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Outline
Today’s menu

• Setting the scene: from (HL-)LHC to our next collider 

• Direct SUSY searches at future e+e- colliders 

• Experimental Conditions 

• Ex 1: scalar leptons 

• Ex 2: higgsinos 

• Conclusions

Many thanks to all who contributed material! 

(with and without being asked ;)



Setting the Scene: From 
(HL-)LHC to our next collider



SUSY at Future Colliders | SUSY 2024, 10-14 June 2024  |   Jenny List 5

An e+e- Higgs factory is the highest-priority next collider
A clear message from last EPPSU — and Snowmass

8 | European Strategy for Particle Physics | 9

High-priority future 
initiatives

A. An electron-positron Higgs factory is the highest-priority next collider. For the 
longer term, the European particle physics community has the ambition to operate a 
proton-proton collider at the highest achievable energy. Accomplishing these compelling 
goals will require innovation and cutting-edge technology: 
 
• the particle physics community should ramp up its R&D effort focused 
on advanced accelerator technologies, in particular that for high-field 
superconducting magnets, including high-temperature superconductors;  
 
• Europe, together with its international partners, should investigate the technical 
and financial feasibility of a future hadron collider at CERN with a centre-of-mass 
energy of at least 100 TeV and with an electron-positron Higgs and electroweak 
factory as a possible first stage. Such a feasibility study of the colliders and 
related infrastructure should be established as a global endeavour and be 
completed on the timescale of the next Strategy update. 
 
The timely realisation of the electron-positron International Linear Collider (ILC) 
in Japan would be compatible with this strategy and, in that case, the European 
particle physics community would wish to collaborate.  

B. Innovative accelerator technology underpins the physics reach of high-energy 
and high-intensity colliders. It is also a powerful driver for many accelerator-based 
fields of science and industry. The technologies under consideration include high-field 
magnets, high-temperature superconductors, plasma wakefield acceleration and other 
high-gradient accelerating structures, bright muon beams, energy recovery linacs. 
The European particle physics community must intensify accelerator R&D and 
sustain it with adequate resources. A roadmap should prioritise the technology, 
taking into account synergies with international partners and other communities 
such as photon and neutron sources, fusion energy and industry. Deliverables for 
this decade should be defined in a timely fashion and coordinated among CERN 
and national laboratories and institutes. 

A. The quest for dark matter and the exploration of flavour and fundamental 
symmetries are crucial components of the search for new physics. This search can 
be done in many ways, for example through precision measurements of flavour 
physics and electric or magnetic dipole moments, and searches for axions, dark sector 
candidates and feebly interacting particles. There are many options to address such 
physics topics including energy-frontier colliders, accelerator and non-accelerator 
experiments. A diverse programme that is complementary to the energy frontier is an 
essential part of the European particle physics Strategy. Experiments in such diverse 
areas that offer potential high-impact particle physics programmes at laboratories 
in Europe should be supported, as well as participation in such experiments in 
other regions of the world. 

B. Theoretical physics is an essential driver of particle physics that opens new, 
daring lines of research, motivates experimental searches and provides the tools 
needed to fully exploit experimental results. It also plays an important role in capturing 
the imagination of the public and inspiring young researchers. The success of the 
field depends on dedicated theoretical work and intense collaboration between the 
theoretical and experimental communities. Europe should continue to vigorously 
support a broad programme of theoretical research covering the full spectrum 
of particle physics from abstract to phenomenological topics. The pursuit of 
new research directions should be encouraged and links with fields such as 
cosmology, astroparticle physics, and nuclear physics fostered. Both exploratory 
research and theoretical research with direct impact on experiments should be 
supported, including recognition for the activity of providing and developing 
computational tools. 

C.  The success of particle physics experiments relies on innovative 
instrumentation and state-of-the-art infrastructures. To prepare and realise future 
experimental research programmes, the community must maintain a strong focus 
on instrumentation. Detector R&D programmes and associated infrastructures 
should be supported at CERN, national institutes, laboratories and universities. 
Synergies between the needs of different scientific fields and industry should 
be identified and exploited to boost efficiency in the development process and 
increase opportunities for more technology transfer benefiting society at large. 
Collaborative platforms and consortia must be adequately supported to provide 
coherence in these R&D activities. The community should define a global 
detector R&D roadmap that should be used to support proposals at the European 
and national levels.

Other essential scientific 
activities for particle physics

https://europeanstrategyupdate.web.cern.ch/welcome

34 The Future of U.S. Particle Physics: Summary of Snowmass 2021

for e
+
e
� Higgs factories, and CLIC at 3 TeV center-of-mass energy, FCC-hh, SPPC and Muon Collider

for multi-TeV colliders. The EF supports a fast start for construction of an e
+
e
� Higgs Factory

(linear or circular), and a significant R&D program for multi-TeV colliders (hadron and muon).
The realization of a Higgs Factory will require an immediate, vigorous, and targeted Detector
R&D program, while the study towards multi-TeV colliders will need significant and long-term
investments in a broad spectrum of R&D programs for accelerators and detectors.

The EF aims to facilitate U.S. leadership in an innovative, comprehensive, and international program of
collider physics. The timescales to fully realize the EF vision extend to the end of this century, and the
ultimate goals can only be realized if our actions foster a vibrant, diverse, and intellectually rich U.S.
EF community. Maintaining and strengthening such a community is only possible if our plans reflect
the aspirations of and provide a rich set of opportunities for our Early Career physicists. The U.S. EF
community has also expressed renewed interest and ambition to bring back EF collider physics
to U.S. soil, maintaining its international collaborative partnerships and obligations.

The proposed plans in five-year periods starting in 2025 are given below.

For the five-year period starting in 2025:

1. Prioritize the HL-LHC physics program, including auxiliary experiments,

2. Establish a targeted e
+
e
� Higgs Factory Detector R&D program,

3. Develop an initial design for a first-stage TeV-scale Muon Collider in the U.S.,

4. Support critical Detector R&D towards EF multi-TeV colliders.

For the five-year period starting in 2030:

1. Continue strong support for the HL-LHC physics program,

2. Support the construction of an e
+
e
� Higgs Factory,

3. Demonstrate principal risk mitigation for a first-stage TeV-scale Muon Collider.

Plan after 2035:

1. Continuing support of the HL-LHC physics program to the conclusion of archival measurements,

2. Support completing construction and establishing the physics program of the Higgs factory,

3. Demonstrate readiness to construct a first-stage TeV-scale Muon Collider,

4. Ramp up funding support for Detector R&D for energy frontier multi-TeV colliders.

These conclusions were derived from the analyses of the ten Topical Groups in the Energy Frontier, which
were divided into three major areas broadly defined as Electroweak Physics (Higgs-boson physics, top-quark
and heavy-flavor physics, electroweak gauge bosons physics), Strong Interactions (precision QCD, hadronic
structure and forward QCD, heavy ions), and BSM (model-specific explorations, general explorations, dark
matter at colliders), which have focused on three main key questions:

Community Planning Exercise: Snowmass 2021

=> e+e- Higgs factory as highest priority next 

collider re-emphasized in 

 the Snowmass process in the US (2022)

https://europeanstrategyupdate.web.cern.ch/welcome
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Can a Higgs Factory contribute to SUSY searches?
… in view of LHC exclusions?
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Can a Higgs Factory contribute to SUSY searches?
… in view of LHC exclusions?

Beware of the fineprint!
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The ATLAS pMSSM scan
Don’t get depressed by simplified models and Manhattan plots…

https://link.springer.com/article/10.1007/JHEP05(2024)106?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20240520&utm_content=10.1007/JHEP05(2024)106
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The ATLAS pMSSM scan
Don’t get depressed by simplified models and Manhattan plots…

Only in this bin all tested  
model points are actually exluded! 

https://link.springer.com/article/10.1007/JHEP05(2024)106?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20240520&utm_content=10.1007/JHEP05(2024)106
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The ATLAS pMSSM scan
Don’t get depressed by simplified models and Manhattan plots…

Only in this bin all tested  
model points are actually exluded! 

Food for thought: 
• How can we communicate the huge 

impact of LHC on exploring and 
constraining vast parameter spaces… 

• …but without oversimplifying the message 
and depressing ourselves too much about 
the up-to-now absence of SUSY particles?

https://link.springer.com/article/10.1007/JHEP05(2024)106?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20240520&utm_content=10.1007/JHEP05(2024)106
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In contrast: remember LEP limit setting
Very little fineprint

A mass point is marked as excluded if 
(and only if) it is excluded for any 
choice of the underlying not-shown 
parameters (within the above definition)
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https://lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html
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What do we expect HL-LHC to add here?
Beware of apples and bananas…. ATL-PHYS-PUB-2022-018

https://cds.cern.ch/record/2805993/files/ATL-PHYS-PUB-2022-018.pdf
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What do we expect HL-LHC to add here?
Beware of apples and bananas…. ATL-PHYS-PUB-2022-018
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A significant difference between exclusion 
and discovery reach in typical LHC searches 

https://cds.cern.ch/record/2805993/files/ATL-PHYS-PUB-2022-018.pdf
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Discovery Potential and Discovery Stories
or: the dilemma in “selling” the BSM case of future machines

• There is no known no-loose theorem for direct discovery of new particles  
=> we cannot “promise” discoveries 

• But discussing only exclusion limits does not at all convey the excitement and 
opportunities of exploration  

• The bread&butter physics case of the next collider is given by using 
Higgs, top, Z, W as magnifying glasses to look into the early universe  
=> important progress independently of direct discoveries 

• Still, there could be the possibility to actually also find new particles, even at 
quite low energies  
=> discovery potential, complementary to HL-LHC 

• Snowmass 2013 had the concept of “discovery stories” 
• a collection of hypothetical scenarios 
• in each telling the story of a hypothetical discovery, and what would follow 

after the discovery - how different colliders & non-collider experiments would 
play together to find out what the new particle actually is - and the underlying 
model 

=> something to consider for the upcoming EPPSU?
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opportunities of exploration  

• The bread&butter physics case of the next collider is given by using 
Higgs, top, Z, W as magnifying glasses to look into the early universe  
=> important progress independently of direct discoveries 

• Still, there could be the possibility to actually also find new particles, even at 
quite low energies  
=> discovery potential, complementary to HL-LHC 

• Snowmass 2013 had the concept of “discovery stories” 
• a collection of hypothetical scenarios 
• in each telling the story of a hypothetical discovery, and what would follow 

after the discovery - how different colliders & non-collider experiments would 
play together to find out what the new particle actually is - and the underlying 
model 

=> something to consider for the upcoming EPPSU?

arXiv:1311.0299

https://arxiv.org/pdf/1311.0299


Direct SUSY searches  
at future e+e- colliders 
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Two complementary approaches
Each has its advantages

Circular e+e- Colliders 
• FCCee, CEPC 
• length 250 GeV: 90…100km 
• high luminosity & power efficiency at low 

energies, limited to ~365 GeV 
• multiple interaction regions 
• very clean: little beamstrahlung etc

Linear Colliders 
• ILC, CLIC, C3, … 

• length 250 GeV: 4…11…20 km 
• high luminosity & power efficiency at high 

energies -  up to ~3 TeV  
• longitudinally spin-polarised beam(s)
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Two complementary approaches
Each has its advantages

Circular e+e- Colliders 
• FCCee, CEPC 
• length 250 GeV: 90…100km 
• high luminosity & power efficiency at low 

energies, limited to ~365 GeV 
• multiple interaction regions 
• very clean: little beamstrahlung etc

Linear Colliders 
• ILC, CLIC, C3, … 

• length 250 GeV: 4…11…20 km 
• high luminosity & power efficiency at high 

energies -  up to ~3 TeV  
• longitudinally spin-polarised beam(s)

Long-term vision: re-use of tunnel for pp 
collider 
• technical and financial feasibility of required 

magnets still a challenge

Long-term upgrades: energy extendability 
• same technology: by increasing length  
• or by replacing accelerating structures with 

advanced technologies 
• RF cavities with high gradient 
• plasma acceleration ?
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Physics benefits of polarised beams

redundancy & control of systematics: 
• “wrong” polarisation yields “signal-free” control 

sample 
• flipping positron polarisation controls nuisance 

effects on observables relying on electron 
polarisation 

• essential: fast helicity reversal for both beams!

signal enhancement: 
• Higgs production  

in WW fusion 
• many BSM processes  

have strong polarisation dependence => higher S/B 

chiral analysis: 
• SM: Z and 𝛾 differ in  

couplings to left- and  
right-handed fermions 

• BSM:  
chiral structure unknown, needs to be determined!

f

f

g𝛾L, g𝛾R, gZL, gZR 

General references on polarised e+e– physics: 
• arXiv:1801.02840  
• Phys. Rept. 460 (2008) 131-243Much more than statistics - especially for SUSY!!!

background suppression: 
• e+e–→WW / 𝝂e𝝂e  

strongly P-dependent  
since t-channel only  
for e–

Le
+

R

https://arxiv.org/abs/1801.02840
https://www.sciencedirect.com/science/article/abs/pii/S0370157308000136?via=ihub
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Higgs Factory Detector Concepts
for linear & circular
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Higgs Factory Detector Concepts
for linear & circular

Frank Simon (frank.simon@kit.edu)News & Input: Circular Higgs Factories - ECFA HF WS, October 2022

Detectors for FCC-ee

• A key feature of circular colliders: 2 or 4 IPs that can take data simultaneously: Opens the possibility to 
have highly complementary detectors - general-purpose as well as experiments optimized for a particular 
physics case: A lot of room for further optimization and new ideas.

31

Detector (proto-) Concepts under Study: Diversity, Complementarity & Optimisation
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Detectors for FCC-ee

• A key feature of circular colliders: 2 or 4 IPs that can take data simultaneously: Opens the possibility to 
have highly complementary detectors - general-purpose as well as experiments optimized for a particular 
physics case: A lot of room for further optimization and new ideas.

31

Detector (proto-) Concepts under Study: Diversity, Complementarity & Optimisation
Key requirements from Higgs physics: 

• pt resolution (total ZH x-section) 
𝜎(1/pt) = 2 x 10-5

 GeV-1
 ⊕ 1 x 10-3 / (pt sin1/2𝜃) 

• vertexing  (H → bb/cc/ττ) 
𝜎(d0) < 5 ⊕ 10 / (p[GeV] sin3/2𝜃) 𝜇m    

• jet energy resolution (H → invisible)  3-4% 
• hermeticity  (H → invis, BSM) 𝜃min = 5 mrad 

                                       (FCCee: ~50mrad) 
Determine to key features of the detector: 

• low mass tracker:  
eg VTX: 0.15% rad. length / layer) 

• calorimeters 
• highly granular, optimised for particle flow 
• or dual readout, LAr, …
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31

Detector (proto-) Concepts under Study: Diversity, Complementarity & Optimisation
Key requirements from Higgs physics: 

• pt resolution (total ZH x-section) 
𝜎(1/pt) = 2 x 10-5

 GeV-1
 ⊕ 1 x 10-3 / (pt sin1/2𝜃) 

• vertexing  (H → bb/cc/ττ) 
𝜎(d0) < 5 ⊕ 10 / (p[GeV] sin3/2𝜃) 𝜇m    

• jet energy resolution (H → invisible)  3-4% 
• hermeticity  (H → invis, BSM) 𝜃min = 5 mrad 

                                       (FCCee: ~50mrad) 
Determine to key features of the detector: 

• low mass tracker:  
eg VTX: 0.15% rad. length / layer) 

• calorimeters 
• highly granular, optimised for particle flow 
• or dual readout, LAr, …

≈ CMS / 4

≈ CMS / 40

≈ ATLAS / 2
≈ ATLAS / 3
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physics case: A lot of room for further optimization and new ideas.

31

Detector (proto-) Concepts under Study: Diversity, Complementarity & Optimisation
Key requirements from Higgs physics: 

• pt resolution (total ZH x-section) 
𝜎(1/pt) = 2 x 10-5

 GeV-1
 ⊕ 1 x 10-3 / (pt sin1/2𝜃) 

• vertexing  (H → bb/cc/ττ) 
𝜎(d0) < 5 ⊕ 10 / (p[GeV] sin3/2𝜃) 𝜇m    

• jet energy resolution (H → invisible)  3-4% 
• hermeticity  (H → invis, BSM) 𝜃min = 5 mrad 

                                       (FCCee: ~50mrad) 
Determine to key features of the detector: 

• low mass tracker:  
eg VTX: 0.15% rad. length / layer) 

• calorimeters 
• highly granular, optimised for particle flow 
• or dual readout, LAr, …

≈ CMS / 4

≈ CMS / 40

≈ ATLAS / 2
≈ ATLAS / 3

Possible since experimental environment  
in e+e- very different from LHC: 

• much lower backgrounds 
• much less radiation 

only Linear Colliders: lower collision rate enables 
• passive cooling only => low material budget 
• triggerless operation



SUSY at Future Colliders | SUSY 2024, 10-14 June 2024  |   Jenny List 15

Example 1: Scalar Leptons
SUSY jumping into your eye at a lepton collider

• s-electrons after 
• a week (5fb-1) 
• 2-3 years (500fb-1) 

• s-muons, s-taus 
• permille-level mass and cross-section 

measurement 
• SUSY parameter determination

ILC = the LEP of SUSY

At ILC: discovery in a week...

ILD fast detector simulation studies: Selectrons in a co-annihilation
model (EPJC 76,183 (2016)), after:

5 fb�1 ⇡ 1 week
and

500 fb�1 ⇡ 2 years.

Will never be in “3 � limbo” !
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ILC = the LEP of SUSY

ILC = the LEP of SUSY

ILD detector simulation studies:
Typical slepton signal (⌧̃ and
µ̃), in a co-annihilation model
(FastSim). (EPJC 76,183 (2016))
Typical chargino signal...
... and typical neutralino
signal, higgsino-LSP model,
with moderate �M (FullSim)
(Phys Rev D 101,095026 (2020))
Typical chargino/neutralino
signal, higgsino-LSP model,
with very low �M

(Fast/FullSim).
(EPJC 73,2660 (2013))
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Eur.Phys.J.C 76 (2016) 4, 183

https://inspirehep.net/files/b3315ca54bb7cf521c57ecb2811c8dee
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Eur.Phys.J.C 76 (2016) 4, 183

• what is the generically ‘worst case’? 
• parameter scan for staus - low mass 

splitting, mixing such that cross-section 
minimal, ….

https://inspirehep.net/files/b3315ca54bb7cf521c57ecb2811c8dee
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Scalar Taus
A closer look at the difficult case

• current general lower mass limit on staus (any mass splitting > m(tau), any mixing, …):  26.3 GeV 
 (DELPHI, Eur. Phys. J. C 31 (2003), 421-479) 

• extremely difficult at HL-LHC - especially in realistic cases with MstauR < MstauL
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Figure 46: Projected limits and discovery potential at the HL-LHC for various SUSY processes: (a) g̃
!,'

g̃
!,'

(fully
hadronic mode) [213]; (b) C̃1 C̃1 (fully hadronic mode) [216]; and (c) gluino-mediated production of C̃1 C̃1 (C̃ ! 2 j̃

0
1

mode) [217]
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most full SUSY models:  
M(stauR) < M(stauL)
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Scalar Tau Prospects at ILC
picking the worst-case choice for non-shown parameters
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Example 2: Electroweakinos
SUSY: What do we know ?

What would be seen at colliders in the worst case?

MSSM, R-parity conservation (R-parity violation always easier at
e+e�)

Caveat: also CP-conservation. The experimental implication of CP
violation needs study

sfermions not NLSP (idem, except ⌧̃ but even worse for FCChh...)
Then: LSP is Bino, Wino, or Higgsino (more or less pure), same
for the NLSP
M1,M2 and µ are the main-players.
Consider any values, and combinations of signs, up to values that
makes the bosinos out-of-reach for any new facility ⇠ a few TeV.
Also vary other parameters (�,MA,Msfermion) with less impact.
No other prejudice.

Mikael Berggren (DESY) Direct searches at LCs Snowmass22 5 / 26

Definition of “worst case” for e+e- collider => defines the benchmark for “LEP-style” definition of sensitivity
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• with this definition even 
more generic than 
LEP: 

• no GUT-scale gaugino 
mass unification 
enforced!
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Electroweakino parameter space with this definition
Definition of “worst case” for e+e- collider => defines the benchmark for “LEP-style” definition of sensitivity

SUSY: What do we know ? The landscape in the cube

Aspects of the spectrum

Another angle: �(M) for �̃±
1 vs. that of �̃0

2: Important experimentally

Three regions:
Bino: Both the same, but
can be anything.
Wino: ��̃±

1
small, while ��̃0

2
can be anything.
Higgsino: Both often small
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SUSY: What do we know ? The landscape in the cube

Aspects of the spectrum

More in detail
MLSP vs. M�̃±

1
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arXiv:2003.12391

https://arxiv.org/pdf/2003.12391
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Electroweakino parameter space with this definition
Definition of “worst case” for e+e- collider => defines the benchmark for “LEP-style” definition of sensitivity

• assumption of 
M(cha1)=M(neu2) 
often not fulfilled 

• even for Higgsinos-like 
cases 

• beware of simplified 
models with this 
assumption
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Light Higgsinos

• ILD study of full detector simulation for various benchmark points  
• E.g.          - motivated by leptogenesis & gravitino DM - and 

extrapolation to full plane 
• Fast-simulation and LEP-data informed extrapolation to whole 

parameter plane 
=> “loop-hole free” discovery / exclusion potential up to ~ half ECM

Detailed simulation studies with ILD detector for ILC

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-055/
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Light Higgsinos

• 𝚫M ~ 1 GeV: charginos decay to single, very soft 𝛑± / 𝛍 / e 
• pt < 2…4 GeV 
• ISR photon required to distinguish from two-photon processes 
• even in these most challenging cases: 

•  few % precision on masses & cross-sections 
• SUSY parameter determination, cross-check with cosmology 

• prediction of gaugino masses  
                                       => energy scale for next pp collider!

From mass and cross-section 
measurements to SUSY parameters
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Model Properties for event selection

✦ The charginos are produced as  

✦ The exclusive decay mode:  

• semi-leptonic final state (30.5%, 35%)  
          to suppress SUSY background

Production process and decay modes

| Hadron Production in Photon-Photon processes | Swathi Sasikumar, 9 September 2020
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• 𝚫M ~ 1 GeV: charginos decay to single, very soft 𝛑± / 𝛍 / e 
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Light Higgsinos

• 𝚫M ~ 1 GeV: charginos decay to single, very soft 𝛑± / 𝛍 / e 
• pt < 2…4 GeV 
• ISR photon required to distinguish from two-photon processes 
• even in these most challenging cases: 

•  few % precision on masses & cross-sections 
• SUSY parameter determination, cross-check with cosmology 

• prediction of gaugino masses  
                                       => energy scale for next pp collider!

From mass and cross-section 
measurements to SUSY parameters
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• 𝚫M ~ 1 GeV: charginos decay to single, very soft 𝛑± / 𝛍 / e 
• pt < 2…4 GeV 
• ISR photon required to distinguish from two-photon processes 
• even in these most challenging cases: 

•  few % precision on masses & cross-sections 
• SUSY parameter determination, cross-check with cosmology 

• prediction of gaugino masses  
                                       => energy scale for next pp collider!
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Model Properties for event selection

✦ The charginos are produced as  

✦ The exclusive decay mode:  

• semi-leptonic final state (30.5%, 35%)  
          to suppress SUSY background

Production process and decay modes
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Figure 8.28.: A distribution of the reduced centre-of-mass energy (
p
s0) of the system

recoiling against the hard ISR photon for events passing the chargino
selection cuts at

p
s = 500 GeV and

R
Ldt = 500 fb�1 with P (e+, e�) =

(+30%, -80%) for dM1600 and dM770 respectively. M
�̃
±
1

is determined
from the linear fit to the ditribution near the endpoint.

500 GeV and
R
Ldt = 500 fb�1 with P (e+, e�) = (+30%, -80%) are given as:

dM1600 scenario : M
�̃
±
1
= 164.9± 2.7GeV (8.21)

dM770 scenario : M
�̃
±
1
= 160.3± 3.8GeV (8.22)

The input values for the chargino masses are M
�̃
±
1

= 165.77 GeV and M
�̃
±
1

=
167.36 GeV in the dM1600 and the dM770 scenarios respectively. The central values
of the fitted fitted chargino masses agree with the input values within 0.3 and 1.8
standard deviations. The fitted value of the chargino masses for the HS-analysis is
M

�̃
±
1
= 168.0±1.4 GeV and M

�̃
±
1
= 168.6±1.0 GeV for the dM1600 and the dM770

scenarios which agree with the central values within 1.6 and 1.2 standard deviations
respectively. Even though the standard deviations for the fitted chargino masses in
the current analysis are comparable with the values in the HS-analysis, it is to be
noted that the error on the fitted masses for this analysis is higher than that for the
HS-analysis. Also, another important observation is that unlike the HS-analysis,
the errors on the fitted chargino masses for the dM770 scenario is worse than that
for the dM1600 scenario for the reasons explained in section 8.4.

8.6.2. Measurement of Polarised Chargino Cross Sections
The precision on the polarised cross sections can be estimated assuming that the
background is known precisely using the equation [162]
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Ldt = 500 fb�1 with P (e+, e�) =

(+30%, -80%) for dM1600 and dM770 respectively. M
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is determined
from the linear fit to the ditribution near the endpoint.
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dM1600 scenario : M
�̃
±
1
= 164.9± 2.7GeV (8.21)
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= 165.77 GeV and M
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=
167.36 GeV in the dM1600 and the dM770 scenarios respectively. The central values
of the fitted fitted chargino masses agree with the input values within 0.3 and 1.8
standard deviations. The fitted value of the chargino masses for the HS-analysis is
M
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±
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= 168.0±1.4 GeV and M
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±
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= 168.6±1.0 GeV for the dM1600 and the dM770

scenarios which agree with the central values within 1.6 and 1.2 standard deviations
respectively. Even though the standard deviations for the fitted chargino masses in
the current analysis are comparable with the values in the HS-analysis, it is to be
noted that the error on the fitted masses for this analysis is higher than that for the
HS-analysis. Also, another important observation is that unlike the HS-analysis,
the errors on the fitted chargino masses for the dM770 scenario is worse than that
for the dM1600 scenario for the reasons explained in section 8.4.

8.6.2. Measurement of Polarised Chargino Cross Sections
The precision on the polarised cross sections can be estimated assuming that the
background is known precisely using the equation [162]
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Light Higgsinos

• 𝚫M ~ 1 GeV: charginos decay to single, very soft 𝛑± / 𝛍 / e 
• pt < 2…4 GeV 
• ISR photon required to distinguish from two-photon processes 
• even in these most challenging cases: 

•  few % precision on masses & cross-sections 
• SUSY parameter determination, cross-check with cosmology 

• prediction of gaugino masses  
                                       => energy scale for next pp collider!

From mass and cross-section 
measurements to SUSY parameters
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=> important guidance  

for 100 TeV pp collider!
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Model Properties for event selection

✦ The charginos are produced as  

✦ The exclusive decay mode:  

• semi-leptonic final state (30.5%, 35%)  
          to suppress SUSY background

Production process and decay modes

| Hadron Production in Photon-Photon processes | Swathi Sasikumar, 9 September 2020
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Model Properties for event selection

• The                  background has 
same signature as the signal

Standard Model background

�� ! 2f

<latexit sha1_base64="y7kavppFgRsp4PiNAvC1ONtyzMk=">AAACBHicdVDLSgMxFM3UV62vqstugkVwVWbGUttd0Y3LCvYBbSl30kwbmswMSUYpQxdu/BU3LhRx60e482/MtBVU9MC9HM65l+QeL+JMadv+sDIrq2vrG9nN3Nb2zu5efv+gpcJYEtokIQ9lxwNFOQtoUzPNaSeSFITHadubXKR++4ZKxcLgWk8j2hcwCpjPCGgjDfKF3giEgGWXbDTWIGV4i10/N8gX7ZJtV+1aBRtyWnGqbkrKbq3iYsdYKYpoicYg/94bhiQWNNCEg1Jdx450PwGpGeF0luvFikZAJjCiXUMDEFT1k/kRM3xslCH2Q2kq0Hiuft9IQCg1FZ6ZFKDH6reXin953Vj71X7CgijWNCCLh/yYYx3iNBE8ZJISzaeGAJHM/BWTMUgg2uSWhvB1Kf6ftNySUy7VrsrF+vkyjiwqoCN0ghx0huroEjVQExF0hx7QE3q27q1H68V6XYxmrOXOIfoB6+0Tuv2YLA==</latexit>

• A hard ISR photon is required to 
suppress this type background 

• In the final state:  

• A few soft visible particles 

• A large missing energy (2    ) 

• A hard ISR photon
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detector hermeticity 
is crucial!

CHAPTER 8. LOW �M HIGGSINO ANALYSIS
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Figure 8.28.: A distribution of the reduced centre-of-mass energy (
p
s0) of the system

recoiling against the hard ISR photon for events passing the chargino
selection cuts at

p
s = 500 GeV and

R
Ldt = 500 fb�1 with P (e+, e�) =

(+30%, -80%) for dM1600 and dM770 respectively. M
�̃
±
1

is determined
from the linear fit to the ditribution near the endpoint.

500 GeV and
R
Ldt = 500 fb�1 with P (e+, e�) = (+30%, -80%) are given as:

dM1600 scenario : M
�̃
±
1
= 164.9± 2.7GeV (8.21)

dM770 scenario : M
�̃
±
1
= 160.3± 3.8GeV (8.22)

The input values for the chargino masses are M
�̃
±
1

= 165.77 GeV and M
�̃
±
1

=
167.36 GeV in the dM1600 and the dM770 scenarios respectively. The central values
of the fitted fitted chargino masses agree with the input values within 0.3 and 1.8
standard deviations. The fitted value of the chargino masses for the HS-analysis is
M

�̃
±
1
= 168.0±1.4 GeV and M

�̃
±
1
= 168.6±1.0 GeV for the dM1600 and the dM770

scenarios which agree with the central values within 1.6 and 1.2 standard deviations
respectively. Even though the standard deviations for the fitted chargino masses in
the current analysis are comparable with the values in the HS-analysis, it is to be
noted that the error on the fitted masses for this analysis is higher than that for the
HS-analysis. Also, another important observation is that unlike the HS-analysis,
the errors on the fitted chargino masses for the dM770 scenario is worse than that
for the dM1600 scenario for the reasons explained in section 8.4.

8.6.2. Measurement of Polarised Chargino Cross Sections
The precision on the polarised cross sections can be estimated assuming that the
background is known precisely using the equation [162]
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Conclusions
And personal remarks

• weak scale SUSY is by far not excluded - e.g. general MSSM limits on M(stau) still from LEP 
• beware of the fine-print - and let’s do not depress ourselves by simplified exclusion plots 
• return to LEP-style limit setting? At least for main NLSP candidates?  More pMSSM scans?  

• SUSY searches at e+e- colliders are very complementary to those at hadron colliders 
• electroweakinos, sleptons, low-deltaM, … “easy” 
• triggerless operation, single-particle acceptance from pt = 100 MeV, nearly hermetic detectors,.. 
• much less fine-print required => turn all the stones which are difficult for hadron colliders! 
• beam polarisation for background suppression and chiral analysis of signal 
• precision spectroscopy allows to predict mass ranges of heavier sparticles => energy scale for pp collider ? 

• e+e- from SUSY perspective: the higher the ECM the better! 
• but even a minimal “Higgs Factory” at 240/250 GeV has direct SUSY discovery potential  
• plus light (non-SUSY) exostics, and indirect discoveries via precision measurements
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• SUSY searches at e+e- colliders are very complementary to those at hadron colliders 
• electroweakinos, sleptons, low-deltaM, … “easy” 
• triggerless operation, single-particle acceptance from pt = 100 MeV, nearly hermetic detectors,.. 
• much less fine-print required => turn all the stones which are difficult for hadron colliders! 
• beam polarisation for background suppression and chiral analysis of signal 
• precision spectroscopy allows to predict mass ranges of heavier sparticles => energy scale for pp collider ? 

• e+e- from SUSY perspective: the higher the ECM the better! 
• but even a minimal “Higgs Factory” at 240/250 GeV has direct SUSY discovery potential  
• plus light (non-SUSY) exostics, and indirect discoveries via precision measurements

Most importantly:  
Any Future Collider can only happen based on broad support within HEP community  

=> get engaged and make it happen!



Backup
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Ready to take on one of these challenges?

• Get involved 
• ECFA set up a workshop series on Physics, Experiments and Detectors at a 

Higgs, Top and Electroweak factory cf https://indico.cern.ch/event/1044297/ 
• address topics in common between all e+e- colliders, i.e. theory prediction, 

assessment of systematic uncertainties, software tools 
• will give important input to next update of European Strategy 

you don’t won’t to commit to a specific collider project ?  
=> this is your way to contribute => get in touch! 

• All Higgs factories are using the same software framework (Key4HEP): 
• share algorthmic developments  
• share / exchange data sets for comparable analyses etc 
=> anybody who’d like to shape the experiments of the next collider would be wise 
to build up expertise on Key4HEP now

How to contribute

https://indico.cern.ch/event/1044297/
https://key4hep.github.io/key4hep-doc/
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Straight to the Future An adaptable e+e- LC facility for the world 

• A LC facility can be extended in length for higher energies, using the same or improved versions of the same 
technology, e.g. as suggested for ILC, CLIC, C3 and HALHF 

• It is also possible and realistic to change to more performant (usually higher gradient) technologies in an upgrade, 
e.g. from ILC to CLIC or C3, maybe even plasma 

• Starting point for fast implementation: ILC has the most mature linac technology for large scale implementation, 
that is also well established in all regions and in industry - it is based on a ~20 km long tunnel 

• The physics at higher energies – Higgs sector and extended models with increased reach and precision, top in 
detail well above threshold, searches and hopefully new physics  – will open for a very exciting long term e+e- 
programme 

• Such a programme can run in parallel with future hadron and/or muon colliders that can be developed, optimised 
and implemented as their key technologies mature 
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or directly 550…800 GeV if CEPC?
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• The physics at higher energies – Higgs sector and extended models with increased reach and precision, top in 
detail well above threshold, searches and hopefully new physics  – will open for a very exciting long term e+e- 
programme 

• Such a programme can run in parallel with future hadron and/or muon colliders that can be developed, optimised 
and implemented as their key technologies mature 

MuonCollider? 
ppCollider?

or directly 550…800 GeV if CEPC?
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Polarisation & Electroweak Physics

f

f

g𝛾L, g𝛾R, gZL, gZR 

gLf, gRf : helicity-dependent couplings of Z to fermions - at the Z pole:

=>                                 

specifically for the electron: 
at an unpolarised collider:


                                                       => no direct access to Ae,  
                                                            only via tau polarisation 
While at a polarised collider:


                                                                   and                                               
                                                                                        

described in the third bullet of Sec. 3.1.

For a given quark or lepton flavor f , let gLf , gRf be the helicity-dependent Zff
couplings. Then the quantities, for quarks q,

Rq =
�(Z ! qq)

�(Z ! hadrons)
, (5)

and, for leptons ` = e, µ, ⌧ ,

1/R` =
�(Z ! `

+
`
�)

�(Z ! hadrons)
, (6)

are given, at the tree level, by

Rq , 1/R` / (g2Lf + g
2
Rf ) , (7)

and the Z decay polarisation asymmetries are given by

Af =
g
2
Lf � g

2
Rf

g
2
Lf + g

2
Rf

. (8)

It is useful to define the value of sin2
✓w governing the Z couplings from the electron

asymmetry as “sin2
✓eff” given by the formula

Ae =
(12 � sin2

✓eff )2 � (sin2
✓eff )2

(12 � sin2
✓eff )2 + (sin2

✓eff )2
⇡ 8(

1

4
� sin2

✓eff ) . (9)

It is this value of sin2
✓w that enters the Zh and WW pair production cross sections

that are most important in determining the Higgs boson couplings.

Loop corrections to the SM predictions for Z observables given in terms of sin2
✓eff

are at the parts per mille level. Thus, it is accurate to quote projections for the
precision of future experiments from tree-level formulae involving sin2

✓eff . Of course,
actually extracting Z couplings from cross section measurements at the 10�4 level of
precision requires that the SM contributions to these cross sections be known to
comparable accuracy. The nontrivial requirements for theory are reviewed in [45].

Often, the leptonic asymmetries Ae, Aµ, and A⌧ are combined to give a composite
leptonic asymmetry. Here, we will distinguish these three quantities and discuss tests
of models that allow small di↵erences in the Z couplings to e, µ, and ⌧ .

At a polarised e
+
e
� collider, Ae is given by the left-right asymmetry in the total

rate for Z production,

Ae = ALR ⌘ �L � �R

(�L + �R)
, (10)
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where �L and �R are the cross section for 100% polarised e
�
Le

+
R and e

�
Re

+
L initial states.

For beams not perfectly polarised, the e↵ective left-handed polarisation of the initial
state is given by

Peff = (Pe� � Pe+)/(1� Pe�Pe+) , (11)

and the measured asymmetry is proportional to Peff . The determination of the quan-
tity Ae then requires only an excellent knowledge of the polarisation and knowledge
that the acceptance in the decay modes studied does not change when the polarisa-
tion is flipped. Essentially, the entire statistics of Z production can contribute to the
measurement. We find that the dominant systematic error is that on the value of the
polarisation. We have discussed how this systematic is controlled in Sec. 3.1.

For other asymmetries, beam polarisation can also play a role. These quantities
are measured from the left-right forward-backward asymmetry

A
f
FB,LR ⌘ (�F � �B)L � (�F � �B)R

(�F + �B)L + (�F + �B)R
, (12)

where, again, L and R refer to states of 100% polarisation. At the tree level,

A
f
FB,LR =

3

4
Af . (13)

At an unpolarised collider, the values of the Af are obtained from quantities such as
the unpolarised forward-backward asymmetries,

A
f
FB ⌘ (�F � �B)

(�F + �B)
. (14)

At the tree level,

A
f
FB =

3

4
AeAf , (15)

so there is some sacrifice of statistics to achieve the same level of precision. (The
determination of A⌧ is a special case, to be discussed below.) For some purposes, for
example, to test lepton universality, we wish to know the ratio of Af to the precisely
determined value of Ae. In such ratios of polarisation asymmetries measured in the
same run, the systematic uncertainty on the polarisation cancels out.

The uncertainties from acceptance and particle identification largely cancel out of
the Af measurements, but in the measurements of Rf they are the major source of
systematic error. In the LEP experiments, the measurements of the rates of Z decay
to bb and cc were mainly done with single-tag methods that required a “dilution
factor” correction with a large QCD uncertainty. At the ILC, the e�ciencies for b

and c identification and also the statistics to determine these e�ciences precisely, will
be much higher. The absolute tagging e�ciences can be measured from e

+
e
� ! ff

events, using a probe and tag method. We assume an uncertainty of 0.1% in the
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so there is some sacrifice of statistics to achieve the same level of precision. (The
determination of A⌧ is a special case, to be discussed below.) For some purposes, for
example, to test lepton universality, we wish to know the ratio of Af to the precisely
determined value of Ae. In such ratios of polarisation asymmetries measured in the
same run, the systematic uncertainty on the polarisation cancels out.

The uncertainties from acceptance and particle identification largely cancel out of
the Af measurements, but in the measurements of Rf they are the major source of
systematic error. In the LEP experiments, the measurements of the rates of Z decay
to bb and cc were mainly done with single-tag methods that required a “dilution
factor” correction with a large QCD uncertainty. At the ILC, the e�ciencies for b

and c identification and also the statistics to determine these e�ciences precisely, will
be much higher. The absolute tagging e�ciences can be measured from e

+
e
� ! ff

events, using a probe and tag method. We assume an uncertainty of 0.1% in the
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described in the third bullet of Sec. 3.1.

For a given quark or lepton flavor f , let gLf , gRf be the helicity-dependent Zff
couplings. Then the quantities, for quarks q,

Rq =
�(Z ! qq)

�(Z ! hadrons)
, (5)

and, for leptons ` = e, µ, ⌧ ,

1/R` =
�(Z ! `

+
`
�)

�(Z ! hadrons)
, (6)

are given, at the tree level, by

Rq , 1/R` / (g2Lf + g
2
Rf ) , (7)

and the Z decay polarisation asymmetries are given by

Af =
g
2
Lf � g

2
Rf

g
2
Lf + g

2
Rf

. (8)

It is useful to define the value of sin2
✓w governing the Z couplings from the electron

asymmetry as “sin2
✓eff” given by the formula

Ae =
(12 � sin2

✓eff )2 � (sin2
✓eff )2

(12 � sin2
✓eff )2 + (sin2

✓eff )2
⇡ 8(

1

4
� sin2

✓eff ) . (9)

It is this value of sin2
✓w that enters the Zh and WW pair production cross sections

that are most important in determining the Higgs boson couplings.

Loop corrections to the SM predictions for Z observables given in terms of sin2
✓eff

are at the parts per mille level. Thus, it is accurate to quote projections for the
precision of future experiments from tree-level formulae involving sin2

✓eff . Of course,
actually extracting Z couplings from cross section measurements at the 10�4 level of
precision requires that the SM contributions to these cross sections be known to
comparable accuracy. The nontrivial requirements for theory are reviewed in [45].

Often, the leptonic asymmetries Ae, Aµ, and A⌧ are combined to give a composite
leptonic asymmetry. Here, we will distinguish these three quantities and discuss tests
of models that allow small di↵erences in the Z couplings to e, µ, and ⌧ .

At a polarised e
+
e
� collider, Ae is given by the left-right asymmetry in the total

rate for Z production,

Ae = ALR ⌘ �L � �R

(�L + �R)
, (10)

18

let’s first recall at the Z pole situation
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gLf, gRf : helicity-dependent couplings of Z to fermions - at the Z pole:

=>                                 

specifically for the electron: 
at an unpolarised collider:


                                                       => no direct access to Ae,  
                                                            only via tau polarisation 
While at a polarised collider:


                                                                   and                                               
                                                                                        

described in the third bullet of Sec. 3.1.
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where �L and �R are the cross section for 100% polarised e
�
Le

+
R and e

�
Re

+
L initial states.

For beams not perfectly polarised, the e↵ective left-handed polarisation of the initial
state is given by

Peff = (Pe� � Pe+)/(1� Pe�Pe+) , (11)

and the measured asymmetry is proportional to Peff . The determination of the quan-
tity Ae then requires only an excellent knowledge of the polarisation and knowledge
that the acceptance in the decay modes studied does not change when the polarisa-
tion is flipped. Essentially, the entire statistics of Z production can contribute to the
measurement. We find that the dominant systematic error is that on the value of the
polarisation. We have discussed how this systematic is controlled in Sec. 3.1.

For other asymmetries, beam polarisation can also play a role. These quantities
are measured from the left-right forward-backward asymmetry

A
f
FB,LR ⌘ (�F � �B)L � (�F � �B)R

(�F + �B)L + (�F + �B)R
, (12)

where, again, L and R refer to states of 100% polarisation. At the tree level,

A
f
FB,LR =

3

4
Af . (13)

At an unpolarised collider, the values of the Af are obtained from quantities such as
the unpolarised forward-backward asymmetries,

A
f
FB ⌘ (�F � �B)

(�F + �B)
. (14)

At the tree level,

A
f
FB =

3

4
AeAf , (15)

so there is some sacrifice of statistics to achieve the same level of precision. (The
determination of A⌧ is a special case, to be discussed below.) For some purposes, for
example, to test lepton universality, we wish to know the ratio of Af to the precisely
determined value of Ae. In such ratios of polarisation asymmetries measured in the
same run, the systematic uncertainty on the polarisation cancels out.

The uncertainties from acceptance and particle identification largely cancel out of
the Af measurements, but in the measurements of Rf they are the major source of
systematic error. In the LEP experiments, the measurements of the rates of Z decay
to bb and cc were mainly done with single-tag methods that required a “dilution
factor” correction with a large QCD uncertainty. At the ILC, the e�ciencies for b

and c identification and also the statistics to determine these e�ciences precisely, will
be much higher. The absolute tagging e�ciences can be measured from e

+
e
� ! ff

events, using a probe and tag method. We assume an uncertainty of 0.1% in the
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described in the third bullet of Sec. 3.1.

For a given quark or lepton flavor f , let gLf , gRf be the helicity-dependent Zff
couplings. Then the quantities, for quarks q,

Rq =
�(Z ! qq)

�(Z ! hadrons)
, (5)

and, for leptons ` = e, µ, ⌧ ,

1/R` =
�(Z ! `

+
`
�)

�(Z ! hadrons)
, (6)

are given, at the tree level, by

Rq , 1/R` / (g2Lf + g
2
Rf ) , (7)

and the Z decay polarisation asymmetries are given by

Af =
g
2
Lf � g

2
Rf

g
2
Lf + g

2
Rf

. (8)

It is useful to define the value of sin2
✓w governing the Z couplings from the electron

asymmetry as “sin2
✓eff” given by the formula

Ae =
(12 � sin2

✓eff )2 � (sin2
✓eff )2

(12 � sin2
✓eff )2 + (sin2

✓eff )2
⇡ 8(

1

4
� sin2

✓eff ) . (9)

It is this value of sin2
✓w that enters the Zh and WW pair production cross sections

that are most important in determining the Higgs boson couplings.

Loop corrections to the SM predictions for Z observables given in terms of sin2
✓eff

are at the parts per mille level. Thus, it is accurate to quote projections for the
precision of future experiments from tree-level formulae involving sin2

✓eff . Of course,
actually extracting Z couplings from cross section measurements at the 10�4 level of
precision requires that the SM contributions to these cross sections be known to
comparable accuracy. The nontrivial requirements for theory are reviewed in [45].

Often, the leptonic asymmetries Ae, Aµ, and A⌧ are combined to give a composite
leptonic asymmetry. Here, we will distinguish these three quantities and discuss tests
of models that allow small di↵erences in the Z couplings to e, µ, and ⌧ .

At a polarised e
+
e
� collider, Ae is given by the left-right asymmetry in the total

rate for Z production,

Ae = ALR ⌘ �L � �R

(�L + �R)
, (10)

18trading theory uncertainy:  
     the polarised                  receives 7 x smaller radiative corrections than the unpolarised           ! 

let’s first recall at the Z pole situation
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where �L and �R are the cross section for 100% polarised e
�
Le

+
R and e

�
Re

+
L initial states.

For beams not perfectly polarised, the e↵ective left-handed polarisation of the initial
state is given by

Peff = (Pe� � Pe+)/(1� Pe�Pe+) , (11)

and the measured asymmetry is proportional to Peff . The determination of the quan-
tity Ae then requires only an excellent knowledge of the polarisation and knowledge
that the acceptance in the decay modes studied does not change when the polarisa-
tion is flipped. Essentially, the entire statistics of Z production can contribute to the
measurement. We find that the dominant systematic error is that on the value of the
polarisation. We have discussed how this systematic is controlled in Sec. 3.1.

For other asymmetries, beam polarisation can also play a role. These quantities
are measured from the left-right forward-backward asymmetry

A
f
FB,LR ⌘ (�F � �B)L � (�F � �B)R

(�F + �B)L + (�F + �B)R
, (12)

where, again, L and R refer to states of 100% polarisation. At the tree level,

A
f
FB,LR =

3

4
Af . (13)

At an unpolarised collider, the values of the Af are obtained from quantities such as
the unpolarised forward-backward asymmetries,

A
f
FB ⌘ (�F � �B)

(�F + �B)
. (14)

At the tree level,

A
f
FB =

3

4
AeAf , (15)

so there is some sacrifice of statistics to achieve the same level of precision. (The
determination of A⌧ is a special case, to be discussed below.) For some purposes, for
example, to test lepton universality, we wish to know the ratio of Af to the precisely
determined value of Ae. In such ratios of polarisation asymmetries measured in the
same run, the systematic uncertainty on the polarisation cancels out.

The uncertainties from acceptance and particle identification largely cancel out of
the Af measurements, but in the measurements of Rf they are the major source of
systematic error. In the LEP experiments, the measurements of the rates of Z decay
to bb and cc were mainly done with single-tag methods that required a “dilution
factor” correction with a large QCD uncertainty. At the ILC, the e�ciencies for b

and c identification and also the statistics to determine these e�ciences precisely, will
be much higher. The absolute tagging e�ciences can be measured from e

+
e
� ! ff

events, using a probe and tag method. We assume an uncertainty of 0.1% in the
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described in the third bullet of Sec. 3.1.

For a given quark or lepton flavor f , let gLf , gRf be the helicity-dependent Zff
couplings. Then the quantities, for quarks q,

Rq =
�(Z ! qq)

�(Z ! hadrons)
, (5)

and, for leptons ` = e, µ, ⌧ ,

1/R` =
�(Z ! `
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are given, at the tree level, by

Rq , 1/R` / (g2Lf + g
2
Rf ) , (7)

and the Z decay polarisation asymmetries are given by

Af =
g
2
Lf � g

2
Rf

g
2
Lf + g

2
Rf

. (8)

It is useful to define the value of sin2
✓w governing the Z couplings from the electron

asymmetry as “sin2
✓eff” given by the formula

Ae =
(12 � sin2

✓eff )2 � (sin2
✓eff )2

(12 � sin2
✓eff )2 + (sin2

✓eff )2
⇡ 8(

1

4
� sin2

✓eff ) . (9)

It is this value of sin2
✓w that enters the Zh and WW pair production cross sections

that are most important in determining the Higgs boson couplings.

Loop corrections to the SM predictions for Z observables given in terms of sin2
✓eff

are at the parts per mille level. Thus, it is accurate to quote projections for the
precision of future experiments from tree-level formulae involving sin2

✓eff . Of course,
actually extracting Z couplings from cross section measurements at the 10�4 level of
precision requires that the SM contributions to these cross sections be known to
comparable accuracy. The nontrivial requirements for theory are reviewed in [45].

Often, the leptonic asymmetries Ae, Aµ, and A⌧ are combined to give a composite
leptonic asymmetry. Here, we will distinguish these three quantities and discuss tests
of models that allow small di↵erences in the Z couplings to e, µ, and ⌧ .

At a polarised e
+
e
� collider, Ae is given by the left-right asymmetry in the total

rate for Z production,

Ae = ALR ⌘ �L � �R

(�L + �R)
, (10)

18trading theory uncertainy:  
     the polarised                  receives 7 x smaller radiative corrections than the unpolarised           ! 

let’s first recall at the Z pole situation
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gLf, gRf : helicity-dependent couplings of Z to fermions - at the Z pole:

=>                                 

specifically for the electron: 
at an unpolarised collider:
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While at a polarised collider:
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described in the third bullet of Sec. 3.1.
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where �L and �R are the cross section for 100% polarised e
�
Le

+
R and e

�
Re

+
L initial states.

For beams not perfectly polarised, the e↵ective left-handed polarisation of the initial
state is given by

Peff = (Pe� � Pe+)/(1� Pe�Pe+) , (11)

and the measured asymmetry is proportional to Peff . The determination of the quan-
tity Ae then requires only an excellent knowledge of the polarisation and knowledge
that the acceptance in the decay modes studied does not change when the polarisa-
tion is flipped. Essentially, the entire statistics of Z production can contribute to the
measurement. We find that the dominant systematic error is that on the value of the
polarisation. We have discussed how this systematic is controlled in Sec. 3.1.

For other asymmetries, beam polarisation can also play a role. These quantities
are measured from the left-right forward-backward asymmetry

A
f
FB,LR ⌘ (�F � �B)L � (�F � �B)R

(�F + �B)L + (�F + �B)R
, (12)

where, again, L and R refer to states of 100% polarisation. At the tree level,

A
f
FB,LR =

3

4
Af . (13)

At an unpolarised collider, the values of the Af are obtained from quantities such as
the unpolarised forward-backward asymmetries,

A
f
FB ⌘ (�F � �B)

(�F + �B)
. (14)

At the tree level,

A
f
FB =

3

4
AeAf , (15)

so there is some sacrifice of statistics to achieve the same level of precision. (The
determination of A⌧ is a special case, to be discussed below.) For some purposes, for
example, to test lepton universality, we wish to know the ratio of Af to the precisely
determined value of Ae. In such ratios of polarisation asymmetries measured in the
same run, the systematic uncertainty on the polarisation cancels out.

The uncertainties from acceptance and particle identification largely cancel out of
the Af measurements, but in the measurements of Rf they are the major source of
systematic error. In the LEP experiments, the measurements of the rates of Z decay
to bb and cc were mainly done with single-tag methods that required a “dilution
factor” correction with a large QCD uncertainty. At the ILC, the e�ciencies for b

and c identification and also the statistics to determine these e�ciences precisely, will
be much higher. The absolute tagging e�ciences can be measured from e

+
e
� ! ff

events, using a probe and tag method. We assume an uncertainty of 0.1% in the
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polarisation. We have discussed how this systematic is controlled in Sec. 3.1.

For other asymmetries, beam polarisation can also play a role. These quantities
are measured from the left-right forward-backward asymmetry

A
f
FB,LR ⌘ (�F � �B)L � (�F � �B)R

(�F + �B)L + (�F + �B)R
, (12)

where, again, L and R refer to states of 100% polarisation. At the tree level,

A
f
FB,LR =

3

4
Af . (13)

At an unpolarised collider, the values of the Af are obtained from quantities such as
the unpolarised forward-backward asymmetries,

A
f
FB ⌘ (�F � �B)

(�F + �B)
. (14)

At the tree level,

A
f
FB =

3

4
AeAf , (15)

so there is some sacrifice of statistics to achieve the same level of precision. (The
determination of A⌧ is a special case, to be discussed below.) For some purposes, for
example, to test lepton universality, we wish to know the ratio of Af to the precisely
determined value of Ae. In such ratios of polarisation asymmetries measured in the
same run, the systematic uncertainty on the polarisation cancels out.

The uncertainties from acceptance and particle identification largely cancel out of
the Af measurements, but in the measurements of Rf they are the major source of
systematic error. In the LEP experiments, the measurements of the rates of Z decay
to bb and cc were mainly done with single-tag methods that required a “dilution
factor” correction with a large QCD uncertainty. At the ILC, the e�ciencies for b

and c identification and also the statistics to determine these e�ciences precisely, will
be much higher. The absolute tagging e�ciences can be measured from e

+
e
� ! ff

events, using a probe and tag method. We assume an uncertainty of 0.1% in the

19

described in the third bullet of Sec. 3.1.

For a given quark or lepton flavor f , let gLf , gRf be the helicity-dependent Zff
couplings. Then the quantities, for quarks q,

Rq =
�(Z ! qq)

�(Z ! hadrons)
, (5)

and, for leptons ` = e, µ, ⌧ ,

1/R` =
�(Z ! `

+
`
�)

�(Z ! hadrons)
, (6)

are given, at the tree level, by

Rq , 1/R` / (g2Lf + g
2
Rf ) , (7)

and the Z decay polarisation asymmetries are given by

Af =
g
2
Lf � g

2
Rf

g
2
Lf + g

2
Rf

. (8)

It is useful to define the value of sin2
✓w governing the Z couplings from the electron

asymmetry as “sin2
✓eff” given by the formula

Ae =
(12 � sin2

✓eff )2 � (sin2
✓eff )2

(12 � sin2
✓eff )2 + (sin2

✓eff )2
⇡ 8(

1

4
� sin2

✓eff ) . (9)

It is this value of sin2
✓w that enters the Zh and WW pair production cross sections

that are most important in determining the Higgs boson couplings.

Loop corrections to the SM predictions for Z observables given in terms of sin2
✓eff

are at the parts per mille level. Thus, it is accurate to quote projections for the
precision of future experiments from tree-level formulae involving sin2

✓eff . Of course,
actually extracting Z couplings from cross section measurements at the 10�4 level of
precision requires that the SM contributions to these cross sections be known to
comparable accuracy. The nontrivial requirements for theory are reviewed in [45].

Often, the leptonic asymmetries Ae, Aµ, and A⌧ are combined to give a composite
leptonic asymmetry. Here, we will distinguish these three quantities and discuss tests
of models that allow small di↵erences in the Z couplings to e, µ, and ⌧ .

At a polarised e
+
e
� collider, Ae is given by the left-right asymmetry in the total

rate for Z production,

Ae = ALR ⌘ �L � �R

(�L + �R)
, (10)

18trading theory uncertainy:  
     the polarised                  receives 7 x smaller radiative corrections than the unpolarised           ! 

 above Z pole, polarisation essential to disentangle Z / 𝛾 exchange in e+e–→ff

let’s first recall at the Z pole situation
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Polarisation & Beyond the SM: Dark Matter

• mono-photon search  e+e–→𝝌𝝌𝜸 

• main SM background: e+e–→𝝂𝝂𝜸 
 
reduced ~10x with polarisation 

• shape of observable distributions changes with polarisation sign 
=> combination of samples with sign(P) = (–,+), (+,–), (+,+), (–,–) 
beats down the effect of systematic uncertainties 

Background reduction & Systematics

Phys. Rev. D 101 (2020) 7

https://inspirehep.net/literature/1774758


SUSY at Future Colliders | SUSY 2024, 10-14 June 2024  |   Jenny List 27

Polarisation & Beyond the SM: Dark Matter

• mono-photon search  e+e–→𝝌𝝌𝜸 

• main SM background: e+e–→𝝂𝝂𝜸 
 
reduced ~10x with polarisation 

• shape of observable distributions changes with polarisation sign 
=> combination of samples with sign(P) = (–,+), (+,–), (+,+), (–,–) 
beats down the effect of systematic uncertainties 

Background reduction & Systematics

Phys. Rev. D 101 (2020) 7

https://inspirehep.net/literature/1774758


SUSY at Future Colliders | SUSY 2024, 10-14 June 2024  |   Jenny List 27

Polarisation & Beyond the SM: Dark Matter

• mono-photon search  e+e–→𝝌𝝌𝜸 

• main SM background: e+e–→𝝂𝝂𝜸 
 
reduced ~10x with polarisation 

• shape of observable distributions changes with polarisation sign 
=> combination of samples with sign(P) = (–,+), (+,–), (+,+), (–,–) 
beats down the effect of systematic uncertainties 

Background reduction & Systematics

 [GeV]χM
50 100 150 200 250

 [G
eV

]
95

Λ

1000

2000

3000

4000

EFT not valid

ILDVector, 500GeV

Only stat. uncertainties
) = (+80%,-30%)+,e_,    P(e-14ab

,    H20 pol. mix.-14ab
) = (+80%,-30%)+,e_, P(e-11.6ab

,    unpolarised-14ab

exclusion region

expected WIMP

 

Phys. Rev. D 101 (2020) 7

https://inspirehep.net/literature/1774758


SUSY at Future Colliders | SUSY 2024, 10-14 June 2024  |   Jenny List 27

Polarisation & Beyond the SM: Dark Matter

• mono-photon search  e+e–→𝝌𝝌𝜸 

• main SM background: e+e–→𝝂𝝂𝜸 
 
reduced ~10x with polarisation 

• shape of observable distributions changes with polarisation sign 
=> combination of samples with sign(P) = (–,+), (+,–), (+,+), (–,–) 
beats down the effect of systematic uncertainties 

Background reduction & Systematics

 [GeV]χM
50 100 150 200 250

 [G
eV

]
95

Λ

1000

2000

3000

4000

EFT not valid

ILDVector, 500GeV

Only stat. uncertainties
) = (+80%,-30%)+,e_,    P(e-14ab

,    H20 pol. mix.-14ab
) = (+80%,-30%)+,e_, P(e-11.6ab

,    unpolarised-14ab

exclusion region

expected WIMP

 

 [GeV]χM
50 100 150 200 250

 [G
eV

]
95

Λ

1000

2000

3000

4000

EFT not valid

ILDVector, 500GeV

With syst. uncertainties
,    H20 pol. mix.-14ab

) = (+80%,-30%)+,e_,    P(e-14ab
) = (+80%,-30%)+,e_, P(e-11.6ab

,    unpolarised-14ab

exclusion region

expected WIMP

 

Phys. Rev. D 101 (2020) 7

https://inspirehep.net/literature/1774758


SUSY at Future Colliders | SUSY 2024, 10-14 June 2024  |   Jenny List 28

Exmaple: Impact on reach in vector mediator case
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Forward-backward and left-right asymmetries above the Z pole 

Study of ee → cc / bb 

• full Geant4-based simulation of ILD

BSM example:  Gauge-Higgs Unification models 

• Higgs field = fluctuation of Aharonov-Bohm phase 
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• Z’ as Kaluza-Klein excitations of 𝛄, Z, ZR 

• various model point with MZ’ = 7…20 TeV
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Fig. 7 Statistical discrimination power between GHU models after different ILC stages. For completeness, a hypothetical ILC250
stage assuming no longitudinal beam polarization is included. The ILC250⌥(no pol.), ILC250 and ILC500 estimations are performed
using full simulation studies. The ILC1000* is obtained from extrapolations of the ILC500 studies.

the ILD concept group at the moment of this publi-989

cation are used. In particular, the flavor-tagging algo-990

rithm is based on multivariate analysis using boosted991

decision trees as classifiers [47]. Advanced ML methods992

such as graph neural networks are expected to bring993

further improvements in jet misidentification rates by994

a factor of two for the same b-tagging efficiency [56].995

The GHU models described in Refs. [24, 26, 30] show996

high expected sensitivity for the Ab

FB
and Ac

FB
observ-997

ables. The expected sensitivity increases with the en-998

ergy and depends on the electron and positron beam-999

polarization. These GHU models predict new massive1000

Z 0 resonances and deviations of all SM Z-fermion cou-1001

plings. They are constructed such that they predict 1002

compatible results for the EW precision observables 1003

measured in past lepton colliders and agree with the 1004

non-observation of Z 0 at LHC. 1005

We show that the ILC operating polarized beams 1006

colliding at high energy 250 GeV and 500 GeV could 1007

provide full discrimination power between these mod- 1008

els and the SM, through Ab

FB
and Ac

FB
measurements, 1009

up to mkk ' 19 TeV. The ILC250 case has also been 1010

compared with an ILC250 without beam polarization, 1011

denominated as ILC250⌥(no pol.) in this document. For 1012

the latter case, at least a factor of two of integrated lu- 1013

minosity is required to get similar prospects. 1014

15

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

-level)σBetween-model discrimination power (

4.2

4.1

4.1

0.8

2.7

3.6

3.9

3.7

2.0

3.5

2.9

3.4

3.2

1.9

0.7

1.6

1.1

1.5

1.6

1.0

1.4

1.3

1.0

0.4

0.9

0.7

0.4 0.5

ILD

 (no pol.)♦ILC250
)-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

5.3

5.4

4.3

5.4

5.0

5.1

5.1

4.1

5.1

4.7

0.5

2.7 2.4 3.4

1.6

2.5

2.1

2.5

3.1

2.1

3.1

2.8

1.7

0.7

1.4

1.4

0.9 0.9

-level)σBetween-model discrimination power (

ILD

ILC250
)-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

-level)σBetween-model discrimination power (

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

5.4

>10

7.6

>10

6.4

5.1

5.2

4.9

2.9

3.0

3.9

2.4 3.4

1.3 2.9

ILD

ILC250+500
)-1+ 4000 fb-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

-level)σBetween-model discrimination power (

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

4.1

>10

5.4

>10

6.7

>10

8.6

7.62.7

ILD

ILC250+500+1000*
)-1+ 8000 fb-1+ 4000 fb-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 

Fig. 7 Statistical discrimination power between GHU models after different ILC stages. For completeness, a hypothetical ILC250
stage assuming no longitudinal beam polarization is included. The ILC250⌥(no pol.), ILC250 and ILC500 estimations are performed
using full simulation studies. The ILC1000* is obtained from extrapolations of the ILC500 studies.

the ILD concept group at the moment of this publi-989

cation are used. In particular, the flavor-tagging algo-990

rithm is based on multivariate analysis using boosted991

decision trees as classifiers [47]. Advanced ML methods992

such as graph neural networks are expected to bring993

further improvements in jet misidentification rates by994

a factor of two for the same b-tagging efficiency [56].995

The GHU models described in Refs. [24, 26, 30] show996

high expected sensitivity for the Ab

FB
and Ac

FB
observ-997

ables. The expected sensitivity increases with the en-998

ergy and depends on the electron and positron beam-999

polarization. These GHU models predict new massive1000

Z 0 resonances and deviations of all SM Z-fermion cou-1001

plings. They are constructed such that they predict 1002

compatible results for the EW precision observables 1003

measured in past lepton colliders and agree with the 1004

non-observation of Z 0 at LHC. 1005

We show that the ILC operating polarized beams 1006

colliding at high energy 250 GeV and 500 GeV could 1007

provide full discrimination power between these mod- 1008

els and the SM, through Ab

FB
and Ac

FB
measurements, 1009

up to mkk ' 19 TeV. The ILC250 case has also been 1010

compared with an ILC250 without beam polarization, 1011

denominated as ILC250⌥(no pol.) in this document. For 1012

the latter case, at least a factor of two of integrated lu- 1013

minosity is required to get similar prospects. 1014

arXiv:2403.09144

TPC 

https://arxiv.org/abs/2403.09144


SUSY at Future Colliders | SUSY 2024, 10-14 June 2024  |   Jenny List 29

BSM reach of ee → cc / bb
Forward-backward and left-right asymmetries above the Z pole 

Study of ee → cc / bb 

• full Geant4-based simulation of ILD

BSM example:  Gauge-Higgs Unification models 

• Higgs field = fluctuation of Aharonov-Bohm phase 
in warped extra dimension 

• Z’ as Kaluza-Klein excitations of 𝛄, Z, ZR 

• various model point with MZ’ = 7…20 TeV 15

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

-level)σBetween-model discrimination power (

4.2

4.1

4.1

0.8

2.7

3.6

3.9

3.7

2.0

3.5

2.9

3.4

3.2

1.9

0.7

1.6

1.1

1.5

1.6

1.0

1.4

1.3

1.0

0.4

0.9

0.7

0.4 0.5

ILD

 (no pol.)♦ILC250
)-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

5.3

5.4

4.3

5.4

5.0

5.1

5.1

4.1

5.1

4.7

0.5

2.7 2.4 3.4

1.6

2.5

2.1

2.5

3.1

2.1

3.1

2.8

1.7

0.7

1.4

1.4

0.9 0.9

-level)σBetween-model discrimination power (

ILD

ILC250
)-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

-level)σBetween-model discrimination power (

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

5.4

>10

7.6

>10

6.4

5.1

5.2

4.9

2.9

3.0

3.9

2.4 3.4

1.3 2.9

ILD

ILC250+500
)-1+ 4000 fb-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

-level)σBetween-model discrimination power (

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

4.1

>10

5.4

>10

6.7

>10

8.6

7.62.7

ILD

ILC250+500+1000*
)-1+ 8000 fb-1+ 4000 fb-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 
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We show that the ILC operating polarized beams 1006

colliding at high energy 250 GeV and 500 GeV could 1007

provide full discrimination power between these mod- 1008

els and the SM, through Ab

FB
and Ac

FB
measurements, 1009

up to mkk ' 19 TeV. The ILC250 case has also been 1010

compared with an ILC250 without beam polarization, 1011

denominated as ILC250⌥(no pol.) in this document. For 1012

the latter case, at least a factor of two of integrated lu- 1013

minosity is required to get similar prospects. 1014

15

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

-level)σBetween-model discrimination power (

4.2

4.1

4.1

0.8

2.7

3.6

3.9

3.7

2.0

3.5

2.9

3.4

3.2

1.9

0.7

1.6

1.1

1.5

1.6

1.0

1.4

1.3

1.0

0.4

0.9

0.7

0.4 0.5

ILD

 (no pol.)♦ILC250
)-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

5.3

5.4

4.3

5.4

5.0

5.1

5.1

4.1

5.1

4.7

0.5

2.7 2.4 3.4

1.6

2.5

2.1

2.5

3.1

2.1

3.1

2.8

1.7

0.7

1.4

1.4

0.9 0.9

-level)σBetween-model discrimination power (

ILD

ILC250
)-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

-level)σBetween-model discrimination power (

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

5.4

>10

7.6

>10

6.4

5.1

5.2

4.9

2.9

3.0

3.9

2.4 3.4

1.3 2.9

ILD

ILC250+500
)-1+ 4000 fb-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 

1A 2A
-

1B +
1B

-

2B +
2B

-

3B +
3B  

1A

2A

-

1B

+
1B

-

2B

+
2B

-

3B

+
3B

 

-level)σBetween-model discrimination power (

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

4.1

>10

5.4

>10

6.7

>10

8.6

7.62.7

ILD

ILC250+500+1000*
)-1+ 8000 fb-1+ 4000 fb-1(2000 fb

σ4-5 

σ> 5 

σ< 3 

σ3-4 

Fig. 7 Statistical discrimination power between GHU models after different ILC stages. For completeness, a hypothetical ILC250
stage assuming no longitudinal beam polarization is included. The ILC250⌥(no pol.), ILC250 and ILC500 estimations are performed
using full simulation studies. The ILC1000* is obtained from extrapolations of the ILC500 studies.

the ILD concept group at the moment of this publi-989

cation are used. In particular, the flavor-tagging algo-990

rithm is based on multivariate analysis using boosted991

decision trees as classifiers [47]. Advanced ML methods992

such as graph neural networks are expected to bring993

further improvements in jet misidentification rates by994

a factor of two for the same b-tagging efficiency [56].995

The GHU models described in Refs. [24, 26, 30] show996

high expected sensitivity for the Ab

FB
and Ac

FB
observ-997

ables. The expected sensitivity increases with the en-998

ergy and depends on the electron and positron beam-999

polarization. These GHU models predict new massive1000

Z 0 resonances and deviations of all SM Z-fermion cou-1001

plings. They are constructed such that they predict 1002

compatible results for the EW precision observables 1003

measured in past lepton colliders and agree with the 1004

non-observation of Z 0 at LHC. 1005

We show that the ILC operating polarized beams 1006

colliding at high energy 250 GeV and 500 GeV could 1007

provide full discrimination power between these mod- 1008

els and the SM, through Ab

FB
and Ac

FB
measurements, 1009

up to mkk ' 19 TeV. The ILC250 case has also been 1010

compared with an ILC250 without beam polarization, 1011

denominated as ILC250⌥(no pol.) in this document. For 1012

the latter case, at least a factor of two of integrated lu- 1013

minosity is required to get similar prospects. 1014

polarisation

arXiv:2403.09144

TPC 

https://arxiv.org/abs/2403.09144


SUSY at Future Colliders | SUSY 2024, 10-14 June 2024  |   Jenny List 29

BSM reach of ee → cc / bb
Forward-backward and left-right asymmetries above the Z pole 

Study of ee → cc / bb 

• full Geant4-based simulation of ILD

BSM example:  Gauge-Higgs Unification models 

• Higgs field = fluctuation of Aharonov-Bohm phase 
in warped extra dimension 

• Z’ as Kaluza-Klein excitations of 𝛄, Z, ZR 

• various model point with MZ’ = 7…20 TeV 15
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Fig. 7 Statistical discrimination power between GHU models after different ILC stages. For completeness, a hypothetical ILC250
stage assuming no longitudinal beam polarization is included. The ILC250⌥(no pol.), ILC250 and ILC500 estimations are performed
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Full SMEFT analysis of Top Quark sector
Essential to understand special relation of top quark and Higgs boson

• expected precision on Wilson 
coefficients for HL-LHC alone and 
combined with various e+e- proposals 

• e+e- at high center-of-mass energy 
and with polarised beams lifts 
degeneracies between operators

Figure 3. Comparison of the constraints expected from a combination of HL-LHC and

lepton collider data. The limits on the qq̄tt̄ and CtG coe�cients are not shown, since

the e+e� collider measurements considered are not sensitive to them, but all operators

are included in the global fit. The improvement expected from the HL-LHC on these

coe�cients is shown in Fig. 1. The solid bars provide the individual limits of the single-

parameter fit and the shaded ones the marginalised limits of the global fit. The correlations

between the Wilson coe�cients obtained in the global fit can be found in App. B.

tion threshold are required to disentangle the e+e�tt̄ operator coe�cients from the

two-fermion operator coe�cients [7]. The two sets of operators have very di↵erent

scaling with energy: the sensitivity to four-fermion operators grows quadratically,

while it is constant or grows only linearly for two-fermion operators. In a fit to data

taken at a single centre of mass, linear combinations of their coe�cients remain de-

generate and form blind directions. The combination of runs at two di↵erent centre-

of-mass energies e↵ectively disentangles them and provides global fit constraints close

to the individual bounds

Several further processes are accessible to e+e� colliders, but have not been

taken into account in this study. The top-quark Yukawa coupling can be determined

through the tree-level dependence of the associated e+e� ! tt̄H production process.

This requires runs with a centre-of-mass energy above 500–550 GeV . At linear col-

liders, where the luminosity grows with energy, there is a broad plateau up to about

1.5 TeV where e+e� ! tt̄H is accessible. Based on full-simulation studies of Ref. [55]

– 10 –
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Heavy Neutral Leptons
Discovery reach for lepton colliders - complementary to FCC-hh

in Z decays with displaced vertices… Optimal search reach for heavy neutral leptons at a muon collider

310 410  [GeV]Nm

7−10

6−10

5−10

4−10

3−10

2−10

1−102 lN
lim

. V CMS

HL-LHC

HE-LHC

FCC-hh

ILC 1 TeV

CLIC 3 TeV

Muon Collider 10 TeV

Muon Collider 3 TeV

Figure 3: Limits on the coupling V
2
lN for different Muon Collider setups (3 TeV, 1 ab*1 – turquoise; 10 TeV, 10 ab*1

– orange) resulting from the search for single on-shell (solid line) and off-shell (dotted line) heavy neutrino production.
Dashed lines indicate limits [3, 7, 18] from current and future hadron machines (current CMS limits, 13 TeV, 35.9 fb –
black; HL-LHC 14 TeV, 3 ab*1 – red; HE-LHC 27 TeV, 15 ab*1 – cyan; FCC-hh 100 TeV, 30 ab*1 – pink), dashed-dotted
for e+e* colliders (ILC 1 TeV, 3.2 ab*1 – violet; CLIC 3 TeV, 4 ab*1 – coral).

Conclusions Extensions of the Standard Model introducing heavy neutrinos o�er interesting solutions to several of
its open questions, e.g. the baryon asymmetry of the universe, dark matter and flavor. If such particles are at mass
scales well above a GeV, they can be e�ciently searched for at future lepton colliders. Due to the highest achievable
energies and the clean experimental environments, muon colliders would provide the furthest discovery reach for TeV-
scale neutrinos in such kind of models, vastly surpassing high-energy hadron colliders, potentially even for neutrino
masses above the available collision energy. By employing the synergy of both di�erent types of lepton machines,
electron-positron and muon colliders, di�erent paths in the flavor parameter space of the models could be pursued.
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• 250 GeV Higgs measurements: 
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• probe smaller couplings by recoil of h against Z  
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Why do we need to know the couplings of the Higgs boson?
Discovering new phenomena

• Any deviation from the SM prediction is a discovery of a new phenomenon 
• Higgs couplings allow finger-printing new phenomena via their different patterns of deviations  
• size of deviations depends on energy scale of new particles:  

the more precise the measurement, the larger the discovery potential 
• need at least 1%-level of precision for Higgs couplings 
• all proposed Higgs factories can deliver this program - (HL-)LHC cannot do this

arXiv:1708.08912
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A physics-driven operating scenario for a Linear Collider
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All with at least P(e-) > 80%

• 250 GeV, 2ab-1: 
• precision Higgs mass and total ZH cross-section 
• basic ffbar and WW program 
• incl Z pole run with O(103)xLEP for EWPOs 
• optional: WW threshold scan 

• 350 GeV, 200 fb-1: 
• precision top mass from threshold scan 

• 500…600 GeV, 4 ab-1: 
• Higgs self-coupling in ZHH 
• top quark ew couplings 
• top Yukawa coupling incl CP structure 
• improved Higgs, WW and ffbar 

• 1…1.5 TeV, 8ab-1: 
• Higgs self-coupling in VBF 
• further improvements in tt, ff, WW, ….
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Higgs Couplings: The Snowmass SMEFT fit 
Rainbow-Manhattans

arXiv:2206.08326

https://arxiv.org/abs/2206.08326
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Higgs Couplings: The Snowmass SMEFT fit 
Rainbow-Manhattans

all e+e- colliders show very comparable performance for standard Higgs program 
despite quite different assumed integrated luminosities => beam polarisation! 

• several couplings at few-0.1% level: Z, W, g, b, τ 
• some more at ~1%: γ, c
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gain wrt to HL-LHC: 
•  assuming no exotic Higgs decays exist: 

=> all e+e- colliders gain at least an order of 
magnitude in precision wrt HL-LHC 

• allowing exotic Higgs decays: 
=> qualitative jump since no absolute 
couplings from HL-LHC at all
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• several couplings at few-0.1% level: Z, W, g, b, τ 
• some more at ~1%: γ, c

arXiv:2206.08326

gain wrt to HL-LHC: 
•  assuming no exotic Higgs decays exist: 

=> all e+e- colliders gain at least an order of 
magnitude in precision wrt HL-LHC 

• allowing exotic Higgs decays: 
=> qualitative jump since no absolute 
couplings from HL-LHC at allWhy do all e+e- Higgs Factories 

give so similar performance 
despite the very different 
assumed luminosities?

https://arxiv.org/abs/2206.08326
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Interlude: Chirality in Particle Physics

* for massive particles, there is of course a difference between chirality and helicity, no time for this today, ask at the end in case of doubt!

• Gauge group of weak x electromagnetic interaction: SU(2)L x U(1) 

• L: left-handed, spin anti-|| momentum* 
R: right-handed, spin || momentum* 

• left-handed particles are fundamentally different from right-handed ones: 
• only left-handed fermions (e–) and right-handed anti-fermions (e+) take part in the charged weak 

interaction, i.e. couple to the W bosons 
• there are (in the SM) no right-handed neutrinos 

• right-handed quarks and charged leptons are singlets under SU(2)L 

• also couplings to the Z boson are different for left- and right-handed fermions 

• checking whether the differences between L and R are as predicted in the SM is a very 
sensitive test for new phenomena!

Just a quick reminder…
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Polarisation & Higgs Couplings

constrained  
by EWPOs (*)

only diagram  
allowed in SM

~cWW

• THE key process at a Higgs factory:  
Higgsstrahlung e+e–→Zh 

• ALR of Higgsstrahlung: very important to 
disentangle different SMEFT operators!

𝛄

A relationship only appreciated a few years ago… 
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• THE key process at a Higgs factory:  
Higgsstrahlung e+e–→Zh 

• ALR of Higgsstrahlung: very important to 
disentangle different SMEFT operators!

𝛄

A relationship only appreciated a few years ago… 

https://inspirehep.net/literature/1723778
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★ 2 ab–1 polarised ≈ 5 ab–1 unpolarised 
★ that’s why all e+e- Higgs factories perform so similar! 
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The ECFA Higgs@Future Report
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly

36/75

This figure applies ONLY for  λ = λSM 
no studies of BSM case apart from ILC

At lepton colliders, double Higgs-strahlung, e+e− → 
ZHH, gives stronger constraints on positive 
deviations (κ3 > 1), while VBF is better in 
constraining negative deviations, (κ3 < 1). While at 
HL-LHC, values of κ3 > 1, as expected in models of 
strong first order phase transition, result in a smaller 
double-Higgs production cross section due to the 
destructive interference, at lepton colliders for the 
ZHH process they actually result in a larger cross 
section, and hence into an increased precision. For 
instance at ILC500, the sensitivity around the SM 
value is 27% but it would reach 18% around κ3 = 1.5. 



SUSY at Future Colliders | SUSY 2024, 10-14 June 2024  |   Jenny List 42

ILC Sensitivity vs Lambda
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ILC Sensitivity vs Lambda
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly

36/75

43

Higgs self-coupling

most detailed ILC ref: PhD Thesis C.Dürig 
Uni Hamburg, DESY-THESIS-2016-027 

UPDATE ONGOING!

The Higgs Boson
The Higgs Boson

…and the universe

Electroweak Baryogenesis?

https://bib-pubdb1.desy.de/record/310520/files/desy-thesis-16-027.title.pdf?subformat=pdfa
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Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.
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