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• Over the last ~ three decades, a consistent view of the fundamental principles of the largest structures and 
smaller constituents of our Universe have been established
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The Big Questions

• How can the Higgs boson be so light? 
• What is the mechanism behind electroweak symmetry breaking?  
• What is Dark Matter made out of? 
• What drives inflation? 
• Why is the universe made out of matter? 
• What generates Neutrino masses? 

... 
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What we know we don’t know
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What we know we don’t know

The answers to these questions have to be outside 
of the Standard Model!
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The Big Successes
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How we got to where we are

SPEAR / AGS 1974

Fermilab 1977

Tevatron 1995

SPEAR 1975
AGS 1962

Fermilab 2000

SppS 1983

PETRA 1979

LHC 2012
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The Big Successes

4

How we got to where we are

A success story of HEP. 
The result of: 
• generations of accelerators: 

colliders and fixed target; 
leptons and hadrons 

• generations of detectors 
with a wide range of 
different technologies 

•  the interplay of experiment 
and theory 

Providing testable predictions, 
which informed the next 
generation of experiments.

SPEAR / AGS 1974

Fermilab 1977

Tevatron 1995

SPEAR 1975
AGS 1962

Fermilab 2000

SppS 1983

PETRA 1979

LHC 2012
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Where to go from here
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• What we do know: 

• The Higgs is connected to all particles we know - and is at the center of some of our questions 

• Most hints for new phenomena come from the electroweak + Higgs sector:  
Expect some new particles to be charged under electroweak interactions 

• What we don’t know: 

• The energy scale of new particles / phenomena  
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The Business Model

6

Strategies for Discoveries

Direct observation of 
new particles:  
Requires sufficient 
energy for production
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The Business Model

6

Strategies for Discoveries

Direct observation of 
new particles:  
Requires sufficient 
energy for production

Indirect discovery: 
Deviations from 
expectation hinting at 
new phenomena at 
(much) higher energy 
scale
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The Case for Precision Measurements

7

An established discovery strategy - getting guidance early

Heavy Flavour = Precision search for NP 

  Historical record of indirect discoveries: 

Particle Indirect Direct 
ν β decay Fermi 1932 Reactor ν-CC Cowan, Reines 1956 

W β decay Fermi 1932 Wàeν UA1, UA2 1983 

c K0àµµ GIM 1970 J/ψ Richter, Ting 1974 

b CPV K0àππ CKM, 3rd gen 1964/72 Υ Ledermann 1977 

Z ν-NC Gargamelle 1973 Zà e+e- UA1 1983 

t B mixing ARGUS 1987 tà Wb D0, CDF 1995 

H e+e- EW fit, LEP 2000 Hà 4µ/γγ CMS, ATLAS 2012 

? What’s next ? ? ? 
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with a well-founded 
theoretical model, 
precision measurements 
can be turned into 
discoveries -  and 
precision measurements 
can guide the 
development of new 
models.
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with a well-founded 
theoretical model, 
precision measurements 
can be turned into 
discoveries -  and 
precision measurements 
can guide the 
development of new 
models.

reaching higher scales:  
direct discoveries only 
follow with new 
generations of 
experiments

Heavy Flavour = Precision search for NP 
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C
om
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The Standard Model of particle physics
Years from indirect to direct observation of new particles

Indirect
Direct
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A Higgs Factory

8

An Energy Frontier e+e- Collider



Frank Simon (fsimon@mpp.mpg.de)Physics at Future e+e- Colliders - LHCP, May 2022

Higgs-Strahlung

• The unique feature of e+e- colliders: model independence

9

The key process

knowing the 
initial state…

… allows tagging Higgs production without 
reconstructing the full final state. No 
assumptions of how the Higgs boson decays are 
needed!
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9

The key process

knowing the 
initial state…

… allows tagging Higgs production without 
reconstructing the full final state. No 
assumptions of how the Higgs boson decays are 
needed!

m2
rec = s+m2

Z � 2EZ
p
s

Z recoil mass provides 
a measurement of the 
total cross section

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

Cross section maximum ~ 250 GeV
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Higgs boson from possible alternative scenarios. For the LOI the decays of the Higgs into cc and
µ+µ≠ have been studied at
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s = 250 GeV using the Higgsstrahlung process, where the Z decayed
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c-tagging capabilities of SiD (see [63]) and employed neural networks to separate the cc signal from
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Exploring the Higgs Sector

10

Precision measurements of couplings

• 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

• 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

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 
➫ total width with identical particles in production and decay: WW, ZZ 

σ x BR for specific Higgs decays

� ⇥ BR(H! ↵) / g2
Hii

g2
H↵

�tot
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Unique Measurements at Lepton Colliders

11

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

• Also: Precise measurement 
of H -> cc, H -> gg
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Beyond Higgsstrahlung

12

Richness of Higgs Processes in e+e-
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Richness of Higgs Processes in e+e-

• Polarisation plays a role as well: 
• Boosting of signal, reduction of background (or vice versa) 
• Adds additional input for global fits &  

increases sensitivity to new phenomena
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A Comprehensive Picture of the Higgs Sector

13

Projections of Global Fits

e+e- 

standalone

not showing 
HE-LHC, 
LHeC, FCC-hh
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A Comprehensive Picture of the Higgs Sector
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Projections of Global Fits

e+e- + HL-LHC

not showing 
HE-LHC, 
LHeC, FCC-hh
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Projections of Global Fits

e+e- + HL-LHC

not showing 
HE-LHC, 
LHeC, FCC-hh

%-level precision on most couplings, model-independent 
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Take a Step back: Beyond the Higgs

• A high-energy e+e- collider is more than just a Higgs Factory: 
A Higgs-Electroweak-Top Factory

15

The full panorama of e+e- collisions
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The full panorama of e+e- collisions

Thresholds and cross sections set 
collider energy targets:

91.2 GeV - The Z pole

160 GeV - The WW threshold

250 GeV - The ZH maximum

350 GeV - The top threshold,  
                   VBF Higgs production

500 GeV - ttH, ZHH

1+ TeV - VBF double Higgs
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The full panorama of e+e- collisions

Thresholds and cross sections set 
collider energy targets:

91.2 GeV - The Z pole

160 GeV - The WW threshold

250 GeV - The ZH maximum

350 GeV - The top threshold,  
                   VBF Higgs production

500 GeV - ttH, ZHH

1+ TeV - VBF double Higgs

Precision electroweak, 
Flavour, QCD, …

Higgs properties & 
couplings

Top properties,  
Top as probe

Direct top Yukawa 
Higgs selfcoupling

Search at the 
energy frontier
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Interlude: Physics Emphasis & Collider Geometry

• e+e- collider geometry determines experimental focus beyond the core 
Higgsstrahlung program:

16

In broad strokes
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Circular:  
extreme statistics 
at the Z pole and W 
threshold: precision 
electroweak

Linear:  
reach to (multi-)TeV 
energy - double higgs 
production, high energy 
exploration
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The Self-Coupling

• Direct measurement requires high energy:

17

Direct and Indirect MeasurementsAnalysis 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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the final state also receives 
contributions from the quartic 
coupling

cross section depends 
non-linearly on λ, 
measurements at 
different energies / of 
different processes lift 
degeneracies

• Indirect, model-dependent sensitivity in 
single Higgs production and decay
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the final state also receives 
contributions from the quartic 
coupling

cross section depends 
non-linearly on λ, 
measurements at 
different energies / of 
different processes lift 
degeneracies

• Indirect, model-dependent sensitivity in 
single Higgs production and decay

Full potential unfolds in the (multi-)TeV region, combining 
ZHH and VBF double Higgs production 
➫ ~10% measurement feasible 
Single-Higgs observables can provide ~35% sensitivity in 
combination with HL-LHC. 
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A New Era of Electroweak Precision

• The high luminosities of circular colliders at low energy enable a program with 
~ 1012 events at the Z pole 
~ 108 events at the WW threshold

18

Tera-Z and Oku-W

A full suite of measurements 
from the Z pole and line shape 
around 91.2 GeV 
• mZ  to ~ 100 keV 
• sin2ΘWeff, Nν, AFBb, … 
• αs to 1.2 x 104 (0.1%) 
• …
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Tera-Z and Oku-W

A full suite of measurements 
from the Z pole and line shape 
around 91.2 GeV 
• mZ  to ~ 100 keV 
• sin2ΘWeff, Nν, AFBb, … 
• αs to 1.2 x 104 (0.1%) 
• …

W measurements around the 
pair production threshold of 
160.7 GeV 
• mW to ~ 1 MeV (CDF: 9 MeV)
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Beyond Z and W

• High statistics at the Z also imply very large samples of  
• bb pairs: 5 x 1012 Z -> 1012  b pairs 
• τ+τ- pairs: ~ 1.7 x 1011 pairs

19

A rich program at the Z pole

A next-generation e+e- flavour physics program 
beyond Belle II / SuperKEKB

CKM, CPV, rare decays & anomalies, … lepton universality test, electroweak precision, …
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The Top Quark

20

Understanding the Top, using the Top
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• 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

20

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

21

Examples - Mass at Threshold; Asymmetries to probe New Physics

• 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

21

Examples - Mass at Threshold; Asymmetries to probe New Physics

• 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 potential for a measurement of the mass 
with < 50 MeV total uncertainty  
(dominated by theory)
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contributions from axial and vector form factors: 
Measured via asymmetries - above threshold, polarisation can help

• Probing electroweak top production
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Open Exploration

• Endless possibilities…
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Into the Unknown

Dark matter, dark sectors…



Frank Simon (fsimon@mpp.mpg.de)Physics at Future e+e- Colliders - LHCP, May 2022

Open Exploration

• Endless possibilities…

22

Into the Unknown

Dark matter, dark sectors…



Frank Simon (fsimon@mpp.mpg.de)Physics at Future e+e- Colliders - LHCP, May 2022

Open Exploration

• Endless possibilities…

22

Into the Unknown

Dark matter, dark sectors… Heavy neutral leptons (HNL) 
…
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Open Exploration

• Endless possibilities…

22

Into the Unknown

Dark matter, dark sectors… Heavy neutral leptons (HNL) 
…

(from now)

intensity  
frontier

Focus: Standard Model Precision Tests

on SM resonance

(2035: 3000 fb-1)

Collider Exploration

?

10-100 TeV
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New particles - Z’ et al. 
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A Higgs-Electroweak-Top Factory

23

• Update of the European Strategy for Particle Physics 2020: 
An electron-positron Higgs factory is the highest-priority next collider. 

The next facility in HEP
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Summary: The expected Harvest

• A next-generation energy frontier e+e- collider promises a rich and diverse scientific harvest 
• A comprehensive exploration of the Higgs sector, with model-independent measurements of couplings to 

fermions and bosons at the (sub-) percent level 
• Precision top quark physics: Mass and other properties, top quarks as a tool for BSM searches 
• A broad electroweak program - far beyond the precision achieved with LEP 
• Flavour physics 
• QCD 
• and the search for new phenomena in many regions of unexplored phase space

24

Towards a New Era of Precision and Discovery
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Towards a New Era of Precision and Discovery

• The relative weight and reach of the different scientific avenues depends on the details of the collider: 
Circular or Linear? Which maximum luminosity, which maximum energy, which energy stages? 
 
Join us to contribute to this decision - and to making such a facility a reality!
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Extras
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S Channel Higgs Production
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A challenge of luminosity and energy spread

From A. Blondel


