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Fundamental Particles and Forces
• Matter 

• is made out of fermions

• Forces
• are mediated by bosons

• Higgs boson
• breaks the electroweak symmetry and gives 

mass to fermions and weak gauge bosons

Amazingly successful in describing precisely 
data from all collider experiments
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The Standard Model Lagrangian

gauge sector

n mass sector

EWSB sector

flavour sector

… and beyond? supersymmetry (many variants)
extra spacetime dimensions
compositeness  
strong electroweak symmetry 
breaking
…
something new?!

ü
ü
ü

ü
[W. J. Stirling]
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Lepton vs Hadron Colliders
• Disadvantages of hadrons:

• Hadrons are complex objects
• High multiplicity of other stuff
• Energy and type of colliding parton

(quark, gluon) unknown
• Kinematics of events not fully 

constrained

Hadron collider
(collision of ~50 point-like particles)

[Karl Jakobs]

Lepton Collider
(collision of two point-like particles)

• Advantage of hadrons:
• Can access higher energies
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e+e- Colliders
• Circular colliders:

• Reuse their power on each turn
• Synchrotron radiation reduces 

energy of particles ~1/m4

• Linear colliders:
• Particle sees each accelerator 

component just once
• No synchrotron radiation 

Energy loss per turn:

Energy loss: e vs p
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Luminosity
• Single most important quantity

• Drives our ability to detect new processes

• Rate of physics processes per unit time directly related:

L=
frev nbunch Np

2

4 π σx σy

revolving frequency: frev=11245.5/s
#bunches: nbunch=2808
#protons / bunch: Np= 1.15 x 1011

Area of beams: 4πσxσy~40 µm

Nobs= òLdt · e · s
Cross section s:
Given by Nature 

(calc. by theorists)

Ability to measure relies on Nobs to be large enough

Efficiency:
optimized by

experimentalist



10p p
√s≈13 TeV

Circumference: 28 km

LHC
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Integrated Luminosity: LHC

• Performance improving year by year
• Run 2: ~140 fb-1 available for physics analyses



SuperKEKB and Belle-II
• Belle-II is successor of Belle experiment 

at KEK laboratory in Tsukuba, Japan
• 800 collaborators from 26 countries

• Accelerator SuperKEKB
• e+e- collisions at √s=10.57 GeV
• “Factory” for B-hadron production
• Highest luminosity lepton collider ever
• First collisions in 2018 
• Physics run: 03/2019 until ~2027 
• Goal: collect L=50 ab-1

December 6, 2018     The Belle II Experiment          Kruger2018           Steven Robertson 2

Belle II

● Intensity frontier “Super B Factory” flavour
physics experiment

● Target data set of ~30x the combined
integrated luminosity of BABAR + Belle

● ~800 collaborators from 26 countries,
including over 260 graduate students

Outline:

● SuperKEKB and Belle II

● Physics program  

● Phase 2 commissioning results

● Future prospects

Belle II is the successor of the Belle experiment at the KEK
laboratory in Tsukuba, Japan

First collisions achieved in 2018 during “Phase 2” accelerator commissioning run!

December 6, 2018     The Belle II Experiment          Kruger2018           Steven Robertson 3

Belle II Detector
Anticipate ~40x increased instantaneous luminosity, and greatly
increased beam background rates

Very substantial “upgrades” to the original Belle detector:

● Replacement of beam pipe and redesign of entire inner detector
(including vertex detectors and drift chamber)

● New quartz-bar Time-of-
Propagation PID in barrel
region

● Retain existing CsI(Tl)
calorimeter crystals, but
front-end electronics,
feature extraction and
reconstruction software
entirely new

● Entirely new software
framework and distributed
computing environment 12



Future Colliders
• Several e+e- colliders

• Linear Colliders ILC, CLIC
• Circular colliders: FCC-ee, CEPC

• Hadron Colliders
• HL-LHC
• HE-LHC
• FCC-hh

• ep Colliders
• LHeC
• FCC-eh

Table 1. Summary of the future colliders considered in this report. The number of detectors given is the number of detectors
running concurrently, and only counting those relevant to the entire Higgs physics programme. The instantaneous and
integrated luminosities provided are that used in the individual reports, and for e+e� colliders the integrated luminosity
corresponds to the sum of those recorded by the detectors. For HL-LHC this is also the case while for HE-LHC and FCChh it
corresponds to 75% of that. The values for

p
s are approximate, e.g. when a scan is proposed as part of the programme this is

included in the closest value (most relevant for the Z, W and t programme). For the polarisation, the values given correspond to
the electron and positron beam, respectively. For HL-LHC, HE-LHC, FCC, CLIC and LHeC the instantaneous and integrated
luminosity values are taken from Ref. [9]. For these colliders the number of seconds per year is 1.2⇥107 based on CERN
experience [9]. CEPC (ILC) assumes 1.3⇥107 (1.6⇥107) seconds for the annual integrated luminosity calculation. When two
values for the instantaneous luminosity are given these are before and after a luminosity upgrade planned. The last column
gives the abbreviation used in this report in the following sections. When the entire programme is discussed, the highest energy
value label is used, e.g. ILC500 or CLIC3000. It is always inclusive, i.e. includes the results of the lower-energy versions of that
collider. Also given are the shutdowns (SDs) needed between energy stages of the machine. SDs planned during a run at a
given energy are included in the respective energy line.

Collider Type
p

s P [%] N(Det.) Linst L Time Refs. Abbreviation
[e�/e+] [1034] cm�2s�1 [ab�1] [years]

HL-LHC pp 14 TeV - 2 5 6.0 12 [10] HL-LHC
HE-LHC pp 27 TeV - 2 16 15.0 20 [10] HE-LHC
FCC-hh pp 100 TeV - 2 30 30.0 25 [1] FCC-hh
FCC-ee ee MZ 0/0 2 100/200 150 4 [1]

2MW 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-ee240

2mtop 0/0 2 0.8/1.4 1.5 5 FCC-ee365
(+1) (1y SD before 2mtop run)

ILC ee 250 GeV ±80/±30 1 1.35/2.7 2.0 11.5 [3, 11] ILC250
350 GeV ±80/±30 1 1.6 0.2 1 ILC350
500 GeV ±80/±30 1 1.8/3.6 4.0 8.5 ILC500

(+1) (1y SD after 250 GeV run)
CEPC ee MZ 0/0 2 17/32 16 2 [2] CEPC

2MW 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7

CLIC ee 380 GeV ±80/0 1 1.5 1.0 8 [12] CLIC380
1.5 TeV ±80/0 1 3.7 2.5 7 CLIC1500
3.0 TeV ±80/0 1 6.0 5.0 8 CLIC3000

(+4) (2y SDs between energy stages)
LHeC ep 1.3 TeV - 1 0.8 1.0 15 [9] LHeC

HE-LHeC ep 2.6 TeV - 1 1.5 2.0 20 [1] HE-LHeC
FCC-eh ep 3.5 TeV - 1 1.5 2.0 25 [1] FCC-eh

3/58
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CLIC and FCC (proposed at CERN)
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ee Colliders
C.	Biscari,	L.	Rivkin

All	considered	to	be	mature
ÞCan	start	construction	
within	5-10	years



Future Colliders

Figure 1. Time line of various collider projects starting at time T0. Given are the luminosity values and energies, also shown
in Table 1. For the clarification of the meaning of a year of running, see the caption to Table 1. Figure 13 in the appendix
reworks this figure using the earliest possible start date (i.e. the calendar date of T0) given by the proponents.

At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR)2. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at

p
s = 240 GeV expect

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.

4/58

e+e-

pp

ep
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The Experimental Challenge

• Measured hits in detector 
• => use hits to reconstruct particle paths and energies
• => estimate background processes   
• => understand the underlying physics

Higgs

Supersymmetry
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Particle Identification
Detector designed to separate electrons, photons, muons, neutral and 
charged hadrons
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ATLAS and CMS Detectors

Weight 
(tons)

Length 
(m)

Height (m)

ATLAS 7,000 42 22

CMS 12,500 21 15
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Hadron-Hadron 
Collisions
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Calculating a Cross Section
• Cross section is convolution of pdf’s and Matrix Element

§ Calculations are done in 
perturbative QCD
§ Possible due to factorization of 

hard ME and pdf’s
§ Can be treated independently 

§ Strong coupling (as) is large
§ Higher orders needed
§ Calculations complicated
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The Proton Composition
• It’s complicated:

• Valence quarks, Gluons, Sea 
quarks

• Exact mixture depends on:
• Q2: ~(M2+pT

2)
• Björken-x: 

• fraction or proton momentum 
carried by parton

• Energy of parton collision:

X

p

p
xBj

Q2

MX = √ŝ
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Particle production and PDFs

§ Examples for particle production:
§ Higgs: M=125 GeV/c2

§ LHC: <xp>=125/13000≈0.01
§ Gluino: M~2000 GeV/c2

§ LHC: <xp>=4000/13000≈0.3

pdf’s measured in deep-inelastic scattering

Steep	rise	of	partons at	low	x	=>	production	rates	strongly	decrease	with	M



Physics Processes at the LHC
process Rate	at	Lpeak

(Hz)

any	interactions 109

Bottom quarks 106

Jets	with	pT>100	GeV 104

W	bosons 103

Top	quarks 1

Higgs	(M=125	GeV) 0.1

H->γγ (M=125	GeV) 2x10-4

25

Events Event	rate	[Hz]

Beam crossings 4	x 107

Level-1	triggered 105

Recorded	to	disk 103
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Kinematic Constraints and Variables
• Transverse momentum, pT

• Particles that escape detection (q<3o) have pT≈0
• Visible transverse momentum conserved ∑i pT

i≈0
• Very useful variable!

• Longitudinal momentum and energy, pz and E
• Particles that escape detection have large pz
• Visible pz is not conserved

• Not a useful variable

• Polar angle q
• Polar angle q is not Lorentz invariant
• Rapidity: y 
• Pseudorapidity: h For M=0

pT

pz

p
q
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What is a Cross Section?

• Differential cross section: ds/dW:
• Probability of a scattered particle in a given quantum state 

per solid angle dW
• E.g. Rutherford scattering experiment

• Other differential cross sections: ds/dET(jet)
• Probability of a jet with given ET

• Integrated cross section
• Integral: s =∫ds/dW dW

s=(Nobs-Nbg)/(eL)Measurement:



Inelastic pp Cross Section

28

• Basic quantity of QCD
• Important for understanding of cosmic rays

– Probes energy range near the knee
• Important for understanding of pileup at LHC

R.	Engel



• Inelastic interactions: pp-> X

• Cannot be determined theoretically with good precision
• Not calculable using perturbation theory

• In every LHC event there are ~35 such event on average (pile-up)
29

LHC: Inelastic pp Cross Section



Pile-up

30



Jet Cross Sections

27

Jet Cross Sections
• Inclusive jets: processes qq, qg, gg

§ Highest ET probes shortest distances

§ Tevatron: rq<10-18 m

§ LHC: rq<10-19 m (?)

§ Could e.g. reveal substructure of quarks

§ Tests perturbative QCD at highest energies
31
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Jet Cross Section History
• Tevatron Run I (~1996):

• Excess at high ET
• Could be signal for quark 

substructure?!?

da
ta

/th
eo

ry
 –

1,
 %

Data/CTEQ3M
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Jet Cross Section History
• Tevatron Run I (~1996):

• Revision of parton density functions
• Gluon PDF was uncertain at high x
• Modified PDF describes data well

da
ta

/th
eo

ry
 –

1,
 %

Data/CTEQ3M
Data/CTEQ4HJ



Jet Cross Sections: LHC

30

Jet Cross Sections: LHC

34
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W and Z Bosons
• Focus on leptonic decays:

• Hadronic decays ~impossible due to enormous 
QCD dijet background

• Selection:
• Z:

• Two leptons pT>20 GeV 
• W:

• One lepton pT>20 GeV
• Large imbalance in transverse momentum

• Missing ET>20 GeV
• Signature of undetected particle (neutrino)

• Excellent calibration signal for many purposes:
• Electron energy scale
• Track momentum scale
• Lepton ID and trigger efficiencies
• Missing ET resolution
• Luminosity …
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Lepton Identification
• Electrons: 

• compact electromagnetic cluster in calorimeter
• Matched to track

• Muons:
• Track in the muon chambers
• Matched to track

• Taus:
• Narrow jet 
• Matched to one or three tracks

• Neutrinos:
• Imbalance in transverse momentum
• Inferred from total transverse energy measured 

in detector
• More on this in Lecture 4
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Electron and Muon Identification

Get	ATLAS	plot

34

Electron and Muon Identification
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W’s and Z’s

36

W and Z bosons

• Z mass reconstruction
• Invariant mass of two leptons

• W mass reconstruction
• Do not know neutrino pZ
• No full mass resonstruction possible
• Transverse mass:



Dependence of σ(W) and σ(Z) on √s

39
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Different sensitivity and challenges in each channel

• At Tevatron, mainly produced in pairs via the strong interaction

• Decay via the electroweak interactions
Final state is characterized by the decay of the W boson

Dilepton

Lepton+Jets

All-Jets

Top Quark Production and Decay

15%                                                                                                             85% at LHC

Br(t ®Wb) ~ 100%
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How to identify the top quark

dilepton (4/81) 2 leptons + 2 jets + missing ET
l+jets (24/81) 1 lepton + 4 jets + missing ET
fully hadronic (36/81) 6 jets

(here: l=e,µ)

𝑩𝑹 𝑾 → 𝒍𝝂 =
𝟏
𝟗
= 𝟏𝟏%
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Finding the Top at Tevatron

• b-tagging helps a lot:
• Signal/Background improved by about a factor of 10 when using b-tagging

• Tevatron (with 4 jets):
• no b-tagging: S/B≈0.8, With b-tagging: S/B≈6

Top	quark	discovery	event	(CDF)



• Exploit large lifetime of the b-hadron
• B-hadron flies before it decays: d=ct

• Lifetime t =1.5 ps-1

• d=ct = 460 µm
• Can be resolved with silicon detector resolution

• Procedure “Secondary Vertex”:
• reconstruct primary vertex: 

• resolution ~ 30 µm
• Search tracks inconsistent with primary vertex (large d0):

• Candidates for secondary vertex
• See whether three or two of those intersect at one point

• Require displacement of secondary from primary vertex
• Form Lxy: transverse decay distance projected onto jet axis:

• Lxy>0: b-tag along the jet direction => real b-tag or mistag
• Lxy<0: b-tag opposite to jet direction => mistag!

• Significance: e.g. dLxy / Lxy >7 (i.e. 7s significant displacement)

• Nowadays, input many properties of tracks into multivariate algorithm (e.g. Neural Network)43

Finding the b-jets



Top cross section: dilepton channel
• Event selection 

• Isolated e and μ with pT>25 GeV
• One or two b-jets

• N1: 1 b-jet
• N2: 2 bjets

• Solve equations for cross section and 
fraction of b-jets found (εb)

46
ATLAS:	arXiv:1606.02699

ATLAS:
CMS:

CMS:	arXiv 1510.05302
44



Top pair cross section versus √s

4745



Electroweak Precision Measurements

• Top quark is the heaviest known fundamental particle
• Today: mtop=172.47+- 0.46 GeV  
• Is this large mass telling us something about 

electroweak symmetry breaking?
• Top yukawa coupling: 
• <H>/(√2 mtop) = 1.0086+-0.0027

• Theory uncertainty: ~0.5 GeV
• Masses related through radiative corrections:

• mW~Mtop
2

• mW~ln(mH)
• If there are new particles the relation might change:

• Precision measurement of top quark, W and Z 
boson masses can reveal new physics

46



Fit to Electroweak Precision Data

Erler,	Schott	2019

47



W boson mass

MW=80370±19 MeV
arXiv:1701.07240

48



W boson mass

49



Top Quark Mass measurement
• 4 jets, 1 lepton and missing ET

• Which jet belongs to what?
• Combinatorics!

• B-tagging helps:
• 2 b-tags =>2 combinations
• 1 b-tag   => 6 combinations
• 0 b-tags =>12 combinations

• Two Strategies:
• Template method (traditional):

• Uses “best” combination
• Chi2 fit requires m(t)=m(t)

• Advanced methods:
• Use all combinations
• Assign probability depending on kinematic 

consistency with top hypothesis
• Key challenge experimentally: 

• control systematic uncertainties due to jet 
measurement systematics

-

50

All Selected



Top mass measurement: LHC

51



Future Colliders: W, Z and top
Top Mass

14/05/19 Mark Lancaster | Electroweak Precision Measurements18

Current uncertainty ~ 400 MeV from Tevatron/LHC
CLIC/FCC/ILC all expected to achieve: 

15-20 MeV statistical
10-20 MeV systematic    

But presently uncertainty from theory is larger: 30 MeV (#S), 
40 MeV (HO). This will be reduced by the measurements at Z-pole.

O (25) MeV

Threshold scans 
give well-defined
mTOP

52

• Measure W and top masses from threshold scan 
• Requires 𝑠� ∼ 2𝑀:~160 GeV for W and ~350 GeV for top
• Advantage: measured top mass is the pole mass

• High precision Z programmes foreseen 
• At circular colliders: 1012 Z’s!

FCC Physics Opportunities

 (GeV)s
155 160 165 170

(W
W

) (
pb

)
σ

0

2

4

6

8

10

12   FCCee W-pair threshold
=2.085 GeVWΓ=80.385 GeV  Wm

=2.085 GeVWΓ,  =79.385-81.835 GeVWm
=1.085-3.085 GeVWΓ=80.385 GeV,  Wm

Figure 3.2: Production cross section of W-boson (left) and top-quark (right) pairs in the vicinity of the
production thresholds, with different values of the masses and widths.

needed for the top mass determination, because mtop might not be known to better than ±1 GeV from the
theoretical interpretation of the hadron collider measurements. In addition, the tt̄ cross section depends
on the top Yukawa coupling, arising from the Higgs boson exchange at the tt̄ vertex (Section 4.2.2). This
dependence needs to be fitted away with supplementary data at centre-of-mass energies slightly above
the tt̄ threshold. The non-tt̄ background, on the other hand, needs to be evaluated from data at centre-of
mass energies slightly below the tt̄ threshold.

With a luminosity of 25 fb
�1 recorded at eight different centre-of-mass energies (340, 341, 341.5,

342, 343, 343.5, 344, and 345 GeV), the top-quark mass and width can be determined with statistical
precisions of ±17 MeV and ±45 MeV, respectively. The uncertainty on the mass improves to less than
10 MeV if the width is fixed to its SM value. Each of the centre-of-mass energies can be measured
with a precision smaller than 10 MeV from the final state reconstruction [40] of e

+
e
� ! W

+
W

�, ZZ,
and Zg events and from the knowledge of the W and Z masses, which causes a 3 MeV uncertainty on
the top-quark mass. Today, the uncertainty on the theoretical value due to missing higher orders QCD
corrections in the e

+
e
� ! tt̄ process is at the 40 MeV level for the top quark mass and width.

To conclude on the top, an uncertainty of 17 (45) MeV is achievable for the top-quark mass (width)
measurement at the FCC-ee, with 0.2 ab

�1 accumulated around the tt̄ threshold. The corresponding
parametric uncertainties on the SM predictions of sin

2 ✓e↵
W and mW are accordingly reduced to 6 ⇥ 10

�7

and 0.11 MeV, respectively.

3.2.5 Summary and Demands on Theoretical Calculations
Table 3.1 summarises some of the most significant FCC-ee experimental accuracies and compares them
to those of the present measurements.

Some important comments are in order:

– FCC-ee will provide a set of ground breaking measurements of a large number of new-physics
sensitive observables, with improvement with respect to the present status by a factor of 20-50
or even more; moreover it will improve input parameters, mZ of course, but also mtop, ↵s(mZ)

and, for the first time a direct and precise measurement of ↵QED(mZ). Consequently, parametric
uncertainties in the electroweak predictions will be reduced considerably. Once, and only when,

20
PREPRINT submitted to Eur. Phys. J. C



Future Prospects: Electroweak Observables

• Future e+e- colliders improve by ~10 compared to current precision

particle Now Future

W 12 1-3

Z 2.1 0.1-0.5

top 500 20-50

Precision	[MeV]

53



Future Prospects: Electroweak Fit

54



Conclusion from Lecture I
• Perturbative QCD describes hadron collider data successfully:

• Jet cross sections: Ds/s ≈ 20-100%
• W/Z cross section: Ds/s ≈ 2%
• Top cross section: Ds/s ≈ 4%

• High Precision measurements 
• W boson mass:  DMW/MW   =0.015%
• top quark mass: Dmtop/mtop=0.29%
• HL-LHC should improve by ~factor 2
• Factor ~10 expected from future e+e- colliders 

• Interesting anomalies in lepton flavour aspects of B-meson decays
• Standard Model works very well!

• Tomorrow: Higgs boson, flavor and direct searches
55



Backup Slides
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ee	and	pp	colliders:	

pp	collider	schedule	depends	critically	on	progress	in	high	field	magnet	R&D		
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Further	(Far?)	Future

Very	interesting	R&D	projects
• Muon	collider:

• from	proton	beam	(rcooling success:	MICE)
• from	e+e- production	(LEMMA)

• Plasma	wakefield acceleration:	
• High	gradients	possible:	~100	GV/m
• R&D	progressing	well	but	many	challenges



60

LHC	power:
150	MW
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