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Introduction

Electroweak observables provide 

• a crucial stress test of the SM 

• important input to SMEFT fit  
=> Higgs property determination! 

• BSM sensitivity! 

Received a lot of attention during  
European Strategy process, eg at  
Open Symposium in Granada  

Required: a lot of Z’s ….
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ILC e+e- collider 
• first stage: 250 GeV 
• GigaZ & WW threshold possible 
• upgrades: 500 GeV, 1 TeV 

polarised beams 
• P(e-) ≥ ±80%,  
• P(e+) = ±30%,   

at 500 GeV upgradable to 60%

ILC running modes - and Z production  
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√s ∫ℒ dt
250 GeV 2 ab-1

350 GeV 0.2 ab-1

500 GeV 4 ab-1

1 TeV 8 ab-1

91 GeV 0.1 ab-1

161 GeV 0.5 ab-1

Since 2015 
arXiv:1506.07830

(radiative) Z’s in 2 ab-1 at 250 GeV:  
• ~77 106 Z->qq 
• ~12 106 Z->ll 
=> substantial increase over LEP,  
….and polarised!

Z’s in 0.1ab-1 at 91 GeV:  
• ~3.4 109 Z->qq 
• ~0.5 109 Z->ll 
~1-2 years of running (after lumi upgrade)
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The ILD Concept
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From key requirements from 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 

To key features of the detector: 
• low mass tracker:  

• main device: Time Projection Chamber (dE/dx !) 
• add. silicon: eg VTX: 0.15% rad. length / layer) 

• high granularity calorimeters  
optimised for particle flow

≈ CMS / 4

≈ CMS / 40

≈ ATLAS / 2

≈ ATLAS / 3
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To key features of the detector: 
• low mass tracker:  

• main device: Time Projection Chamber (dE/dx !) 
• add. silicon: eg VTX: 0.15% rad. length / layer) 

• high granularity calorimeters  
optimised for particle flow

≈ CMS / 4

≈ CMS / 40

≈ ATLAS / 2

≈ ATLAS / 3Possible since experimental environment  
at ILC very different from LHC: 

• much lower backgrounds 
• much less radiation 
• much lower collision rate 

enable 
• power pulsing => low material budget! 
• triggerless operation



• Triple Gauge Couplings: few 10-4,  

1-2 orders of magnitude improvement  
over HL-LHC => input to SMEFT fit! 

• W mass at 250 GeV - several methods  
with very different systematic 
limitations 

• W mass from threshold scan  
- with ~1 year dedicated running: 

• W branching ratios:  
simultaneous fit to all 10 𝜎tot x BR for 
𝜎tot and BR’s (4 parameters) 

• W width: ΔΓW = 3.2 MeV

Interludium: Precision W measurements
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TGC Limits @ 68% CL
0.05− 0 0.05
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of all three 
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7 TeV
arXiv:1710:07621
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Electroweak precision observables

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

=>                                 

specifically for the electron: 

at an unpolarised collider:


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


                                                                   and                                               
                                                                                           
Furthermore Rq and Rl: 
 
                                    ,                                           =>   
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• e+e- -> Z 𝛾 :  Z boosted by 𝛽 ≈ 0.76  
 
  
=> reconstruct from angles only! 
=> clean sample with high efficiency 

• Polarised beams:   
=> rel. stat.:  
dom. syst. from polarisation:  

• factor 10 improvement over current value “for free”!  => ~12% improvement on gHZZ

Precision EW at 250 GeV from radiative return

�7

Efficiency  
=73%

P(e+) essential to  
reach this precision!
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Efficiency  
=73%

Important: 
• Near √s =MZ,                             has strong dependence on √s due to Z-𝛾 interference 

=> requires excellent knowledge of √s! 
• At √s =250 GeV, this dependence is at least 1000 x weaker! => not an issue…

P(e+) essential to  
reach this precision!



Precision EW at the GigaZ

• ~250 x LEP, with beam polarisation => expect at least factor 10 improvement! 

• Measure Ae via ALR as before - now crucial: knowledge of √s! 

• Exploit excellent momentum measurement of ILD (or SiD)  
• calibrate with J/ψ->µ+µ-   

=> obtain √s from µ+µ-𝛾 events to 1 MeV precision => 𝛅Ae(√s)=2 x 10-5, comparable to stat. error. 
=> final number dominated by polarisation uncertainty 

• Fermion asymmetries for µ / τ /c /b: new, detailed ILD studies in 2019 - profit from 
• tiny ILC beam spot (@91.2 GeV):  1.12 µm x 14.6 nm x 410 µm

• large statistics & excellent detector => use double-tagged events only for q /anti-q separation!


=> drastic reduction of systematic uncertainties wrt LEP
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In particular: hemisphere correlations found negligible!  (Geant4-based detector simulation)
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Accelerator - arXiv:1908.08212

Also: the polarised                receives 7 x smaller radiative corrections than the unpolarised           ! 

In particular: hemisphere correlations found negligible!  (Geant4-based detector simulation)

http://arxiv.org/abs/arXiv:1908.08212
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GigaZ: results of new detailed ILD studies

• as expected, at least factor 10 
improvement over LEP/SLC


• note in particular: 
• Ac nearly 100 x better thanks to 

excellent charm / anti-charm tagging: 
• excellent vertex detector 
• tiny ILC beam spot 
• Kaon-ID via dE/dx in ILD’s TPC 

• typically only factor 2-3 less precise  
than FCCee’s unpolarised TeraZ 
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Conclusions

• Electroweak observables are an important part of the physics case of future e+e- colliders 

• ILC offers significant progress over LEP already at 250 GeV 


• Even more improvement from dedicated Z pole running 


• Beam polarisation boosts “return on invested ab-1” 


• ILC GigaZ program has been scrutinized, again, in summer 2019  following discussions in Granada 
=> results are now included in SMEFT fits by the ECFA WG on HiggsCouplings@ Future 
Colliders for the Briefing Book of the European Strategy Update!


• Tiny ILC beam spot leverages excellent 2ndary vertex resolution  

• Kaon identification via dE/dx in ILD TPC enhances b- and c-charge separation  

• ILC offers a very attractive and competitive electroweak precision program!
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Backup



4-Fermion Processes

�12



Outlook to higher energies: top / bottom EFT

• Fit  of 10 Wilson coefficients of SMEFT that modify top and bottom production 


• Already e+e- -> bb at 
ILC250 helps a lot


• ILC500 with e+e- -> tt  
even more so!
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BSM significances
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Measurements of the beam parameters

• Beam polarisation 

• Beam energy 

• Luminosity
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New Properties of the Top Quark 

�16

[Poeschl,Richard]

• ILC precision allows model discrimination 
• sensitivity in gZL, gZR plane complementary to LHC

Sensitivity to huge variety of 
models with  

compositeness and/or 
extra-dimensions 

complementary 
to resonance searches

arXiv:
1506.05992

http://arxiv.org/abs/arXiv:1506.05992
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Also from other e+e- -> ff: 

• probe Z’ up to ~10 TeV  
500fb-1 @ 500 GeV (initial run) 

• up to ~17 TeV for 1ab-1 at 1 TeV 

• polarised beams gain ~ 2TeV in 
reach

http://arxiv.org/abs/arXiv:1506.05992


• proposed e+e- collider 
• first stage: 250 GeV 
• upgrades: 500 GeV, 1 TeV 
• GigaZ & WW threshold possible 

• polarised beams 
• P(e-) ≥ ±80%,  
• P(e+) = ±30%,  at 500 GeV upgradable to 60% 

• total length (250/500/1000 GeV): 20.5/34/50 km 
• total site power (250/500/1000 GeV): 130/160/300 MW

The International Linear Collider

�17
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ILC250 under political consideration in Japan
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GigaZ events
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TGCs
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The Detector Concepts
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The Detector Concepts
From key requirements from 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 3-4%  
(H → invisible) 

• hermeticity  𝜃min = 6-7 mrad 
(H → invis, BSM) 

To key features of the detectors: 
• low mass tracker:  

• main device: Time Projection Chamber (dE/dx !)  
or all-Silicon 

• Vertex detector: 0.15% rad. length / layer) 
• high granularity calorimeters  

optimised for particle flow 
• triggerless readout!
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≈ CMS / 4

≈ CMS / 40

≈ ATLAS / 2

≈ ATLAS / 3 ≈ CEPC / 4 !

SiD
ILD

Not fully fair comparison with LHC -   
since experimental environment  

at ILC very different: 
• much lower backgrounds 
• much less radiation 
• much lower collision rate 
• …
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Essential detector features: 
• Triggerless readout 
• Excellent hermeticity (background rejection) 
• Low-momentum tracking & PID 

=> more information on poster  
by M.Berggren (Thu/Fri)

http://dx.doi.org/10.1140/epjc/s10052-013-2660-y
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Plots for only 500 fb-1 @ 500 GeV 
=> ~2 years of operation 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0

50

100

150

200

250

0 50 100 150 200 250

Exclusion

Discovery

Exc
lu
da

bl
e 

at
 9

5%
 C

L

NLSP : τ̃1

MNLSP [GeV]

M
L
S

P
 [

G
e

V
]

0

50

100

150

200

250

200 210 220 230 240 250

Exclusion

Discovery

NLSP : τ̃1

MNLSP [GeV]

M
L

S
P
 [

G
e

V
]

http://arxiv.org/abs/arXiv:1308.1461


SUSY without Loop-Holes

• pair production of new, weakly coupled particles 
• special case SUSY: couplings are known 
• R partity conservation: NSLP -> SM partner + LSP 
• assume e.g. “worst case” mixing 
=> loop-hole free search for NLSP pair production 

up to ~√s / 2

�25

c.f. arXiv:1308.1461

Most challenging case: stau ! 
• current limit (any mixing, any mass difference to 

LSP) still from LEP (Delphi):  M > 28 GeV 
• no stau mass limit so far from LHC 
• ILC will cover M < ~√s/2 

Plots for only 500 fb-1 @ 500 GeV 
=> ~2 years of operation 
(full 500 GeV run 4 ab-1)
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essential ILC features: 
• triggerless operation 
• tiny beam spot 
• polarisation for parameter determination

http://arxiv.org/abs/arXiv:1308.1461


Discovering Dark Matter Particles
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• likelihood scan over WIMP parameter space including 
existing and future direct, indirect and collider experiments 
(apart from ILC) 

• e.g. here: singlet like fermion WIMP 

=> significant unexplored regions below M=120 GeV !!!

 arXiv:1702.05377 

http://arxiv.org/abs/arXiv:1702.05377
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essential ILC features: 
• hermeticity => Bhabha veto 
• Beam polarisation => νν𝛾 veto
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Dark Matter: hermeticity and beam polarisation
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PhD Thesis  
M. Habermehl  

DESY-THESIS-2018-039 

• hermeticity: vetoing Bhabha events 
• θeff: angle above which veto is effective 

• 𝝠95 for M𝝌 = 1 GeV vector op as benchmark

https://bib-pubdb1.desy.de/record/417605
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• θeff: angle above which veto is effective 
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Lumi w/o polarisation  
does not help!

• hermeticity: vetoing Bhabha events 
• θeff: angle above which veto is effective 

• 𝝠95 for M𝝌 = 1 GeV vector op as benchmark
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Lumi w/o polarisation  
does not help!

Energy  
does help!

• hermeticity: vetoing Bhabha events 
• θeff: angle above which veto is effective 

• 𝝠95 for M𝝌 = 1 GeV vector op as benchmark

https://bib-pubdb1.desy.de/record/417605


Conclusions

• ILC  offers significant discovery potential - both via indirect and direct searches 
• Rely strongly on the well-appreciated properties of electron-positron colliders: 

• well defined initial state 
• clean environment, electroweak rates 
• democratic production of particles with electroweak charges 

• …and on the particular Linear Collider assets: 
• extendability in energy & polarised beams 
• trigger-less operation of detectors 
• excellent hermeticity due to large L* 
• tiny beam spot 

• ILC’s discovery potential is highly complementary to the LHC 
�28

more details on BSM at ILC 
arXiv:1702.05333

more details on ILC, 
detectors, physics: 
arXiv:1903.01629

http://arxiv.org/abs/arXiv:1702.05333
http://arxiv.org/abs/arXiv:1903.01629
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Why is ALR(ZH) so important in EFT fit ?

spin reversal e-R↔e-L: 
• 1st diagram flips sign  
• 2nd diagram keeps sign  
⇒ ALR directly measures cWW !

�29

Diagrams contributing to  ee→Zh:

constrained  
by EWPOs (*)

only diagram  
allowed in SM

~cWW



New Properties of the Higgs Boson

�30



New Properties of the Higgs Boson

�30

No a priori constraint  
on total width, 
nor on kV < 1, 
nor on ΓBSM; 

different tensor structure 
of HVV couplings included



New Properties of the Higgs Boson

�30

No a priori constraint  
on total width, 
nor on kV < 1, 
nor on ΓBSM; 

different tensor structure 
of HVV couplings included

Phys. Rev. D 90, 095017 (2014)



New Properties of the Higgs Boson

�30

No a priori constraint  
on total width, 
nor on kV < 1, 
nor on ΓBSM; 

different tensor structure 
of HVV couplings included

Phys. Rev. D 90, 095017 (2014)

IL
C

25
0 

95
%

 C
L



New Properties of the Higgs Boson

�30

No a priori constraint  
on total width, 
nor on kV < 1, 
nor on ΓBSM; 

different tensor structure 
of HVV couplings included

Phys. Rev. D 90, 095017 (2014)



New Properties of the Higgs Boson

�30

No a priori constraint  
on total width, 
nor on kV < 1, 
nor on ΓBSM; 

different tensor structure 
of HVV couplings included

Phys. Rev. D 90, 095017 (2014)

Discovery of new particles !
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Identifying the Nature of Dark Matter

Does WIMP candidate really explain Dark Matter? 

=> predict relic density from collider  
     measurements   
=> compare to cosmological      
     observation (Planck, 𝛿𝛺/𝛺 ~ 2%)

�32



Identifying the Nature of Dark Matter

Does WIMP candidate really explain Dark Matter? 

=> predict relic density from collider  
     measurements   
=> compare to cosmological      
     observation (Planck, 𝛿𝛺/𝛺 ~ 2%)

�32

e.g. SUSY with co-annihilation: 

• to match Planck precision need to know 

• masses of LSP and NLSP at permille level 

• mixings at percent level



Identifying the Nature of Dark Matter

Does WIMP candidate really explain Dark Matter? 

=> predict relic density from collider  
     measurements   
=> compare to cosmological      
     observation (Planck, 𝛿𝛺/𝛺 ~ 2%)

�32

e.g. SUSY with co-annihilation: 

• to match Planck precision need to know 

• masses of LSP and NLSP at permille level 

• mixings at percent level

stau co-annihilation 
MLSP  und MNLSP  am ILC 

O(100 MeV)  ✔
Eur.Phys.J. C76 (2016) 4, 183



Identifying the Nature of Dark Matter

Does WIMP candidate really explain Dark Matter? 

=> predict relic density from collider  
     measurements   
=> compare to cosmological      
     observation (Planck, 𝛿𝛺/𝛺 ~ 2%)

�32

e.g. SUSY with co-annihilation: 

• to match Planck precision need to know 

• masses of LSP and NLSP at permille level 

• mixings at percent level

stau co-annihilation 
MLSP  und MNLSP  am ILC 

O(100 MeV)  ✔
Eur.Phys.J. C76 (2016) 4, 183

 arXiv: 
1602.08439



LHC stau limits
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Figure 7: The 95% CL exclusion contours for the combined fit of SR-lowMass and SR-highMass for simplified
models with (a) combined H⌧+R,LH⌧

�
R,L production and (b) H⌧LH⌧L only production. The text provides details of exclusion

curves and uncertainty bands.

11 Conclusion

Searches for stau-pair (H⌧H⌧) production of supersymmetric particles in events with at least two hadronically
decaying tau leptons are performed using 139 fb�1 of pp collision data at

p
s = 13 TeV recorded with the

ATLAS detector at the LHC. Agreement between data and SM predictions is observed in two optimised
signal regions. The results are used to set limits on the visible cross section for events beyond the Standard
Model in each signal region.

Exclusion limits are placed on parameters of simplified electroweak supersymmetry models in scenarios of
H⌧H⌧ production. H⌧ masses from 120 GeV to 390 GeV are excluded for a massless lightest neutralino in the
scenario of direct production of stau pairs, with each stau decaying into the lightest neutralino and one tau
lepton. These limits significantly extend previous results by ATLAS and CMS experiments in the high H⌧
mass region.
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Vector Portal Dark Matter: Dark Photon
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Finger-printing the Higgs: SUSY or Composite?

The full ILC250 stage gives significant BSM 
discrimination power 
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New Force Carriers

• via e+e- -> ff: sensitivity to Z’ 
up to ~10 TeV 

• already for  
500fb-1 @ 500 GeV (initial run) 

• increases to up to ~17 TeV 
for 1ab-1 at 1 TeV 

• polarised beams typically gain 
~2 TeV in reach
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Electroweak Couplings of the Top Quark

g𝛾L, g𝛾R, gZL, gZR 

~500 GeV is a sweet spot  
for top couplings

√s dependency: top physics is  
not done at threshold!

�38

Polarised beams 
• allow to disentangle g𝛾 vs gZ 
• provide robustness against 

systematic uncertainties 
• minimise higher-order corrections

500 GeV



New Physics Reach of full ILC500 Program
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Can probe scales of ~20 TeV in typical scenarios  
(… and up to 80 TeV for extreme scenarios)
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=> important guidance  

for 100 TeV pp collider!

500 GeV



Top Yukawa Coupling

• Indirect: loop couplings,  
top threshold scan … 
        => is it really yt  ? 

• Direct: tth production  
=> possible for √s ≥ 500 GeV 

• SM 𝜎(ttH) = 0.45fb @ 500 GeV  
=> ILC500 full running scenario,  
geant4-based detector simulation:  
      𝛿yt = 6.3% 

• ILC tunnel length contains 1.5 km  
reserve space on each side  
(at the moment “empty”…) 

• 𝛿yt could be 2.5% if √s = 550 GeV
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Double Higgs Production & Higgs Self-Coupling

two complementary production processes: 
• ZHH  @ ~500 GeV  

• unique feature: increases if 𝜆 > 𝜆SM 

• 𝛿𝜎/𝜎 = 16% :            > 5 sigma discovery 

• 𝛿𝜆/𝜆 = 27% :                3 sigma observation 

• vvH (VBF) @ ECM > 1 TeV 
• 𝛿𝜎/𝜎 = 13% 

• 𝛿𝜆/𝜆 = 10%      

 BSM changes the picture:  e.g. 𝜆 = 1.5 𝜆SM      
                  500GeV: δ𝜆/𝜆 = 20%,     1TeV: δ𝜆/𝜆→∞ 

=> with combination of 500 GeV and 1 TeV we’re 
always on the safe side!

𝞴
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(e.g. 100% BR assumption rarely fulfilled) 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Plenty of room left for SUSY
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simplified models don’t give the full story  
(e.g. 100% BR assumption rarely fulfilled) 

-> c.f. pMSSM scan by ATLAS, arXiv:1508:06608

LEP chargino limit!

natural SUSY:  small 𝜇 => light Higgsinos

Light Higgsinos at ILC

only ~30% excluded below limit

illustrates pp /e+e- complementarity: 
“difficult” region at LHC is “easy” in e+e- 

(note  M1 = 5 TeV, M2 = 10 TeV in ILC study 
ATLAS scan up to M = 4 TeV)



Is SUSY still natural?

�43

=> no dramatic change in  
level of fine-tuning  

due to ATLAS exclusions  
(Barbieri-Giudice measure)

e+e- colliders: 

directly & unambiguously probe  
naturalness by discovery or exclusion  

of Higgsinos up to ≲ √s / 2


