
 Les expériences du futur : potentiel de physique

Gautier Hamel de Monchenault

Avant-propos introductif

École de Gif 2019 
Questions ouvertes en physique 

des particules 
2-6 septembre 2019 

École polytechnique, Palaiseau



!2

The Standard Model
The Standard Model (MS) of 

particle physics  
describes les  

elementary particles  
and their interactions 

• matter particles:  
   quarks and leptons 

• vectors of force: 
   gauge bosons 

u

d

u(d) 
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The Standard Model Theory
The Standard Model (MS) of 

particle physics  
describes les  

elementary particles  
and their interactions 

• matter particles:  
   quarks and leptons 

• vectors of force: 
   gauge bosons 

u

d

u(d) 

3 families

matter
(fermions)

forces  
(bosons)

Higgs boson

… and the  
Higgs boson

+2/3

−1/3

0

−1

×3

×8

☞ 12 particles (+ antiparticles)

the Higgs boson plays a central 
role in the SM as it is linked to the 

origin of mass
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The Origin of  Mass

Contribution of quarks 
to the proton mass 

<10%

Most of the mass of the 
proton comes from the 

binding energy that 
ensures its cohesion 

(gluons)ΛQCD ≈ 300 MeV

v = 246 GeV

non-zero 
vacuum 

expectation 
value

The Higgs field ϕ

Higgs field = 4 degrees of freedom (ddl) 
☛ After SSB: 
• 3 ddl → long. polar. of W+, W− and Z bosons 
• 1 ddl → Higgs boson 
• Yukawa couplings → fermion masses

• its non-zero vacuum expectation value 
breaks spontaneously the SU(2)L⊗U(1)Y 

symmetry into the U(1)EM symmetry of 
electromagnetism: massless photon 

• it gives massive W and Z bosons 
• by connecting left- and right-handed fields, 

it allows massive fermions SSB =  
Spontaneous 

Symmetry Breaking

2 0
0

µ
λ

<

>

2 2v µ λ= −

“vev”

−v +v

0 ϕ

V(ϕ)

Higgs Field Potential

λ

To be honest, “our” mass comes from QCD 
but Higgs Yukawa couplings play essential roles: 
• mass of the electron → atom size → chemistry  
• m(d) > m(u) → m(neutron > m(proton)  
• m(t) and m(H) → stability of the EW vacuum  
➠ LIFE!
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Mass Hierarchy

GeV TeVMeVkeVeVmeVµeV PeV 1019 GeV

mass/energy

We live in the Electroweak Oasis 
• we know that the desert around us does 

not exceed 1000 km 
• we suspect that something new has to 

happen within 10 km 
  

• … we have already ventured 1 ångström 
into the desert!

Natural units: 
M(proton) ≈ 1 GeV

neutrinos quarks

leptons

bosons

the photon 
and the gluons

electroweak 
scale

LHCM(p)
FCC-hh

GUT  
scale

Planck 
scale

13 orders of magnitude

tH
Z W+ W−

EWK

ν pond
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Three Decades of  Discoveries

Résonance du Z

Énergie des collisions (GeV)

1972 — CERN 
neutral currents

1974 — BNL, SLAC 
charm

1976 — SLAC 
tau lepton

J/Ψ Υ

Υ’

Υ’’

1979 — Fermilab 
beauty

1983 — CERN/SppS 
W and Z boson

1990 — CERN/LEP 
3 families of neutrinos

1994 — Fermilab/TeVatron 
top quark

UA1, UA2

ALEPH, DEPHI, L3, OPAL
CDF, D𝟶
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The Electroweak Lagrangian

Gauge sector

Flavour sector

Higgs sector

The electroweak 
Lagrangian after SSB
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The SM Lagrangian

from Symmetry Magazine, 2019

credit: T. Gutierrez, notations: M. Veltman

https://www.symmetrymagazine.org/article/the-deconstructed-standard-model-equation
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1. kinematics and colour interactions 
of gluons (QCD) 

2. kinematics and interactions of 
elementary bosons: W, Z, γ, and H 

3. kinematics and interactions of 
elementary fermions: quarks and 
leptons (and massless neutrinos) 

4. ghosts 
5. more ghosts

The SM Lagrangian

from Symmetry Magazine, 2019

credit: T. Gutierrez, notations: M. Veltman

https://www.symmetrymagazine.org/article/the-deconstructed-standard-model-equation
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The Gauge Sector

Triple and quartic gauge couplings 
are central predictions of the Electroweak theory

WWγγ

WWγZ WWWW

8

8 8

g2 sin2 ✓W

g2 cos ✓W sin ✓W g2/2
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W

W
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WWZZ
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g2 cos2 ✓W

W

W

WWγ

9

ig sin ✓W

W

W

�

�

�

�
WWZ

9

ig cos ✓W

W

W

Z

Z

Z

Z

Gauge fields before SSB (massless) 
• SU(2)L  (coupling = g )   W1, W2 and W3    
• U(1)Y   (coupling = g’)   B

Physical boson fields after SSB  
• weak bosons (massive)  W+, W− and Z  
• photon (massless)         γ    

tan ✓W ⌘ g0/g

Weak mixing angle

Unit of electric charge

e ⌘ g sin ✓W

Triple gauge couplings Quartic gauge couplings



A
A+B

A+B+C

!12

LEP-2 : W Pair Production

Clear observation of triple gauge couplings 
(circa 2000 @ CERN)

A

B

C

W-pair production in e+e− collisions:

amplitudes B & C are essential to 
avoid an high-energy catastrophe 

(violation of unitarity)
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The Higgs Sector

Weak boson masses

andmW ⌘ gv

2
mZ ⌘ gv

2 cos ✓W

Higgs boson mass mH =
p
2�v

9

2m2
W

v

W

W

H

WWH
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Z

v

Z

Z

H

ZZH
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W

W

m2
W

v2

H

H

WWHH
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Z

Z

m2
Z

2v2

H

H

ZZHH

10

�m2
H

8v2

H

H

H

H

HHHH

9

�m2
H

2v

H

H

H

HHH

Couplings to gauge bosons Self couplings

2 0
0

µ
λ

<

>

2 2v µ λ= −

“vev”

−v +v

0 ϕ

V(ϕ)

Higgs Field Potential

µ2 < 0
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EWK Radiative Corrections

the electroweak 
radiative 

correction parameters 
are of the order of 

the percent 
and involve 

contributions  
from top quark  

and Higgs boson  loops

⇢̄ = 1 +�⇢

sin2 ✓e↵W = s2W (1 +�)M2
W = m2

W (1 +�r)

�r,�⇢,� = f(mt
2, ln(mH), ... )

�⇢t ' 0.01⇥ [mt/(175 GeV) ]2

�⇢H ' �0.0015⇥ log(mH/MW )

☛ Physical quantities

and

with

Observables can be calculated in the SM in term of a finite number of parameters to be 
determined experimentally (coupling constants, masses of fermions, CKM and MH)

⇢ ⌘ m2
W

m2
Z cos2 ✓W

s2W ⌘ 1� m2
W

m2
Z

☛ Electroweak parameters (= at classical level)

(= 1) (= sin2θW)

 Link with Fermi theory  
 
  m2

W =
⇡p
2GF

↵

sin2 ✓W
<latexit sha1_base64="tb3FWE8iO+xSMFldnCUOw3Npis4="></latexit>
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Predictive Power of  the SM

mW from UA  
+ precision EW  
from LEP/SLD

W mass 
from LEP-II

discovery 
Tevatron 

1994

The Top Quark The Higgs Boson

discovery LHC 
2012

Successful experimental strategy 
• precision at lepton machines 
• discovery at hadron machines

pre-discovery situation 
(March 2012)
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The Electroweak Fit

Through quantum corrections, the theory establishes 
relations between measurable parameters



!17

Fermion and Boson Masses
Yukawa interaction terms between fermions and the Higgs field 
• Lorentz scalar 
• gauge invariant

�f (FL�)fR + h.c.

3Chargedcurrents

4Higgsbosonproductionanddecay

11

f

f̄

SSB mf ff +mf/v ffh

mf/v
H

13

W

W

v

v

g2

W and Z Bosons acquire a 
longitudinal polarisation through 

interaction with the Higgs 
condensate

Bosons acquire mass

m2
W = g2v2/4

X
X

X
X

X
XfL

fR
fL

fL

fL
fR

fR

13

fL

fR

v�f

Higgs condensate connects left- and right- components 

Fermions acquire mass

mf = �f v/
p
2
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The Higgs Boson’s Signature

exactly as predicted 
by the SM…

 mH = 125 GeV  



The quartic coupling λ is  
a (slowly) running quantity

λ(μ)

scale (GeV)

�(v) = M2

H
/2v2
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EW Vacuum Stability

The instability scale  of the SM,  
which depends on mt , MH, and αs  

is of order Λ ≈ 1011 GeV !    

VH = �µ2|�|2 + �|�|4
Higgs potential

Λ

Λ

VH
<latexit sha1_base64="jwCfFCB4c1L78XyPw/Y5R3yOIWQ=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LbrqsYB/QjiWTZtrQJDMkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3ck9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3mZ+95EqzSJ5b2Yx9QUeSxYygo2VHjrDdCCwmSiRNufzYbniVt0F0DrxclKBHK1h+WswikgiqDSEY637nhsbP8XKMMLpvDRINI0xmeIx7VsqsaDaTxep5+jCKiMURso+adBC/b2RYqH1TAR2MouoV71M/M/rJyas+ymTcWKoJMtDYcKRiVBWARoxRYnhM0swUcxmRWSCFSbGFlWyJXirX14nnVrVu6rW7q4rjXpeRxHO4BwuwYMbaEATWtAGAgqe4RXenCfnxXl3PpajBSffOYU/cD5/AAZaktI=</latexit>



EW Vacuum Stability

Instability scale  Λ ≈ 1011 GeV     Our universe lives on the edge of the precipice

Λ
VH = �µ2|�|2 + �|�|4

Higgs potential

λ(μ)

Λ

scale (GeV)

�(v) = M2

H
/2v2

Numerical coincidence 
  or fundamental feature ?
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Is this the End of  History?

Detecting the Higgs scalar with mass around 
126 GeV at the LHC could give a strong hint 
for the absence of new physics influencing 

the running of the SM couplings between the 
Fermi and Planck/unification scales.

PLB 683 (2010) 196

2010 !

https://www.sciencedirect.com/science/article/pii/S0370269309014579?via=ihub


Is this the End of  History?

PLB 683 (2010) 196

2010 !

… the answer is: NO!

(I guess)

https://www.sciencedirect.com/science/article/pii/S0370269309014579?via=ihub
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What the SM cannot explain

☛  the origin of Neutrino Masses

☛  the nature of Dark Matter

☛  the Baryonic Asymmetry of the Universe

☛  the Accelerated Expansion of the Universe

☛  Gravitation

see lecture by  
G. Servant

☛  the dynamics of the Primordial Inflation
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Dark Matter (DM) Astrophysical Indications
     all scales

anisotropies in the cosmic microwave radiation (CMB)

colliding galaxy clusters 
(here: bullet cluster)

structure formation  
at large scale

galaxy clusters 
gravitational lensing

rotation curves of galaxies

25%

see lecture by  
Ch. Yèche
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Baryonic Asymmetry of  the Universe

Big Bang

baryogénèse ?

Today’s Universe
• 0 antiproton
• 109 photons/proton

Three conditions for baryogengesis 
• C and CP violation (CPV)
• non-conservation of the baryonic number
• an epoch with non-thermal equilibrium

Sakharov
1969

see lecture by  
G. Servant
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The Unbearable Lightness of  the Higgs

see lecture by  
J. Zinn-Justin

The SM of particle physics is theoretically 
consistent and incredibly successful at  
• describing (almost) all experimental facts  
• making non-trivial falsifiable predictions

H

Z

ZZ

Still, the SM is not the Theory of Everything (clearly) 
and it has problems 
☛ aesthetical problems  

• large number of arbitrary parameters (19)  
• failure at unifying gauge couplings at high energy 

☛ the hierarchy/naturalness problem 
• radiative corrections to MH2  

in the SM with cut-off Λ ≫ MH of order Λ2  

• mind-blowing fine tuning for Λ = MPlank

How much fine tuning can we bear?  
➙ HL-LHC (no NP) ≈1%  
➙ FCC-hh (no NP) ≈ 0.01%

Is there a fundamental symmetry 
protecting the Higgs mass  
and linking the Z and H bosons?



!28

Physics Beyond the Standard Model

Mains goals of most models of physics 
beyond the SM (BSM):  
1. solve the Naturalness problem 
2. provide a Dark Matter candidate 
3. realise Unification of coupling 

constants at high energy

There are convincing reasons to believe that  
the SM is “only” a low-energy manifestation 

of a more fundamental theory

Three BSM avenues for naturalness 
๏ Compositness  

Higgs as a bound state of fermions 
(pseudo Goldstone boson) 

๏ Extra space-time dimensions 
where at least spin-2 gravitons propagate  
(bring gravity scale down to the EW scale) 

๏ Supersymmetry (SUSY)

Pre-LHC  
➠ SUSY models use to 
address 1, 2, and 3 

Post-LHC  
➠ surviving SUSY models are 
mostly guided by Naturalness
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Experiments to the Rescue?

Energy

Precision Sensitivity

Precision Higgs       
couplings

Electroweak  
precision 

observables

Higgs self-        
coupling

Suppressed 
decays

        Heavy quark 
  electroweak 

couplings

Flavour physics,  
neutrino physics,
and CP violation

Direct NP 
searches

Top Yukawa 
coupling

Vector boson 
scatteringH

t

Z W

…there is no experiment/facility, 
proposed or conceivable (…) which 
can guarantee discoveries beyond 

the SM, and answers to the big 
questions of the field. 

M. L. Mangano
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Which Colliders for Particle Physics? 
High-Luminosity LHC
• luminosity×5 starting 2026 
• 3000 fb−1 per experiment in 10 years

Update of the 
European Strategy in 

Particle Physics 
(EPPSU) in progress 

(2019-2020)

CM energy collisions tunel

HE-LHC  27 TeV pp LHC
FCC-ee 90-365 GeV e+e− 

100-km
FCC-hh 100 TeV pp

ILC in Japan
• e+e− linear collider 
• 250 GeV → 550 GeV

en attente de décision politique

FCC

CLIC
• e+e− linear collider
• 380 GeV → 3 TeVCEPC in China

• e+e− circular collider
• tunnel 100 km
• 90-250 GeV

Approved

Project

Project

Project

Project

see lecture by  
F. Zimmermann
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Future Collider: Official Parameters

For performance studies, the EPPSU considers conventional sets of machine 
parameters

see lecture by  
F. Zimmermann
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Future Colliders: Official Timelines 

U. Bassler, H. Abramovitch @ Granada 2019
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Hadron Colliders

Pre-LHC 
LEP, HERA, 
Tevatron, 

Belle/Babar, etc.

LHC Run-1 & 2 
√s = 7, 8, 13 TeV  

ATLAS, CMS 
 L up to 140 fb−1 

LHC Run-3 
√s = 14 TeV  
ATLAS, CMS 
 L = 300 fb−1 

HL-LHC 
√s = 14 TeV  

upgraded ATLAS, CMS 
L = 3 ab−1 in 10y

<2010 2010-2018 2021-2023 2027-2039?

from F. Bordry, RRB CERN 29/10/2018
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Title Text

Maximilien Brice, CERN

High-Lumi LHC: the only future collider 
one can say with certain confidence  

it will actually exist
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HL-LHC Physics in a Nutshell

Top Quark Factory 
☛ 2 × 3 billion tt ̅pairs

Higgs Boson Factory 
☛ 2 × 150 million H  
☛ 2 × 120 thousand HH

Higgs, Top and Electroweak 
☛ precision H coupling measurements 
☛ mH, mW et mt  
☛ H properties: width, CP 
☛ aTGC and aQGC constraints 
☛ differential measurements 
☛ rare processes (VBS, VVV, 4-tops)

New Particles and Supersymmetry 
☛ direct searches of heavy resonances 
☛ searches for new Higgs bosons 
☛ stringent tests of BSM scenarios 
☛ novel techniques allowed  

   by high statistics and better detectors 
☛ new trigger strategies  
☛ better sensitivity to long-lived particles 
☛ new topologies for Dark Matter searches

Flavour Physics 
☛ rare suppressed decays 
☛ QCD spectroscopy 
☛ CKM metrology 
☛ flavour anomalies



A Quark Gluon Collider
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Cross sections in nanobarn (nb) 
☛ 1 nb = 10−33 cm2  
☛ at 14 TeV : σtot = 108 nb, σH = 0.05 nb 
Instantaneous luminosity LHC : ℒ = 1×1034 cm−2s−1  

☛ 1 billion inelastic collisions per second 
☛ 1 Higgs boson every 2 seconds
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Cross sections in nanobarn (nb) 
☛ 1 nb = 10−33 cm2  
☛ at 14 TeV : σtot = 108 nb, σH = 0.05 nb 
Instantaneous luminosity LHC : ℒ = 1×1034 cm−2s−1  

☛ 1 billion inelastic collisions per second 
☛ 1 Higgs boson every 2 seconds

14 TeV
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A Dantesque Environment

Integrated luminosities  
at ATLAS and CMS

Run-1  
✓     5 fb−1   at  7 TeV (2011)
✓   20 fb−1   at  8 TeV (2012)
Run-2 
✓140 fb−1   at 13 TeV (2015-2018)
Run-3
• 300 fb−1   at 14 TeV (2021-2023)
HL-LHC
•  3000 fb−1 at 14 TeV (2026-2035+)

PU 2

PU 10

PU 50

pile-up (PU) = number of 
inelastic interactions per 
bunch crossing (every 25 ns)

A tremendous experimental 
challenge

p p

5 cm

Integrated luminosity expressed in 
inverse-femtobarn (fb−1) 
☛ at 14 TeV : 1 fb−1 corresponds 

to one hundred thousand billion 
proton collisions

PU at HL-LHC: 200 !
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136 pile-up event BX  
(CMS, October 2018)



CMS

LHC Phase 2 Detector Upgrades

ATLASLHCb

ALICEsee lectures by  
D. Contardo

Muons up to η<3.0 
Improved triggering

Tracking  
up to |η|< 4.0

High granularity  
endcap calorimeter

MIP Timing Layer 
(barrel and endcap)

Trigger/DAQ HLT: 7.5 kHz

Muons up to |η|<4.0 
Improved triggering

Calorimeters 
High grain timing detector Tracking  

up to |η|<4

Trigger/DAQ HLT: 10 kHz

Full 40 MHz readout into CPU farm

Fast tracking and  
vertexing

50 fb-1 until end of Run 4 

New DAQ, Trigger (x50)

Forward di-muons

tracking
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Tracking Detectors

Chapter 2

Overview of the Phase-2 Tracker Upgrade

2.1 Limitations of the present tracker
The present strip tracker was designed to operate with high efficiency at an instantaneous lu-
minosity of 1.0 ⇥ 1034 cm�2s�1, with an average pileup of 20–30 collisions per bunch crossing,
and up to an integrated luminosity of 500 fb�1. The tracker is indeed performing very well
at current instantaneous luminosities that are well above the design value. Performance will
however degrade due to radiation damage beyond 500 fb�1. The original pixel detector has al-
ready been replaced with a new device, the “Phase-1” pixel detector [17], during the extended
year-end technical stop (EYETS) 2016/2017. As the instantaneous luminosity exceeded the
original design value and is projected to increase further prior to LS3, this upgrade was needed
to address dynamic inefficiencies in the readout chip at high rates. One quarter of the layout of
the Phase-1 tracker is shown in Fig. 2.1. The radial region below 200 mm is equipped with pix-
elated detectors. Beyond 200 mm, the present tracker features single-sided strip modules and
double-sided modules composed of two back-to-back silicon strip detectors with a stereo angle
of 100 mrad. Double-sided modules provide coarse measurements of the z and r coordinates
in the barrel and endcaps, respectively. The tracking system was designed to provide coverage
up to a pseudorapidity of |h| ⇡ 2.4.

Before the start of the HL-LHC both the strip tracker and the Phase-1 pixel detector will have
to be replaced due to the significant damage and performance degradation they would suffer
during operation at the HL-LHC, and to cope with the more demanding operational conditions.
The performance degradation has been studied extensively and is documented in the Technical
Proposal for the CMS Phase-2 Upgrade [13, 18].

4.0�

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

1.8
2.0
2.2
2.4
2.6
2.83.0

z [mm]0 500 1000 1500 2000 2500
0

200

400

600

800

1000

1200

r [
m

m
]

Figure 2.1: Sketch of one quarter of the Phase-1 CMS tracking system in r-z view. The pixel
detector is shown in green, while single-sided and double-sided strip modules are depicted as
red and blue segments, respectively.

17

☛ acceptance: |η| < 2.5

CMS Run-2

  J. Bracinik, M. Watson Warwick week, April 2011                   20

  Produced particles – kinematics II  

Usually do not use  P and  θ  , but 
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Tracking Detectors

☛ larger acceptance: |η| < 4 
☛ less detector material  
☛ better resolution

20 Chapter 2. Overview of the Phase-2 Tracker Upgrade
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Figure 2.3: Sketch of one quarter of the tracker layout in r-z view. In the Inner Tracker the
green lines correspond to pixel modules made of two readout chips and the yellow lines to
pixel modules with four readout chips. In the Outer Tracker the blue and red lines represent
the two types of modules described in the text.

Figure 2.4: Average number of module layers traversed by particles, including both the Inner
Tracker (red) and the Outer Tracker (blue) modules, as well as the complete tracker (black). Par-
ticle trajectories are approximated by straight lines, using a flat distribution of primary vertices
within |z0| < 70 mm, and multiple scattering is not included.

The following section summarizes the main concepts and features of the upgraded tracking
system. One quarter of the Phase-2 tracker layout can be seen in Fig. 2.3. Figure 2.4 shows
the average number of active layers that are traversed by particles originating from the lumi-
nous region, for the complete tracker as well as for the Inner Tracker and the Outer Tracker
separately.

The number of layers has been optimised to ensure robust tracking, i.e. basically unaffected
performance when one detecting layer is lost in some parts of the rapidity acceptance. The six
layers of the Outer Tracker are the minimum required to ensure robust track finding at the L1
trigger in the rapidity acceptance of |h| < 2.4, as discussed in more details in Section 3.1.

CMS HL-LHC

see lectures by  
D. Contardo
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Improved Performance 20
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Figure 36: The number of PU tracks incorrectly associated with the hard primary vertex in tt
(left) and Z ! µµ (right) events as a function of the PU density, shown with (4D vertex) and
without (3D vertex) precision timing. Taken from Ref. [4].
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Figure 37: The number of PU tracks in Z ! µµ events incorrectly associated with the hard pri-
mary vertex as a function of PU density, shown without and with precision timing for several
different acceptance scenarios, considering tracks within the full Tracker acceptance (left) and
just in the central part (right) of the detector. Taken from Ref. [4].

2. Object performance 17

Figure 30: The secondary vertex tagging misidentification probability as a function of the b-
tagging efficiency, for light and charm jets for |h| < 1.5 (left) and for 1.5 < |h| < 3.0 (right).
Results with and without precision timing are compared to the 0 PU case. Taken from Ref. [4].

Figure 31: The efficiency of b jet tagging (left) and the the light jet misidentification probability
(right) are shown as a function of PU density, with and without the MTD, assuming a timing
resolution of 30 ps. The efficiency is computed on tt events for a fixed misidentification prob-
ability on QCD multijet events of light parton jets (udsg) of 0.01. The misidentification proba-
bility is shown for a fixed b jet identification efficiency of 0.70. Linear fits are superimposed for
the barrel and endcap pseudorapidity regions. Taken from Ref. [4].

Phase II 
ITk Upgrade

Swagato 
Banerjee

Impact parameter resolutions

16

Improved pT resolution in central part w.r.t current detector, but 
degraded in forward due to reduced lever-arm in magnetic field

ATL-TDR-025

4 ITk Performance and Physics Benchmark Studies
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ATLAS Simulation 

ITk  Upgrade (μ =200)   

Run-2 Detector (μ�= 23)

ITk Upgrade
Mean
Sigma

124.7 ± 0.0
2.023 ����������± 0.020

Run-2 Detector
MeanMean
SigmaSigma

124.5 124.5 ±± 0.0 0.0
2.697 2.697 ±± 0.013 0.013

Figure 4.38: Signal resolution for H ! µµ signal events, the Run 2 resolution is compared to the
HL-LHC with pile-up conditions corresponding to hµi =200.

mechanisms: Vector Boson Fusion, Higgs-strahlung, and associated production with tt̄, be-
ing more than an order magnitude smaller [39, 40]. For centre-of-mass energies of 14 TeV,
the production cross section of pairs of 125 GeV Higgs bosons is estimated to be 40.8 fb at
next-to-next-to-leading order in QCD (with an uncertainty of ±8.5% from QCD scale un-
certainties, and ±7% from PDF+aS uncertainties) [41, 42]. Example Feynman diagrams of
this process at leading order in Quantum Chromodynamics are shown in Figure 4.39. The
diagram which exhibits lHHH dependence (Figure 4.39(a)) interferes destructively with the
box diagram that is independent of lHHH (Figure 4.39(b)), thus a small increase in the value
of lHHH decreases the expected HH production cross section, and modifies the distribu-
tions of event kinematics.

The low SM non-resonant HH production cross section means that it is necessary to con-
sider final states where at least one of the two Higgs bosons decays into a final state with
a large branching ratio. The decay channel with largest branching ratio is H ! bb̄. Thus
the high-performance b-tagging capability of the proposed upgraded tracker is of critical
importance for these analyses. The SM non-resonant HH production process is dominated
by gluon-gluon fusion, leading to centrally produced Higgs bosons, hence the extended
forward tracking capability of the ITk is not expected to lead to large improvements in
sensitivity.

HH ! bb̄bb̄

The HH decay channel with the largest branching ratio (33.3%) is HH ! bb̄bb̄. Projec-
tions for this channel have been made, extrapolating from the ATLAS Run 2 analysis [43],
to estimate the sensitivity to Higgs-boson pair production with the full HL-LHC dataset of
3000 fb�1. This extrapolation assumes similar detector performance to Run 2 for jet recon-
struction and b-jet identification; as such it gives a pessimistic estimate of the sensitivity

82

H → µµ 

with MTD

without MTD

CMS: mitigation of PU with timing (MTD) ATLAS: tracking

increased  
acceptance

pT resolution

invariant  
mass 

resolution

Main targets 
• mitigate the effects 

of increased PU to 
perform at least as 
well as for Run-II 

• cope with high 
radiation dose 

• improve forward 
calorimetry and 
extend tracking at 
high rapidity 

• gain in acceptance 
and efficiency 

• add precision timing 
detectors (mostly to 
mitigate PU effects)

see lectures by  
D. Contardo
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Projected Uncertainties at HL-LHC
Scale statistical uncertainties as 1/√𝓛 

☛ Run-2 scenario (S1)                conservative 
• systematic uncertainties as for Run-2 

☛ Baseline scenario YR18 (S2)    more realistic 
• uncertainties on methods as of latest Run 2 published results 
• for each physics object: 

• detector: unchanged or revised from TDR studies 
• systematic uncertainty: scale as 1/√𝓛 up to some agree-upon floor 

• MC statistics uncertainty: neglected, luminosity uncertainty: 1%  
• theory uncertainty: factor 2 in reduction (normalisation & modelling) 

CMS-PAS-FTR-18-031

Example:  
CMS, four top 
production

Systematic uncertainties will 
the limiting factor for most 

analyses

 Common ATLAS/CMS strategy 

HL-LHC and HE-LHC Yellow Report 2018
1. Standard Model 
2. Higgs Physics 
3. BSM 
4. Flavour Physics 
5. High-density QCD

LHC

HL-LHC

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-031/
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S2 Experimental Systematics

Example of systematic floors used in S2 (here: ATLAS)

Theory ½
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Hadron Colliders

LHC Run-1 & 2 
√s = 7, 8, 13 TeV  

ATLAS, CMS 
 L up to 140 fb−1 

LHC Run-3 
√s = 14 TeV  
ATLAS, CMS 
 L = 300 fb−1 

HL-LHC 
√s = 14 TeV  

upgraded ATLAS, CMS 
L = 3 ab−1 in 10y

2010-2018 2021-2023 2027-2039?

HE-LHC 
√s = 27 TeV  

super ATLAS, CMS ? 
L = 15 ab−1 in 20y 

?

2040+

LHeC 
7 TeV p vs 60 GeV e 

??? 
L = 1 ab−1 in 13y 

?

2030+

FCC-hh 
√s = 100 TeV  

??? 
 L = 30 ab−1 in 30y

2045+

?



LHC parton kinematics

√s = 14 TeV
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Parton Kinematics

Q2 = 104 GeV2

Q2 ⌘ �q2 > 0

x ⌘ Q2

2p2.q

HERA



LHC parton kinematics

√s = 14 TeV

 52

Parton Kinematics

y = -8 -6 -4 -2 0 2 4 6 8

FCC-hh parton kinematics

√s = 100 TeV
Q2 = 104 GeV2

Q2 ⌘ �q2 > 0

x ⌘ Q2

2p2.q

HERA
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FCC-hh Reference Detector

Main features 
• 4T solenoid, 10-m bore solenoid
• Two forward 4T, 5-m bore solenoids
• no shielding
• ~14 GJ stored energy
• EM and H calorimetry up to η = 6
• high granularity (×4 ATLAS or CMS)
• trigger includes muon system

one billion € project

Some of the challenges 
• pileup = 1000  

(×10 / HL-LHC)
• radiation =  

1018 part (1MeV)/cm2  
(×100 / HL-LHC)

• forward SM physics
• high-pT jets 

and leptons
• 1-1.5 PB/s

Starting point

CMS LHCbLHCb

see lectures by  
D. Contardo



LHC parton kinematics

√s = 14 TeV
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LHeC: e±p at HL-LHC

Reduction of theory uncertainties by large 
factors at the (HE-)(HL-)LHC and FCC-hh

EIC

LHeC

MX [GeV]

MX [GeV]

MX [GeV]

MX [GeV]

10 TeV

10 TeV

1 TeV

1 TeV

current PDF sets LHeC
10 TeV1 TeV

10 TeV1 TeV

from M. Klein, DPhP seminar

Electrons for the LHC 
• Energy Recovery Linac (ERL)  <100 MW 
• 10-60 GeV e− vs 1-7 TeV p   

       ➙ √s = 200 GeV-1.3 TeV  
• concurrent ep and pp (LS4-LS6): 225 fb−1 

• dedicated e±p (4 years): +650 fb−1



www.cea.fr
CEPC

FCC-ee

CLIC

ILC
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Lepton Colliders

ILC 
√s = 250 GeV 

ILD + ? 
L = 500 fb−1 in 5y 

?

2031+
ILC 

√s = 350 GeV 
ILD + ? 

L = 2 ab−1 in 6y 

?
ILC 

√s = 500 GeV 
ILD + ? 

L = 4 ab−1 in 10y 

?

2039+ 2048+

CLIC 
√s = 380 GeV 

CLiC-D 
L = 1 ab−1 in 8y 

?

2036+
CLIC 

√s = 1.5 TeV 
CLiC-D 

L = 2.5 ab−1 in 8y 
?

CLIC 
√s = 3 TeV 

CLiC-D 
L = 5 ab−1 in 8y 

?

2046+ 2056+

FCC-ee  
Z-WW-ZH  
2 or 4 IR 

L = 150-10-5 ab−1 in 9y 
?

2039+
FCC-ee  

tt-365 GeV 
2 or 4 IR 

L = 0.2-1.5 ab−1 in 5y 
?

2049+

? FCC-hh

2060+

CEPC 
Z-WW-ZH 
2 or 4 IR 

 L = 10-5-2 fb−1 in 10y

2031+

? SppC

2046+

?

?? muon collider

2070 ??
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SM Cross Sections at e+e− Colliders

ZH
WW

Z

tt

unpolarised

At √s = 250 GeV
• e+e− → ZH 200 fb (Higsstrahlung)

• e+e− → Hνν 8 fb (W fusion)

Cross sections decreasing as 1/s:
• e+e− → qq(γ) 60 pb (incl. Z return)

• e+e− → W+W− 16 pb
• e+e− → ZZ 1 pb
Slowly increasing cross sections:

• γγ   → qq, ℓℓ 30 pb (m > 30 GeV)

• eγ   → Ze 3.8 pb
• eγ   → Wν 1.5 pb (WWγ)

• ee    → Zνν 32 fb (WWZ)

At √s = 380 GeV
• e+e− → tt 500 fb
• e+e− → ZH 100 fb
• e+e− → Hνν 40 fb
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SM Physics at e+e− Colliders

√s Processes Physics Goals Observables

91 GeV • e+e− → Z ultra-precision EW physics
sin2θeff 

MZ, ΓZ, Nν 
α, αS

125 GeV • e+e− → H limit on s-channel H production? ye

160 GeV • e+e− → W+W− ultra-precision W mass MW, ΓW

>160 GeV • e+e− → W+W−  
• e+e− → qq, ℓℓ (γ)

precision W mass and couplings 
precision EW (incl. Z return)

MW, aTGC 
Nν

250 GeV • e+e− → ZH ultra-precision Higgs mass 
precision Higgs couplings

MH  
κV, κf, ΓH

360 GeV • e+e− → tt ultra-precision top mass mt

>360 GeV
• e+e− → tt precision top couplings
• e+e− → ZH 
• e+e− → Hνν precision Higgs couplings

500+ GeV

• e+e− → ttH 
• e+e− → ZHH 
• e+e− → Z’ → ff 
• e+e− → χχ 
• e+e− → AH, H+H−

Higgs coupling to top 
Higgs self-coupling 
search for heavy Z’ bosons 
search for Supersymmetry 
search for new Higgs bosons

ytop  
λHHH 
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Luminosity of  e+e− Colliders

CLIC CDR, 2012  
CLIC staged scenario, 2016 
ILC TDR, 2013 
ILC Physics Case, 2015 
ILC Physics Case 250 GeV, 2017 
FCC-ee CDR, 2018 
LEP3 Physics Case, 2013 
CEPC pre-CDR, 2015-2018ZH

WW

Z

tt

FCC-ee (2 IPs)

ILC250 (opt.)

ILC (TDR)

CLIC

CEPC  
(2 IPs)

LEP3  
(4 IPs)

Circular colliders 
☛ high-luminosity from Z peak to top pair threshold 
Linear colliders 
☛ extendability at high energy and beam L-polarisation 
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Linear or Circular? Pros & Cons 
Circular Colliders (FCC-ee) Linear Colliders (ILC)

pros cons pros cons

√s

• limited by synchrotron 
radiation (SR), which 
increases as E4beam/R 

• 100 km → 365 GeV max

• extendable in energy 
• large potential √s reach  

250→500→1000 GeV  
(access to ttH, ZHH, Hee)

• running at √s smaller 
than 250 GeV would 
require optimisation

beam-  
strahlung

• strong: affects beam 
lifetime (typically 30 
min.) 

• top-up injection needed 
to compensate for fast 𝓛 
burn-off

• strong due to beam 
size at interaction point 
(IP) 

• increasing with energy

energy 
spread

• small energy spread 
(<0.1% at 240 GeV) 

• with top-up injection:  
mean 𝓛 = 95% of peak

• larger energy spread 
(86% within 1% of 
nominal at 250 GeV)

lumi

• high-lumi obtained with 
large number of 
bunches 

• increasing at lower √s 
due to less SR (spare RF 
used to accelerate more 
bunches) 

• crab waist scheme 
• several interaction 

regions possible

• limited by SR power at 
higher energies

• high-lumi obtained with 
nanometer-size beams  

• increasing naturally with 
energy thanks to beam 
dynamics at IP 

• luminosity upgrade 
(1312 → 2625 bunches)

• low repetition rate 
• only one interaction 

region (ILD and SLD 
detectors in push-pull)

L-polar • no L-polarisation, 
except perhaps at Z peak

• e− beam: ±80% 
• e+ beam: ±30% (±60%)

misc

• precise Ebeam from 
resonant depolarisation 
(Z peak and perhaps WW 
threshold)

• nm-beams at IP allow for 
very small beam pipe 
(superior for b/c tagging)
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Detector Concepts for ee Colliders
Particle Flow Detectors 
• high hermiticity 
• high granularity 
• momentum resolution 
• high separation power

ILC DBD (2013)

CLIC CDR (2012) 
(revised since)

central tracking with silicon

inner tracking with silicon

  highly-granular calorimeters

central tracking with TPC

FCC-ee 2 detector concepts 
• CLD: inspired from CLIC 

detector 
• IDEA: from present state-of-

the-art

CEPC 2.5 detector concepts 
• baseline: ILD/SiD concept (3T) 
• IDEA concept (2T)

see lectures by  
D. Contardo



!62quote borrowed from A. Blondel @ FCC symposium 2019
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Selected References

ILC 
• The International Linear Collider Technical Design Report - Volume 1: Executive Summary, arxiv:

1306.6327 
• Physics Case for the 250 GeV Stage of the International Linear Collider, arxiv:1710.07621

FCC 
• Future Circular Collider Study,  Conceptual Design Report, 2019, Volume 1, Physics Opportunities 
• Physics at a 100 TeV pp collider: Beyond the Standard Model phenomena, arxiv:1606.00947 
• Physics at a 100 TeV pp collider: Higgs and EW symmetry breaking studies, arxiv:1606.09408 
• Physics at a 100 TeV pp collider: Standard Model processes, arxiv:1607.01831

CERN 
• Machine parameters and project luminosity performance of proposed future colliders at CERN, 

CERN/SPC/1114 
• European Particle Physics Strategy Update

CEPC 
• Conceptual Design Report, Volume 2 — Physics and Detector, IHEP-CEPC-DR-2018-02

CLIC 
• Updated baseline for a staged Compact Linear Collider, arxiv:1608.07537

LHeC 
• A Large Hadron Electron Collider at CERN: Report on the Physics and Design Concepts for Machine 

and Detector, arxiv:1206.2913

HL-LHC and HE-LHC 
• Yellow Book, Report on the physics at HL-LHC and perspectives for HE-LHC

http://arxiv.org/abs/1306.6327
http://arxiv.org/abs/1306.6327
http://arxiv.org/abs/1710.07621
https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
http://arxiv.org/abs/1606.00947
http://arxiv.org/abs/1606.09408
http://arxiv.org/abs/1607.01831
https://europeanstrategyupdate.web.cern.ch
http://arxiv.org/abs/1608.07537
http://arxiv.org/abs/1206.2913
http://arxiv.org/pdf/1902.10229
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Gauge Sector

gauge kinetic terms

vector boson kinetic terms

ZWW

γWW

ZZWW

γγWW

γZWW

WWWW
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EWSB Sector

Higgs boson kinetic and mass terms

electroweak boson mass terms

coupings to bosons 
and self-couplings 
of the Higgs boson
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Quark Sector

(3 families)

left-handed doublets right-handed singlets
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Lepton Sector
left-handed doublets right-handed singlets

(3 families)

neutrinos are massless in the SM
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Yukawa Sector

fermion mass terms and 
couplings of the Higgs boson  

to fermions
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FCC: Future Circular Colliders

CERN/SPC/1114 (2018)

√s 𝓛  (cm−2s−1) first beams 
(technically) tunnel

HE-LHC  27 TeV 1.6×1035 2040 LHC
FCC-ee 90-365 GeV 200-1.5×1034 2039

100-kmFCC-eh   3.5 TeV 1.5×1034 2043
FCC-hh 100 TeV    3×1035 2043

Major focus at CERN: 
development of 16-T Nb3Sb SC magnets 
• on-going R&D on SC high-field magnets 
• prepare industrialisation

100-km tunnel in Geneva area

FCC CDR fall 2018

√s L (ab−1) years
HE-LHC  27 TeV 12 20

FCC-hh 100 TeV 30 25

cf presentation by Barbara Dalena
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ILC: International Linear Collider

Linear e+e− collider  
        in the 200-550 GeV energy range 
• super conducting RF (31.5 MV/m, 1.3 GHz) 
• 5 Hz, trains 730 µs, 1312 bunches (2×1010) 
• footprint:  

 20 km (250 GeV)  
 31 km (500 GeV)   

Staging scenario 
• √s = 250 GeV  
• optimised luminosity: 𝓛 = 1.5×1034 

cm-2s-1  
• ±80% (±30%) e− (e+) beam polarisation  
• (LR, RL, LL, RR) = (45%, 45%, 5%, 5%)

250 GeV

250 GeV 500 GeV

0.5 ab−1

2 ab−1
1 ab−1

500 GeV
4 ab−1

350 GeV
0.2 ab−1

Strong effort by Japanese 
community to host ILC

ILC TDR (2013) 
ILC-250 Physics Case (2017)

damping 
rings

e− main linac

e+ main linac

e− source

e+ source
ILD

SLD

X-FEL
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CLIC: Compact Linear Collider

CERN/SPC/1114 (2018)

Linear e+e− collider at CERN  
        in the up-to multi-TeV energy range 
• normal conducting high-frequency RF (X-band, 12 GHz) 
• e− drive beam for RF power generation  

380 GeV 1.5 TeV
3 TeV

Scenario in 3 stages

1 ab−1 2.5 ab−1

5 ab−1

     

Beam polarisation: (±80%, ∓80%) 
LR / RL = 50% / 50%
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FCC-ee: e+e− Circular Collider

CERN/SPC/1114 (2018)

Luminosity limited by SR 
• top-up injection (once per minute) 
• 50 MW power/beam 
• 2 interaction points

RF system:  high-current → high gradient 
3 sets of RF cavities

Vrf [GV] #bunches Ibeam [mA]
Z 0,1 16640 1390

WW 0,44 2000 147
ZH 2,0 393 29
top 10,9 48 5,4

First-phase machine in the 100-km tunnel  
built to host eventually FCC-hh

Z  

2×1012  

Z/y

150 ab−1 12 ab−1 5 ab−1 1.5 ab−1

2×107  

W/y

3×105  

H/y
4×105  

t/y

FCC-ee running scenario (2IPs)

WW
×10

ZH
×10

top
×10

2039?FCC-ee CDR fall 2018

Asymmetric optics with beam 
crossing angle of 30 mrad
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CEPC: Chinese e+e− Collider 

• Hosted in a 100-km tunnel 
which could eventually host a 
70-TeV pp collider 

• several possible sites

Project similar to FCC-ee in China 
• two colliding rings and a booster 
• √s = 90-240 GeV

CEPC CDR in preparation (2019)

Physics goals: 
• >3×1011 Z bosons (8 ab−1) 
• 2×107 W pairs (2.6 ab−1) 
• 106 Higgs bosons (5.6 ab−1)

Peak luminosity (2 IPs)   (CDR parameters) 
• at the Z: 1.7×1035 cms−2s−1  (3T) 

• at the W: 1.0×1035 cms−2s−1 

• at the H:   3×1034 cms−2s−1

CEPC symposium (Nov. 2018)

2013-2015 pre-studies

2016-2022
R&D  

Engineering 
Design

2022-2030 Construction
2030-2040 data taking

• Starts before 
the end of the 
HL-LHC 

• possibly 
concurrent 
with the ILC

Timeline


