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Open Questions and New Ideas 
on Hadron Colliders



Open Questions for the Energy Frontier 
• Unexplained experimental evidence

• Nature of dark matter

• Origin of the matter-antimatter asymmetry

• Existence and hierarchy of neutrino masses

• Problems and puzzles

• EW hierarchy problem or why is the Higgs boson so light?

• Strong CP problem or why is theta so small?

• Flavor puzzle or why are there three generations or quarks and leptons?

2

(Hadron) colliders have the potential to probe each these!

…and beyond



Future Hadron Colliders
• Future hadron colliders that have been 

considered

• High-luminosity LHC (HL-LHC)

• High-energy LHC (HE-LHC)/Low-
energy FCC (LE-FCC)

• Future Circular Collider (FCC-hh)

• Super Proton-Proton Collider (SppC)

• Other colliders, not covered here

• e+e- colliders (Peskin, Robson, Klute, 
Q+Ruan)

• LHeC/FCC-eh (Armesto)

• Muon colliders (Lucchesi)

• FCC-HI, heavy-ion physics

• Flavour physics
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Geneva, Switzerland

SppC, various sites in China



Why hadron colliders?
• Historically and in general pp colliders allow us to reach the highest 

possible energy
• Large mass/energy reach in powerful searches for new physics

• However, as we’ve learnt from first the Tevatron and then the LHC, they are 
also capable of precision physics measurements despite the larger 
backgrounds compared to electron-positron colliders

4

100 TeV collider



Precision Measurements
Questions relating to the Higgs boson will be clear 
target for any future collider due to its close 
connection with many open questions



Higgs Boson couplings at the HL-LHC
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Fig. 29: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 system-
atic uncertainties) on the per-decay-mode branching ratios normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty
due to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncer-
tainties in S2 (with YR18 systematic uncertainties) on the per-decay-mode branching ratios normalised
to the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement,
the total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertain-
ties are indicated by a blue, green and red line respectively. In addition, the numerical values are also
reported.

In the SM, all j values are positive and equal to unity. Six coupling modifiers corresponding to
the tree-level Higgs boson couplings are defined: W, Z, t , b, t and µ . In addition, the effective
coupling modifiers g, g and Zg are introduced to describe ggH production, H ! g g decay and
H ! Zg decay loop processes. The total width of the Higgs boson, relative to the SM prediction, varies
with the coupling modifiers as �H/�

SM
H =

P
j B

j
SM2

j/(1 � BBSM), where B
j
SM is the SM branching

fraction for the H ! jj channel and BBSM is the Higgs boson branching fraction to BSM final states. In
the results for the j parameters presented here BBSM is fixed to zero and only decays to SM particles
are allowed. Projections are also given for the upper limit on BBSM when this restriction is relaxed, in
which an additional constraint that |V| < 1 is imposed. A constraint on �H/�

SM
H is also obtained in

this model by treating it as a free parameter in place of one of the other  parameters.
The expected uncertainties for the coupling modifier parametrisation for ATLAS, CMS [126, 139]

and their combination for scenario S2 are summarised in Figure 30. The numerical values in both S1 and
S2 for ATLAS and CMS are provided in Table 38. For the combined measurement in S2, the uncertainty
components contribute at a similar level for g , W, Z and t . The signal theory remains the main
component for t and g, while µ and Zg are limited by statistics.

The expected 1� uncertainty on BBSM, for the parametrisation with BBSM � 0 and |V|  1, is
0.033 (0.049) in S1 and 0.027 (0.032) in S2 for CMS (ATLAS), where in the latter case the statistical
uncertainty is the largest component. The expected uncertainty for the ATLAS-CMS combination on
BBSM is 0.025 in S2. The uncertainty on �H/�

SM
H , determined for CMS only, is 0.05 (0.04) in S1 (S2).

The correlation coefficients between the coupling modifiers are in general larger compared to the
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Fig. 28: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the per-production-mode cross sections normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty due
to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncertain-
ties in S2 (with YR18 systematic uncertainties) on the per-production-mode cross sections normalised to
the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement, the
total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertainties are
indicated by a blue, green and red line respectively. In addition, the numerical values are also reported.

bined ATLAS-CMS extrapolation range from 2 � 4%, with the exception of that on Bµµ at 8% and
on BZ� at 19%. The numerical values in both S1 and S2 for ATLAS and CMS are given in Table 37
where the the breakdown of the uncertainty into four components is provided. In projections of both
experiments, the S1 uncertainties are up to a factor of 1.5 larger than those in S2, reflecting the larger
systematic component. The systematic uncertainties generally dominate in both S1 and S2. In S2 the
signal theory uncertainty is the largest, or joint-largest, component for all parameters except BRµµ and
BZ� , which remain limited by statistics due to the small branching fractions.

The correlations range up to 40%, and are largest between modes where the sensitivity is domi-
nated by gluon-fusion production. This reflects the impact of the theory uncertainties affecting the SM
prediction of the gluon-fusion production rate.

2.7 Kappa interpretation of the combined Higgs boson measurement projections23

2.7.1 Interpretations and results for HL-LHC
In this section combination results are given for a parametrisation based on the coupling modifier, or
-framework [42]. A set of coupling modifiers, ~, is introduced to parametrise potential deviations from
the SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production
process or decay mode j, a coupling modifier j is defined such that,

2
j = �j/�SM

j or 2
j = �

j/�
j
SM. (6)

23 Contacts: R. Di Nardo, A. Gilbert, H. Yang, N. Berger, D. Du, M. Dührssen, A. Gilbert, R. Gugel, L. Ma B. Murray, P.
Milenovic
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<2% precision

Assume uncertainties can be 
reduced by factor of 2 wrt LHC 



HL-LHC: Interpretation in κ framework 
7

Many couplings reach ~2% 
precision

(Almost all) limited by 
theory uncertainties

Higgs at Future Colliders report: arXiv:1905.03764,

3.1. INTRODUCTION 27

Fig. 3.2: Left: Relative precision on Higgs coupling modifiers, k , determined by ATLAS and
CMS with the LHC data at present, and as expected for HL-LHC with the constraint kV  1.
Also shown are the constraints on invisible and undetected decay branching ratios, BRinvand
BRunt. Right: Expected uncertainty on Higgs coupling parameters at HL-LHC, showing sepa-
rately the statistical, experimental and theoretical uncertainties. Here, it was assumed that the
branching ratios (BR’s) to untagged and invisible decays are zero.

rived. Consequently, at an e+e� collider, the Higgs total width (GH) can be determined from
G(H ! ZZ⇤)/BR(H ! ZZ⇤) thus removing the ambiguity on the Higgs width that afflicts all
measurements at hadronic machines. Longitudinal polarisation is expected at the linear ma-
chines e+e� machines, e.g. |P(e�)| = 0.8, |P(e+)| = 0.3 is projected to be achievable for the
ILC. As shown in Table 3.2, with the appropriate polarisation this can enhance the Higgs boson
production cross section. In addition, because the importance of different subprocesses can be
tuned by changing the polarisation, it plays an important role in effective operator fits. Thus,
the presence of polarisation can sharpen these analyses, and help to compensate for the lower
luminosities at linear machines.

3.1.3 Electroweak Precision Observables
Loop corrections to electroweak precision observables (EWPO) provide a powerful test of the
consistency of the SM. The relation between e.g. the Fermi constant (GF ), Weinberg angle
(sin2 qW ), and the masses of the Z, W and H bosons (mZ , mW , mH) and the top quark (mtop) is
precisely predicted in the SM. Inconsistencies between these would indicate contributions from
new physics. In the following we concentrate on oblique observables, discussed in Section 3.1.

These contributions are currently constrained primarily by the Z pole measurements made
at the LEP experiments and SLD [25], measurements of WW production at LEP-2 [26], mea-
surements of W -boson and top quark masses at the Tevatron [27, 28] and LHC [29, 30] exper-
iments, and mH measurements at the LHC [31, 32]. The current constraints on the EWPO are
shown in Fig. 3.4. All measurements agree within the current precision.
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Higgs Precision at other future colliders
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Table 5. Expected relative precision (%) of the k parameters in the kappa-3 (combined with HL-LHC) scenario described in
Section 2 for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRunt and BRinv and the
derived constraint on the Higgs width (in %) are also given. No requirement on kV is applied in the combination with HL-LHC,
since the lepton colliders provide the necessary access to the Higgs width. Cases in which a particular parameter has been fixed
to the SM value due to lack of sensitivity are shown with a dash (�). An asterisk (⇤) indicates the cases in which there is no
analysis input in the reference documentation, and HL-LHC dominates the combination. The integrated luminosity and running
conditions considered for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh.

kappa-3 scenario HL-LHC+
ILC250 ILC500 ILC1000 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh

kW [%] 1.0 0.29 0.24 0.73 0.40 0.38 0.88 0.88 0.41 0.19
kZ[%] 0.29 0.22 0.23 0.44 0.40 0.39 0.18 0.20 0.17 0.16
kg[%] 1.4 0.85 0.63 1.5 1.1 0.86 1. 1.2 0.9 0.5
kg [%] 1.4 1.2 1.1 1.4⇤ 1.3 1.2 1.3 1.3 1.3 0.31
kZg [%] 10.⇤ 10.⇤ 10.⇤ 10.⇤ 8.2 5.7 6.3 10.⇤ 10.⇤ 0.7
kc [%] 2. 1.2 0.9 4.1 1.9 1.4 2. 1.5 1.3 0.96
kt [%] 3.1 2.8 1.4 3.2 2.1 2.1 3.1 3.1 3.1 0.96
kb [%] 1.1 0.56 0.47 1.2 0.61 0.53 0.92 1. 0.64 0.48
kµ [%] 4.2 3.9 3.6 4.4⇤ 4.1 3.5 3.9 4. 3.9 0.43
kt [%] 1.1 0.64 0.54 1.4 1.0 0.82 0.91 0.94 0.66 0.46

BRinv (<%, 95% CL) 0.26 0.23 0.22 0.63 0.62 0.62 0.27 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 1.4 2.7 2.4 2.4 1.1 1.2 1. 1.

Figure 2. Expected relative precision (%) of the k parameters in the kappa-3 scenario described in Section 2. For details, see
Tables 4 and 5. For HE-LHC, the S2’ scenario is displayed. For LHeC, HL-LHC and HE-LHC a constrained kV  1 is applied.
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(~0.2 FCC-hh alone)

(~0.5 FCC-hh alone)

(~0.6 FCC-hh alone)

*FCC-ee crucial to obtaining 
model-independent Higgs 
coupling measurements: see 
talk by M. Klute

For HE-LHC assume another 
factor in 2 reduction in errors 
wrt HL-LHC

In many cases, FCC-hh obtains 
an order of magnitude 
improvement in precision 
over HL-LHC

Only inclusive measurements 
are used(~0.3 FCC-hh alone)

(~0.6 FCC-hh alone)

(~0.7 FCC-hh alone)

de Blas et al, Higgs Boson studies at future particle colliders

https://arxiv.org/pdf/1905.03764.pdf
https://arxiv.org/pdf/1905.03764.pdf


Higgs precision with differential distributions

• There are changes to 
Higgs physics from 
moving to higher 
energies

• Above 900 GeV,  ttH 
production has the 
largest cross-section

• Many high pT Higgs 
bosons

• Can expect additional 
constraints on Higgs 
boson couplings from 
differential 
measurements
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Fig. 4.3 Production rates of Higgs bosons at high pT , for various production channels at 100 TeV and 30 ab!1

These factors lead to an extended and diverse sensitivity to possible deviations of the Higgs properties from their SM
predictions: the large rates enable precise measurements of branching ratios for rare decay channels such as !! or µµ,
and push the sensitivity to otherwise forbidden channels such as "µ. The large kinematic range can be used to define
cuts improving the signal-to-background ratios and the modelling or experimental systematics, but it can also amplify the
presence of modified Higgs couplings, described by higher-dimension operators, whose impact grows with Q2. Overall, the
Higgs physics programme of FCC-hh is a fundamental complement to what can be measured at FCC-ee, and the two Higgs
programmes greatly enrich each other. This section contains some examples of these facts, and documents the current status
of the precision projections for Higgs measurements. A more extensive discussion of Higgs production properties at 100 TeV
and of possible measurements is given in Ref. [87].

Figure 4.3 shows the Higgs rates above a given pT threshold, for various production channels. It should be noted that these
rates remain above the level of one million up to pT " 1 TeV, and there is statistics for final states like H # bb̄ or H # ""

extending up to several TeV. Furthermore, for pT (H)>"1 TeV, the leading production channel becomes tt̄H, followed by
vector boson fusion when pT (H)>"2 TeV. The analysis strategies to separate various production and decay modes in these
regimes will therefore be different to what is used at the LHC. Higgs measurements at 100 TeV will offer many new options
and precision opportunities with respect to the LHC, as it happened with the top quark moving from the statistics-hungry
Tevatron to the rich LHC.

For example, Ref. [87] shows that S/B improves for several final states at large pT . In the case of the important !! final
state, Section 3.2.1 of that document showed that S/B increases from " 3% at low pT (a value similar to what observed at
the LHC), to >"1 at pT>"300 GeV. In this range of few hundred GeV, some experimental systematics will also improve, from
the determination of the energies (relevant e.g. for the mass resolution of H # !! or bb̄) to the mitigation of pile-up effects.

The analyses carried out so far for FCC-hh are still rather crude when compared to the LHC standards, but help to define
useful targets for the ultimate attainable precision and the overall detector performance. The details of the present detector
simulations for Higgs physics at FCC-hh are contained in Ref. [88].

The target uncertainties considered include statistics (taking into account analysis cuts, expected efficiencies, and the
possible irreducible backgrounds) and systematics (limited here to the identification efficiencies for the relevant final states,
and an overall 1% to account for luminosity and modelling uncertainties). While these estimates do not reflect the full
complexity of the experimental analyses in the huge pile-up environment of FCC-hh, the systematics assumptions that were
used are rather conservative. Significant improvements in the precision of reconstruction efficiencies would arise, for example,
by applying tag-and-probe methods to large-statistics control samples. Modelling uncertainties will likewise improve through
better calculations, and broad campaigns of validation against data. By choosing here to work with Higgs bosons produced at
large pT , the challenges met by triggers and reconstruction in the high pile-up environment are eased. The projections given
here are therefore considered to be reasonable targets for the ultimate precision, and useful benchmarks to define the goals of
the detector performance.

The consideration of the reconstruction efficiency of leptons and photons is relevant in this context since, to obtain the
highest precision by removing global uncertainties such as luminosity and production modelling, ratios of different decay
channels can be exploited. The reconstruction efficiencies are shown in Fig. 4.4 as a function of pT . The uncertainties on the
electron and photon efficiencies are assumed to be fully correlated, but totally uncorrelated from the muon one. The curves in
Fig. 4.4 reflect what is achievable today at the LHC, and it is reasonable to expect that smaller uncertainties will be available
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Fig. 4.5 Projected precision for the rate measurement of various Higgs final states, in the gg ! H production channel. The label “lumi” indicates
the inclusion of a 1% overall uncertainty. The systematic uncertainty “syst” is defined in the text

precise knowledge of B(H ! bb̄), and the confirmation of the SM predictions for the Ztt̄ vertex, the tt̄H/tt̄Z ratio should
therefore allow a determination of the top Yukawa coupling to 1%.

The limit quoted in Table 4.4 on the decay rate of the Higgs boson to new invisible particles is obtained from a study
of large missing-ET signatures. The analysis, discussed in detail in Ref. [88], relies on the data-driven determination of the
leading SM backgrounds from W/Z+jets. The integrated luminosity evolution of the sensitivity to invisible H decays is shown
in Fig. 4.7. The SM decay H ! 4!, with branching ratio of about 1.1 " 10#3, will be seen after $ 1 ab#1, and the full
FCC-hh statistics will push the sensitivity to 2 " 10#4. The implications of this measurement for the search of dark matter or
dark sectors coupling to the Higgs boson are discussed in Sect. 12 of this volume.

Last but not least, Table 4.4 reports a 7% expected precision in the extraction of the Higgs self-coupling !. This result is
discussed in more detail, with other probes of the Higgs self-interaction, in Sect. 10.

4.3.1 Longitudinal vector boson scattering

The scattering of the longitudinal components of vector bosons is particularly sensitive to the relation between gauge couplings
and the VVH coupling. A thorough analysis of same-sign WL WL scattering, in the context of the FCC-hh detector performance
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precise knowledge of B(H ! bb̄), and the confirmation of the SM predictions for the Ztt̄ vertex, the tt̄H/tt̄Z ratio should
therefore allow a determination of the top Yukawa coupling to 1%.

The limit quoted in Table 4.4 on the decay rate of the Higgs boson to new invisible particles is obtained from a study
of large missing-ET signatures. The analysis, discussed in detail in Ref. [88], relies on the data-driven determination of the
leading SM backgrounds from W/Z+jets. The integrated luminosity evolution of the sensitivity to invisible H decays is shown
in Fig. 4.7. The SM decay H ! 4!, with branching ratio of about 1.1 " 10#3, will be seen after $ 1 ab#1, and the full
FCC-hh statistics will push the sensitivity to 2 " 10#4. The implications of this measurement for the search of dark matter or
dark sectors coupling to the Higgs boson are discussed in Sect. 12 of this volume.

Last but not least, Table 4.4 reports a 7% expected precision in the extraction of the Higgs self-coupling !. This result is
discussed in more detail, with other probes of the Higgs self-interaction, in Sect. 10.

4.3.1 Longitudinal vector boson scattering

The scattering of the longitudinal components of vector bosons is particularly sensitive to the relation between gauge couplings
and the VVH coupling. A thorough analysis of same-sign WL WL scattering, in the context of the FCC-hh detector performance
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Table 5. Expected relative precision (%) of the k parameters in the kappa-3 (combined with HL-LHC) scenario described in
Section 2 for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRunt and BRinv and the
derived constraint on the Higgs width (in %) are also given. No requirement on kV is applied in the combination with HL-LHC,
since the lepton colliders provide the necessary access to the Higgs width. Cases in which a particular parameter has been fixed
to the SM value due to lack of sensitivity are shown with a dash (�). An asterisk (⇤) indicates the cases in which there is no
analysis input in the reference documentation, and HL-LHC dominates the combination. The integrated luminosity and running
conditions considered for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh.

kappa-3 scenario HL-LHC+
ILC250 ILC500 ILC1000 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh

kW [%] 1.0 0.29 0.24 0.73 0.40 0.38 0.88 0.88 0.41 0.19
kZ[%] 0.29 0.22 0.23 0.44 0.40 0.39 0.18 0.20 0.17 0.16
kg[%] 1.4 0.85 0.63 1.5 1.1 0.86 1. 1.2 0.9 0.5
kg [%] 1.4 1.2 1.1 1.4⇤ 1.3 1.2 1.3 1.3 1.3 0.31
kZg [%] 10.⇤ 10.⇤ 10.⇤ 10.⇤ 8.2 5.7 6.3 10.⇤ 10.⇤ 0.7
kc [%] 2. 1.2 0.9 4.1 1.9 1.4 2. 1.5 1.3 0.96
kt [%] 3.1 2.8 1.4 3.2 2.1 2.1 3.1 3.1 3.1 0.96
kb [%] 1.1 0.56 0.47 1.2 0.61 0.53 0.92 1. 0.64 0.48
kµ [%] 4.2 3.9 3.6 4.4⇤ 4.1 3.5 3.9 4. 3.9 0.43
kt [%] 1.1 0.64 0.54 1.4 1.0 0.82 0.91 0.94 0.66 0.46

BRinv (<%, 95% CL) 0.26 0.23 0.22 0.63 0.62 0.62 0.27 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 1.4 2.7 2.4 2.4 1.1 1.2 1. 1.

Figure 2. Expected relative precision (%) of the k parameters in the kappa-3 scenario described in Section 2. For details, see
Tables 4 and 5. For HE-LHC, the S2’ scenario is displayed. For LHeC, HL-LHC and HE-LHC a constrained kV  1 is applied.
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Fig. 3.9: 68% probability reach on Higgs couplings at the different future colliders from the
Global fit SMEFTND. For details, see Ref. [39].

The rate of rare Higgs boson decays such as H ! µ+µ� that allows the study of the
second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611
[67] is based on the direct search for H ! e+e�. A study at FCC-ee [68] has assessed the
reach of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five-year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sect. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.
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Other SM measurements
• HL-LHC: Higgs mass to ~20 MeV

• HL-LHC low pile up run (200 pb-1 at 14 TeV;  
5-10 weeks of running)

• W mass 6 MeV (requires precise PDF)

• Top mass 0.2-1.2 GeV (relation to pole 
mass)

• Projections for FCC-hh reach 3% on VBS 
WLWL 
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level. The improvement in the precision on mt would also reduce the parametric uncertainty on some
observables, e.g. the W mass, bringing the total residual error very close to the intrinsic uncertainty as-
sociated to missing higher-order corrections in the calculation of MW . As in the case of some of the SM
inputs, the expected improvement on the experimental precision of MW , without a significant deviation
on the central value, would add some tension between theory and experiment, pushing the pull for this
observable well beyond the 2� level. The impact of the HL-LHC measurements on the EW fit is well
illustrated in Fig. 46 where one can see the comparison between direct (i.e. experimental) and indirect
constraints on the fit input parameters given for both the current and HL-LHC scenarios in the MW vs.
mt and the MW vs. sin2 ✓lepte↵ planes respectively.

[GeV]WM
80.3 80.35 80.4 80.45

[G
eV

]
t

m

170

180

190

HEP fit

68% and 95% prob. contours

t
, mWFit w/o M

HL-LHC projections

Full Fit (Current)

HL-LHC projections

Full Fit (HL-LHC)

HL-LHC projections

 0.4 GeV±= 172.8 tm

 0.007 GeV±= 80.379 WM

80.25 80.3 80.35 80.4

[GeV]WM

0.231

0.2315

0.232

0.2325

0.233

le
pt

ef
f

θ2
si

n

HEP fit

68% and 95% prob. contours

H
), meffθ(2, sinWFit w/o M
)effθ(2, sinWFit w/o M

Full Fit (Current)
Full Fit (HL-LHC)

HL-LHC projections

 0.00015±= 0.23143 lept
effθ 2sin

 0.007 GeV±= 80.379 WM

Fig. 46: Comparison of the indirect constraints on MW and mt with the current experimental mea-
surements and the expected improvements at the HL-LHC (left). The same in the MW -sin2 ✓lepte↵ plane
(right).

The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
U oblique parameters [512]. The study of the constraints on the S, T , and U parameters is one of the
classical benchmarks in the study of EW precision constraints on new physics, and it is well motivated
from a theory point of view, within the context of universal theories. The results of the fit to the S, T ,
and U parameters are given in Table 29. The results are presents in terms of the full (S,T ,U ) fit and also
assuming U = 0, which is motivated in theories where EW symmetry breaking is realised linearly, since
in that case U ⌧ S, T . In both cases the current constraints are compared with the expected precision at
the HL-LHC, which, in some cases, could improve the sensitivity to such new physics effects by up to
⇠ 30%. The results for the ST fit (U = 0) are shown in Fig. 47, illustrating also the constraints imposed
by the different EWPO.
As stressed above, the STU parameterisation only describes universal deformations with respect to
the SM predictions. In order to systematically explore the impact of global EW precision fits on new
physics, the framework of the SMEFT is adopted in what follows. In this formalism, the SM Lagrangian
is extended via operators of dimension five and higher, i.e.

Le↵ = LSM +
X

d>4

1

⇤d�4
Ld, with Ld =

X

i

CiO
(d)
i ,

h
O

(d)
i

i
= d , (28)
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lepton colliders to 
have superior 
performance in 
most cases where 
they have energy 
reach, but what 
accuracy could we 
get from FCC-hh?
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Fig. 3.7: Expected uncertainty contour for the S and T parameters for various colliders in their
first energy stage. For ILC and CLIC the projections are shown with and without dedicated
running at the Z-pole. All other oblique parameters are set to zero.

limits the precision of the electroweak precision tests when the experimental precision on MW
is reduced to below 8 MeV, as expected possibly with HL-LHC but definitely at future e+e�

colliders.
Tests of QED have so far been restricted mostly to the perturbative regime but already

in the first half of the 20th century it was pointed out that there is also a strong-field-limit in
QED, where QED becomes non-perturbative [53, 54]. This becomes relevant when the electri-
cal field, seen by an electron, attains a value close to the Schwinger field [55]. Several proposals
exist to probe this regime with a high energy electron beam and a high-power laser using the
AWAKE plasma wakefield accelerator at CERN [56], the European XFEL in Germany [57],
or the FACET facility at SLAC [58]. Previous experiments at SLAC and CERN did not quite
reach the critical field value [59,60]. The proposed new experiments will probe QED in the crit-
ical field regime, which is of relevance for instance for astrophysical phenomena (for instance
magnetars [61]), atoms with Z > 137 [62] and for high energy e+e� colliders [63, 64].

3.2.2 Higgs boson physics
The Higgs boson couplings
One of the most important open points after the discovery of the 125 GeV scalar at the LHC
is how this particle couples to the known fermions and bosons, compared to the uniquely de-
termined predictions from the Standard Model. Deviations in data from theory expectations
would definitively indicate New Physics (NP), going Beyond the Standard Model (BSM), and
as argued earlier in this chapter, they are a direct measure of the fine-tuning.

Higgs boson couplings can be determined from the measurement of rates of events with
given final states, which, using the fact that the Higgs width is very small, can be expressed in
terms of production cross sections times the decay branching fractions.

A simple yet powerful method to parameterise possible deviations from SM couplings
is the so-called k-framework [65, 66]. In this framework, the deviations of SM Higgs boson

Eur. Phys. J. C (2019) 79 :474 Page 55 of 161 474

0.9 0.95 1 1.05 1.1
W!

1

2

3

4

5

SM"
 / "

 > 1000 GeV+l+lm
 > 500 GeV+l+lm
 > 200 GeV+l+lm
 > 50 GeV+l+lm

 > 1000 GeV+l+lm
 > 500 GeV+l+lm
 > 200 GeV+l+lm
 > 50 GeV+l+lm

FCC-hh Simulation (Delphes)

L
± WL

±VBS - W

Fig. 4.9 Left: precision in the determination of the scattering of same-
sign longitudinal W bosons, as function of luminosity, for various
kinematic cuts. Right: sensitivity of the longitudinal boson scattering
cross section w.r.t. deviations of the WWH coupling from its SM value

(!W = 1), for various selection cuts on the final-state dilepton invariant
mass. The vertical bars represent the precision of the measurement, for
30 ab!1

Table 4.5 Constraints on the HWW coupling modifier !W at 68% CL, obtained for various cuts on the di-lepton pair invariant mass in the
WLWL " HH process

ml+l+ cut > 50 GeV > 200 GeV > 500 GeV > 1000 GeV

!W # [0.98, 1.05] [0.99, 1.04] [0.99, 1.03] [0.98, 1.02]

4.5.1 SM Higgs decays

The study of SM Higgs decays, summarised in [90], has been performed in two steps. First, detailed simulations and analyses
were made of the dominant H " bb̄ [91–94] and of the challenging H " cc̄ [94,95] channels. Signals and backgrounds
were generated by Madgraph5/Madevent, with the fragmentation and hadronisation in PYTHIA followed by a Delphi-based
simulation of the baseline ep detector. Both cut-based and boosted decision tree (BDT) analyses were performed in independent
evaluations.

Second, an analysis of NC and CC events was established for the seven most frequent decay channels listed in Table 4.6.
Acceptances and backgrounds were estimated with Madgraph, and efficiencies for the leptonic and hadronic decay channels of
W, Z and ! were taken from prospective studies of Higgs coupling measurements at the LHC [96]. This provided a systematic
scale factor f , which comprised the signal-to-background ratio, the product of acceptance, A, and reconstruction efficiency
", as f 2 = (1 + B/S)/(A"). The error on the signal strength µi for each of the Higgs decay channels i is determined
as #µi/µi = fi/

$
Ni . Here, Ni are the event numbers listed in Table 4.6. This second estimate could be successfully

benchmarked with the detailed simulations for charm and beauty decays described above.
The results of the signal strength determinations are illustrated in Fig. 4.11, for the FCC-eh and, for comparison for the

two lower energy ep collider configurations, the LHeC, in which the electron ERL is coupled with the HL-LHC, and its high
energy version, the HE-LHC. The electron beam energy has been kept constant at 60 GeV while the proton energy of the
LHC-based colliders is 7 or 14 TeV, respectively. One finds that the FCC-eh prospects for the experimental uncertainties on
the signal strength vary between below 0.5% for the most abundant channel and up to 5% for the "" decay. The FCC-eh
results presented in Fig. 4.11 are input to a joint pp-ep-ee FCC Higgs coupling analysis as is presented elsewhere in this paper.
They can also be used for an independent and complete coupling strength analysis in ep alone.
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Higgs Self-coupling
• Key physics deliverable to probe mechanism of EW symmetry breaking

• Direct searches

• Indirect constraints from single Higgs production through loop effects
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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Figure 5. Invariant mass spectra of the H ! �� (a), H ! bb̄ (b), HH (c) candidates after applying
the event pre-selection. The SM Higgs pair process is normalized to 20 times the expected yield
with Lint = 30 ab�1.

• The 4-vector components of the Higgs pair candidate: transverse momentum (phhT ),
pseudo-rapidity (⌘hh), azimutal angle (�hh) and invariant mass (mhh).

In a future FCC-hh experiment, identification algorithms for photon and heavy-flavour
will make use of the information of the invariant mass of the photon or jet candidate. There-
fore we have to assume that the parameterised performance of the identification efficiency
of such objects (in Delphes) already accounts for these variables. As a result, the photon
and jet mass are not used as input variables in the BDT discriminant. The m�� , mbb,
and mhh observables, shown respectively in Figs. 5(a), 5(b) and 5(c) provide most of the
discrimination against the background.

The QCD (�+jets and ��+jets) and single-Higgs background processes possess different
kinematic properties, and are therefore treated in separate classes. In QCD backgrounds,
the final photons and jets tend to be softer and at higher rapidity. Conversely, the photon-
pair candidates in single-Higgs processes often originate from a Higgs decay. As a result,
while the m�� observable is highly discriminating against QCD, it is not against single-Higgs
processes. In order to maximally exploit these kinematic differences we perform a separate
training for each class of backgrounds, that in turn produce two multivariate discriminants:
BDTH and BDTQCD. During the training, each background within each class is weighted
according to the relative cross section.

The output of the BDT discriminant is shown in the (BDTH, BDTQCD) plane for
the signal and the two background components in Figs. 6(a), 6(b) and 6(c), respectively.
As expected, the signal (background) enriched region clearly corresponds to large (small)
BDTH and BDTQCD values. We note that the multivariate discriminant correctly identifies
the two main components (ggH and tt̄H) within the single-Higgs background. The ggH

background, as opposed to tt̄H, is more “signal-like” and populates a region of high BDTH

and BDTQCD.
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Figure 6. Spectrum of SM signal (a), the jj�� (b) and single Higgs (c) backgrounds in the
(BDTH,BDTQCD) plane.

6.1.2 Signal Extraction and results

The expected precision on the signal strenth µ = �/�SM and on the self-coupling modifier
� = �3/�

SM

3
are obtained from a 2-dimensional fit of the (BDTH, BDTQCD) output, fol-

lowing the procedure described in Appendix A. The results are shown in Figs. 7(a) and 7(b).
The various lines correspond to the different systematic uncertainties assumptions described
in Appendix B and summarized in Table 3. From Figure 7(b) one can extract the 68% and
95% confidence intervals for the various systematics assumptions. The expected precision
for bb̄�� is summarized in Table 6.1.2 for each assumption on the systematics. Depending
on the assumed scenario, the Higgs self-coupling can be measured with a precision of 3.5-
8.5% at 68% C.L using the bb̄�� channel alone. We note that the achievable precision is
largely dependent on the assumptions on the systematic uncertainties.
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(b) in the bb̄�� channel. The various lines

correspond to the different systematic uncertainties assumptions summarized in Table 3.
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The various lines correspond to the different systematic uncertainties assumptions described
in Appendix B and summarized in Table 3. From Figure 7(b) one can extract the 68% and
95% confidence intervals for the various systematics assumptions. The expected precision
for bb̄�� is summarized in Table 6.1.2 for each assumption on the systematics. Depending
on the assumed scenario, the Higgs self-coupling can be measured with a precision of 3.5-
8.5% at 68% C.L using the bb̄�� channel alone. We note that the achievable precision is
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lowing the procedure described in Appendix A. The results are shown in Figs. 7(a) and 7(b).
The various lines correspond to the different systematic uncertainties assumptions described
in Appendix B and summarized in Table 3. From Figure 7(b) one can extract the 68% and
95% confidence intervals for the various systematics assumptions. The expected precision
for bb̄�� is summarized in Table 6.1.2 for each assumption on the systematics. Depending
on the assumed scenario, the Higgs self-coupling can be measured with a precision of 3.5-
8.5% at 68% C.L using the bb̄�� channel alone. We note that the achievable precision is
largely dependent on the assumptions on the systematic uncertainties.
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arXiv:2004.03505 

BDT based on 
kinematic 
information

Uncertainty source syst. I syst. II syst. III Processes
b-jet ID eff. /b-jet 0.5% 1% 2% single H, HH, tt̄
⌧ -jet ID eff. /⌧ 1% 2.5% 5% single H, HH, tt̄
� ID eff. /� 0.5% 1% 2% single H, HH
` = e-µ ID efficiency 0.5% 1% 2% single H, HH,

single V, VV,
tt̄V, tt̄VV

single H cross section 0.5% 1% 1.5% H
tt̄ cross section 0.5% 1% 1.5% H
luminosity 0.5% 1% 2% single H, HH,

single V, VV,
tt̄, tt̄V, tt̄VV

HH cross section 0.5% 1% 1.5% HH

Table 3. Summary of the various sources of systematics. Upper part: contributions to the uncer-
tainty in the measurement of the cross sections of the processes listed in the last column. Lower
row: theoretical uncertainty of the total HH rate assumed for the extraction of µ and � from the
measured cross section.

B Systematic uncertainties

Systematic uncertainties can play a major role on the expected sensitivity of the self-
coupling measurement. Several assumptions have been made on the possible evolution of
theoretical and experimental sources of uncertainties in order to present a realistic estimate
of the physics potential of FCC-hh for the channels considered here. In particular, for each
uncertainty source, we defined three possible scenarios. An intermediate scenario that we
use as a reference point (II), and an optimistic (I) and a conservative (III) scenario. We
note that the intermediate assumptions are almost equivalent to those made for HL-LHC
projections [3, 4].

A detailed list of the systematic uncertainties considered is presented in Table 3 for all
the channels, together with the processes affected by each uncertainty. The numbers in the
Table refer to the individual contributions to the overall yield uncertainty. In particular,
we consider uncertainties on:

• background normalisation, which we assume to be dominated by the uncertainty
on the experimental measurement of the tt̄ production and is varied between 0.5%
and 1.5%.

• luminosity. We assume that the integrated luminosity will be known at FCC-hh at
least as well as at the LHC. For this reason, we assume a conservative estimate of 2%
and an optimistic (intermediate) estimate of 0.5% (1%).

• experimental uncertainties on objects reconstruction and identification efficien-
cies:

– 33 –

Sensitivity depends on systematic uncertainties

DELPHES simulation; no explicit pile-up

https://arxiv.org/pdf/2004.03505.pdf
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Searches for New Physics
Hadron collider are very powerful at directly probing 
for new physics. A challenge in making the physics 
case is deciding which directions are the most 
important to probe



New Interactions or Particles
• Are there any new particles or interactions beyond the SM?

• Direct (peak) or indirect (couplings)

• Direct observation

• M ≲ 0.3-0.5√s for hadron colliders

• Benchmark: simple sequential Z’ model
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Fig. 8.2: Exclusion reach of different colliders on the two-fermion/two-boson contact inter-
actions from the operator OW and OB. The blue bars give the reach on the effective scale
L/(g2

2
pcW ) and the orange bars on L/(g2

1
pcB), where cW,B are the Wilson coefficients of the

corresponding operators and the gauge couplings come from the use of the equations of motion.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.



Higgs Compositeness
• Is the Higgs boson an elementary particle or composite?

• Limits from Higgs couplings, Drell-Yan searches

• Obtain limits on compositeness scale from ~1-4 TeV
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.
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Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.
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Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.
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Fig. 8.1: Exclusion reach of different colliders on four-fermion contact interactions from the
operators O2W and O2B. The blue bars give the reach on the effective scale L/(g2

2
pc2W ) and

the orange bars on L/(g2
1
pc2B), where c2W,2B are the Wilson coefficients of the corresponding

operators and the gauge couplings come from the use of the equations of motion.

effective scales of the operators OW and OB is shown in Fig. 8.2. The projected limits come from
new-physics contributions that can interfere with SM di-boson production processes. For CLIC,
the leading sensitivity on OW comes from a detailed differential analysis of e+e� ! ZH [440],
whereas the power of FCC-hh comes through an analysis of the pT distribution of the Z in
pp ! WZ [441]. The largest sensitivity of lepton colliders at lower

p
s and even on the OB

operator alone at large
p

s comes from EW precision measurements of the oblique parameter S,
which constrains directly the combination OW +OB [439].

8.2.2 New vector bosons: the Y -Universal Z0

New vector bosons are common in many BSM theories, ranging from new models of EWSB
to extensions of the SM gauge group. As a representative example of these classes of theories,
the “Y -Universal Z0” (see e.g. [442]) is considered. The model consists of a new neutral gauge
boson Z0 with mass M and charges to SM particles equal to hypercharge, although the coupling
constant gZ0 is taken to be a free parameter, in general different from the one of the SM U(1)Y .
The perturbative limit is taken to correspond to gZ0 < 1.5 since for larger values the width of the
Z0 exceeds 0.3M.

The Y -Universal Z0 is selected instead of one of the standard benchmarks (such as the
Sequential or B � L models) for several reasons. It has comparable couplings to quarks and
leptons, allowing for a fair comparison between hadron and lepton colliders. Its couplings are
flavour-diagonal, making the model safely compatible with flavour constraints. When integrated
out at tree-level, it generates only the universal operator O2B in the SM EFT, with coefficient
c2B/L2 = g2

Z0/(g4
1M2). Since the sensitivity to O2B is available for all colliders [39], a straight-

forward and rigorous assessment of the indirect reach is possible for the Y -Universal Z0 model,
while additional input would be needed for the standard benchmarks.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

New physics in the 
interaction between the 
Higgs and vector bosons

Hadron collider 
sensitivity via Z boson 
pT distribution

Hadron collider 
sensitivity via Drell-
Yan production
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Summary: RPC gluinos

14/5/19SUSY Experimental prospects, Monica D'Onofrio10

(*) indicates projection using parton lumi rescaling (ColliderReachTool)
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Mass scale [TeV]10

Hadron Colliders: gluino projections

(R-parity conserving SUSY, prompt searches)

Preliminary Granada 2019

HE-LHC extends HL-LHC mass reach by a factor of ~2

FCC-hh extends HL-LHC mass reach by a factor of ~5
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Summary: RPC Top squark

14/5/19SUSY Experimental prospects, Monica D'Onofrio15

Discovery potential 
FCC-hh ~ up to 8 TeV

Discovery potential 
HL/HE-LHC 
~ up to 1.4/3.2 TeV

Discovery potential e+e-
~ up to sqrt(s)/2 
(with possible exception for 
compressed scenarios)
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All Colliders: Top squark projections
(R-parity conserving SUSY, prompt searches)

(*) indicates projection of existing experimental searches

" indicates a possible non-evaluated loss in sensitivity

Preliminary Granada 2019

HE-LHC extends HL-LHC mass reach by a factor of ~2

FCC-hh extends HL-LHC mass reach by a factor of ~5-12
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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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All Colliders: Top squark projections
(R-parity conserving SUSY, prompt searches)

ILC 500: discovery in all scenarios up to kinematic limit
�

s/2

(*) indicates projection of existing experimental searches

(**) extrapolated from FCC-hh prospects

� indicates a possible non-evaluated loss in sensitivity

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

HE-LHC extends HL-LHC mass reach by a factor of ~2

FCC-hh extends HL-LHC mass reach by a factor of ~6
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Fig. 8.9: Exclusion reach for Wino-like lightest chargino (c̃±
1 ) and next-to-lightest neutralino

(c̃0
2 ) from hadron and lepton colliders.

to
p

s/2 for Dm as low as 0.5 GeV, while CLIC1500 and CLIC3000 allow a reach up to 650 GeV
and 1.3 TeV, respectively [454]. Monojet searches at hadron colliders can again complement
the reach for scenarios with small Dm [443]. The soft decay products of the NLSP are not re-
constructed and the sensitivity solely depends on the production rate of EWkinos in association
with an ISR jet. The reach of different colliders are illustrated by the hatched areas of Fig. 8.10
for an indicative Dm < 1 GeV. The sensitivity deteriorates at larger Dm, due to the requirements
on additional leptons or jets. No attempt is made to evaluate this loss here, which is expected
to become relevant for Dm ⇡ 5 GeV and above. Prospects for ep colliders (LHeC and FCC-eh)
performed using monojet-like signatures [139] are also shown in Fig. 8.10.

A special case arises when the lightest neutralino is either pure Higgsino or Wino. The
chargino-neutralino mass splitting is around 340 MeV and 160 MeV respectively, and the
chargino has a correspondingly long lifetime, which can be as large as several picoseconds.
The value of pmiss

T is small unless the pair-produced EWkinos recoil against an ISR jet. Taking
advantage of the long lifetime of the charginos, which can result in decays in the active volume
of the tracker detector, searches for disappearing charged tracks can be performed at hadron
colliders [443]. As an example, at the HL-LHC, studies using simplified models of c̃±

1 produc-
tion lead to exclusions of chargino masses up to mc̃±

1
= 750 GeV (1100 GeV) for lifetimes of

1 ns for the Higgsino (Wino) hypothesis. When considering the lifetimes corresponding to the
chargino-neutralino mass splittings given above (leading to thermal relic dark matter candidates
and referred to as pure Higgsino and pure Wino, respectively), masses up to 300 (830) GeV can
be excluded. The reach for all facilities is illustrated in Sect. 8.5. Analyses exploiting displaced
decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [345]), and for ep colliders (using disappearing tracks [458]).
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Fig. 8.10: Exclusion reach for Higgsino-like charginos and next-to-lightest neutralinos with
equal mass m (NLSP), as a function of the mass difference Dm between NLSP and LSP. Exclu-
sion reaches using monojet searches at pp and ep colliders are also superimposed (see text for
details).

Collider experiments have significant sensitivity also to sleptons. Searches for staus, su-
perpartners of t leptons, might be particularly challenging at pp facilities due to the complex-
ity of identifying hadronically-decaying taus and reject misidentified candidates. Analysis of
events characterised by the presence of at least one hadronically-decaying t and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced t̃ with discov-
ery (exclusion) potential for mt̃ up to around 550 (800) GeV [443]. The reach depends on
whether one considers t̃ partners of the left-handed or the right-handed tau lepton (t̃R or
t̃L, respectively), with substantial reduction of the sensitivity in case of t̃R. The HE-LHC
would provide sensitivity up to 1.1 TeV [443], and an additional three-fold increase is ex-
pected for the FCC-hh (extrapolation). Lepton colliders could again provide complementary
sensitivity especially in compressed scenarios: ILC500 [428] would allow discovery of t̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to mt̃ = 1.25 TeV
and Dm(t̃,c0

1 ) = 50 GeV [454].

8.3.3 Non-prompt SUSY particles decays
There are numerous examples of SUSY models where new particles can be long-lived and may
travel macroscopic distances before decaying. Long lifetimes may be due to small mass split-
tings, as in the case of pure Higgsino/Wino scenarios, or due to small couplings, as in R-parity
violating SUSY models, or due to heavy mediators, as in Split SUSY. For HL-LHC [443], stud-
ies are available on long-lived gluinos and sleptons. Exclusion limits on gluinos with lifetimes
t > 0.1 ns can reach about 3.5 TeV, using reconstructed massive displaced vertices. Muons dis-

Wino Higgsino



Higgsino and Wino Searches

• Searches for the case where the Higgsino or the 
Wino are dark matter candidates as the LSP in 
SUSY

• At hadron colliders, the most effective search 
technique is called “disappearing tracks”
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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
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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
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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,
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1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).
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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
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to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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Example: Disappearing Track for Higgsinos

• The FCC-hh could probe Higgsinos up 
to ~1 TeV (full range a WIMP 
candidate)

• Reach depends strongly on detector 
design and amount of pile-up

• How can we best design our tracking 
detectors for such searches?

24

Fig. 4.1.5: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the disappearing charged
track analysis for wino-like (left) and Higgsino-like (right) DM search. The solid and dashed lines correspond to
modifying the central value of the background estimate by a factor of five.

95% C.L. Wino Wino Higgsino Higgsino
Monojet Disappearing Track Monojet Disappearing Track

14 TeV 280 GeV 900 GeV 200 GeV 300 GeV
27 TeV 700 GeV 2.1 TeV 490 GeV 600 GeV
100 TeV 2 TeV 6.5 TeV 1.4 TeV 1.6 TeV

Table 4.1.2: Summary of DM mass reach at 95% C.L. for an EW triplet (wino-like) and a doublet (Higgsino-
like) representation, at the HL-LHC, HE-LHC and the FCC-hh/SppC colliders, in optimistic scenarios for the
background systematics.

4.2 Displaced Vertices
Many models of new physics predict long-lived particles which decay within the detector but at an
observable distance from the proton-proton interaction point (displaced signatures). If the decay products
of the long-lived particle include multiple particles reconstructed as tracks or jets, the decay can produce
a distinctive signature of an event containing at least one displaced vertex (DV). In the following sections,
a number of prospects studies from ATLAS, CMS and LHCb are presented. Results are interpreted in
the context of supersymmetric or higgs-portal scenarios but are applicable to any new physics model
predicting one or more DVs, since the analyses are not driven by strict model assumptions.

4.2.1 LLP decaying to a Displaced Vertex and Emiss
T at HL-LHC

Contributors: E. Frangipane, L. Jeanty, L. Lee Jr, H. Oide, S. Pagan Griso, ATLAS

There are several recent papers at the LHC which have searched for displaced vertices, including
Ref.s [300, 333–335]. The projection presented here [336] requires at least one displaced vertex recon-
structed within the ATLAS ITk, and events are required to have at least moderate missing transverse
momentum (Emiss

T ), which serves as a discriminant against background as well as an object on which to
trigger. The analysis sensitivity is projected for a benchmark SUSY model of pair production of long-
lived gluinos, which can naturally arise in models such as Split SUSY [337]. Each gluino hadronises into
an R-hadron and decays through a heavy virtual squark into a pair of SM quarks and a stable neutralino
with a mass of 100 GeV.

This study makes use of Monte Carlo simulation samples to obtain the kinematic properties of sig-
nal events, which are then used to estimate the efficiency for selecting signal events. The pair production
of gluinos from proton-proton collisions at

p
s = 13 TeV was simulated in PYTHIA 6.428 [92] at lead-

ing order with the AUET2B [338] set of tuned parameters for the underlying event and the CTEQ6L1
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5 Background estimation
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Figure 4: Probability of finding a fake track in an event as a function of the hµioccurring in the same
event. The probabilities for the tracks reconstructed with Nhit

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.

and longitudinal impact parameters of |d0| < 0.05 mm and |z0| < 0.5 mm). The final number of fake
tracks is obtained by counting the number of tracks with loose impact parameter requirements (|d0| <
1 mm, |z0| < 250 mm) and scaling that to the nominal selection (|d0| < 0.05 mm and |z0| < 0.5 mm)
assuming a uniform distribution of d0 and z0. Figure 4 shows the estimated probability of finding a
fake track per event as a function of the hµi. The fake-track finding probability increases significantly
with increasing hµi. However, the probability can be reduced by 2–3 orders of magnitude by changing
the Nhit

layer requirement from 4 to 5. The number of fake-track backgrounds is estimated by multiplying
the number of SM background events satisfying the kinematic selection criteria (in Section 4) by these
probabilities.

The time resolution of pixel detectors can be better than 50 ps by utilizing, for example, low-gain
avalanche detectors [15, 16]. Therefore, the time information could be used in the track fit as an ad-
ditional track parameter to potentially improve the quality of the track. The reduction of fake-track
background by requiring a good time quality (i.e, small c2 in the estimation of track time obtained from
the associated pixel hits) is investigated using the simulated minimum-bias samples with hµi = 500. In
the simulation, the x, y, z positions and the time of pp collisions are distributed randomly according
to Gaussian probability-density functions with the standard deviations of 0.5 mm, 0.5 mm, 50 mm and
160 ps, respectively (without assuming any correlations among them). The c2 is computed assuming the
constant time resolution of 50 ps for a single layer hit. The fake-track background is found to be reduced
by 96% by requiring the c2-probability to be larger than 0.05 for tracks reconstructed with Nhit

layer = 4
when pp collisions occur in bunch crossings separated by 25 ns. The signal efficiency for this selection
is approximately 95 %, evaluated using a sample of single muon events.
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6 Result
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Figure 5: 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 pileup conditions of hµi = 200 and 500. The band width corresponds to the
significance variation due to the two models assumed for soft QCD processes.

6 Result

The discovery sensitivity with the requirement of Nhit
layer = 5 is higher than that with Nhit

layer = 4 due to
much lower 5-layer-hit fake-track background, as indicated in Fig. 4. The fake-track background rate
appears to be rather insensitive to the inner-tracker layout for a fixed Nhit

layer requirement. Therefore,
the alternative layout #2 is expected to have sensitivity in-between the default and alternative layout #3
(hence not shown in the rest of the figures) because the signal acceptance is a factor 2–4 smaller for the
#2 than #3 (see Table 2).

Figure 5 shows the expected discovery significance for the wino (higgsino) LSP model with the proper
lifetime of 0.2 (0.023) ns with 30 ab�1 with the requirement of Nhit

layer = 5, assigning 30% systematic
uncertainty in the background yields. The background uncertainty is based on the estimate in the ATLAS
Run 2 analysis [12]. The time information in Section 5.2 is not used in Fig. 5. The discovery significance
is obtained using an approximate formula to calculate the significance of signal+background hypothesis
against a background-only hypothesis, taking into account the background uncertainty [17, 18]. The
sensitivity is degraded significantly when the hµi increases from 200 to 500, even if five layer hits are
used in the track reconstruction. The alternative layout (#3) clearly improves the sensitivity, reaching
well above the 5s discovery for the 3 TeV wino in both pileup scenarios. For the 1 TeV higgsino the
5s discovery is also feasible in both pileup scenarios but with less margin for the high pileup case. The
discovery significance is re-evaluated using the time information and the result is shown in Fig. 6. The
sensitivity is restored at the high pileup scenario and the degradation with increasing hµi is much more
relaxed. The 5s discovery is also reached with sufficient margin for the 1 TeV higgsino with 30 ab�1

or even less if the time information is used. The discovery sensitivities for the three tracker layouts at
the pileup scenarios of hµi= 200 and 500 (without time information) are summarized in Table 3 and 4,
respectively.
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Terashi, et al. Disappearing tracks at FCC-hh

Tan, et al. EW DM at Future Hadron Colliders
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Model-dependent limits from colliders probe the low mass range 
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the interaction between SM fermions and Dirac fermionic DM. Collider limits are shown at
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Table 4.4 Target precision for the parameters relative to the measure-
ment of various Higgs decays, ratios thereof, and of the Higgs self-
coupling !. Notice that Lagrangian couplings have a precision that is

typically half that of what is shown here, since all rates and branching
ratios depend quadratically on the couplings

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

µ = " (H) ! B(H " !!) #µ/µ 0.1% 1.5%

µ = " (H) ! B(H " µµ) #µ/µ 0.28% 1.2%

µ = " (H) ! B(H " 4µ) #µ/µ 0.18% 1.9%

µ = " (H) ! B(H " !µµ) #µ/µ 0.55% 1.6%

µ = " (HH) ! B(H " !!)B(H " bb̄) #!/! 5% 7.0%

R = B(H " µµ)/B(H " 4µ) #R/R 0.33% 1.3%

R = B(H " !!)/B(H " 2e2µ) #R/R 0.17% 0.8%

R = B(H " !!)/B(H " 2µ) #R/R 0.29% 1.4%

R = B(H " µµ!)/B(H " µµ) #R/R 0.58% 1.8%

R = " (tt̄H) ! B(H " bb̄)/" (tt̄Z) ! B(Z " bb̄) #R/R 1.05% 1.9%

B(H " invisible) B@95%CL 1 ! 10#4 2.5 ! 10#4
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Fig. 4.7 Integrated luminosity evolution of the H " invisible branching ratio, under various systematics assumptions

4.4 HE-LHC

The Higgs production rates at 27 TeV are collected in Table 4.3. The rate increase relative to HL-LHC is dominated by the
factor of 5 expected increase in the total integrated luminosity. For most of the production processes, the cross section increase
is limited to a factor between 3 and 5. Figures 4.8 and 4.10 present the results of a preliminary study similar to that presented
for FCC-hh, namely using boosted Higgs final states to improve the S/B and to define common fiducial regions used in the
measurement of ratios of branching ratios. The detector simulation is based on the Delphes, with parameters drawn from the
projected performance of the HL-LHC detectors. Given the reduced kinematic reach of 27 TeV, compared to 100 TeV, the pT
range is extended down to 50 GeV. For the rate-limited final states H " µµ and H " $$!, the uncertainty in this pT range is
statistics dominated. The study of these channels will therefore require an optimisation of the selection cuts, to include lower
pT Higgses. In the low-pT domain, the Higgs precision studies at 27 TeV will resemble more those carried out at HL-LHC.
A fair comparison between HL-LHC and HE-LHC would therefore require much more detailed studies, accounting for the
larger pile-up, and based on a concrete detector design.

The results of the studies for the Higgs self-coupling at HE-LHC are discussed in Sect. 10.
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FCC Physics Opportunities

Fit MET distribution in VBF Higgs production
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Feebly Interacting Particles (FIPs)
• Range of possibilities and models

• Hadron colliders play a complementary role to targeted experiments
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8.6. FEEBLY-INTERACTING PARTICLES 133

have not been detected because they interact too feebly with SM particles. These particles
would belong to an entirely new sector, the so-called hidden or dark sector. While masses and
interactions of particles in the dark sector are largely unknown, the mass range between the
MeV and tens of GeV appears particularly interesting, both theoretically and experimentally,
and is the subject of this section.

An important motivation for new physics in this mass range is DM (see Chapter 9), which
could be made of light particles, with either a thermal or non-thermal cosmological origin. Ther-
mal DM in the MeV–GeV range with SM interactions is overproduced in the early Universe
and therefore viable scenarios require additional SM neutral mediators to deplete the overabun-
dance [491–496]. These mediators, which must be singlets under the SM gauge symmetry, can
lead to couplings of feebly-interacting particles to the SM through portal operators.

8.6.1 The formalism of portals
Portals are the lowest canonical-dimension operators that mix new dark-sector states with gauge-
invariant (but not necessarily Lorentz-invariant) combinations of SM fields. Following closely
the scheme used in the Physics Beyond Colliders study [361], four types of portal are consid-
ered:

Portal Coupling
Vector (Dark Photon, Aµ ) � e

2cosqW
F 0

µnBµn

Scalar (Dark Higgs, S) (µS +lHSS2)H†H
Fermion (Sterile Neutrino, N) yNLHN

Pseudo-scalar (Axion, a) a
fa

Fµn F̃µn , a
fa

Gi,µnG̃µn
i ,

∂µ a
fa

ygµg5y

Here F 0
µn is the field strength for the dark photon, which mixes with the hypercharge field

strength Bµn ; S is the dark Higgs, a new scalar singlet that couples to the SM Higgs doublet H;
and N is a heavy neutral lepton (HNL) that couples to the SM left-handed leptons. These three
cases are the only possible renormalisable portal interactions. While many new operators can
be written at the non-renormalisable level, a particularly important example is provided by the
axion (or axion-like) particle a that couples to gauge and fermion fields at dimension five.

8.6.2 Experimental sensitivities
The portal framework is used to define some benchmark cases, for which sensitivities of dif-
ferent experimental proposals are evaluated and compared with each other. Unless otherwise
stated, all limits presented in this section correspond to 90% CL, since the majority of the liter-
ature has been using this standard.
Vector portal
New light vector particles mixed with the photon are not uncommon in BSM models containing
hidden sectors, possibly related to the DM problem. The parameters describing this class of
models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary
photon; aD = g2

D/4p is the coupling strength of the dark photon with DM; and mA0 and mc
are the dark photon and DM particle mass, respectively. The study of experimental sensitivities
at future colliders is performed in the plane of e versus mA0 , assuming aD to be negligible
with respect to e . It is important to note that only minimal Dark Photon models have been
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Fig. 8.16: Sensitivity for Dark Photons in the plane mixing parameter e versus Dark Photon
mass. HL-LHC, CEPC, FCC-ee and FCC-hh curves correspond to 95% CL exclusion limits,
LHeC and FCC-eh curves correspond to the observation of 10 signal events, and all other curves
are expressed as 90% CL exclusion limits. The sensitivity of future colliders, mostly covers the
large-mass, large-coupling range, and is fully complementary to the the low-mass, very low-
coupling regime where beam-dump and fixed-target experiments are most sensitive.

considered in this study. Non-minimal models used by, e.g. the HL-LHC experiments [443]
and other future facilities, are not addressed here. The results are shown in Fig. 8.16.

Visible decays of vector mediators are mostly constrained from searches for di-electron or
di-muon resonances and from the re-interpretation of data from fixed target or neutrino experi-
ments in the low (< 1 GeV) mass region. NA48/2 [497], A1 [498] and BaBar [499] experiments
put the strongest bounds for e > 10�3 in the 0.01�10 GeV mass range. These results are com-
plemented by those from beam dump experiments, such as E141 [500] and E137 [501, 502] at
SLAC, E774 at Fermilab [503], CHARM [504] and NuCal [505].

The low-mass range (0.01–1 GeV, see Chapter 9) is best covered by beam-dump exper-
iments (SHiP [431], NA62 in dump mode [506]), and by FASER at the ATLAS interaction
point [507] in the very low-coupling regime (e < 10�4). These are complemented by the LHCb
Upgrade [508] and Belle-II [340]. Future collider experiments (HL-LHC [489], CEPC [509],
FCC-ee [510], FCC-eh [511], FCC-hh [489], ILC500) have unique coverage in the high-mass
range (> 10 GeV) down to e ⇠ 10�4. FCC-eh could fill the gap left by LHCb in the low-mass
region. There is an interesting complementarity between future collider experiments, which
cover the high-mass large-coupling regime, and beam-dump experiments, which cover the low-
mass, very low-coupling regime.

Scalar portal
In the scalar or Higgs portal, the dark sector is coupled to the Higgs boson via the bilinear
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Fig. 8.18: Exclusion limits for ALPs coupled to photons. All curves correspond to 90% CL
exclusion limits, except for LHeC/FCC-eh (95% CL exclusion limits), FCC-ee (observation of
four signal events) and FCC-hh (observation of 100 signal events). See text for details.

compatible with leptogenesis [523] almost down to the see-saw limit. The sensitivity to Heavy
Neutral Leptons coupled predominantly to the second and third generation is shown in Figs. 9.6
and 5.13, respectively.

8.7 Summary and conclusions
In recent years, the scene of BSM research has been evolving rapidly, thanks to a wealth of new
experimental data in particle and astroparticle physics. On the theoretical front, less emphasis
has been given to unified frameworks able to deal simultaneously with many key questions in
particle physics, and more attention has been given to models that address individual shortcom-
ings of the SM or simply single unexplained facts. This has created a more fragmented land-
scape of research activity, where there is no single dominating trend, but multiple approaches
pursuing different directions. The need to look for new theoretical paradigms is making today’s
research in particle physics very exciting, rich with opportunities for alternative and revolu-
tionary ideas. In this situation, more than ever, an intense and diversified programme of new
experimental projects is needed to unravel the many mysteries left unresolved by the SM and to
provide clues for progress in theoretical speculations.

The current report reflects broadly the present state of the field. Instead of giving a com-
prehensive account of all BSM model variations and their phenomenological signatures, the
analysis has focused on a representative set of cases that allow for an informative comparison
of the reach of future experimental projects. At the beginning of the ESPP physics activities,
four fundamental questions that would serve as a leitmotif for the BSM studies were identified
and presented to the physics community at the Open Symposium in Granada. This chapter is
concluded with a presentation, in the form of a summary, of those questions and the answers

Axion Like Particles (ALPs)

How could we include ?pp → a → γγ
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https://arxiv.org/pdf/1808.10323.pdf
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Conclusion
• Critical turning point for our field as we evaluate options and try to converge on what 

machine(s) we want to build next

• Short review of future hadron colliders

• HL-LHC, HE-LHC, FCC-hh and SppC

• Key physics capabilities include precision Higgs couplings, the Higgs self-coupling and an 
extensive range of BSM searches

• Some ideas and open questions

• Pile up — what impact does 1000 collisions have? How can we mitigate it?

• What energy? i.e. why 100 TeV vs 80 or 120 TeV?

• Higgs coupling precision from differential measurements

• How could new detector technologies impact physics reach?

• Can we design trackers to improve long-lived particle searches?

• How does 4D tracking improve physics capabilities?

• Systematics: particularly theory systematics 

• Important to address in general; also relevant for comparing physics reach between 
hadron and lepton colliders
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FCC-hh
• New tunnel ~100 km tunnel located at 

CERN

• New 16 T magnets (20 T for 80 km)

• High challenging technologically

• Energy: 100 TeV

• One stage of overall FCC project

• Full spectrum from e+e- to heavy ions

30

HE-LHC

Also studied: HE-LHC: √s=27 TeV using FCC-hh 
16 T magnets in LHC tunnel; L~1.6x1035Æ 15 ab-1 

for 20 years operation

FCC: Future Circular Collider

Preliminary, purely technical schedule for 
integrated programme (FCC-ee followed by
FCC-hh), assuming green light to 
preparation work in 2020.

FCC-hh Submission to ES

https://indico.cern.ch/event/765096/contributions/3298184/attachments/1786069/2907901/133_ESPP18_FCChh_181115-FCC_V0600_MainText.pdf
https://indico.cern.ch/event/765096/contributions/3298184/attachments/1786069/2907901/133_ESPP18_FCChh_181115-FCC_V0600_MainText.pdf


HL-LHC/HE-LHC
• Existing LHC tune

• Reuse the existing LHC tunnel

• Increase the magnetic field by installing 
the 16 T magnets from the FCC-hh

➡Energy increases from 14 to 27 TeV

• Factor of 3 increase in luminosity over 
HL-LHC: 10 ab-1
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HE-LHC Submission

7

HL-LHC parameters and timeline

LS2 (2019-2020):
� LHC Injectors Upgrade (LIU)
� Civil engineering for HL-LHC equipment P1, P5
� Installation of (part of) 11T Nb3Sn dipoles for HL-LHC
� Phase-1 upgrade of LHC experiments 

LIU will provide beams of intensity and brightness 
needed by HL-LHC (2.3x1011 p/bunch, ε~ 2.1 μm)
Linac 4: 160 MeV H-

PSB: 1.4Æ 2 GeV
PS: new injection and feedback systems
SPS: new 200 MHz RF system

LS3 (2024-2026):
� HL-LHC installation 
� Phase-2 upgrade of ATLAS and CMS

https://indico.cern.ch/event/765096/contributions/3298229/attachments/1786073/2907913/136_ESPP18_HELHC_181119-FCC_V0500_MainText.pdf
https://indico.cern.ch/event/765096/contributions/3298229/attachments/1786073/2907913/136_ESPP18_HELHC_181119-FCC_V0500_MainText.pdf


SppC
• New 100 km tunnel in China

• Magnets: initially 12 T; later 20 T

• Energy: 75 - 150 TeV

• Luminosity: 30 ab-1
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SppC Layout
Second step after CEPC

SppC Submission to ES

Physics case not yet mature, 
but can be expected to be the 
same as for FCC-hh for same 
energy/luminosity

https://indico.cern.ch/event/765096/contributions/3295627/attachments/1785177/2906133/CEPC_European_strategy_accelerator-v9Submit_version.pdf
https://indico.cern.ch/event/765096/contributions/3295627/attachments/1785177/2906133/CEPC_European_strategy_accelerator-v9Submit_version.pdf


Open Question: High field magnets
33

L.Rossi - LHC future @ Open symposium EUSPP-Granada May 2019-SUMMARY 16

LHC1.5
12 T Nb3Sn dipoles
HiLumi technology in 
LHC: 21 TeV c.o.m.

7 T  Nb-Ti dipole (low cost
LHC, 4.2 K):
44 TeV c.o.m. (100 km)

Energy 
tripler 
100km

High field magnet development

2040

In LHC, 14 T dipoles give 23.5 TeV
But timeline is NOT the same

HTS

L. Rossi

hadron collider 
schedule 

depends on 
magnet R&D



FCC-hh inputs
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Table 24. Inputs used for LHeC and FCC-eh projections. All uncertainties are given as fractional 68% CL intervals and are
taken to be symmetric.

Observable LHeC FCC-eh
d µWBF,bb 0.008 0.0025
d µWBF,cc 0.071 0.022
d µWBF,gg 0.058 0.018
d µZBF,bb 0.023 0.0065
d µWBF,WW 0.062 0.019
d µWBF,ZZ 0.120 0.038
d µWBF,tt 0.052 0.016
d µWBF,gg 0.15 0.046
d µZBF,cc 0.200 0.058
d µZBF,gg 0.160 0.047
d µZBF,WW 0.170 0.050
d µZBF,ZZ 0.350 0.100
d µZBF,tt 0.15 0.042
d µZBF,gg 0.42 0.120

Table 25. Left) Inputs used for FCC-hh. All uncertainties are given as fractional 68% CL intervals and are taken to be
symmetric. Right) Extra inputs used in the k fit studies.

FCC-hh
d µggF,4µ 0.019
d µggF,gg 0.015
d µggF,Zg 0.016
d µggF,µµ 0.012

d (BRµµ/BR4µ) 0.013
d (BRgg/BR2e2µ) 0.008
d (BRgg/BRµµ) 0.014
d (BRµµg/BRgg) 0.018

d (sbb
ttH/sbb

ttZ) 0.019
Invisible decays

BRinv <0.00013
Direct constraint on Higgs self-interaction

dk3 0.05

FCC-hh
(Extra inputs used in k fits)

d (sH!gg
WH /sZ!e+e�

WZ ) 0.014
d (sH!tt

WH /sZ!tt
WZ ) 0.016

d (sH!bb
WH /sZ!bb

WZ ) 0.011
d (sH!WW

WH /sH!gg
WH ) 0.015

Table 26. Inputs used for a low-energy FCC-hh running at 37.5 TeV (LE-FCC). All uncertainties are given as fractional 68%
CL intervals and are taken to be symmetric.

LE-FCC
d (BRµµ/BR4µ) 0.029
d (BRgg/BR2e2µ) 0.015
d (BRgg/BRµµ) 0.028
d (BRµµg/BRgg) 0.06

d (sbb
ttH/sbb

ttZ) 0.04-0.06
Direct constraint on Higgs self-interaction

dk3 0.15
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Proposed Schedules 

D. Schulte 22Higgs Factories, Granada 2019

Project Start construction Start Physics (higgs)

CEPC 2022 2030

ILC 2024 2033

CLIC 2026 2035

FCC-ee 2029 2039 (2044)

LHeC

Proposed dates from projects

Would expect that technically required 
time to start construction is O(5-10 
years) for prototyping etc.

Timescale and cost for Hadron Colliders
35

start date driven by magnet R&D

tunnel cost


