uncertainties for electrons and photons are equal and fully correlated, but uncorrelated5238

to those for the muons.5239

The normalisation of the backgrounds for all channels is determined from control regions defined5240

away from the Higgs mass peak. Given the large statistics in these sidebands, we therefore assume �B to5241

be negligible.5242
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The Higgs Boson
• High precision measurements of all properties of Higgs boson are critical


• May prove to be a key to discovering physics beyond the Standard Model


• Hadron colliders are well-suited to provide


• Higgs coupling measurements


• Rare decays due to high luminosity


• Higgs-top coupling


• Higgs to invisible
• Higgs self-coupling

6

Many more Higgs bosons: large increase in cross sections

26 CHAPTER 3. ELECTROWEAK PHYSICS

Fig. 3.1: Higgs production cross sections in hadronic collisions.

decay to (i.e. the Higgs width is fully determined by the couplings to the SM particles), or that
the coupling to the gauge bosons can not be larger than the SM value. This latter assumption
is valid for the vast majority of BSM models, and is made for results and projections presented
here.

Figure 3.2 presents a selection of current Higgs coupling measurements [21, 22] and the
precision projected for HL-LHC [23], with the constraint |kV |  1. Here, ki is a parameter
which specifies by how much the coupling of the Higgs boson to a given particle i deviates
from the SM expectation, see Sec. 3.2.2 for more details. The current uncertainties are typi-
cally 10-20% for the bosons and 3rd generation fermions. For the muon coupling modifier the
uncertainty is about 100%, and the upper limits on new invisible or undetected particles are
20-30%. With the HL-LHC, the precision will be improved by about a factor of 5-10 on all
observables. Figure 3.2 also shows the composition of the expected HL-LHC uncertainties in a
k-fit where the width is assumed to be fully determined by the couplings to the SM particles.
The only channels which are expected to be limited by data statistics are the rare decays to
muons and Zg . In all other cases, the experimental systematic uncertainties are similar to the
statistical uncertainties, but the dominant source of uncertainty arises from theory. Here, it is
already assumed that the theory uncertainties can be reduced by a factor of two compared to the
current uncertainties which is challenging to achieve. For both hadron and lepton colliders, a
further reduction of theory uncertainties is pivotal to fully capitalise on the experimental data.
Section 3.2.3 discusses the status and prospects for theory uncertainties.

3.1.2 Higgs studies at e+e� colliders
The Higgs production processes in unpolarised e+e� collisions are shown in Fig. 3.3. Im-
portantly the total ZH cross section can be measured independently of the Higgs boson de-
cay, using a missing mass technique. From this measurement the coupling gZZH can be de-

Cross sections vs energy



Higgs Coupling Measurements
• Hadron colliders cannot make 

absolute measurements of Higgs 
couplings


• Either make model dependent 
measurements or measure coupling 
ratios wrt  (and use precise 
ee measurement) with high statistics


• e.g. 

• 0.1% stat


• 1.45% stat + syst + lumi


• Can reduce systematics (incl. impact 
of pile up) by used boosted Higgs 
(  with  TeV)


• Also measurements of Higgs 

• Could probe new physics 

H → ZZ

H → γγ

> 106 pT > 1
pT

7
Z decay is allowed. Further details of the event selection can be found in Table 10.3. The Higgs invariant5225

mass distributions used for signal extraction are shown in Figs. 10.2 and 10.3 (left).5226
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Fig. 10.2: Left: Invariant mass spectrum of the reconstructed Higgs candidate in the H ! µ+µ� (top)
and H ! 4` (bottom) channels, for signal and backgrounds. Right: Expected precision on the signal
strength (defined as µ = �obs/�SM) as a function of the minimal requirement on the Higgs reconstructed
transerverse momentum obtained in the H ! µ+µ� (top) and H ! 4` (bottom) channels . The ex-
pected 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 reconstruc-
tion efficiencies (stat. + syst), and statistical, systematics on the object reconstruction efficiencies, and
luminosity systematics of �L ⇡ 1% (stat + syst + lumi).

Systematic uncertainties Typically at hadron colliders the ultimate precision of cross-section5227

measurements is limited by systematic uncertainties on the production cross section �prod and the in-5228

tegrated luminosity L. The current uncertainty on the Higgs production cross section is ⇠ 3% [202],5229

dominated by uncertainties on the parton distribution function, ↵S and scale uncertainties. We assume5230

that improvements in the theoretical predictions within the timescale of the FCC will be ��prod < 1%.5231

Typical LHC analyses have luminosity uncertainties of �L ⇡ 2.5% [203], here we assume that novel5232

techniques can improve this systematics to �L ⇡ 1%.5233

Systematic uncertainties also enter due to object reconstruction efficiencies. The uncertainties for5234

231
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Fig. 10.4: Expected precision on the ratio BR(H! µ+µ� )/BR(H! 4µ) (top left),
BR(H ! ��)/BR(H! 2e2µ) (top right), BR(H! µµ�)/BR(H ! 4µ) (bottom left) and
BR(H ! ��)/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.

experimental uncertainties, such as the luminosity uncertainty and uncertainties on the event selection5288

due to similar kinematics will likewise, to a large extent, cancel.5289

One top is required to decay leptonically; the other hadronically, and the Higgs decays to a bb̄5290

pair. The combinatorial backgrounds are reduced by focussing on the ‘boosted topology’, where the5291

Higgs boson is produced with large transverse momentum. The final state has one high pT lepton, two5292

large radius jets that contain the hadronic top and Higgs decay products, and an additional heavy flavour5293

jet and missing energy.5294

Monte Carlo Events The ttH and ttZ samples were generated at LO with up to one extra5295

merged jet. NLO cross sections of �ttH = 34 pb [5] and �ttZ = 64.2 pb [16] were used. The tt̄ + jets5296

background was generated at LO in two separate components: the reducible tt̄ + jet contribution in the5297

234

• Hierarchy of production channels changes at large pT(H):
• σ(ttH) > σ(gg→H) above 800 GeV

• σ(VBF) > σ(gg→H) above 1800 GeV

H at large pT

 23

Ratios
Higgs pT



Rare Higgs Decays

• Large production cross 
sections and high 
luminosity would allow 
precise measurements of 
rare Higgs decays


•

• 0.28% stat


• 1.22% stat+syst+lumi


• (8.2% @ HL-LHC)


•

• 0.55% stat


• 1.61% stat+syst+lumi


• (19.1% @ HL-LHC)

H → μμ

H → Zγ

8
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Fig. 10.3: Left: Invariant mass spectrum of the reconstructed Higgs candidate in the H ! µ+µ� (top)
and H ! `

+
`
�
� (bottom) channels, for signal and backgrounds. Right: Expected precision on the signal

strength (defined as µ = �obs/�SM) as a function of the minimal requirement on the Higgs reconstructed
transerverse momentum obtained in the H ! µ+µ� (top) and H ! `

+
`
�
� (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 �L ⇡ 1% (stat + syst + lumi).

single muon, electron and photon are shown in Fig. 10.1. A conservative and an optimistic scenario are5235

considered. For example, at asymptotically high momenta �✏(e, �) = 0.5% and �✏(µ) = 0.25% for the5236

optimistic and �✏(e, �) = 1.0% and �✏(µ) = 0.50% for the conservative scenarios, respectively. We5237

assume that the uncertainties for electrons and photons are equal and fully correlated, but uncorrelated5238

to those for the muons.5239

The normalisation of the backgrounds for all channels is determined from control regions defined5240

away from the Higgs mass peak. Given the large statistics in these sidebands, we therefore assume �B to5241

be negligible.5242
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Higgs-Top Coupling

• Again due to the energy, 100 TeV 
colliders can make precise 
measurements of 

• ttH production cross section 
increases more rapidly than other 
production cross sections with energy


• Following Mangano et al. a precise 
measurement could be made by 
measuring the ratio 

• Cancellation of systematics including 
luminosity, theory & 
experimental systematics


• Expected precision of O(1%)


• Assumes  is known, e.g. from 
FCC-ee

κt

ttH/ttZ

σ(ttZ)

9Top Yukawa (production)

35

• production ratio σ(ttH)/σ(ttZ) ≈ yt2 yb2/ gttZ 2 

• measure σ(ttH)/σ(ttZ) in H/Z→bb mode in the boosted 
regime, in the semi-leptonic channel

• perform simultaneous fit of double Z and H peak 
• (lumi, scales, pdfs, efficiency) uncertainties cancel out in ratio

• assuming gttZ and κb known to 1% (from FCC-ee), 

→ measure yt to 1%  

δyt / yt ≲1  % 

ttH

ttZ

MLM, D. Jamin, C. Helsens, G. Ortona, MS

Top Yukawa (production)

35

• production ratio σ(ttH)/σ(ttZ) ≈ yt2 yb2/ gttZ 2 

• measure σ(ttH)/σ(ttZ) in H/Z→bb mode in the boosted 
regime, in the semi-leptonic channel

• perform simultaneous fit of double Z and H peak 
• (lumi, scales, pdfs, efficiency) uncertainties cancel out in ratio

• assuming gttZ and κb known to 1% (from FCC-ee), 

→ measure yt to 1%  

δyt / yt ≲1  % 

ttH

ttZ

MLM, D. Jamin, C. Helsens, G. Ortona, MS

δyt /yt < 1 %

https://iopscience.iop.org/article/10.1088/0954-3899/43/3/035001


Higgs Decays to Invisible Particles

• Constraints on Higgs decays to invisible particles can be used as generic 
searches for (light) new particles coupling to the Higgs boson


• Profile likelihood fit to the  in boosted Higgs events


• Backgrounds constrained from Z and W control regions


•

• Depends on level to which backgrounds can be constrained


• Competitive at low mass with direct detection experiments like 
LUX, PANDA, CDMS

Emiss
T

BR(H → inv) < 10−4

10
production. In both scenarios, the sensitivity is within 20% of each other and the scaling with respect to6029

luminosity is roughly the same.6030

The results are translated to compare to direct detection results following [260]. Figure 10.286031

shows that a result comparable to that of the expected ultimate limit of direct detection, as defined by the6032

bound induced from neutral current neutrino interactions known as the neutrino floor.6033

In summary, by performing a simultaneous fit of the hadronic recoil (e.g. E
miss
T ) spectra of five6034

control regions defined by Z and W to lepton decays and �+jets, it is possible to constrain both theory6035

and experimental systematics to obtain an extremely precise prediction of the Z! nn spectrum. This6036

simultaneous fit is used to probe the decay of the Higgs to invisible particles. The resulting sensitivity6037

shows a sensitivity to a branching ratio of the Higgs to invisible particles of roughly 10
�4; a bound that6038

is sensitive to Standard Model H! nnnn and which extends to the maximal bound of the direct detection6039

searches.6040
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Fig. 10.28: (Left) Expected limit as a function luminosity for the Higgs to invisible, for multiple uncer-
tainty schemes. (Right) Translation of the limit at 30 ab�1 to the direct detection plane and comparison
with LUX [261], PandaX-II [262], CDMSLite [263], and the neutrino floor [264].

10.3.5 Dark Matter: disappearing tracks6041

Astrophysical observations of galaxies and the large-scale structure in the universe strongly indicate that6042

dark matter predominate the matter contents in the universe. The nature of dark matter is, however,6043

still unknown and the Standard Model (SM) of particle physics has no states acting as dark matter.6044

Within the theory of supersymmetry (SUSY), a dark matter candidate is a neutralino, which is a mixed6045

state of neutral supersymmetric partners of the SM U(1)⇥SU(2) gauge bosons and the two SU(2) Higgs6046

doublets. The lightest neutralino (�̃0

1) is often assumed to be the lightest supersymmetric particle (LSP).6047

If we assume that dark matter is the neutral wino (higgsino), which is a supersymmetric partner of the6048

SM SU(2) gauge boson (Higgs boson) and that it was produced in thermal processes, the upper limit6049

of the LSP mass is determined by the observed relic density of dark matter to be 3 (1) TeV for the6050

wino (higgsino) LSP scenario. In this section, the discovery potential of the FCC-hh with the reference6051

detector is assessed, for wino and higgsino dark matter up to the limits set by thermal production.6052

When the pure wino or higgsino state is the LSP and has a large mass, the �̃0

1 is highly degenerate6053

with the lightest chargino (�̃±
1 ), because the wino/higgsino belong to the same SU(2) multiplets. The6054

mass difference between the �̃
±
1 and the �̃

0

1is typically 160 (355) MeV for the wino (higgsino) LSP sce-6055

nario, as evaluated from the calculation of radiative correction in Refs. [265,266]. Due to the small mass6056

difference, the �̃
±
1 has a long lifetime of approximately 0.2 (0.023) ns for the 3 TeV wino (1 TeV hig-6057
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Higgs Self-coupling
• Direct access to Higgs potential

• Confirm mechanism of electroweak 
symmetry breaking


• Tiny cross section due to negative 
interference 


• Key channels include


•

•

•

• Expect to react a precision of ~50% by the 
end of HL-LHC


• Depends strongly on assumptions about 
systematics

bbττ

bbγγ

bbbb

11

ATL-PHYS-PUB-2022-005

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-005/


Higgs self-coupling at FCC-hh

• Highest precision channel: 

• Expected combined 
precision on  of 3-8%


• Depends on detector 
performance and 
systematic assumptions


• Studied for 3 different 
detector performance 
and systematic scenarios

bbγγ

κλ

12
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Table 6 Expected precision at 68% CL on the di-Higgs production
cross-section and Higgs self coupling using the bb̄bb̄ channel at the
FCC-hh with Lint = 30 ab−1. The symmetrized value δ = (δ++δ−)/2
is given in %

@68% CL Scenario I Scenario II Scenario III

δµ

Stat only 8.4 9.1 10.8

Stat + syst 10.4 12.2 17.9

δ κλ

Stat only 18.0 20.0 24.2

Stat + syst 22.3 27.1 32.0

6.4 Combined precision

When combining results from the various channels, the sys-
tematic uncertainties from the various sources affecting those
processes that we assume to be estimated from Monte Carlo
simulations (HH, single Higgs, and ZZ) are accounted for as
follows.

Lepton (e/µ, τ ) uncertainties are correlated across all pro-
cess and across the bb̄τhτh and bb̄τhτ% channels. In the bb̄γ γ

channel, the photon uncertainty for the single and double
Higgs processes are correlated. The luminosity uncertainty
is correlated across all these processes and all channels. The
same applies, for each process independently, to the overall
normalisation uncertainty. The uncertainties on lepton ID,
luminosity and normalisation are assumed to affect only the
overall normalization of signal and background shapes and
to not introduce a significant deformation of their shapes. For

the b-jets ID, we take into account both the shape and normal-
isation uncertainty due to the b-jets systematic uncertainties.
This is achieved by shifting the efficiency for each jet by the
(pT-dependent) values reported in Table 2, and re-computing
the resulting BDT distributions. As discussed in Sect. 4.3,
this uncertainty is correlated across different channels when
it affects the same process. Overall normalisation uncertain-
ties are cancelled out when a background is estimated from a
control region. Moreover, we expect all control regions to be
well-populated at the FCC-hh. For these reasons, we assume
the systematic uncertainties affecting those backgrounds that
are most likely to be estimated from well populated control
regions or side bands, such as QCD, Zbb, photon(s) + jets,
and tt̄, to be negligible and we do not include them in the fit
procedure.

The combined expected negative log-Likelihood scan is
shown in Fig. 13. The expected precision for the single chan-
nels is also shown. For completeness, we introduced in the
combination also the bb̄Z Z (4%) channel, which provides a
sensitivity similar to the 4b channel. This decay channel was
not re-optimized in this study and the result of the analysis
is documented in Ref. [37]. The expected combined preci-
sion on the Higgs self-coupling obtained after combining the
channels bb̄γ γ , bb̄ ττ , bb̄bb̄ and bb̄Z Z (4%) can be inferred
from the intersection of black curves with the horizontal 68%
and 95% CL lines. The expected statistical precision for Sce-
nario I, neglecting systematic uncertainties, can be read from
the dashed black line in Fig. 13, and gives δ κλ = 3.0% at
68% CL. The solid line corresponds to scenario II, while
the boundaries of the shaded area represent respectively the
alternative scenarios I and III. From the shaded black curve

Fig. 13 Expected negative
log-Likelihood scan as a
function of the trilinear
self-coupling modifier
κλ = λ3/ λSM

3 in all channels,
and their combination. The solid
line corresponds to the scenario
II for systematic uncertainties.
The band boundaries represent
respectively scenarios I and III.
The dashed line represents the
sensitivity obtained including
statistical uncertainties only,
under the assumptions of
scenario I
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tion that combines tracking and calorimeter information to
form particle-flow candidates, i.e. charged hadrons, neutral
hadrons and photons. Such particles are then used as input
for jet clustering, missing energy, and isolation variables. In
the following we will focus on describing the key parameters
of the FCC-hh detector implementation in Delphes that are
relevant for the self-coupling analysis presented here.

Jets are clustered by the anti-kT algorithm [87] with a
parameter R = 0.4. For leptons (! = e, µ) and photons (γ ),
the relative isolation Irel is computed by summing the pT
of all particle-flow candidates in a cone around the particle
of interest an dividing by the particle’s pT(e, µ, γ ). Isolated
objects, such as photons originating from a HH → bb̄γ γ

decay, typically feature a small value of Irel. The reconstruc-
tion and identification (ID) efficiencies for leptons and pho-
tons are parameterised as function of pT and pseudo-rapidity
η.

We note that the effect of pile-up is not simulated directly
by overlaying minimum bias events to the hard scattering.
Although Delphes allows for such possibility, including in
the simulation up to 1000 pile-up interactions would result
in an overly conservative object reconstruction performance
for the simple reason that the current Delphes FCC-hh setup
does not possess the well-calibrated pile-up rejection tools
that will necessarily be employed for a detector operating
in such conditions, and so far in the future. These tech-
niques will include the use of picosecond (ps) timing detec-
tors as well as advanced machine-learning-based techniques
for pile-up mitigation. For the present LHC detectors, as well
as for presently approved future detectors (the ATLAS and
CMS Phase II detectors) it is already the case that such tech-
niques allow to recover the nominal detector performance in
the absence of pile-up [88,89]. The level of degradation of
the λ3 measurement precision caused by the deterioration of
the performance of specific physics objects (for example the
photon energy resolution and reconstruction efficiency or the
b-tagging efficiency) has been quantified in previous studies
[37]. The impact of degrading the photon energy resolution
due to pile-up contamination was studied in full simulation
with up 1000 pile-up interactions in Ref. [81]. The degraded
resolution was then propagated in Delphes and the effect on
the λ3 precision was found to be approximately 1% (or 20%
in relative terms). We stress however that this level of degra-
dation should be considered as a worse case scenario given
that a simple sliding window algorithm was used, and tim-
ing information was not exploited. In Ref. [37] we have also
studied the impact of degrading the photon reconstruction
or, equivalently, of increasing the jet-to-photon probability,
which also showed an effect of 1% on the λ3 precision. Since
a full-fledged event simulation and object reconstruction does
not exist at this stage for the FCC-hh detector, the assumed
object efficiencies result from extrapolations from the LHC
detectors. In order to account for a possible degradation of the

detector performance in the presence of pile-up, we define 3
baseline scenarios:

• Scenario I: Optimistic – target detector performance, sim-
ilar to Run 2 LHC conditions.

• Scenario II: Realistic – intermediate detector perfor-
mance.

• Scenario III: Conservative – pessimistic detector per-
formance, assuming extrapolated HL-LHC performance
using present-day algorithms.

The assumptions on the performance of various physics
objects for each baseline scenario, are summarized in Table 2.
As mentioned previously, a dominant background for HH →
bb̄γ γ analysis is the γ + jets process. The probability for a
hard scattering jet to be mis-reconstructed as an isolated pho-
ton is small,O(10−3), in current LHC detectors, thanks to the
excellent angular resolution of present calorimeters. As we
noted in Sect. 4.1, the assumed granularity for the FCC-hh
detector is a factors 2–4 better than present LHC detectors.
We make however the conservative choice of assuming a
j → γ fake-rate ε j→γ = 0.0007 · e−pT[GeV ]/187, which is
of the same magnitude as in the HL-LHC detectors [90]. In
addition, we account for the probability for a pile-up jet to be
reconstructed as photon by further multiplying the fake rate
by a factor 2. This factor has been derived by simulating 1000
PU collision with the CMS Phase-II detector in Delphes,
applying a pile-up ID mistag rate of 10 % (from Ref. [89]) and
applying the fake-rate probability for calibrated pile-up jets
given in Figure 5b in Ref. [90]. This procedure is used for Sce-
nario I. For Scenario II and III we multiply the above fake-rate
by factors of 2 and 4 respectively. For leptons we neglect pos-
sible fake jets contributions since these are negligible at the
momemtum scale relevant for the HH → bb̄ ττ final state.
Delphes also provides heavy flavour tagging, in particular
τ (hadronic) and b-jet identification. Both hadronic τ ’s and
b-jets are reconstructed using the total visible 4-momentum
of the jet. The tagging efficiencies rely on a parameterisa-
tion of the (mis-)identification probability as a function of
(pT, η). Again, since we cannot yet derive such performance
from full-simulation, we assume efficiencies and mistag rates
of the same order as for the (HL-)LHC detectors. For Sce-
nario I, the efficiencies for τ and b-jets are modelled after
the CMS performance given in Refs. [91,92]. For scenar-
ios II and III a degradation of the efficiencies for a constant
mistag-rate probability is assumed. It should be noted that
this is a conservative assumption, since present estimates for
heavy-flavour tagging in LHC Phase II conditions project a
similar performance as in present conditions, due to superior
tracking and high-precision timing detectors [93,94]. For τ

and b-jets we also consider two definitions, a “Medium” (M)
and a “Tight” (T) working point, in order to operate at an
optimal signal-to-background rejection in each decay chan-
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Fig. 14 Expected precision on
the Higgs self-coupling as a
function of the integrated
luminosity

Table 7 Combined expected precision at 68% CL on the di-Higgs pro-
duction cross- and Higgs self coupling using all channels at the FCC-hh
with Lint = 30 ab−1. The symmetrized value δ = (δ++δ−)/2 is given
in %

@68% CL Scenario I Scenario II Scenario III

δµ

Stat only 2.2 2.8 3.7

Stat + syst 2.4 3.5 5.1

δ κλ

Stat only 3.0 4.1 5.6

Stat + syst 3.4 5.1 7.8

one can infer the final precision when including systematic
uncertainties. Depending on the assumptions, the expected
precision for the Higgs self-coupling is δ κλ = 3.4−7.8% at
68% CL. The signal strength and self-coupling precision for
the combination are summarized in Table 7.

The expected precision on the Higgs self-coupling as a
function of the integrated luminosity is shown in Fig. 14,
for the three scenarios, with and without systematic uncer-
tainties. With the most aggressive scenario I, a precision of
δ κλ = 10% can be reached with only 3 ab−1 of integrated
luminosity, whereas approximately 20 ab−1 are required for
the most conservative scenario III. Therefore, assuming sce-
nario I, the 10% target should therefore be achievable during
the first 5 years of FCC-hh operations, combining the datasets
of two experiments. Even including the duration of the FCC-
ee phase of the project, and the transition period from FCC-
ee to FCC-hh, this timescale is competitive with the time
required by the proposed future linear colliders, which to

achieve this precision need to complete their full programme
at the highest beam energies.

As already discussed, the value of the self-coupling cou-
pling can significantly alter both the Higgs pair production
cross section and the event kinematic properties. In order to
explore the sensitivity to possible BSM effects in Higgs pair
production, a multivariate BDT discriminant was optimised
against the backgrounds for several values of κλ in the range
0 < κλ < 3, in order to maximise the achievable precision
for values of κλ "= 1. The BDT training has been performed
only for the bb̄γ γ channel, which dominates the overall sen-
sitivity, whereas for the other channels we conservatively
employ the BDT trained at κλ = 1. The obtained precision
as a function of κλ is shown in Fig. 15.8

It can be seen that the overall precision follows the
behaviour of the HH production cross section as function of
κλ given in Fig. 2a. The best precision, δ κλ≈ 2%, is reached
at κλ = 0 where the value dµ

d κλ
is large. Conversely, the max-

imum uncertainty δ κλ≈ 60% is obtained at κλ ≈ 2.5, and
corresponds to the minimum of the total HH cross section,
where dµ

d κλ
→ 0 . As can be expected, the likelihood function

presents a broad second minimum9 in correspondence of the
minimum of the HH cross section at κλ = 2.5. The pres-
ence of this minimum is the reason behind the asymmetric
behaviour of the uncertainties for the points near κλ = 2.5. If

8 We stress once more that, as discussed in Sect. 2, precision projections
for κλ "= 1 are tied to a scenario in which only λ3 is modified, and other
BSM effects on the HH cross section are assumed to be negligible. For
a recent study of the BSM modifications to kinematical distributions in
presence of multiple anomalous couplings, see Ref. [55].
9 The first minimum being at the probed value of κλ.
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→ 0 . As can be expected, the likelihood function

presents a broad second minimum9 in correspondence of the
minimum of the HH cross section at κλ = 2.5. The pres-
ence of this minimum is the reason behind the asymmetric
behaviour of the uncertainties for the points near κλ = 2.5. If

8 We stress once more that, as discussed in Sect. 2, precision projections
for κλ "= 1 are tied to a scenario in which only λ3 is modified, and other
BSM effects on the HH cross section are assumed to be negligible. For
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

http://cds.cern.ch/record/2691414

FCC-hh can make the most precise measurement of the Higgs self-coupling 
of future colliders under consideration
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also in [2203.06520]

14

Summary of Higgs direct measurements

• Percent level precision on σ x BR in most rare decay channels achievable only at 100 TeV

• Percent level precision on couplings if HZZ coupling known from FCC-ee (to 0.2%)

also in [2203.06520]

• Highlights include


• Higgs coupling measurements


• Rare decays due to high luminosity


• Higgs-top coupling


• Higgs to invisible
• Higgs self-coupling

Comparison to other hadron 
colliders
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Figure 18: Ratio of partonic luminosities at 100 and 14 TeV, as a function of partonic
center-of-mass energy ŝ, for di↵erent partonic initial states. From Ref. [194].

self-coupling will be measured with a precision in the range 3.4–7.8% at 68% confidence
level [198]. For these estimates, the detector performance was defined by scenarios rang-
ing from established LHC Run 2 (optimistic), to HL-LHC performance projected using
today’s algorithms (pessimistic). The 10% precision threshold could be achieved already
with 3 ab�1, assuming the expected systematics can be achieved during this early phase of
data taking. The self-coupling is related to the nature of the EWPT, and the possibility
in BSM scenarios that it is strongly of first order, and then may have played a role in the
matter/antimatter asymmetry of the universe. The expected precision of the FCC-hh mea-
surement of the self-coupling, together with its discovery reach for new particles in BSM
scenarios, have the potential to conclusively test scenarios leading to a strong first-order
EWPT.

There is both complementarity and synergy between FCC-hh and FCC-ee in Higgs physics.
First, FCC-ee provides the absolute and most precise measurement of the Higgs coupling
to the Z boson and of the total Higgs width, as well as of the largest rate decays. It has the
greatest sensitivity to elusive SM hadronic decays, such as H ! gg and H ! cc, and others
within some BSM scenarios [118, 116]. Then, following the FCC-ee, the FCC-hh provides
the most precision for the rare SM decays H ! µµ, ��, Z �, as well as the ttH coupling
and the important Higgs self-coupling. The critical synergy between the two colliders is
that FCC-ee input is essential to reduce the parametric systematics of the aforementioned
FCC-hh measurements. For example, Table 8 shows that for the rare SM decays H ! µµ,
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop
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Fig. 10.32: Expected discovery significance for the (a) wino and (b) higgsino models with 30 ab�1 with
the requirement of Nhit

layer = 5. The grey (red) bands show the significance using the default (alternative)
layout #1 (#3). The difference between the solid and hatched bands corresponds to the different pile-up
conditions of hµi = 200 and 500. The band width corresponds to the significance variation due to the
two models assumed for soft QCD processes.
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hit
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• High mass resonances Z → ee/ μμ / j j / tt … reach should scale as √s/14 TeV

• Provide crucial benchmarks for optimising detector design:

• High momentum tracks and muons

• Boosted hadronic signatures … 

also in [2202.03389]



New physics prospects at 100 TeV

• 100 TeV colliders can directly probe new physics at very high energies


• PDF luminosity ratio increasing strongly as a function of the mass of the 
new particle


• e.g. 100 @ 1 TeV

• 106 @ 8 TeV


• Translates into discovery potential for high mass particles

16

]-1Integrated Luminosity [fb
10 210 310 410 510

 D
is

co
ve

ry
 M

as
s 

[T
eV

]
σ5

0

10

20

30

40

50

60

70

Dijet Resonance Discovery at pp Colliders
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Figure 17: Comparison of the sensitivity of HL-LHC and FCC-hh for models of new physics.
Left: The 5� discovery sensitivity for dijet resonances as a function of integrated luminosity
from Ref. [195]. Right: The 5� discovery and 95% CL exclusion sensitivities at baseline
integrated luminosity for dijet resonances and for a top squark from Ref. [195, 9, 196, 68].

FCC-hh will help to address some of the most important outstanding questions in particle
physics and cosmology, such as the mechanism of electroweak symmetry breaking and the
nature of dark matter. Additional particles are needed to extend the standard model to
answer these questions. The 100 TeV collision energy of FCC-hh not only increases the
sensitive mass range for the discovery of such new particles, but it is necessary and su�cient
to give clear answers in critical areas. For example, the nature of the Higgs potential, and
whether thermal weakly interacting massive particles (WIMPs) are the dark matter.

FCC-hh will measure the properties of the Higgs boson with unprecedented precision. With
30 ab�1 it will produce over 20 billion Higgs particles, and over 30 million Higgs pairs, more
than a hundred times the HL-LHC. This will allow the measurement of Higgs couplings
within ⇠1% as tabulated in Table 8. The large center-of-mass energy of the FCC-hh will also
enable the precise measurement of the di↵erential cross section of Higgs bosons produced
with large transverse momentum, pT. These measurements could reach a precision of up
to 10%, for pT values in excess of 1 TeV, allowing FCC-hh to probe new physics via the
presence of higher-dimension operators within an EFT framework.

FCC-hh will explore the electroweak phase transition (EWPT) that occurred in the early
universe and created the mass of the Higgs boson (for a review see Ref. [197]). At the
FCC-hh the measurement of the Higgs self-coupling ��/� will not be limited by statistics.
Depending on the assumed detector performance and systematic uncertainties, the Higgs

49

Figure 18: Ratio of partonic luminosities at 100 and 14 TeV, as a function of partonic
center-of-mass energy ŝ, for di↵erent partonic initial states. From Ref. [194].

self-coupling will be measured with a precision in the range 3.4–7.8% at 68% confidence
level [198]. For these estimates, the detector performance was defined by scenarios rang-
ing from established LHC Run 2 (optimistic), to HL-LHC performance projected using
today’s algorithms (pessimistic). The 10% precision threshold could be achieved already
with 3 ab�1, assuming the expected systematics can be achieved during this early phase of
data taking. The self-coupling is related to the nature of the EWPT, and the possibility
in BSM scenarios that it is strongly of first order, and then may have played a role in the
matter/antimatter asymmetry of the universe. The expected precision of the FCC-hh mea-
surement of the self-coupling, together with its discovery reach for new particles in BSM
scenarios, have the potential to conclusively test scenarios leading to a strong first-order
EWPT.

There is both complementarity and synergy between FCC-hh and FCC-ee in Higgs physics.
First, FCC-ee provides the absolute and most precise measurement of the Higgs coupling
to the Z boson and of the total Higgs width, as well as of the largest rate decays. It has the
greatest sensitivity to elusive SM hadronic decays, such as H ! gg and H ! cc, and others
within some BSM scenarios [118, 116]. Then, following the FCC-ee, the FCC-hh provides
the most precision for the rare SM decays H ! µµ, ��, Z �, as well as the ttH coupling
and the important Higgs self-coupling. The critical synergy between the two colliders is
that FCC-ee input is essential to reduce the parametric systematics of the aforementioned
FCC-hh measurements. For example, Table 8 shows that for the rare SM decays H ! µµ,

50
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High mass new particles

• FCC-hh would probe the 
multi-TeV range for a wide 
variety of generic models


• Dijet resonances,  : up 
40 TeV with 30 ab-1

• For other decay channels ( , 
, , ), reach is 

typically 10-20 TeV


• Reach is larger for strongly 
produced dijet resonances 
than weakly produced


• Mass reach is typically 7x 
higher than for HL-LHC

Z′￼→ ll

tt̄
W+W− ℓ+ℓ− τ+τ−
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Heavy resonances high energy pp

• High mass resonances Z → ee/ μμ / j j / tt … reach should scale as √s/14 TeV

• Provide crucial benchmarks for optimising detector design:

• High momentum tracks and muons

• Boosted hadronic signatures … 

also in [2202.03389]

Physics potential of FCC-hh: high mass new particles
Evidence for the existence of heavier particles from flavour observables or 
precision EW/Higgs measurements will require direct probes à FCC-hh is the 
only machine that can achieve that within the current technological landscape 

Increase in c.o.m energy à discovery reach @ high mass ∼ 7 times larger than 
at the (HL-) LHC

High statistics is crucial à define the needed dataset for discovery

7/2/22FCC-hh Physics potential and open questions4

FCC Physics Opportunities

main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected
indirect constraints on stops from LHC Higgs measurements are shown alongside projected constraints
at FCC-ee and FCC-hh. Since the precision of Higgs coupling measurements is greatest at FCC-ee the
latter constraints are dominated by the FCC-ee measurements. Dedicated studies at FCC-hh, using e.g.
H+jet production at high invariant mass, could further reveal the structure of the indirect corrections to
the Higgs interactions.
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Figure 9.1: Left: Projected 2� indirect reach solely from Higgs coupling constraints on stops from FCC-
ee and FCC-hh [274]. Right: Projected direct FCC-hh 2� and 5� discovery reach for supersymmetric
Higgsinos, Winos, sleptons, stops, squarks, and gluinos (see Ref. [275] for details). HL-LHC projections
are only shown for coloured sparticles and projections for Higgsinos and Winos are currently under
investigation.

At high energies it is also possible to produce the supersymmetric partner particles directly.
The experimental signatures typically involve final states featuring jets and missing energy, however
a plethora of dedicated searches are required to cover the full suite of possible experimental signatures.
In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is shown for a variety of super-
symmetric particles. Details of the phenomenological studies are presented in the extensive review of
BSM searches at FCC-hh, Ref. [275]. Further dedicated analyses have been carried out in the framework
of the FCC-hh detector performance studies. The study of the reach for Higgsino and Wino, in the con-
text of DM searches, is presented in Chapter 12. The search for stops is reviewed in the next section.
The direct reach shown in Fig. 9.1 extends far beyond the indirect precision Higgs coupling reach, in
some cases to well above 10 TeV. As a result, the combined FCC projects could comprehensively and
unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-
parity, is respected. Such a symmetry is useful for stabilising dark matter candidates and/or forbidding
observable proton decay. However, it is possible that R-parity is violated in a manner that is consistent
with such constraints. In models with R-parity violation it is possible to have single, rather than pair,
production of sparticles. This can be probed by multi-lepton and multijet signatures at the FCC-hh. At the
FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-̃t Yukawa interaction can be probed at the level of �131 . 0.01.
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Fig. 10 Summary of the 95% CL limits (left) and 5σ discovery reach (right) as a function of the resonance mass for different luminosity scenarios
of FCC-hh and HE-LHC

6 Characterisation of a Z′ discovery

6.1 Context of the study

We consider in this section a scenario in which a heavy dilep-
ton resonance is observed by the end of HL-LHC run. In this
case, considering that current limits are already pushing to
quite high values the possible mass range, a collider with
higher energy in the , would be needed to study the reso-
nance properties, since too few events will be available at√
s = 14 TeV. In this section we present the discrimination

potential, among six Z ′ models, of the 27 TeV HE-LHC, with
an assumed integrated luminosity of L = 15 ab−1. Under
the assumption that these Z ′’s decay only to SM particles,
we show that there are sufficient observables to perform this
model differentiation in most cases.

6.2 Bounds from HL-LHC

As a starting point we need to estimate what are, for
√
s =

14 TeV, the typical exclusion/discovery reaches for standard
reference Z ′ models, assuming L = 3 ab−1 and employing
only the e+e− and µ+µ− channels. To address this and the
other questions below we will use the same set of Z ′ models
as employed in Ref. [70] and mostly in Ref. [71]. We employ
the MMHT2014 NNLO PDF set [72] throughout, with an
appropriate constant K -factor (= 1.27) to account for higher
order QCD corrections. The production cross section times
leptonic branching fraction is shown in Fig. 11 (left) for these
models at

√
s = 14 TeV in the narrow width approximation

(NWA). We assume here that these Z ′ states only decay to
SM particles.

Using the present ATLAS and CMS results at 13 TeV, [73]
and [74], it is straightforward to estimate by extrapolation the
exclusion reach at

√
s = 14 TeV using the combined ee+µµ

final states. This is given in the first column of Table 7. For
discovery, only the ee channel is used, due to the poor µµ-
pair invariant mass resolution near MZ ′ = 6 TeV. Estimates
of the 3σ evidence and 5σ discovery limits are also given
in Table 7. This naive extrapolation can be compared to the
ATLAS HL-LHC prospect analysis in Ref. [1] and is found to
be agreement. Based on these results, we will assume in our
study for the HE-LHC that we are dealing with a Z ′ of mass
6 TeV. Figure 11 (right) shows the NWA cross sections for
the same set of models, at

√
s = 27 TeV. We note that very

large statistical samples will be available, with L = 15 ab−1,
for MZ ′ = 6 TeV and in both dilepton channels.

6.3 Definition of the discriminating variables

The various Z ′ models can be disentangled with the help of 3
inclusive observables: the production cross sections for dif-
ferent leptonic and hadronic final states, the leptonic forward-
backward asymmetry AFB and the rapidity ratio ry . The vari-
able AFB can be seen as an estimate of the charge asymmetry

AFB = AC = σ ("|y| > 0) − σ ("|y| < 0)
σ ("|y| > 0)+ σ ("|y| < 0)

, (6.1)

where "|y| = |yl | − |yl̄ |. This definition is equivalent to

AFB = σF − σB

σF + σB
, (6.2)

123

20 ab-1 as per accelerator goals, 
30 ab-1 used as target foreseeing 
(at least partial) combination of 
datasets from two experiments  
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].

 

 
 

Model
�
L dt[ab�1]

�
s [TeV] Mass limit (95% CL exclusion) Conditions

H
L-

LH
C

H
E

-L
H

C
LE

-F
C

C
FC

C
-h

h
C

LI
C

30
00

q̃q̃, q̃�q�̃0
1 3 14 m(�̃0

1)=0 (*)3.1 TeV

q̃q̃, q̃�q�̃0
1 3 14 m(q̃) � m(�̃0

1)+5 GeV (*)1.85 TeV

q̃q̃, q̃�q�̃0
1 15 27 m(�̃0

1)=0 (*)6.2 TeV

q̃q̃, q̃�q�̃0
1 15 27 m(q̃) � m(�̃0

1)+5 GeV (*)3.7 TeV

q̃q̃, q̃�q�̃0
1 15 37.5 m(�̃0

1)=0 (*)8.0 TeV

q̃q̃, q̃�q�̃0
1 15 37.5 m(q̃) � m(�̃0

1)+5 GeV (*)4.1 TeV

q̃q̃, q̃�q�̃0
1 30 100 m(�̃0

1)=010.0 TeV

q̃q̃, q̃�q�̃0
1 30 100 m(q̃) � m(�̃0

1)+10 GeV (**)4.2 TeV

q̃q̃, q̃�q�̃0
1 5 3.0 m(�̃0

1)=01.45 TeV

q̃q̃, q̃�q�̃0
1 5 3.0 m(q̃) � m(�̃0

1)+50 GeV1.1 TeV

Mass scale [TeV]
10

All Colliders: squark projections
(R-parity conserving SUSY, prompt searches)

(*): extrapolated from Run 2, 36/fb studies

(**): monojet results not included

Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
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fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop

FCC-hh probes stops up to 11 TeV, relevant range for naturalness

extends HL-LHC mass reach by a factor of 5-12



Disappearing Tracks
• Generic WIMP dark matter models predict 

long-lived DM candidates
• Wino (2-3 TeV region)


• Higgsino (1-1.2 TeV region)


• Can be probed using disappearing 
track analyses


• Sensitivity depends strongly on detector 
design (layers, timing information) and the 
amount of pile up

• Most optimistic scenario: FCC-hh could 
probe the entire predicted region
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Fig. 10.31: Probability of finding a fake track in an event as a function of the hµi occurring in the same
event. The probabilities for the tracks reconstructed with N

hit

layer = 4 (5) are shown by the filled (open)
markers, and they are presented separately for the three tracker layouts: the default layout (#1) in black
circles, the alternative layouts of #2 in orange squares and #3 in red upward triangles. The probabilities
for the layout #2 are shown only at hµi = 200. The estimate from the mixed sample of non-diffractive
and diffractive events for the default layout is shown by the blue downward triangle for comparison
purpose.

the fake tracks in the MC samples with a loose impact parameter requirement (|d0| < 1 mm, |z0| <6142

250 mm) are counted and the estimated rate is scaled to the nominal selection (|d0| < 0.05 mm, |z0| <6143

0.5 mm), assuming a uniform distribution of d0 and z0. Figure 10.31 shows the estimated probability of6144

finding a fake track per event as a function of the number of interactions per bunch crossing (hµi). The6145

number of fake tracks increases significantly with increasing hµi. The number of fake-track background6146

events is estimated by scaling the number of the SM background events passing the kinematic selection6147

by this probability.6148

The time resolution of pixel detectors can be better than 50 ps by using, for example, low-gain6149

avalanche detectors [276, 277]. Therefore, the time information could be used in the track fitting as6150

an additional track parameter. The reduction of fake-track background by requiring a good fit quality6151

(i.e, small �2 in the estimation of track timing using pixel hits associated to it) was estimated using6152

minimum-bias MC samples with pile-up of 500. In the simulation, the x, y, z positions and the time of pp6153

collisions are distributed randomly according to Gaussian probability-density functions with the standard6154

deviations of 0.5 mm, 0.5 mm, 50 mm and 160 ps, respectively (without assuming any correlations6155

among them). The �
2 is computed assuming the constant time resolution of 50 psec for a single layer6156

hit. The fake-track background was found to be reduced by 96% by requiring the �
2-probability to be6157

larger than 0.05 for tracks reconstructed with N
hit

layer = 4 when pp collisions occur in bunch crossings6158

separated by 25 ns. The signal efficiency for this selection was estimated to be 95 % using a sample of6159

single-muon events.6160

Results The discovery sensitivity with the requirements of Nhit

layer = 5 is better than that with6161

N
hit

layer = 4, due to the lower fake-track background yield. Figure 10.32 shows the expected discovery6162

significance at 30 ab�1 with the requirement of Nhit

layer = 5 in the wino (higgsino) LSP model with a6163

lifetime of 0.2 (0.023) ns without using time information, assigning 30% systematic uncertainty on the6164

background yields. The significance well exceeds 5� for the 3 TeV wino, while it is at the level of 2-3�6165
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Fig. 10.32: Expected discovery significance for the (a) wino and (b) higgsino models with 30 ab�1 with
the requirement of Nhit

layer = 5. The grey (red) bands show the significance using the default (alternative)
layout #1 (#3). The difference between the solid and hatched bands corresponds to the different pile-up
conditions of hµi = 200 and 500. The band width corresponds to the significance variation due to the
two models assumed for soft QCD processes.
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Fig. 10.33: Expected discovery significance for the (a) wino and (b) higgsino models with 30 ab�1 with
the requirements of N

hit

layer = 5 and a good time-fit quality. The background reduction rate with the
time information is assumed to be the same for both pile-up conditions. The grey (red) bands show the
significance using the default (alternative) layout #1 (#3). The difference between the solid and hatched
bands corresponds to the different pile-up conditions of hµi = 200 and 500. The band width corresponds
to the significance variation due to the two models assumed for soft QCD processes.
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Fig. 10.32: Expected discovery significance for the (a) wino and (b) higgsino models with 30 ab�1 with
the requirement of Nhit

layer = 5. The grey (red) bands show the significance using the default (alternative)
layout #1 (#3). The difference between the solid and hatched bands corresponds to the different pile-up
conditions of hµi = 200 and 500. The band width corresponds to the significance variation due to the
two models assumed for soft QCD processes.
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Fig. 10.33: Expected discovery significance for the (a) wino and (b) higgsino models with 30 ab�1 with
the requirements of N
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layer = 5 and a good time-fit quality. The background reduction rate with the
time information is assumed to be the same for both pile-up conditions. The grey (red) bands show the
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Assumes 50 ps timing resolution
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [483] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [484] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [443, 485]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [139]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [486]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector

Higgsino Wino

Largest reach from FCC-hh; covers theoretically interesting range

Complemented by indirect reach from lepton colliders



Conclusion

• A 100 TeV proton-proton collider would provide us with a number of 
unique opportunities

• Probe the multi-TeV range for new particles and new 

interactions (including generic models and supersymmetry)


• Search for dark matter candidates


• Precision measurements of Higgs boson properties, including rare 
decays, Higgs-top coupling and the Higgs self-coupling

• It would be capable of a broad spectrum of physics studies, including 
many not discussed here


• vector boson scattering, FCNC neutral currents, rare decays, multi-boson 
production, etc.


• Key challenges for physics measurements would be the large amount of pile 
up (perhaps up to 1000 interactions per collisions)


• Will require detailed studies of detectors and mitigation techniques
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