
Future hadron colliders: 
HL-LHC, HE-LHC, FCC-hh, ….

 105Juan Rojo                                                                                                                  Nikhef Topical Lectures on Future Colliders, June 2018

Disclaimer: focus on the CERN machines, but most 

physics outputs are machine-independent, e.g. also 

valid for the Chinese SppC

Higgs Pair Production at HL-LHC
Promising final states

HH → bbii HH → bbjj

• .

Narain, ICFA, Nov 2017 18

~120k events 
In 3000/fb

<PU>=140

Fkk	(VmD) F@@	(VmD)

Final state ATLAS CMS

HHàbbgg 1.05 s
−0.8 < =L < 7.7

1.43 s

HHàbbtt 0.6 s
−4.0 < =L < 12

0.39 s

HHàbbbb −3.5 < =L < 11
0.39 s

HHàbbVV 0.45 s

ttHH, HHàbbbb 0.35 s

Expected significance
95% CL intervals

Expected number of events

HH physics is a benchmark channel for HL-LHC program
• Run II results are reaching 15 times SM, with loose 

constraint on =L	between -9 and 15.
• Exp. significance per experiment ≈1-2 4 (HL-LHC)
• The possibility of “evidence” of HH can be reached 

combining all channels in CMS and ATLAS. 

• Improvement foreseen driven by :
• Detector optimization, analysis algorithms
• Theory : Impact of NLO correction on differential 

distributions ?

Long Lived Particles (LLP)

• Particles decaying non-promptly are a new focus at the LHC, for present and future
• Long-lived neutral particle (X) decays after some ct to displaced leptons or jets.
• Signature driven searches, with great discovery potential, Issues and opportunities 

with LLP signatures:
• Need dedicated tools for non-standard objects, custom trigger/reconstruction/simulation
• Potential gains from high luminosity, track-trigger, fast timing, better directionality.

26

Target complementary lifetimes and ranges.
Variety of dedicated techniques to cover 
whole range of lifetimes (ct)

Narain, ICFA, Nov 2017
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Lepton Colliders vs Hadron Colliders
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Grojean, “Physics at CLIC” 2017
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Past, present, and future of HEP 
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Past Present Future

pp

ep

ee

TeVatron

HERA

LEP

LHC
HL-LHC

HE-LHC?

FCC-hh? SppS?

FCC-eh?

LHeC?

ILC?

CLIC?

FCC-eh?

CepC?



 108Juan Rojo                                                                                                                  Nikhef Topical Lectures on Future Colliders, June 2018

Future High-Energy 
Hadron Colliders

HL-LHC

HE-LHC
FCC-hh
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Timeline of future colliders 
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Already approved!
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Future High-Energy 
Hadron Colliders

HL-LHC

HE-LHC
FCC-hh
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Fingerprinting the Higgs sector at the HL-LHC 
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The increased statistics will make possible study in great detail the properties of the Higgs sector
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Fingerprinting the Higgs sector at the HL-LHC 
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This is particularly true for differential distributions, characterised by 
an enhanced BSM reach as compared to the inclusive cross-sections

Higgs Production & Couplings (h →ZZ)

Differential Cross Section pT(h)

• probes perturbative QCD calculations 

• information on (new) particles contribution 

to the gluon fusion loop 

• Sensitive to =@/=C	(low pT) =?/BSM (high pT)

• @high pT dominated by stat. unc ≈4-9%

• For 300 fb-1 stat. uncertainty: 10-29%!

Narain, ICFA, Nov 2017 15

Anomalous couplings

• H ZZ 4l : reconstruct the full angular 

decay structure

• Expect to constrain f < ~1%

• Statistically dominated:  huge increase in 

sensitivity going from 300 to 3000 fb-1.
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Fingerprinting the Higgs sector at the HL-LHC 
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This is particularly true for differential distributions, characterised by 
an enhanced BSM reach as compared to the inclusive cross-sections

Higgs Production & Couplings (h →ZZ)

Differential Cross Section pT(h)

• probes perturbative QCD calculations 

• information on (new) particles contribution 

to the gluon fusion loop 

• Sensitive to =@/=C	(low pT) =?/BSM (high pT)

• @high pT dominated by stat. unc ≈4-9%

• For 300 fb-1 stat. uncertainty: 10-29%!

Narain, ICFA, Nov 2017 15

Anomalous couplings

• H ZZ 4l : reconstruct the full angular 

decay structure

• Expect to constrain f < ~1%

• Statistically dominated:  huge increase in 

sensitivity going from 300 to 3000 fb-1.
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Exotic Higgs decays 
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Sensitivity to non-standard decay modes of the Higgs boson

HL-LHC first exploration, ultimate constraints from Higgs factories

Chinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET

(bb)(bb)
(cc)(cc)

(jj)(jj) (bb)(ττ)
(ττ)(ττ) (jj)(γγ) (γγ)(γγ)

10-5

10-4

10-3

10-2

10-1

1

B
R
(h
→
E
xo
tic
s)

95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics
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sions of the Higgs exotic decays at di↵erent future lep-
ton colliders. In Section 3, we describe our simulation
framework and present our phenomenological analysis
for various Higgs exotic decay modes. We summarize
the physics potential from the Higgs exotic decays at
the (HL-)LHC and the future lepton collider programs
in Section 4. In our summary table, we include compre-
hensive projections and show the complementarity be-
tween future lepton collider programs and the HL-LHC.
We also discuss many important future directions for the
Higgs exotic decay programs.

2 Theoretical framework

2.1 Higgs exotic decay modes considered in this

work

The Higgs boson BSM decays have a rich variety of
possibilities. To organize this study on Higgs boson BSM

decays, we selectively choose a set of phenomenologically
driven processes. We focus on two-body Higgs decays
into BSM particles, which are allowed to subsequently
decay further, up to four-body final states. We only
consider the Higgs boson as an CP-even particle. CP-
violation e↵ects would a↵ect various di↵erential distri-
butions, and this demands future study. These processes
are well-motivated by SM+singlet extensions, two-Higgs-
doublet-models, SUSY models, Higgs portals, gauge ex-
tensions of the SM, etc. These assumptions have also
been emphasized in the recent overview of Higgs exotic
decays [25] and the CERN yellow report [26].

We consider in general the exotic Higgs decays into
BSM particles dubbed as Xi, h ! X1X2. The cascade
decay modes are classified into four cases, schematically
shown in Fig. 1. We discuss their major physics motiva-
tion and features at lepton colliders in order.

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

Fig. 1. The topologies of the SM-like Higgs exotic decays.

h! 2: The Xis in this case are detector-stable and
charge-neutral. ⇤ They could be dark matter candi-
dates. The Higgs portal [27] to dark matter models, in-
cluding various SUSY light dark matter models [28–38],
motivates this BSM search channel. The lepton collider
background for this channel are mainly from the process
e
+
e
�

! ZZ ! Z + ⌫⌫̄ and e
+
e
�

! W
+
W

�
! `

+
`
�
⌫⌫̄.

This channel, due to its simplicity and importance, has
been studied by most of the future lepton collider pro-
grams [16–18] and we will quote these results in our sum-
mary table. We include this channel here for complete-
ness. In addition, many of the models that motivate this
channel also induce other Higgs exotic decays we consider
in this study.

h! 2! 3! 4: This is the topology in which X1 is
detector-stable and X2 decays to two particles, with
one of these decay products further decaying into two

particles. A typical BSM model for such decay modes
is the Higgs decaying into the lightest supersymmetric
particle (LSP) plus a heavier neutralino, which subse-
quently decays into the LSP plus a resonant BSM par-
ticle. This resonant BSM particle could be a singlet-
like scalar in the Next-to-Minimal-Supersymmetric-
Standard-Model (NMSSM). Many SUSY models which
motivate Higgs invisible decays also induce this decay
channel, e.g. [38, 39]. It also commonly exists in the
so-called “stealth SUSY” models [40]. This singlet-like
scalar decays into SM fermion pairs, giving rise to the fi-
nal state of a pair of resonant SM particles plus missing
energy, dubbed h ! (ff)+ /ET.† In this study, we only
consider the channels which are very challenging at the
LHC, h ! (jj)+/ET, h ! (bb̄)+/ET and h ! (⌧+

⌧
�)+/

ET. For the hadronic channels, the major background is
from the SM Higgs decay modes h!ZZ

⇤
! jj+⌫⌫̄ and

⇤The possibility of a detector-stable electrical charged particle Xi is usually more contrived and excluded from direct Drell-Yan
production by both LEP and the LHC. Hence, we ignore this possibility here.

†At lepton colliders we could use the quantity missing momentum instead of Missing Transverse Energy (MET) /ET. The former
carries more information while the latter is more widely used in the hadron collider analyses. For the decay channel considered in our
analyses, the reach can be improved only marginally by the inclusion of the z-direction missing momentum information because of the
already great limit achieved and additional uncertainties from the beamstrahlung e↵ect [41] and the initial state radiation (ISR) e↵ect [42].
Consequently, we use only the more widely adopted missing transverse energy throughout this study.
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Exotic Decays of the Higgs Boson

Liu, Wang, Zhang, Chin. Phys. C 41, no. 6, 063102 (2017)



Current measurements (couplings in single Higgs production) probe Higgs potential close to minimum

Double Higgs production essential to reconstruct the full Higgs potential and clarify EWSB mechanism

Higgs SM potential is ad-hoc: not fixed by the SM symmetries, many other EWSB mechanisms conceivable
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Higgs mechanism Coleman-Weinberg mechanism

single h prod double h prod

Each possibility associated to completely different EWSB mechanism, with crucial implications for the 
hierarchy problem, the structure of quantum field theory, and New Physics at the EW scale

Probing Electroweak Symmetry breaking

Juan Rojo                                                                                                                  Nikhef Topical Lectures on Future Colliders, June 2018



Each possibility associated to completely different EWSB mechanism, with crucial implications for the 
hierarchy problem, the structure of quantum field theory, and New Physics at the EW scale

Current measurements (couplings in single Higgs production) probe  Higgs potential close to minimum

Double Higgs production essential to reconstruct the full Higgs potential and clarify EWSB mechanism

The Higgs potential is ad-hoc: many other EWSB mechanisms conceivable
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Higgs mechanism Coleman-Weinberg mechanism

Probing Electroweak Symmetry breaking

Juan Rojo                                                                                                                  Nikhef Topical Lectures on Future Colliders, June 2018
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Higgs pair production at the HL-LHC
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Higgs Pair Production at HL-LHC
Promising final states

HH → bbii HH → bbjj

• .

Narain, ICFA, Nov 2017 18

~120k events 
In 3000/fb

<PU>=140

Fkk	(VmD) F@@	(VmD)

Final state ATLAS CMS

HHàbbgg 1.05 s
−0.8 < =L < 7.7

1.43 s

HHàbbtt 0.6 s
−4.0 < =L < 12

0.39 s

HHàbbbb −3.5 < =L < 11
0.39 s

HHàbbVV 0.45 s

ttHH, HHàbbbb 0.35 s

Expected significance
95% CL intervals

Expected number of events

HH physics is a benchmark channel for HL-LHC program
• Run II results are reaching 15 times SM, with loose 

constraint on =L	between -9 and 15.
• Exp. significance per experiment ≈1-2 4 (HL-LHC)
• The possibility of “evidence” of HH can be reached 

combining all channels in CMS and ATLAS. 

• Improvement foreseen driven by :
• Detector optimization, analysis algorithms
• Theory : Impact of NLO correction on differential 

distributions ?

Low yields even at 
the HL-LHC

 Need to have at least 
a bb pair to have 
sufficient events

 Large background 
from QCD and pile-
up processes
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Higgs pair production at the HL-LHC

Juan Rojo                                                                                                                  Nikhef Topical Lectures on Future Colliders, June 2018

Higgs Pair Production at HL-LHC
Promising final states

HH → bbii HH → bbjj

• .

Narain, ICFA, Nov 2017 18

~120k events 
In 3000/fb

<PU>=140

Fkk	(VmD) F@@	(VmD)

Final state ATLAS CMS

HHàbbgg 1.05 s
−0.8 < =L < 7.7

1.43 s

HHàbbtt 0.6 s
−4.0 < =L < 12

0.39 s

HHàbbbb −3.5 < =L < 11
0.39 s

HHàbbVV 0.45 s

ttHH, HHàbbbb 0.35 s

Expected significance
95% CL intervals

Expected number of events

HH physics is a benchmark channel for HL-LHC program
• Run II results are reaching 15 times SM, with loose 

constraint on =L	between -9 and 15.
• Exp. significance per experiment ≈1-2 4 (HL-LHC)
• The possibility of “evidence” of HH can be reached 

combining all channels in CMS and ATLAS. 

• Improvement foreseen driven by :
• Detector optimization, analysis algorithms
• Theory : Impact of NLO correction on differential 

distributions ?

Extremely challenging measurement: benchmark channel for HL-LHC program
Room for improvement in analysis algorithm, detector optimisation,  theory calculations



Exploit 4b final state: highest signal yields, but overwhelming QCD background (by orders of magnitude!)

Carefully chosen selection strategies ensure that all relevant event topologies can be reconstructed 
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The 4b channel

Juan Rojo                                                                                                                     DRSTP, Trends in Theory 2017, 12/05/2017

b

b

b

b

b
b

b
b

Recent progress in jet substructure 
techniques important to reduced QCD 

background in the boosted regime

    Bortoletto et al 15
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Artificial Neural Network

Trained on signal and background MC events
Higgs pT

Higgs m

di-Higgs m

ECF

𝛕12

Subjet pT

…..

Input

Output

Signal? 

Background?
NN optimisation based
on Genetic Algorithm

Caveat: in a measurement, training of classifier should be done on real data based on control regions
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The 4b channel at the HL-LHC



Combining information from all kinematic variables in MVA: excellent signal/background discrimination

!121

Background 
rejected

Signal 
accepted
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The 4b channel at the HL-LHC



ML techniques allow to substantially improve the signal significance for this process observe Higgs 
pair production in the 4b final state at the HL-LHC. Observation (maybe discovery) within reach!

!122

Pre-MVA

Post MVA
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Illustrates powerful interplay of:
 Advanced analysis algorithms 
(Machine Learning)
 Theory developments (jet 

substructure, background 
suppression)
 Detector optimisation

The 4b channel at the HL-LHC



LLPs appear in many BSM scenarios involving Dark Sectors such as Hidden Valleys

A very clean signature: a hidden sector particle decays within the detector volume 
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Long-lived particles

Long Lived Particles (LLP)

• Particles decaying non-promptly are a new focus at the LHC, for present and future
• Long-lived neutral particle (X) decays after some ct to displaced leptons or jets.
• Signature driven searches, with great discovery potential, Issues and opportunities 

with LLP signatures:
• Need dedicated tools for non-standard objects, custom trigger/reconstruction/simulation
• Potential gains from high luminosity, track-trigger, fast timing, better directionality.

26

Target complementary lifetimes and ranges.
Variety of dedicated techniques to cover 
whole range of lifetimes (ct)

Narain, ICFA, Nov 2017

The increased luminosity of the HL-LHC will strengthen the prospects for LLPs searches



The precision measurement of fundamental SM parameters such as the W boson  
and the top quark masses offers a unique opportunity to stress-test the Standard Model
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Precision SM physicsPrecision Physics: Top Quark Mass

Narain, ICFA, Nov 2017 30
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 (8 TeV)-119.7 fb

Run I 0.3/ab, 14 TeV 3/ab, 14 TeV

, arXiv:1608.03560ΨJ/
), JHEP08 (2016) 029t (tσ

sec. vtx, PRD 93(2016)2006 
single t, PAS-TOP-15-001
l+jets, PRD 93(2016)2004

From tt̅ cross-section
• Limited by theory uncertainty and 

luminosity measurement

J/ψ and secondary vertex
• Statistically dominated

Single top 
Standard ttà̅ℓ+jets measurement

• Expect Δmtop/mtop ~ 0.17 GeV

ΛQCD

• Large data samples allow exploration of 
complementary approaches

• top mass unc: ~0.5GeV → ~ 0.17 GeV
• theoretical uncertainty due to the conversion to the 

MSbar mass  0.25 GeV?
• Higgs mass unc 0.25 GeV → 0.10 GeV ?(guess)
• W mass unc 0.013 GeV → ? unclear for HL-LHC

Precision Physics: Top Quark Mass

Narain, ICFA, Nov 2017 30
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, arXiv:1608.03560ΨJ/
), JHEP08 (2016) 029t (tσ

sec. vtx, PRD 93(2016)2006 
single t, PAS-TOP-15-001
l+jets, PRD 93(2016)2004

From tt̅ cross-section
• Limited by theory uncertainty and 

luminosity measurement

J/ψ and secondary vertex
• Statistically dominated

Single top 
Standard ttà̅ℓ+jets measurement

• Expect Δmtop/mtop ~ 0.17 GeV

ΛQCD

• Large data samples allow exploration of 
complementary approaches

• top mass unc: ~0.5GeV → ~ 0.17 GeV
• theoretical uncertainty due to the conversion to the 

MSbar mass  0.25 GeV?
• Higgs mass unc 0.25 GeV → 0.10 GeV ?(guess)
• W mass unc 0.013 GeV → ? unclear for HL-LHC

Connection to the apparent metastability of the 
electroweak vacuum state of our Universe



Investigating the possible production of DM particles is high on the HL-LHC physics program

Large theory space with still plenty of room for constraints from colliders
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Dark Matter searches



Investigating the possible production of DM particles is high on the HL-LHC physics program

Large theory space with still plenty of room for constraints from colliders
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Dark Matter searches

DM particle mass
Mediator particle mass

(connects dark and visible sectors)

``Monojet signature’’:
An unbalanced jet with 

missing transverse energy



The HL-LHC will improve the measurements of B-meson decays where 
current hints of violation of Lepton Flavour Universality (LFU) have been reported
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Flavour and the B anomalies
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HL-LHC wrap up
 HL-LHC is much more than ``just’’ ten times more LHC data

 Extremely broad range of exciting physics topics, which significantly enhance the overall 
physics output of the LHC: exotic Higgs decays, Higgs pair production, DM searches, precision 
SM, flavour physics ….

 Plenty of exciting physics to keep us very busy until at least 2035!
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Future High-Energy 
Hadron Colliders

HL-LHC

HE-LHC
FCC-hh
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The High-Energy LHC project 
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 In a nutshell, increase the CoM energy to 27 TeV by fitting the FCC-hh magnets in LHC tunnel

Pros: doubles LHC energy, significant increase of integrated luminosity, affordable cost 
(within CERN budget)

 Target luminosity: up to 5 times that of HL-LHC

Cons: moderate energy increase, limited exploration potential at very high energies

Physics potential being studied now: Yellow Report expected by the end of the year
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Higgs Physics at the HE-LHC 
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Signal Strengths @ LHeC – HE-LHeC - FCCeh

11

Uta & Max Klein, Contribution to HL/HE Workshop, 4.4.2018, preliminary

Note: CC (HWW )and NC (HZZ) data are taken at once in DIS (requires different e+e-
machine settings / c.m.s. energies for high precision) 
ÆNC and CC DIS together over-constrain Higgs couplings in a combined fit. 

ZZÆHWWÆH

Ee=60 GeVHWW and HZZ signal strengths measured at once in DIS
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Higgs Physics at the HE-LHC 
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Signal Strengths @ LHeC – HE-LHeC - FCCeh

11

Uta & Max Klein, Contribution to HL/HE Workshop, 4.4.2018, preliminary

Note: CC (HWW )and NC (HZZ) data are taken at once in DIS (requires different e+e-
machine settings / c.m.s. energies for high precision) 
ÆNC and CC DIS together over-constrain Higgs couplings in a combined fit. 

ZZÆHWWÆH

Ee=60 GeVHWW and HZZ signal strengths measured at once in DIS

Marked improvement as compared to HL-LHC
Still not competitive with Higgs factories
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Higgs Physics at the HE-LHC 
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Double Higgs production benefits dramatically from the increase in energy, with a factor 10 
increase in events and several new final states opening up

 Channels without bottom quarks in the final state become competitive
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Future High-Energy 
Hadron Colliders

HL-LHC

HE-LHC
FCC-hh
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The case for a 100 TeV hadron collider 
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 The study of the Standard Model and the Higgs sector cannot be considered as complete until we 
exhaust the exploration of phenomena at the TeV scale

 No other machine can have a comparable direct sensitivity to such large mass scales than a 100 
TeV hadron collider

 Several guaranteed deliverables, but scientific case needs to be strengthened by pursuing results 
in sync at the future LHC runs, dark matter searches, flavour physics …

FCC
-ee FCC

-hh
,eh

III. Unknown Unknowns

BSM
things “we don't know we don't know”

(unexpected BSM)

Ruderman FCCweek2017
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FCC-hh as a Higgs factory 
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The FCC-hh would be a Higgs factory, with huge amounts of Higgs bosons producedSM Higgs at 100 TeV

• Huge production rates imply:

• can afford reducing statistics, with tighter kinematical 
cuts that reduce backgrounds and systematics

• can explore new dynamical regimes, where new tests 
of the SM and EWSB can be done

58

N100 = σ100 TeV × 20 ab–1

N8 = σ8 TeV × 20 fb–1

N14 = σ14 TeV × 3 ab–1

What we can do with these huge samples of Higgs bosons?

Explore tails of kinematical distributions more sensitive to BSM, e.g. high pT

 Reduce stats to place more stringent selection cuts to reduce backgrounds and systematics

Explore new decay modes, as well as exotic decays  (SM and BSM) with very small branching fractions
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Rare and exotic Higgs decays 
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We can also access rare Higgs decays, such as Higgs decaying into invisible (DM?) particles

68

P.Harris at FCC wshop, updated at Feb 21 WG mtg

Constrain bg pt spectrum from Z→νν to the % level using 
NNLO QCD/EW to relate to measured Z→ee, W and γ spectra

VERY Preliminary

SM sensitivity with 1ab–1, can reach few x 10–4 with 30ab–1

BR(H→inv) in H+X production at large pT(H)

Data-driven background constraints on ZZ => neutrinos using NNLO QCD + NLO EW theory
With L = 30 ab-1 one can constrain invisible Higgs decays at the O(10-4) level
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The Higgs self-coupling at 100 TeV
Main advantage over other machines: 
energy and statistics

But needs to exploit final states which are 
not background-dominated

The bbɣɣ final state appears the more 
competitive due to small backgrounds: few-
percent determination of the Higgs self-
coupling within reach

The fully hadronic final state (4b) is not 
competitive due to huge backgrounds
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Dark Matter at 100 TeV 
A 100 TeV hadron collider would provide ``no-lose theorems’’ for specific scenarios of WIMP 

dark matter, in particular upper bounds of the WIMP mass 

Towards no-lose arguments for some Dark Matter scenarios: 

disappearing tracks L.Wang @ FCC week

74
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Direct searches for heavy particles 

A 100 TeV hadron collider can extend the reach for new BSM particles above the 10 TeV scale

No other machine can compete with this direct reach 
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contours of the two di↵erent search strategies.

The searches proposed here also have good discriminating power away from the massless

neutralino limit. A 1.5 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 2 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di�erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated
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space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di�erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

Figure 17: Reach for stops (left column) and fermonic top partners (right column) at a
100 TeV pp collider.

urgent, for two obvious reasons. First, given that we have not seen any
superpartners at LHC8, while LHC14 could be powerful enough to discover
them, it is unlikely to produce them in high enough numbers for the more
detailed study needed to ascertain what the particles are trying to tell us
about TeV scale physics. As a simple example, consider a gluino with mass
of 1.5 TeV, just at the LHC Run 1 limit. Roughly 104 of these particles will be
produced through the LHC14 program, certainly enough to be able to claim
a discovery, but not much else. The careful examination of its properties,
necessary to even hope for a zeroth order claim that supersymmetry has been
discovered, will need a 100 TeV collider, producing ⇠ 107

�108 gluinos of the
same mass. Second, the fact that we have not seen any new physics at LHC
Run 1 also makes it very unlikely that the entire spectrum of new states will
be produced at LHC14. Consider the example of “natural SUSY”, where the

39

Scalar top partners Fermionic top partners
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New fundamental interactions 
If new fundamental interactions arise at high energies, then the FCC-pp could pin them down

Depending on the interaction strength, sensitivity to a new Z’ boson of up to 50 TeV
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New Force Carrier

• LEP: Falkowski, Gonzalez-Alonso, Mimouni, JHEP 1708, 123 (2017) 
• LHC: ATLAS Collaboration, JHEP 1710, 182 (2017) 
• FCC-pp: Thamm, Torre, Wulzer, JHEP 1507, 100 (2015) 

LHC FCC-pp

CERN-TH-2017-230

Catching a New Force by the Tail

Simone Alioli⇤

CERN Theory Division, CH-1211, Geneva 23, Switzerland & Universita’
degli Studi di Milano Bicocca, Piazza della Scienza 3, 20126 Milan, Italy

Marco Farina†

New High Energy Theory Center, Department of Physics,
Rutgers University, 136 Frelinghuisen Road, Piscataway, NJ 08854, USA

Duccio Pappadopulo‡ and Joshua T. Ruderman§

Center for Cosmology and Particle Physics, Department of Physics,
New York University, New York, NY 10003, USA.

The Large Hadron Collider (LHC) is sensitive to new heavy gauge bosons that produce narrow
peaks in the dilepton invariant mass spectrum up to about mZ0 ⇠ 5 TeV. Z0s that are too heavy to
produce directly can reveal their presence through interference with Standard Model dilepton pro-
duction. We show that the LHC can significantly extend the mass reach for such Z

0s by performing
precision measurements of the shape of the dilepton invariant mass spectrum. The high luminosity
LHC can exclude, with 95% confidence, new gauge bosons as heavy as mZ0 ⇠ 10 � 20 TeV that
couple with gauge coupling strength of gZ0 ⇠ 1� 2.

Introduction.— Apart from gravity and the Higgs
force, all known forces are mediated by spin-1 particles:
the photon for electromagnetism, theW/Z bosons for the
weak force, and gluons for the strong force.

The search for new forces and their massive media-
tors is a well-motivated arena for both experiment and
theory. New short range abelian gauge forces appear in
many extensions of the Standard Model (SM) [1–22] (see
also [23, 24] for reviews), are an active area of investiga-
tion at the LHC [25–31], and serve as standard bench-
marks to test the performances of future colliders [32–
39]. Additional non-anomalous U(1) gauge groups [40–
49] are a relatively innocuous extension of the SM as the
masses of the associated vector bosons do not require
the existence of additional scalar degrees of freedom and
consequently, a worsening of the hierarchy problem.

The traditional strategy to search for Z
0s at colliders

has been to perform “bump hunts.” For Z 0s decaying to
leptons, the dilepton invariant mass distribution is scru-
tinized for narrow peaks rising above the monotonically
falling background. Searches at the LHC are sensitive to
Z

0
s with masses up to about 5 TeV [25–29].
For masses above 5 TeV, bump hunts lose sensitivity

as the cross section for direct production vanishes. When
the massM of the new vector boson is too large for direct
production, the main contribution of the Z

0 at energies
E ⌧ M are interference e↵ects [50–53], which modify the
shapes of kinematical distributions. If the Z

0 couples to
both quarks and leptons, it modifies the invariant mass
distribution of Drell-Yan processes pp ! `

+
`
�, ` = e, µ.

The interference e↵ects can be captured by a small num-
ber of higher dimension operators, obtained by integrat-
ing out the Z

0 (see Fig. 1), and are therefore relatively
insensitive to the specific details of the Z

0 model.
In this letter, we assess the reach of the LHC to probe

FIG. 1. At energies E much smaller than the mass M of the
heavy gauge boson Z

0, the e↵ect of the new physics on the
Drell-Yan process, pp ! `

+
`
�, is encoded by a finite set of

four-fermion contact operators.

heavy Z
0
s through precision fits to the shape of the in-

variant mass spectrum of dileptons. Previous studies of
the interference of heavy Z’s at the LHC found that a 5
sigma discovery will be di�cult [12], and estimated the
reach of early 13 TeV measurements [22]. We go beyond
these preliminary studies by performing the first com-
prehensive study of theoretical uncertainties and their
correlations, and by mapping the future reach of the full
LHC dataset. We find that a vast parameter space of
Z’s will be probed at the LHC. Deviations in the shape
of the Drell-Yan distribution have also been used to con-
strain e↵ective operators [54], the running of electroweak
gauge couplings [55, 56], and other radiative e↵ects of
new electroweak states [57].
The rest of this letter is organized as follows. We be-

gin by reviewing the class of Z 0 models that we study.
Then we present the reach we find of the LHC to the
interference e↵ects of heavy Z

0
s. We finish with our con-

clusions. We include appendices that contain a technical
description of our SM prediction, projections with future
higher energy colliders, and a comparison of our bounds
with experimental contact operator bounds.
The Minimal Model.— A class of Z

0 models moti-
vated by their simplicity and minimality has been stud-
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The cosmic connection: neutrino telescopes, 
cosmic rays, gravitational waves
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the neutrino universe 
Observation of ultra-high energy (UHE) neutrino events at IceCube heralds start of neutrino astronomy

Neutrinos are not deflected or attenuated: unique probes of extreme astrophysical events
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the neutrino universe 
Observation of ultra-high energy (UHE) neutrino events at IceCube heralds start of neutrino astronomy

Neutrinos are not deflected or attenuated: unique probes of extreme astrophysical events

Juan Rojo                                                                                                                  Nikhef Topical Lectures on Future Colliders, June 2018



 145

the neutrino universe 
Observation of ultra-high energy (UHE) neutrino events at IceCube heralds start of neutrino astronomy

Same centre-of-mass energy than in proton-proton collisions at the TeV!
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Precision QCD and … neutrino astronomy?

 146

IceCube 2016

Detection of ultra-high energy neutrinos represents the beginning of neutrino astronomy: 
new window to the Universe!

However, the dominant background, prompt neutrinos from charm decays, never been detected…

Neutrinos from pion, kaon decays

Neutrinos from charm decays
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QCD (and the LHC) to the rescue! Include D  meson production data from LHCb  into PDF fit to 
constrain small-x gluon: precise predictions for signal and background events at neutrino telescopes

IceCube ECR = 100 PeV        

Direct overlap kinematics between charm production 
in UHE cosmic rays and at the LHC

LHCb  Elab ≈ 14 TeV   

Precision QCD and … neutrino astronomy?

Lorentz boost
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Precision determination of small-x gluon 
from charm production art LHCb

backgrounds

Progress in precision QCD benefits other fields 
beyond collider physics (i.e. also nuclear physics)

Precision QCD and … neutrino astronomy?
QCD (and the LHC) to the rescue! Include D  meson production data from LHCb  into PDF fit to 
constrain small-x gluon: precise predictions for signal and background events at neutrino telescopes

Gauld, JR 16

Gauld, JR, Rottoli, Sarkar, Talbert 15
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Precision determination of small-x gluon 
from charm production art LHCb

signal

Progress in precision QCD benefits other fields 
beyond collider physics (i.e. also nuclear physics)

Precision QCD and … neutrino astronomy?
QCD (and the LHC) to the rescue! Include D  meson production data from LHCb  into PDF fit to 
constrain small-x gluon: precise predictions for signal and background events at neutrino telescopes

Gauld, JR 16
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Physics at Future Colliders

The discovery of the Higgs boson opens a new era for Particle Physics 

 The  results  from  the  present  and  future  runs  of  the  LHC,  as  well  as  from  other 
experiments (DM, flavour, low energies) will determine the future of field for next decades

 No  machine  has  guaranteed  discoveries,  but  they  have  each  very  strong  physics 
deliverables in the study of the Higgs, top, and electroweak sectors

Lepton  colliders  offer  unprecedented  precision  for  Higgs  measurements  and  strong 
indirect sensitivity to bSM via loop effects, but limited coverage of high-energy region

Future high-energy hadron colliders would continue the exploration of the high-energy 
frontier while providing many opportunities for precision Higgs and SM measurements
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Fascinating times to explore the high-energy frontier!

Stay tuned for news!
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Fascinating times to explore the high-energy frontier!
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Thanks for your attention!
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Stay tuned for news!


