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Please see the individual talks and the inputs for more details
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The Large Hadron Collider
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10 years of operation
Key parameters: energy (13 TeV), luminosity (150 pb-1)

energy depends on radius, dipole field strength (8.33 T)



Particle Colliders in History
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Future Hadron Colliders
• Currently four future hadron collider 

options are being discussed

• High-luminosity LHC (HL-LHC)

• High-energy LHC (HE-LHC)

• Future Circular Collider (FCC-hh)

• Super Proton-Proton Collider (SppC)

• Not covered in this talk

• Lepton colliders (previous talk from 
Alain Blondel)

• LHeC/FCC-eh

• FCC-HI, heavy-ion physics

• Flavour physics
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HL-LHC
• Reuse the LHC tunnel

• Increase energy from 13 to 14 TeV

• Increase in luminosity by factor of 5-7

• Major upgrade to the accelerator

• Injector replaced now during LS2

• Upgrade magnets

• Major upgrades to ATLAS and CMS: mitigate pile up of 200 events/crossing
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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

HL-LHC construction: magnets and civil engineering

Test of long (5.5 m) Nb3Sn dipole prototype
5.5 m5.5 m

Cryo-assembly replacing one 
15 m NbTi 8 T dipole with two 
5.5 m Nb3Sn 11 T dipoles and 
a collimator. Difficult R&D 
Æ goal is to install at least one
(of two) cryo-assemblies in LS2

HL-LHC Civil Engineering work: > 1 km of new underground galleries, 10 new buildings
Excavation must be done in LS2 not to affect LHC operation. Work on schedule

Point 5 



FCC-hh
• New tunnel ~100 km tunnel located at 

CERN

• New 16 T magnets (20 T for 80 km)

• Very challenging target

• Energy: 100 TeV

• One stage of overall FCC project

• Full spectrum from e+e- to heavy ions
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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

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


HE-LHC
• 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

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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Qinghuada (?), China

SppC Layout

Second step after CEPC

SppC Submission

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


Hadron Collider Challenge: High field magnets
�9

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



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
�10

D. Schulte

start date driven by magnet R&D

tunnel cost



Physics Potential of Future Hadron 
Colliders
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“Big Questions” for European Strategy
• Higgs/Electroweak

• How well can the Higgs boson couplings to fermions, gauge bosons and to itself be 
probed at current and future colliders? 

• How do precision electroweak observables inform us about the Higgs boson 
properties and/or BSM physics? 

• What progress is needed in theoretical developments in QCD and EWK to fully 
capitalize on the experimental data? 

• What is the best path towards measuring the Higgs potential? 

• Beyond the Standard Model

• To what extent can we tell whether the Higgs is fundamental or  
composite? 

• Are there new interactions or new particles around or above the electroweak 
scale? 

• What cases of thermal relic WIMPs are still unprobed and can be fully covered by 
future collider searches? 

• To what extent can current or future accelerators probe feebly interacting sectors? 

�12
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Higgs Boson couplings at the HL-LHC
�14
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COUPLINGS   -  RESULTS OF COMBINATION!15
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Production Decays

Higgs at Future Colliders report: arXiv:1905.03764, P. Azzi 



HL-LHC: Interpretation in κ framework 
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K-FRAMEWORK INTERPRETATION !16

Precision on kappas  of 2-4% 
can be reached with 3ab-1 for 
the non-statistically 
dominated modes

☞See presentation by M. Cepeda

Measurements become 
systematically limited rather 
quickly -> challenge

2%
4%

Many couplings reach ~2% 
precision

Limited by theory 
uncertainties
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EFFECT OF UNCERTAINTY SCENARIOS!17

✴ Comparing Run2(S1) with 
YR18(S2) scenarios

Higgs at Future Colliders report: arXiv:1905.03764, P. Azzi M. Cepeda



Higgs Precision at HE-LHC and FCC
�16

M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Kappa-0: No BSM Width

�15

Zooming in for visibility - different x ranges per parameter  

M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Kappa-0: No BSM Width

�15

Zooming in for visibility - different x ranges per parameter  

M. Cepeda



Interpretation within EFT Framework
�17Comparison of Colliders: EFT

Effective Higgs couplings
◦ Constraints approach 0.1% 

precision for gauge bosons
◦ Major improvement w.r.t. HL-LHC 

for many colliders for fermions

Trilinear gauge couplings
◦ Will achieve precision 10-3-10-4

◦ About 2-3 orders of magnitude 
better than LEP

16

arXiv:1905.03764

J. de Blas



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)

�18
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SUMMARY!29
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.
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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 [521]. 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.

Table 29: Results of the fit for the oblique parameters S, T , U ; and S, T (U = 0). Projections for the
uncertainties at the HL-LHC are given in the last column.

Result Correlation Matrix Precision at HL-LHC
S 0.04± 0.10 1.00 0.09
T 0.08± 0.12 0.90 1.00 0.12
U 0.00± 0.09 �0.62 �0.84 1.00 0.08
S 0.04± 0.08 1.00 0.06
T 0.08± 0.06 0.90 1.00 0.05

(U = 0)

As stressed above, the STU parameterisation only describes universal deformations with respect to

89

✴ Careful studies and projections for the physics at the HL-LHC we have shown:   

✴ we have designed amazing detectors that will be able to fully mitigate the 
200PU conditions 

✴ we can expand the knowledge of the SM with improved precision and the 
observation of new processes that become accessible 

✴ we can expand the search for BSM physics with tools that allow to probe 
new and unusual processes 

✴We believe the extrapolations have been made on solid assumptions, and we 
are ready to see even bigger improvement once the data comes! 

P.  Azzi



Higgs Self-coupling
• Higgs potential

•  

• Approximate expansion around the vev

•  

• Methods to search for diHiggs production

• Direct searches

• Indirect constraints from single Higgs 
production through loop effects

�19Higgs Potential: measurement of self-coupling

35

E. Petit
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Sensitivity to λ: via single-H and di-H production
Di-Higgs: 
◦ HL-LHC: ~50% or better?
◦ Improved by HE-LHC (~15%), 

ILC500 (~27%), CLIC1500 (~36%)
◦ Precisely by CLIC3000 (~9%), 

FCC-hh (~5%),
◦ Robust w.r.t other operators

Single-Higgs:
◦ Global analysis: FCC-ee365 and 

ILC500 sensitive to ~35% when 
combined with HL-LHC
◦ ~21% if FCC-ee has 4 detectors

◦ Exclusive analysis: too sensitive 
to other new physics to draw 
conclusion

37
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Big Questions for ES
• Higgs/Electroweak

• How well can the Higgs boson couplings to fermions, gauge bosons and to itself be 
probed at current and future colliders? 

• How do precision electroweak observables inform us about the Higgs boson 
properties and/or BSM physics? 

• What progress is needed in theoretical developments in QCD and EWK to fully 
capitalize on the experimental data? 

• What is the best path towards measuring the Higgs potential? 

• Beyond the Standard Model

• To what extent can we tell whether the Higgs is fundamental or  
composite? 

• Are there new interactions or new particles around or above the electroweak 
scale? 

• What cases of thermal relic WIMPs are still unprobed and can be fully covered by 
future collider searches? 

• To what extent can current or future accelerators probe feebly interacting sectors? 

�20



Higgs Compositeness

• Set limits on compositeness via fit 
to Higgs couplings

• Obtain limits on compositeness 
scale from ~1-4 TeV

�21

Higgs Compositeness? 
■  Using fits from EWK/Higgs group (arXiv:1905.03764) 

◆  Connection between notations:  

◆  Deviations ~1% in Higgs couplings for mass/coupling ~2 TeV 

May 16, 2019 PPG: BSM physics  9 

Maximum 
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from CLIC and 
FCC(ee+eh+hh) 
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Higgs Compositeness? 
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New Interactions or Particles

• Direct (peak) or indirect (couplings)

• Direct observation

• M ≲ 0.3-0.5√s for hadron collides

• Interpretation within simple sequential Z’ 
model

�22New resonances/particles/forces? 

May 16, 2019 PPG: BSM physics  13 

Seeing the peak. Reach:  
●  M < √s for lepton colliders 
●  M ≲ 0.3-0.5 √s in hadron colliders   

for couplings ~ weak couplings 

Deviations in high-M tails:  
●  Better suited for lepton colliders; sensitive to 

[mass/coupling] ≫ √s 
●  Hadron colliders relevant for gZ’>gSM 

couplings: [mass/coupling] ≫ 0.5√s 

In what follows: using very simple 
model as example. 
Universal Z’. Clearly, many models 
with flavor dependence etc.  

Courtesy: 
J. De Blas 

New resonances/particles/forces? 

May 16, 2019 PPG: BSM physics  13 

Seeing the peak. Reach:  
●  M < √s for lepton colliders 
●  M ≲ 0.3-0.5 √s in hadron colliders   

for couplings ~ weak couplings 

Deviations in high-M tails:  
●  Better suited for lepton colliders; sensitive to 

[mass/coupling] ≫ √s 
●  Hadron colliders relevant for gZ’>gSM 

couplings: [mass/coupling] ≫ 0.5√s 

In what follows: using very simple 
model as example. 
Universal Z’. Clearly, many models 
with flavor dependence etc.  

Courtesy: 
J. De Blas 

New resonances/particles/forces? 

May 16, 2019 PPG: BSM physics  14 

FCC-hh
CLIC
ILC500

HL-LHC

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

20

40

60

80

100

gZ'
M

[T
eV

]

Y-Universal Z', 2σ

HE-LHC
FCC-ee
CEPC

HL-LHC

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

5

10

15

20

25

30

35

40

gZ'

M
[T
eV

]

Y-Universal Z', 2σ

Direct
Indirect

HL-LHC

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

5

10

15

20

25

30

35

40

gZ'

M
[T
eV

]

Y-Universal Z', 2σ, HE-LHC
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Contact Interactions
�23Contact Interactions 
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HL-LHC HE-LHC CLIC 

Sensitivity for ee colliders enhanced for couplings ≳ 1  
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FCChh 

Contact Interactions 

May 16, 2019 PPG: BSM physics  15 

HL-LHC HE-LHC CLIC 

Sensitivity for ee colliders enhanced for couplings ≳ 1  
 (weak couplings → direct searches become more sensitive) 

Searches for W’ & charged fermion currents more effective at hadron colliders 

FCChh 

Contact Interactions 

May 16, 2019 PPG: BSM physics  15 

HL-LHC HE-LHC CLIC 

Sensitivity for ee colliders enhanced for couplings ≳ 1  
 (weak couplings → direct searches become more sensitive) 

Searches for W’ & charged fermion currents more effective at hadron colliders 

FCChh 

J. Alcaraz



Strong SUSY: gluinos
�24

Summary: RPC gluinos

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

(*) indicates projection using parton lumi rescaling (ColliderReachTool)
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∫
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Hadron Colliders: gluino projections

(R-parity conserving SUSY, prompt searches)

Preliminary Granada 2019

M. D’Onofrio

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

FCC-hh extends HL-LHC mass reach by a factor of ~5



Strong SUSY: squarks
�25

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)

Model
∫
L dt[ab−1]

√
s [TeV] Mass limit (95% CL exclusion) Conditions
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S
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0
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0

1/3 body 3 14 ∆m(t̃1, χ̃
0

1)∼ m(t)0.85 TeV

t̃1 t̃1, t̃1→cχ̃
0

1/4 body 3 14 ∆m(t̃1, χ̃
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1)∼ 5 GeV, monojet (*)0.95 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1, χ̃
0

2 15 27 m(χ̃
0

1)=03.65 TeV
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0

1/3-body 15 27 ∆m(t̃1, χ̃
0

1)∼ m(t) (*)1.8 TeV

t̃1 t̃1, t̃1→cχ̃
0
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0

1)∼ 5 GeV, monojet (*)2.0 TeV
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0
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0
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1)∼ 50 GeV(0.75 - ϵ) TeV
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/tχ̃
0
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0

1)∼350 GeV1.5 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 5 3.0 ∆m(t̃1, χ̃
0

1)∼ m(t)1.5 TeV

t̃1 t̃1, t̃1→bχ̃
±

/tχ̃
0

1 5 3.0 ∆m(t̃1, χ̃
0

1)∼ 50 GeV(1.5 - ϵ) TeV

t̃1 t̃1, t̃1→tχ̃
0

1
30 100 m(χ̃

0

1)=010.8 TeV

t̃1 t̃1, t̃1→tχ̃
0

1/3-body 30 100 m(χ̃
0

1) up to 4 TeV10.0 TeV

t̃1 t̃1, t̃1→cχ̃
0

1/4-body 30 100 ∆m(t̃1, χ̃
0

1)∼ 5 GeV, monojet (*)5.0 TeV

Mass scale [TeV]10−1 1

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

(*) indicates projection of existing experimental searches

ϵ indicates a possible non-evaluated loss in sensitivity

Preliminary Granada 2019

M. D’Onofrio

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

FCC-hh extends HL-LHC mass reach by a factor of ~6



Electroweak SUSY
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95% CL exclusion

Wino-like cross sectionsLHC 36/fb, 13 TeV
HL-LHC 3/ab, 14 TeV (3L search)
HL-LHC compressed 3/ab, 14 TeV
HE-LHC 15/ab (projection)
HE-LHC compressed 15/ab (projection)
ILC500 0.5/ab
CLIC 1.5 TeV
CLIC 3 TeV
FCC-hh (3L search, 3/ab)

SUSY: EWK sector 
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95% CL exclusion

Wino-like cross sectionsLHC 36/fb, 13 TeV
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Higgsino-like EWK processes

Preliminary Granada 2019

HL-LHC 3/ab, 14 TeV (soft-lepton A)
HL-LHC 3/ab, 14 TeV (soft-lepton B)
HE-LHC 15/ab, 27 TeV (soft-lepton B)
FCC-hh (HE-LHC approx. rescaling)
ILC500 0.5/ab
CLIC 1.5 TeV
CLIC 3 TeV
CLIC / FCC-ee 380 GeV

HL-LHC monojet

LHeC monojet-like (proj)

HE-LHC monojet

FCC-eh monojet-like

FCC-hh monojet

 m(NLSP,LSP) not displayedΔMonojet reach in 

CLIC: extrapolated below 5 GeV

Higgsino 

 

FCC-hh 

3 TeV 
Stau 

Thermal 
WIMP 

P. Sphicas, M. D’Onofrio



Dark Matter
�27BSM scalar mediator 
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A collider discovery 
will need confirmation 
from DD/ID for 
cosmological origin 
 
A DD/ID discovery 
will need confirmation 
from colliders to 
understand the 
nature of the 
interaction 

     Best range 

A future collider program that optimizes sensitivity to invisible particles 
coherently with DD/ID serves us well. Need maximum overlap with DD/ID! Model-dependent limits probe the low mass range C. Doglioni



Feebly Interacting Particles (FIPs)
• Wide range of possibilities and models

• Hadron colliders play a complementary role to targeted experiments

�28

Feebly Interacting Particles (FIPs) 
■  Very wide range of possibilities .AND. Models 

◆  How to search for such broad class of models?  
●  Simplified models 

◆  How to compare frontiers? Experiments?  
●  Use benchmarks.  

◆  Simplified models: four “portals” 

 

 
◆  From portals: identify benchmark cases to evaluate 

experimental sensitivities. Common ground to compare 
machines/experiments and put them in worldwide context  

May 16, 2019 PPG: BSM physics  34 

HNLs, LDM & Light mediators, ALPs must be SM singlets, hence  options limited by SM gauge invariance:
According to generic quantum field theory, the lowest dimension canonical operators are  the most important:

Simplified (simplest?) models: the four portals

From portals we can identify benchmark cases to evaluate the experimental sensitivities
A common ground to compare the proposals against each other and put them in worldwide context

PBC report, arXiv:1901.09966

(Relaxion toy model, mixes \w Higgs)

Allowing CP violation => axion acquires scalar couplings (not included). 

4

FIPs: Vector Portal (Dark Photon) 
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Beam dump expts: very low 
couplings at very low masses

LHCb: D*0 ⟶ D0  e+ e– 
& pp ⟶ Aʹ ⟶ µ+µ–  

FASER & 
MATHUSLA

HL-LHC: pp→Aʹ→µ+µ–  

FCC-hh 
Aʹ→µ+µ–  

CePC FCC-ee 

ILC 

LHeC 
FCCeh 

ee→Aʹγ→µ+µ–γ  

FIPs: Sterile Neutrinos 

May 16, 2019 PPG: BSM physics  38 P. Sphicas, G. Lanfranchi



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 the hadron colliders which were proposed and discussed in 
Granada as part of the European Strategy Process

• HL-LHC, HE-LHC, FCC-hh and SppC

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