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Overview

48

• Part 1:
• Scientific motivation
• Future e+e- colliders in broad strokes
• Detectors at future e+e- and µ+µ- colliders

• Part 2:
• Higgs physics
• Electroweak precision
• Top quark physics
• Into the unknown

A two-part story
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Disclaimer

49

• The point of the following discussions is not to compare projects in the sense of drawing 
conclusions which one should be built - that is a multi-facetted question which extends beyond 
performance projections shown here.

• The numerical results may not always be perfectly up-to-date - again, the goal is not to compare, 
but to illustrate certain features of measurements and facilities

• I am focussing on e+e- colliders, only few remarks about µ+µ-
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Precision Higgs Measurements

50

Higgs Factories and beyond
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Higgs Boson Production in e+e-

51

A rich field to explore
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Higgs Boson Production in e+e-

51

A rich field to explore

• 240 - 250 GeV: the minimum energy for a Higgs factory
• ~ 350 GeV: Additional production mode, also still access to ZH
• Higher energies: More processes
• 125 GeV, and extreme luminosity: A possibility to measure electron Yukawa coupling
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Model Independence: The Pillar of Higgs Physics in e+e-

52

The ZH Higgsstrahlung process

• What model independence means: Measure the 
coupling of the Higgs Bosons to elementary particles 
free from model assumptions (e.g. how it decays) 
• Requires: The “tagging” of Higgs production without 

observing the particle directly
• Not possible at hadron colliders

e
+
e
� ! ZH ! µ

+
µ
�
bb̄

ILD, 250 GeV
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observing the particle directly
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µ from Z

m2
rec = s+m2

Z � 2EZ
p
s

Chapter 11. SiD Benchmarking

Figure II-11.1
Recoil mass distribu-
tions following selection
cuts for e+e≠h (left)
and µ+µ≠h (right)
assuming 250 fb≠1

luminosity with 80eR
initial state polarisation
at

Ô
s = 250 GeV. The

signal in red is added
to the background in
white.

The distributions for the recoil measurements in both the e+e≠h and µ+µ≠h channels are shown
in Figure II-11.1. Main background sources include mainly di-boson production (W+W≠, ZZ).
The amount of W+W≠ background can be greatly reduced by running exclusively with the 80eR
configuration. A summary of the results of both leptonic Z modes and using both 80eR and 80eL
is given in Table II-11.1.

Table II-11.1
Summary of Higgs mass and hZ cross-section
results for di�erent channels and the di�erent
luminosity assumptions at

Ô
s = 250 GeV.

The error includes the measurement statisti-
cal error and the systematic error due to the
finite statistics of the Monte Carlo training
sample.

80eR 80eL Channel �Mh �‡hZ/‡hZ
(fb≠1) (fb≠1) (GeV)

250 0 e+e≠h 0.078 0.041
250 0 µ+µ≠h 0.046 0.037
250 0 e+e≠h + µ+µ≠h 0.040 0.027

0 250 e+e≠h 0.066 0.067
0 250 µ+µ≠h 0.037 0.057
0 250 e+e≠h + µ+µ≠h 0.032 0.043

Measuring the branching ratios of the Higgs boson is of vital importance to distinguish the SM
Higgs boson from possible alternative scenarios. For the LOI the decays of the Higgs into cc and
µ+µ≠ have been studied at

Ô
s = 250 GeV using the Higgsstrahlung process, where the Z decayed

either in qq or nn. The identification of the h æ cc decay mode took advantage of the excellent
c-tagging capabilities of SiD (see [63]) and employed neural networks to separate the cc signal from
the overwhelming h æ bb background. For the cc branching ratio, the finally achieved accuracies
are 11% (Z æ nn) and 6% (Z æ qq), respectively.

For the rare Higgs decay into µ+µ≠ the challenge is to extract the signal out of an overwhelming
Standard Model background of mainly four-fermion events. While for the Z æ nn decay mode, it
has been proven quite di�cult to extract the signal, the LOI analysis has demonstrated sensitivity
in the hadronic channel, selecting 7.6 signal events over a background event of 39.3 events with a
signal selection e�ciency of 62%. This yields a measurement of the cross-section for the process
e+e≠

æ hZ, h æ µ+µ≠ with a precision of 89%.
For the analyses at

Ô
s = 500 GeV a dataset of 500 fb≠1 was used with 80eR polarisation unless

explicitly stated otherwise.
The first analysis using the 500 GeV dataset studies the process e+e≠

æ t+t≠ and aims to
measure the t polarisation with high precision. The measurement of the t polarisation allows a search
for multi-TeV ZÕ resonances. Tightly collimated jets with only a few tracks must be reconstructed
to identify the underlying charged hadron and p0 constituents. Therefore additional reconstruction
algorithms were applied in a second pass of the reconstruction, which were dedicated for identifying t
decays. This leads to t samples with purities of 85% or larger. To measure the mean t polarisation
over all t production angles, < Pt >, the optimal observable technique [178, 179] is used. For
this study two datasets with an integrated luminosity of 250 fb≠1 each were used, one with 80eR

152 ILC Technical Design Report: Volume 4, Part II

recoil mass: 
measure only the Z!

µ from Z

e
+
e
� ! ZH ! µ

+
µ
�
bb̄

ILD, 250 GeV
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Hadronic Recoils & Invisible Decays

53

Fully exploiting Higgsstrahlung

• Significantly extending the HZ sample: 
Using hadronic Higgs decays - adds x4 
in statistical sensitivity
• requires careful analysis setup to 

ensure model independence

 [GeV]qqm
70 80 90 100 110

 [G
eV

]
re

c
m

80

100

120

140

160

180

200
 = 350 GeVsCLICdp 

 [GeV]qqm
70 80 90 100 110

 [G
eV

]
re

c
m

80

100

120

140

160

180

200
 = 350 GeVsCLICdp 

example from CLIC

mailto:frank.simon@kit.edu


Frank Simon (frank.simon@kit.edu)Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023

Hadronic Recoils & Invisible Decays

53

Fully exploiting Higgsstrahlung

• Significantly extending the HZ sample: 
Using hadronic Higgs decays - adds x4 
in statistical sensitivity
• requires careful analysis setup to 

ensure model independence

 [GeV]qqm
70 80 90 100 110

 [G
eV

]
re

c
m

80

100

120

140

160

180

200
 = 350 GeVsCLICdp 

 [GeV]qqm
70 80 90 100 110

 [G
eV

]
re

c
m

80

100

120

140

160

180

200
 = 350 GeVsCLICdp 

example from CLIC

 [GeV]recm
80 100 120 140 160 180 200

Ev
en

ts
 / 

4 
G

eV

0

1000

2000

3000

4000

5000
signal (100 % BR)
background

 invis.→ZH; H = 350 GeVsCLICdp 

• HZ events can be used to constrain 
invisible Higgs decays: 
Limits on the few per mille level
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Precision Measurements of Couplings

54

Exploring the Higgs Sector

• The main measurements to make:

�recoil / g2
HZZ

σ for Z recoil measurements

directly constrain the coupling of  
Higgs to Z in a model-independent way
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Precision Measurements of Couplings

54

Exploring the Higgs Sector

• The main measurements to make:

�recoil / g2
HZZ

σ for Z recoil measurements

directly constrain the coupling of  
Higgs to Z in a model-independent way

σ x BR for specific Higgs decays - here the mass of 125 GeV is giving us many possibilites

� ⇥ BR(H! ↵) / g2
Hii

g2
H↵

�tot
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Precision Measurements of Couplings
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Exploring the Higgs Sector

• The main measurements to make:

�recoil / g2
HZZ

σ for Z recoil measurements

directly constrain the coupling of  
Higgs to Z in a model-independent way

σ x BR for specific Higgs decays - here the mass of 125 GeV is giving us many possibilites

� ⇥ BR(H! ↵) / g2
Hii

g2
H↵

�tot

measure couplings to fermions and bosons using production and decay
➫ can be made model-independent in combination with the measurement of the HZ coupling in recoil
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Unique Measurements at Lepton Colliders

55

Enabled by the clean environment

• H->bb: A difficult channel at LHC, a “simple” measurement in e+e-

• Low backgrounds, and 
highly capable detectors 
enable observations of final 
states that are hard or 
impossible at LHC

p
s = 250GeV

Z
Ldt = 250fb�1

 8

for example: H->bb discovery

at LHC at e+e-

# of Higgs produced: ~4,000,000 ~400
significance: 5.4σ 5.2σ

(Ogawa, PhD Thesis, ILD full simulation)(see talk on Tuesday Higgs/EW session)

ATLAS, arXiv:1808.08238;  
CMS, arXiv:1808.08242

with 1.3 fb-1 data ~ 2 days running

J. Tiang, LCWS 2018
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Unique Measurements at Lepton Colliders

56

Enabled by the clean environment

• Higgs decays to jets: difficult (or 
impossible) at hadron colliders  
 
Measurement of H->bb, cc, gg
• Profits from excellent flavor 

tagging enabled by low-mass 
high-resolution vertex trackers 
in moderate background 
environment
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Interpreting Higgs Measurements

57

A Word on Fits

• The Higgs coupling measurements at any present and future collider unfold their full potential in global fits 
of all observables - possibly beyond Higgs measurements alone
• The evaluation of the potential of future colliders is based on such fits using projected precisions on 

various Higgs (and other) measurements as input
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A Word on Fits

• The Higgs coupling measurements at any present and future collider unfold their full potential in global fits 
of all observables - possibly beyond Higgs measurements alone
• The evaluation of the potential of future colliders is based on such fits using projected precisions on 

various Higgs (and other) measurements as input

Typical fits used in this context:

• “Model-independent” fit

N.B.: Not fully model independent, 
does not account for certain possible 
BSM features of HV couplings

August 5, 2013 – 14 : 49 DRAFT

1. Introduction
The CLIC physics program includes a thorough study of the Higgs sector with measurements at all
three energy stages, 350 GeV, 1.4 TeV and 3 TeV. These measurements include the model-independent
measurement of Higgs production in ZH events, the measurement of decays into fermions and bosons
as well as the coupling to the top quark and the self-coupling. To study the impact of this program, the
expected precision for all relevant couplings is studied via combined fits, both in a model-independent
way and in a model-dependent fit following the strategies used also at the LHC. Since the self-coupling
of the Higgs is obtained in a separate analysis and does not contribute to the other couplings it is not
considered in the fits presented here. At present, only statistical uncertainties are considered, and theory
uncertainties in the model-dependent fit are ignored.

2. General Fit Strategy
The extraction of the coupling uncertainties is based on c2 fits using MINUIT. The model-independent fit
has been cross-checked with an independent implementation of a maximum likelihood fit in the Bayesian
Analysis Toolkit (BAT) framework, which obtains fully consistent results. Here, only the c2 fit is dis-
cussed in detail. To perform the fit, a global c2 is constructed from the sum of individual c2 values for
each independent measurement and its respective statistical uncertainty at CLIC. These measurements
are either a total cross section s in the case of the measurement of e+e� ! ZH via the recoil mass tech-
nique or cross section ⇥ branching ratio s ⇥BR for specific Higgs production modes and decays. To
obtain the expected sensitivity for CLIC it is assumed that for all measurements the value expected in the
SM has been measured, so only the statistical uncertainties of each measurement are actually used in the
c2 calculation. The c2 for one individual measurement is then given by

c2
i =

(Ci �1)2

DF2
i

, (1)

where Ci is the combination of Higgs couplings (and total width, if applicable) describing the particular
measurement, and DFi is the statistical uncertainty of the measurement of the considered process. The
full c2 then is given by

c2 = Â
i

(Ci �1)2

DF2
i

. (2)

The Ci’s depend on the particular measurements and on the type of fit (model-independent or
model-dependent), given in detail below. The results of the individual measurements used in the fits are
summarized in Appendix A.

3. Model-independent Fit
The model-independent fit makes minimal assumptions, such as the zero-width approximation to provide
the description of the individual measurements in terms of Higgs couplings and of the total width. Here,
the Ci’s take the following form: For the total cross section of e+e� ! ZH, it is given by

CZH = g2
HZZ, (3)

while for specific final states such as e+e� ! ZH, H ! bb̄ and e+e� ! Hnen̄e, H ! bb̄ it is given by

CZH,H!bb̄ =
g2

HZZg2
Hbb

GH
(4)

and

CHnen̄e,H!bb̄ =
g2

HWWg2
Hbb

GH
, (5)

2

minimize a χ2 with 
all measurements:
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expected precision for all relevant couplings is studied via combined fits, both in a model-independent
way and in a model-dependent fit following the strategies used also at the LHC. Since the self-coupling
of the Higgs is obtained in a separate analysis and does not contribute to the other couplings it is not
considered in the fits presented here. At present, only statistical uncertainties are considered, and theory
uncertainties in the model-dependent fit are ignored.

2. General Fit Strategy
The extraction of the coupling uncertainties is based on c2 fits using MINUIT. The model-independent fit
has been cross-checked with an independent implementation of a maximum likelihood fit in the Bayesian
Analysis Toolkit (BAT) framework, which obtains fully consistent results. Here, only the c2 fit is dis-
cussed in detail. To perform the fit, a global c2 is constructed from the sum of individual c2 values for
each independent measurement and its respective statistical uncertainty at CLIC. These measurements
are either a total cross section s in the case of the measurement of e+e� ! ZH via the recoil mass tech-
nique or cross section ⇥ branching ratio s ⇥BR for specific Higgs production modes and decays. To
obtain the expected sensitivity for CLIC it is assumed that for all measurements the value expected in the
SM has been measured, so only the statistical uncertainties of each measurement are actually used in the
c2 calculation. The c2 for one individual measurement is then given by
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where Ci is the combination of Higgs couplings (and total width, if applicable) describing the particular
measurement, and DFi is the statistical uncertainty of the measurement of the considered process. The
full c2 then is given by
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The Ci’s depend on the particular measurements and on the type of fit (model-independent or
model-dependent), given in detail below. The results of the individual measurements used in the fits are
summarized in Appendix A.

3. Model-independent Fit
The model-independent fit makes minimal assumptions, such as the zero-width approximation to provide
the description of the individual measurements in terms of Higgs couplings and of the total width. Here,
the Ci’s take the following form: For the total cross section of e+e� ! ZH, it is given by
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A Word on Fits

• The Higgs coupling measurements at any present and future collider unfold their full potential in global fits 
of all observables - possibly beyond Higgs measurements alone
• The evaluation of the potential of future colliders is based on such fits using projected precisions on 

various Higgs (and other) measurements as input

Typical fits used in this context:

• “Model-independent” fit

N.B.: Not fully model independent, 
does not account for certain possible 
BSM features of HV couplings
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three energy stages, 350 GeV, 1.4 TeV and 3 TeV. These measurements include the model-independent
measurement of Higgs production in ZH events, the measurement of decays into fermions and bosons
as well as the coupling to the top quark and the self-coupling. To study the impact of this program, the
expected precision for all relevant couplings is studied via combined fits, both in a model-independent
way and in a model-dependent fit following the strategies used also at the LHC. Since the self-coupling
of the Higgs is obtained in a separate analysis and does not contribute to the other couplings it is not
considered in the fits presented here. At present, only statistical uncertainties are considered, and theory
uncertainties in the model-dependent fit are ignored.

2. General Fit Strategy
The extraction of the coupling uncertainties is based on c2 fits using MINUIT. The model-independent fit
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each independent measurement and its respective statistical uncertainty at CLIC. These measurements
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The Ci’s depend on the particular measurements and on the type of fit (model-independent or
model-dependent), given in detail below. The results of the individual measurements used in the fits are
summarized in Appendix A.

3. Model-independent Fit
The model-independent fit makes minimal assumptions, such as the zero-width approximation to provide
the description of the individual measurements in terms of Higgs couplings and of the total width. Here,
the Ci’s take the following form: For the total cross section of e+e� ! ZH, it is given by
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ΔFi: uncertainty of measurement 
(σ or σxBR)

total width as a free parameter: no 
constraints imposed on BSM decays

• “Model-dependent κ” fit the same as the MI fit, with the total width 
constrained to the sum of the SM decays
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Table 1: Results of the model-independent fit. Values marked ”-” can not be measured with sufficient precision
at the given energy, while values marked ”tbd” have not yet been studied, but should result in a considerable
improvement of the precision.

parameter precision
350 GeV 350 GeV + 1.4 TeV 350 GeV + 1.4 GeV + 3 TeV

gHZZ 2.1% 2.1% 2.1%
gHWW 2.6% 2.1% 2.1%
gHbb 2.8% 2.2% 2.1%
gHcc 3.8% 2.4% 2.2%
gHtt 4.0% 2.5% tbd
gHµµ - 10.7% 5.6%
gHtt - 4.5% tbd
gHgg 4.1% 2.3% 2.2%
gHgg - 5.9% tbd
GH 9.2% 8.5% 8.4%

Model as
k2

i =
Gi

Gi|SM
. (6)

In this scenario, the total width is given by the sum of the nine partial widths considered, which is
equivalent to assuming no invisible Higgs decays. The variation of the total width from is SM value is
thus given by

GH,md = Â
i

k2
i BRi, (7)

where BRi is the SM branching fraction for the respective final state. To obtain this branching fractions,
a fixed value for the Higgs mass has to be made. For the purpose of this study, 126 GeV is assumed.
The branching ratios are taken from the LHC Higgs cross-section working group, ignoring theoretical
uncertainties. To exclude effects from numerical rounding errors, the total sum of BR’s is normalized to
unity.

With these definitions, the Ci’s in the c2 take the following form, analogous to the model-independent
fit: For the total cross section of e+e� ! ZH, it is given by

CZH = k2
HZZ, (8)

while for specific final states such as e+e� ! ZH, H ! bb̄ and e+e� ! Hnen̄e, H ! bb̄ it is given by

CZH,H!bb̄ =
k2

HZZk2
Hbb

GH,md
(9)

and

CHnen̄e,H!bb̄ =
k2

HWWk2
Hbb

GH,md
, (10)

respectively.
Since at the first energy stage of CLIC no significant measurements of the H ! µ+µ� and H ! gg

decays are possible, the fit is reduced to six free parameters (the coupling to top is also not constrained,
but this is without effect on the total width) with an appropriate rescaling of the branching ratios used in
the total width for 350 GeV.

As in the model-independent case the fit is performed in three stages, taking the statistical errors
of CLIC at the three considered energy stages (350 GeV, 1.4 TeV, 3 TeV) successively into account.
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• The Higgs coupling measurements at any present and future collider unfold their full potential in global fits 
of all observables - possibly beyond Higgs measurements alone
• The evaluation of the potential of future colliders is based on such fits using projected precisions on 

various Higgs (and other) measurements as input

Typical fits used in this context:

• “Model-independent” fit

N.B.: Not fully model independent, 
does not account for certain possible 
BSM features of HV couplings
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1. Introduction
The CLIC physics program includes a thorough study of the Higgs sector with measurements at all
three energy stages, 350 GeV, 1.4 TeV and 3 TeV. These measurements include the model-independent
measurement of Higgs production in ZH events, the measurement of decays into fermions and bosons
as well as the coupling to the top quark and the self-coupling. To study the impact of this program, the
expected precision for all relevant couplings is studied via combined fits, both in a model-independent
way and in a model-dependent fit following the strategies used also at the LHC. Since the self-coupling
of the Higgs is obtained in a separate analysis and does not contribute to the other couplings it is not
considered in the fits presented here. At present, only statistical uncertainties are considered, and theory
uncertainties in the model-dependent fit are ignored.

2. General Fit Strategy
The extraction of the coupling uncertainties is based on c2 fits using MINUIT. The model-independent fit
has been cross-checked with an independent implementation of a maximum likelihood fit in the Bayesian
Analysis Toolkit (BAT) framework, which obtains fully consistent results. Here, only the c2 fit is dis-
cussed in detail. To perform the fit, a global c2 is constructed from the sum of individual c2 values for
each independent measurement and its respective statistical uncertainty at CLIC. These measurements
are either a total cross section s in the case of the measurement of e+e� ! ZH via the recoil mass tech-
nique or cross section ⇥ branching ratio s ⇥BR for specific Higgs production modes and decays. To
obtain the expected sensitivity for CLIC it is assumed that for all measurements the value expected in the
SM has been measured, so only the statistical uncertainties of each measurement are actually used in the
c2 calculation. The c2 for one individual measurement is then given by
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DF2
i

, (1)

where Ci is the combination of Higgs couplings (and total width, if applicable) describing the particular
measurement, and DFi is the statistical uncertainty of the measurement of the considered process. The
full c2 then is given by
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The Ci’s depend on the particular measurements and on the type of fit (model-independent or
model-dependent), given in detail below. The results of the individual measurements used in the fits are
summarized in Appendix A.

3. Model-independent Fit
The model-independent fit makes minimal assumptions, such as the zero-width approximation to provide
the description of the individual measurements in terms of Higgs couplings and of the total width. Here,
the Ci’s take the following form: For the total cross section of e+e� ! ZH, it is given by

CZH = g2
HZZ, (3)
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measurement of Higgs production in ZH events, the measurement of decays into fermions and bosons
as well as the coupling to the top quark and the self-coupling. To study the impact of this program, the
expected precision for all relevant couplings is studied via combined fits, both in a model-independent
way and in a model-dependent fit following the strategies used also at the LHC. Since the self-coupling
of the Higgs is obtained in a separate analysis and does not contribute to the other couplings it is not
considered in the fits presented here. At present, only statistical uncertainties are considered, and theory
uncertainties in the model-dependent fit are ignored.
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has been cross-checked with an independent implementation of a maximum likelihood fit in the Bayesian
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ΔFi: uncertainty of measurement 
(σ or σxBR)

total width as a free parameter: no 
constraints imposed on BSM decays

• “Model-dependent κ” fit the same as the MI fit, with the total width 
constrained to the sum of the SM decays
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Table 1: Results of the model-independent fit. Values marked ”-” can not be measured with sufficient precision
at the given energy, while values marked ”tbd” have not yet been studied, but should result in a considerable
improvement of the precision.

parameter precision
350 GeV 350 GeV + 1.4 TeV 350 GeV + 1.4 GeV + 3 TeV

gHZZ 2.1% 2.1% 2.1%
gHWW 2.6% 2.1% 2.1%
gHbb 2.8% 2.2% 2.1%
gHcc 3.8% 2.4% 2.2%
gHtt 4.0% 2.5% tbd
gHµµ - 10.7% 5.6%
gHtt - 4.5% tbd
gHgg 4.1% 2.3% 2.2%
gHgg - 5.9% tbd
GH 9.2% 8.5% 8.4%

Model as
k2

i =
Gi

Gi|SM
. (6)

In this scenario, the total width is given by the sum of the nine partial widths considered, which is
equivalent to assuming no invisible Higgs decays. The variation of the total width from is SM value is
thus given by

GH,md = Â
i

k2
i BRi, (7)

where BRi is the SM branching fraction for the respective final state. To obtain this branching fractions,
a fixed value for the Higgs mass has to be made. For the purpose of this study, 126 GeV is assumed.
The branching ratios are taken from the LHC Higgs cross-section working group, ignoring theoretical
uncertainties. To exclude effects from numerical rounding errors, the total sum of BR’s is normalized to
unity.

With these definitions, the Ci’s in the c2 take the following form, analogous to the model-independent
fit: For the total cross section of e+e� ! ZH, it is given by

CZH = k2
HZZ, (8)

while for specific final states such as e+e� ! ZH, H ! bb̄ and e+e� ! Hnen̄e, H ! bb̄ it is given by

CZH,H!bb̄ =
k2

HZZk2
Hbb

GH,md
(9)

and

CHnen̄e,H!bb̄ =
k2

HWWk2
Hbb

GH,md
, (10)

respectively.
Since at the first energy stage of CLIC no significant measurements of the H ! µ+µ� and H ! gg

decays are possible, the fit is reduced to six free parameters (the coupling to top is also not constrained,
but this is without effect on the total width) with an appropriate rescaling of the branching ratios used in
the total width for 350 GeV.

As in the model-independent case the fit is performed in three stages, taking the statistical errors
of CLIC at the three considered energy stages (350 GeV, 1.4 TeV, 3 TeV) successively into account.
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• “Model-independent EFT” fit
A global fit of Higgs and other EW observables parametrizing deviations from the SM by various 
operators - allows for couplings not included in κ fit, includes connections between W and Z couplings
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Extracting the Total Width
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Model independent measurement at high precision

• e+e- colliders provide the possibility for a model-independent measurement of the total width at the level of 
a few %:
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Model independent measurement at high precision

• e+e- colliders provide the possibility for a model-independent measurement of the total width at the level of 
a few %:

�(ZH) / g2
HZZ

�(ZH)⇥ BR(H ! ZZ) / g4
HZZ

�tot
and

➫ The low BR of H->ZZ and correspondingly large uncertainties make this determination relatively imprecise

• In the “model-independent fit” framework the total width is obtained from production and decay of the Higgs:
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Model independent measurement at high precision

�(H⌫e⌫e)⇥ BR(H ! WW
⇤
) / g4

HWW

�tot

�(e+e� ! ZH)⇥ BR(H ! bb̄)

�(e+e� ! H⌫e⌫e)⇥ BR(H ! bb̄)
/ g2

HZZ

g2
HWW

➫ Profits substantially from higher energy, where WW fusion becomes relevant:

need the “model-independent anchor” 
of the ZH measurement

• e+e- colliders provide the possibility for a model-independent measurement of the total width at the level of 
a few %:
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➫ The low BR of H->ZZ and correspondingly large uncertainties make this determination relatively imprecise

• In the “model-independent fit” framework the total width is obtained from production and decay of the Higgs:

mailto:frank.simon@kit.edu


Frank Simon (frank.simon@kit.edu)Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023

Extracting the Total Width

58

Model independent measurement at high precision

�(H⌫e⌫e)⇥ BR(H ! WW
⇤
) / g4

HWW

�tot

�(e+e� ! ZH)⇥ BR(H ! bb̄)

�(e+e� ! H⌫e⌫e)⇥ BR(H ! bb̄)
/ g2

HZZ

g2
HWW

➫ Profits substantially from higher energy, where WW fusion becomes relevant:

need the “model-independent anchor” 
of the ZH measurement

➫ Higher energies important for width measurements  
➫ In EFT fits W and Z are connected, there the width can be well constrained also without WW fusion
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Illustrating Interplay and Reach

e+e-

standalone

not showing  
HE-LHC, 
LHeC, FCC-
hh
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The Relevance of Higgs Coupling Measurements
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One EFT Example for ILC

• Precision measurements of couplings 
may show deviations from the Standard 
Model
• “Fingerprinting” of deviation pattern 

reveals underlying mechanisms
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Figure 2: Run plan for the staged ILC starting with a 250-GeV machine under two di↵erent
assumptions on the achievable instantaneous luminosity at 250GeV. Both cases reach the
same final integrated luminosities as in Fig. 1.

3 E↵ective Field Theory approach to precision measurements
at e+e� colliders

The goal of the ILC program on the Higgs boson is to provide determinations of
the various Higgs couplings that are both high-precision and model-independent.

It is easy to see how this can be achieved for some combinations of Higgs couplings.
In the reaction e+e� ! Zh, the Higgs boson is produced in association with a Z boson
at a fixed lab-frame energy (110 GeV for

p
s = 250 GeV). Up to small and calculable

background from e+e� ! ZZ plus radiation, observation of a Z boson at this energy
tags the presence of a Higgs boson. Then the total cross section for e+e� ! Zh can
be measured absolutely without reference to the Higgs boson decay mode, and the
various branching ratios of the Higgs boson can be observed directly.

The di�culty comes when one wishes to obtain the absolute strength of each Higgs
coupling. The coupling strength of the Higgs boson to AA can be obtained from the
partial width �(h ! AA), which is related to the branching ratio through

BR(h ! AA) = �(h ! AA)/�h , (1)

where �h is the total width of the Higgs boson. In the Standard Model (SM), the width
of a 125 GeV Higgs boson is 4.1 MeV, a value too small to be measured directly from
reaction kinematics. So the width of the Higgs boson must be determined indirectly,
and this requires a model formalism.

In most of the literature on Higgs boson measurements at e+e� colliders, the width
is determined using the  parametrization. One assumes that the Higgs coupling to

8
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at a fixed lab-frame energy (110 GeV for
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background from e+e� ! ZZ plus radiation, observation of a Z boson at this energy
tags the presence of a Higgs boson. Then the total cross section for e+e� ! Zh can
be measured absolutely without reference to the Higgs boson decay mode, and the
various branching ratios of the Higgs boson can be observed directly.

The di�culty comes when one wishes to obtain the absolute strength of each Higgs
coupling. The coupling strength of the Higgs boson to AA can be obtained from the
partial width �(h ! AA), which is related to the branching ratio through

BR(h ! AA) = �(h ! AA)/�h , (1)

where �h is the total width of the Higgs boson. In the Standard Model (SM), the width
of a 125 GeV Higgs boson is 4.1 MeV, a value too small to be measured directly from
reaction kinematics. So the width of the Higgs boson must be determined indirectly,
and this requires a model formalism.

In most of the literature on Higgs boson measurements at e+e� colliders, the width
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Figure 2: Graphical representation of the �2
separation of the Standard Model and the

models 1–9 described in the text: (a) with 2 ab
�1

of data at the ILC at 250 GeV; (b)

with 2 ab
�1

of data at the ILC at 250 GeV plus 4 ab
�1

of data at the ILC at 500 GeV.

Comparisons in orange have above 3 � separation; comparison in green have above 5 �
separation; comparisons in dark green have above 8 � separation.
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• Discrimination power between models illustrated with 
EFT fit of ILC projections
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Figure 2: Run plan for the staged ILC starting with a 250-GeV machine under two di↵erent
assumptions on the achievable instantaneous luminosity at 250GeV. Both cases reach the
same final integrated luminosities as in Fig. 1.
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partial width �(h ! AA), which is related to the branching ratio through
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is determined using the  parametrization. One assumes that the Higgs coupling to
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Figure 2: Graphical representation of the �2
separation of the Standard Model and the

models 1–9 described in the text: (a) with 2 ab
�1

of data at the ILC at 250 GeV; (b)

with 2 ab
�1

of data at the ILC at 250 GeV plus 4 ab
�1

of data at the ILC at 500 GeV.

Comparisons in orange have above 3 � separation; comparison in green have above 5 �
separation; comparisons in dark green have above 8 � separation.
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• Discrimination power between models illustrated with 
EFT fit of ILC projections

arXiv:1708.08912
arXiv:1710.07621
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• higher energy may be decisive
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Accessing the Couplings to First Generation Leptons

61

Requiring extreme luminosities of circular colliders

• The only chance to access couplings to first generation: Study of s-channel Higgs production in e+e- 
collisions
• Requires high luminosities and very small energy spread at 125.1 GeV

Requires special monochromatization to 
reduce energy spread

➫ A very challenging measurement, 4 experiments 
and 3 years may reach a result
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Directly measuring the Coupling to the Top Quark

62

A higher-energy exclusive

• Direct access to the top Yukawa coupling provided by ttH final state: 
requires energy ≥ 500 GeV (ideal ~ 550 GeV - 1.5 TeV)

DRAFT

6 MODIFICATIONS OF RUNNING SCENARIOS IN CASE OF NEW PHYSICS

in the important top Yukawa coupling parameter motivates serious consideration of extending
the upper center-of-mass reach of the nominally 500 GeV ILC to about 550 GeV.

On the other hand it should be noted that for
p

s < 500 GeV the cross-section drops quickly.
For

p
s = 485 GeV, a reduction of 3% in

p
s, the uncertainty of the top Yukawa would be twice

as large as at
p

s = 500 GeV. Thus reaching at least
p

s = 500 GeV is essential to be able to
perform a meaningful measurement of the top Yukawa coupling.

Figure 20: Relative cross section and top Yukawa coupling precision versus centre-of-mass
energy, extrapolated based on scaling of signal and main background cross-sections.

6 Modifications of Running Scenarios in Case of New Physics

The above running scenarios have been derived based on the particles we know today. However
there are many good reasons to expect discoveries of new phenomena at the LHC or the ILC
itself. Obviously, such a discovery would lead to modifications of the proposed running scenar-
ios. Since the possibilities are manifold, we outline here the basic techniques which exploit the
tunability of centre-of-mass energy and beam helicities at the ILC in order to characterize new
particles. In practice, the inital run at

p
s = 500 GeV would serve as a scouting run. Careful

analysis of these data will then give some first information, which would guide the optimisation
of the running program for the following years.

Threshold Scans

As in the case of the top quark or the W boson, threshold scans are also important tools for
a precise determination of the masses of new particles. This has been studied in the literature

28

ILC
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6 Modifications of Running Scenarios in Case of New Physics

The above running scenarios have been derived based on the particles we know today. However
there are many good reasons to expect discoveries of new phenomena at the LHC or the ILC
itself. Obviously, such a discovery would lead to modifications of the proposed running scenar-
ios. Since the possibilities are manifold, we outline here the basic techniques which exploit the
tunability of centre-of-mass energy and beam helicities at the ILC in order to characterize new
particles. In practice, the inital run at

p
s = 500 GeV would serve as a scouting run. Careful

analysis of these data will then give some first information, which would guide the optimisation
of the running program for the following years.

Threshold Scans

As in the case of the top quark or the W boson, threshold scans are also important tools for
a precise determination of the masses of new particles. This has been studied in the literature

28

ILC: ΔgttH/gttH ~ 6.3% with 4 ab-1 @ 500 GeV
would be ~ 3% @ 550 GeV  
(and ~ 13% @ 485 GeV: achieving design energy critical!)

CLIC: ΔgttH/gttH ~ 2.9% with 2.5 ab-1 @ 1.4 TeV

ILC
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The Higgs Self-Coupling

63

Requires higher energy - one of the key challenges of HEP

• Two processes with sensitivity at e+e- colliders:

Analysis strategy

Higgs self-coupling at CLIC

I Measure W-boson fusion di-Higgs production HHnene at 3 TeV
I Extract gHHH from cross section and kinematics
I Take into account the smaller contributions from ZHH and

HHnene at 1.5 TeV
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Ulrike Schnoor Higgs self-coupling - 23 January 2019 13 / 22

the final state also receives 
contributions from the quartic 
coupling
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the final state also receives 
contributions from the quartic 
coupling

04/09/2018 Philipp Roloff Higgs at ILC & CLIC 25

Higgs self-coupling measurements

• ILC, √s = 500 GeV, L = 4 ab−1:
Δλ/λ = 27%

Model-independence demonstrated 
using EFT framework

• CLIC, √s = 1.4 TeV, L = 2.5 ab−1

+ √s = 3 TeV, L = 5 ab−1: Δλ/λ = 13%

• Complementarity of the two 
production processes:
λ > λ

SM
: σ(ZHH) at 500 GeV enhanced

λ < λ
SM

: σ(HHv
e
v

e
) at high energy enhanced

Based on Eur. Phys. J. C 77, 475 (2017)

DESY-THESIS-2016-027

Phys. Rev. D97, 053004 (2018)

cross section depends non-
linearly on λ, measurements 
at different energies / of 
different processes lift 
degeneracies
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The Higgs Self-Coupling
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Full potential unfolds in the multi-TeV region through 
growing σ of VBF process:
➫ 10% measurement feasible
➫ Significant observation also of ZHH channel in lower-

energy running (up to ~ 1.5 TeV)

the final state also receives 
contributions from the quartic 
coupling
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• ILC, √s = 500 GeV, L = 4 ab−1:
Δλ/λ = 27%

Model-independence demonstrated 
using EFT framework
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+ √s = 3 TeV, L = 5 ab−1: Δλ/λ = 13%

• Complementarity of the two 
production processes:
λ > λ

SM
: σ(ZHH) at 500 GeV enhanced

λ < λ
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: σ(HHv
e
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e
) at high energy enhanced

Based on Eur. Phys. J. C 77, 475 (2017)

DESY-THESIS-2016-027
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cross section depends non-
linearly on λ, measurements 
at different energies / of 
different processes lift 
degeneracies
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Indirect Measurement of the Self Coupling

• The self-coupling also influences single Higgs production:

64

Accessible via particle loops

Model-dependent: assumptions required for 
interpretation!

Overall precision limited, ~ 33% at FCC-ee 
combined with HL-LHC (which provides ~ 50%)

Interplay of different energies key. With optimised running, and increased 
Lint at 240 GeV and 365 GeV 20% may be doable.
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Higgs Physics at Muon Colliders

• In general the same processes as for e+e-, but with the backdrop of a much larger background, and 
reduced acceptance at small angles (which has an impact on WW fusion processes in particular). Here 
(much) higher energy can compensate!

65

Brief overview

mailto:frank.simon@kit.edu


Frank Simon (frank.simon@kit.edu)Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023

Higgs Physics at Muon Colliders

• In general the same processes as for e+e-, but with the backdrop of a much larger background, and 
reduced acceptance at small angles (which has an impact on WW fusion processes in particular). Here 
(much) higher energy can compensate!

65

Brief overview

s-channel production at 125 GeV: 
Cross section ~105 x e+e-: Coupling, + reduced ISR smearing for µ
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Overall Precision Perspective

• An EFT fit, performed for Snowmass

66

Including muon colliders
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Electroweak Precision

67

A Playground for Circular Colliders
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The FCC-ee Program at Z and WW

68

The ultimate electroweak program

• Building on the success of LEP & LEP II
• High-statistics program at the Z - pole
• W pair production - mass measurement 

and beyond 

N.B.: Measurements also possible at linear colliders, 
but the statistics will be orders of magnitude smaller 
due to their lower luminosity at low energy.

with 2 IPs:

5x1012 Zs (105 x LEP)
108 W pairs (2x103 x LEP)
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The FCC-ee Program at Z and WW

68

The ultimate electroweak program

• Building on the success of LEP & LEP II
• High-statistics program at the Z - pole
• W pair production - mass measurement 

and beyond 

➫ Improving electroweak precision 
observables, enter into global fits

➫ Indirect searches for New Physics 

N.B.: Measurements also possible at linear colliders, 
but the statistics will be orders of magnitude smaller 
due to their lower luminosity at low energy.

with 2 IPs:

5x1012 Zs (105 x LEP)
108 W pairs (2x103 x LEP)
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Electroweak Measurements

69

Cross sections and asymmetries
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Electroweak Measurements

69

Cross sections and asymmetries

• Measure sin2Θw via AFB at √s = mZ

• Measure αQED(mZ) via AFB slightly below and above resonance
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Lineshapes and Thresholds

• Lineshapes, cross sections, asymmetries provide access to a wide range of electroweak precision 
measurements, putting the Standard Model to extremely stringent tests

70

The things to explore
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FCC-ee Electroweak Projections

71

Summary
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Flavour Physics

• An e+e- collider running at the Z pole is also an excellent flavour factory! 
The 5 x 1012 Zs at FCC-ee will provide: 1012 bb events, 1.7 x 1011 τ+τ- events 
An excellent testing ground of universality, rare decays; precision measurements of masses and lifetimes

72

Increasing interest
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The 5 x 1012 Zs at FCC-ee will provide: 1012 bb events, 1.7 x 1011 τ+τ- events 
An excellent testing ground of universality, rare decays; precision measurements of masses and lifetimes

72

Increasing interest

High-statistics measurements to follow up on 
hints for Lepton Flavour non-universality seen in 
b->sll transitions 
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Flavour Physics

• An e+e- collider running at the Z pole is also an excellent flavour factory! 
The 5 x 1012 Zs at FCC-ee will provide: 1012 bb events, 1.7 x 1011 τ+τ- events 
An excellent testing ground of universality, rare decays; precision measurements of masses and lifetimes

72

Increasing interest

High-statistics measurements to follow up on 
hints for Lepton Flavour non-universality seen in 
b->sll transitions 

Explore rare be decays with unprecedented precision.
Study of CP violation, the CKM matrix, …

mailto:frank.simon@kit.edu


Frank Simon (frank.simon@kit.edu)Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023

Flavour Physics

• An e+e- collider running at the Z pole is also an excellent flavour factory! 
The 5 x 1012 Zs at FCC-ee will provide: 1012 bb events, 1.7 x 1011 τ+τ- events 
An excellent testing ground of universality, rare decays; precision measurements of masses and lifetimes

73

Increasing interest

 A precise study of the τ - extending beyond Belle II now beginning
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Flavour Physics

• An e+e- collider running at the Z pole is also an excellent flavour factory! 
The 5 x 1012 Zs at FCC-ee will provide: 1012 bb events, 1.7 x 1011 τ+τ- events 
An excellent testing ground of universality, rare decays; precision measurements of masses and lifetimes

73

Increasing interest

 A precise study of the τ - extending beyond Belle II now beginning

N.B.: Flavour physics introduces specific detector 
requirements such as PID, typically not front-and-
center in Higgs Factory detector designs

mailto:frank.simon@kit.edu


Frank Simon (frank.simon@kit.edu)Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023

The Top Quark 

74

A new arena at 350 GeV and above
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Overview: Top Physics at e+e- Colliders

75

Understanding the Top, using the Top
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Overview: Top Physics at e+e- Colliders

75

Understanding the Top, using the Top

• Search for BSM decays in clean 
environment

• Measuring the top quark mass (and 
other parameters) in theoretically well-
defined frameworks
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Overview: Top Physics at e+e- Colliders

75

Understanding the Top, using the Top

• Electroweak couplings of the top quark as a 
probe for New Physics

• Search for BSM decays in clean 
environment

• Measuring the top quark mass (and 
other parameters) in theoretically well-
defined frameworks
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Overview: Top Physics at e+e- Colliders

75

Understanding the Top, using the Top

• Direct measurement of the top Yukawa 
coupling, ultimate potential of 2%  
[requires > 500 GeV, full scope assumes ~ 1 TeV]

• Electroweak couplings of the top quark as a 
probe for New Physics

• Search for BSM decays in clean 
environment

• Measuring the top quark mass (and 
other parameters) in theoretically well-
defined frameworks
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The Top Quark Mass (and other parameters)

76

Possibilities & Precision

• The accelerator side: Requires sufficient collision energy for top pair production
• So far thoroughly studied for ILC, CLIC, threshold studies common for CLIC, FCC-ee, ILC

Three approaches 
to the top mass

The threshold scan
around 350 GeV

The top mass from 
radiative events

Direct kinematic 
reconstruction
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Extraction of the mass in 
theoretically well-defined 
mass definition (1S, PS): 
can directly be used in 
precision calculations, 
minimal conversion 
uncertainties to MSbar 
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The Top Quark Mass

77

Ultimate precision at the threshold

• Exploit precise theoretical calculations of cross section in the 
threshold region, in well-defined mass schemes (mtPS, 
mt1S…) -> Can be converted directly into MSbar mass.
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The Top Quark Mass

77

Ultimate precision at the threshold

• Exploit precise theoretical calculations of cross section in the 
threshold region, in well-defined mass schemes (mtPS, 
mt1S…) -> Can be converted directly into MSbar mass.

The threshold is sensitive to top quark properties

The potential for a 
measurement of the 
mass with < 50 MeV total 
uncertainty (dominated 
by theory) - stat. 
precision ~ 10 MeV
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Electroweak Couplings of the Top Quark

78

Access via cross section and asymmetries

• At Linear Colliders:
• Using different beam polarisations
• Measuring cross section, AFB, and helicity angle (some studies)
• Particularly powerful with two (or more) energy points

Accessing electroweak couplings in ttbar
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Electroweak Couplings of the Top Quark

78

Access via cross section and asymmetries

• At Linear Colliders:
• Using different beam polarisations
• Measuring cross section, AFB, and helicity angle (some studies)
• Particularly powerful with two (or more) energy points

Accessing electroweak couplings in ttbar As an example: CLIC EFT-interpretation -> Reach up to 100 TeV
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Into the Unknown
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Searching for New Physics
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Into the Unknown

• A (very) wide range of possibilities - a few obvious examples:

80

Searching for Dark Matter

Search for Dark Matter

500 GeV e+e-
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Into the Unknown

• A (very) wide range of possibilities - a few obvious examples:

80

Searching for Dark Matter

Search for Dark Matter

Sensitivity depends on
• Energy reach -> Mass coverage
• Background levels: Sensitivity to small 

couplings

500 GeV e+e-
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Into the Unknown

• Exploiting extreme statistics to search for heavy neutral 
leptons (right-handed sterile neutrinos, …): Z-> ν+HNL

81

Dark Sector Searches - an FCC-ee example

mass vs mixing2  - unique phase space covered by FCC-ee

mailto:frank.simon@kit.edu


Frank Simon (frank.simon@kit.edu)Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023

(from now)

intensity  
frontier

Focus: Standard Model Precision Tests

on SM resonance

(2035: 3000 fb-1)

Collider Exploration
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10-100 TeV

6=<latexit sha1_base64="vzQ5trHOiRv9nqxgZuUhLt9d2rI=">AAAB9nicdZBLS8NAFIUn9VXrq+rSzWARXIVEira7ohuXFewD2lAm09t26GQSZ27EUvoX3OrKnbj177jwv5ikpajoWV2+cy/3cPxICoOO82HlVlbX1jfym4Wt7Z3dveL+QdOEsebQ4KEMddtnBqRQ0ECBEtqRBhb4Elr++Cr1W/egjQjVLU4i8AI2VGIgOMMUdRXc9Yolx65Wq5XKOXVtJxOdk7KzJCWyUL1X/Oz2Qx4HoJBLZkzHdSL0pkyj4BJmhW5sIGJ8zIbQSUbFAjDeNMs6oyexYRjSCDQVkmYQvl9MWWDMJPCTzYDhyPz2UviX14lxUPGmQkUxguLpIxQSskeGa5GUALQvNCCyNDlQoShnmiGCFpRxnsA4aaWQ9LGs4f+heWa7ju3elEu1y0UzeXJEjskpcckFqZFrUicNwsmIPJIn8mw9WC/Wq/U2X81Zi5tD8kPW+xdKXpMg</latexit><latexit sha1_base64="vzQ5trHOiRv9nqxgZuUhLt9d2rI=">AAAB9nicdZBLS8NAFIUn9VXrq+rSzWARXIVEira7ohuXFewD2lAm09t26GQSZ27EUvoX3OrKnbj177jwv5ikpajoWV2+cy/3cPxICoOO82HlVlbX1jfym4Wt7Z3dveL+QdOEsebQ4KEMddtnBqRQ0ECBEtqRBhb4Elr++Cr1W/egjQjVLU4i8AI2VGIgOMMUdRXc9Yolx65Wq5XKOXVtJxOdk7KzJCWyUL1X/Oz2Qx4HoJBLZkzHdSL0pkyj4BJmhW5sIGJ8zIbQSUbFAjDeNMs6oyexYRjSCDQVkmYQvl9MWWDMJPCTzYDhyPz2UviX14lxUPGmQkUxguLpIxQSskeGa5GUALQvNCCyNDlQoShnmiGCFpRxnsA4aaWQ9LGs4f+heWa7ju3elEu1y0UzeXJEjskpcckFqZFrUicNwsmIPJIn8mw9WC/Wq/U2X81Zi5tD8kPW+xdKXpMg</latexit><latexit sha1_base64="vzQ5trHOiRv9nqxgZuUhLt9d2rI=">AAAB9nicdZBLS8NAFIUn9VXrq+rSzWARXIVEira7ohuXFewD2lAm09t26GQSZ27EUvoX3OrKnbj177jwv5ikpajoWV2+cy/3cPxICoOO82HlVlbX1jfym4Wt7Z3dveL+QdOEsebQ4KEMddtnBqRQ0ECBEtqRBhb4Elr++Cr1W/egjQjVLU4i8AI2VGIgOMMUdRXc9Yolx65Wq5XKOXVtJxOdk7KzJCWyUL1X/Oz2Qx4HoJBLZkzHdSL0pkyj4BJmhW5sIGJ8zIbQSUbFAjDeNMs6oyexYRjSCDQVkmYQvl9MWWDMJPCTzYDhyPz2UviX14lxUPGmQkUxguLpIxQSskeGa5GUALQvNCCyNDlQoShnmiGCFpRxnsA4aaWQ9LGs4f+heWa7ju3elEu1y0UzeXJEjskpcckFqZFrUicNwsmIPJIn8mw9WC/Wq/U2X81Zi5tD8kPW+xdKXpMg</latexit><latexit sha1_base64="vzQ5trHOiRv9nqxgZuUhLt9d2rI=">AAAB9nicdZBLS8NAFIUn9VXrq+rSzWARXIVEira7ohuXFewD2lAm09t26GQSZ27EUvoX3OrKnbj177jwv5ikpajoWV2+cy/3cPxICoOO82HlVlbX1jfym4Wt7Z3dveL+QdOEsebQ4KEMddtnBqRQ0ECBEtqRBhb4Elr++Cr1W/egjQjVLU4i8AI2VGIgOMMUdRXc9Yolx65Wq5XKOXVtJxOdk7KzJCWyUL1X/Oz2Qx4HoJBLZkzHdSL0pkyj4BJmhW5sIGJ8zIbQSUbFAjDeNMs6oyexYRjSCDQVkmYQvl9MWWDMJPCTzYDhyPz2UviX14lxUPGmQkUxguLpIxQSskeGa5GUALQvNCCyNDlQoShnmiGCFpRxnsA4aaWQ9LGs4f+heWa7ju3elEu1y0UzeXJEjskpcckFqZFrUicNwsmIPJIn8mw9WC/Wq/U2X81Zi5tD8kPW+xdKXpMg</latexit>

Into the Unknown

• Indirect probes with lepton colliders
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Indirect and direct exploration of the highest energy scales

For many generic models & new interactions:  
Corrections to SM suppressed by 1/(mass scale)2

➫ Sensitivity grows with s
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Into the Unknown

• Indirect probes with lepton colliders

82

Indirect and direct exploration of the highest energy scales

extreme precision with Z-pole programs  
(and other measurements we talked about)

For many generic models & new interactions:  
Corrections to SM suppressed by 1/(mass scale)2

➫ Sensitivity grows with s
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Into the Unknown

• Indirect probes with lepton colliders

82

Indirect and direct exploration of the highest energy scales

extreme precision with Z-pole programs  
(and other measurements we talked about)

larger effects at higher energies

For many generic models & new interactions:  
Corrections to SM suppressed by 1/(mass scale)2

➫ Sensitivity grows with s
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Into the Unknown

• Indirect probes with lepton colliders

82

Indirect and direct exploration of the highest energy scales

extreme precision with Z-pole programs  
(and other measurements we talked about)

larger effects at higher energies

For many generic models & new interactions:  
Corrections to SM suppressed by 1/(mass scale)2

➫ Sensitivity grows with s
Potential for direct production at highest 
energies - primarily hadron colliders, or 10+ 
TeV muon colliders
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Sensitivity to High Scales

• Pushing limits on dark matter

83

The Strength of CLIC and Muon Colliders
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The Strength of CLIC and Muon Colliders
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Sensitivity to High Scales

• Discovery potential for new particles - SUSY as an example

84

The Strength of CLIC and Muon Colliders

Lepton colliders: Full collision energy available for new particles -> Sensitivity up to kinematic limit.
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Conclusions
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Wrapping up
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Compelling Scientific Opportunities

• An e+e- collider operating around 250 - 380 GeV will provide a model-independent, precise investigation of 
the Higgs sector, and studies of unprecedented precision of the top quark

• A revisit to the Z pole with much higher luminosity than LEP will enable to electroweak precision tests of the 
Standard Model at completely new levels. At the same time, this will also be a high-statistics flavour physics 
program.

• Scales in the TeV region and above can directly be probed by high-energy lepton colliders - CLIC, a 
(multi-)TeV ILC, and a muon collider. This also includes the measurement of the self-coupling of the Higgs.

86
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CERN is currently studying the feasibility of the Future Circular Collider:
• An e+e- machine running from the Z-pole up to 365 GeV - precision Higgs, Top, Electroweak.
• Followed by a ~ 100 TeV hadron collider - exploration of the highest energy scales, measurement of the 

self-coupling of the Higgs.

• CLIC is studied as “Option B”  in case FCC cannot go forward. 
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The Way Forward

87

Strategies and Timescales - taken from last year’s Snowmass Meeting

NB: Degree of political and 
resource realism varies - most 
developed for CERN projects

• Indicative timelines as discussed  
July ‘22 in Snowmass @ Seattle
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The Way Forward

88

Strategies and Timescales - taken from last year’s Snowmass Meeting

NB: Degree of political and 
resource realism varies - most 
developed for CERN projects

• Indicative timelines as discussed in 
Snowmass @ Seattle

purely technical! 
No approval process yet, 
hosting unclear
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Final Words

89

There are very exciting questions in high energy physics - a new e+e- collider may answer 
some of them!

Global large projects = long time scales - but contributions are needed now to make them 
happen.
 
This will be your HEP facility!
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Extras Lecture 2
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FCC-ee Time Line to Physics
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Making a new facility happen
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