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The International Linear Collider
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• e+e- centre-of-mass energy 
• 200….500 GeV 
• tuneable 
• upgradable to 1 TeV 

• luminosity at 500 GeV: 
• 1.8 x 1034 /cm2 /s 
• upgrade 3.6 x 1034 /cm2 /s 

• beam polarisation  
• P(e-) ≥ 80% 
• P(e+) = 30%,  

upgradable to 60% 
• total length (500 GeV): 34 km

TDR published in 2012 
Ready to be built 

Currently the only project under  
political consideration

http://www.linearcollider.org/ILC/Publications/Technical-Design-Report
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=> poster by R.Karl 
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of various BSM models  
(not observable at LHC)
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New Properties of the Higgs Boson

• not included here:  
triple Higgs coupling   
=> 𝛿𝜆/𝜆SM = 27% @ 500GeV 
             ( -> 10% @ 1 TeV) 

• important to probe EW 
baryogenesis
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New Properties of the Top Quark 
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[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

talk by  
N.van der Kolk

http://arxiv.org/abs/arXiv:1506.05992
https://indico.cern.ch/event/466934/contributions/2635014/
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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 poster by 

S.Bilokin

talk by  
N.van der Kolk

http://arxiv.org/abs/arXiv:1506.05992
https://indico.cern.ch/event/466934/contributions/2635014/


Additional Higgs Bosons
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• eg from 2HDMs or additional 
singlets  
(as in NMSSM) 

• pair production: 
• loophole-free search for 

additional Higgs bosons  
up to masses of ~√s/2  

• regardless of tan𝛽 
• or recoil against Z  

• even if coupling strongly 
reduced!  

• quantitative studies in full 
detector simulation ongoing
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ILC 250 GeV @ generator-level,  
for illustration only

• eg from 2HDMs or additional 
singlets  
(as in NMSSM) 

• pair production: 
• loophole-free search for 

additional Higgs bosons  
up to masses of ~√s/2  

• regardless of tan𝛽 
• or recoil against Z  

• even if coupling strongly 
reduced!  

• quantitative studies in full 
detector simulation ongoing
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pin down  

mass unification scale  

=> talk by S.Lehtinen this afternoon
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SUSY without Loop-Holes

• pair production of new, weakly coupled particles 

• special case SUSY: couplings are known 

• R partity conservation: NSLP -> SM partner + LSP
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• assume e.g. “worst case” mixing 

=> loop-hole free search for NLSP pair        
      production up to ~√s / 2
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most challenging 

case - 
for others even 
closer to √s/2 

• assume e.g. “worst case” mixing 

=> loop-hole free search for NLSP pair        
      production up to ~√s / 2

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


Discovering Dark Matter Particles
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• e+e- ->𝜒𝜒𝛾   “mono-photons” 
• probes WIMP coupling to leptons 
• cosmological interpretation:  

• fix cross-section to saturate relic density 
• with free branching fraction 𝜅e for 𝜒𝜒 -> e+e- 

• ILC probes down to 𝜅e ~ 1%
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• Effective operator interpretation  
[nota bene: valid at e+e- colliders] 

• for M𝜒 = 100 GeV ILC probes 𝛬 
• up to ~3 TeV @ 500 GeV 
• up to ~4.5 TeV @ 1 TeV

• e+e- ->𝜒𝜒𝛾   “mono-photons” 
• probes WIMP coupling to leptons 
• cosmological interpretation:  

• fix cross-section to saturate relic density 
• with free branching fraction 𝜅e for 𝜒𝜒 -> e+e- 

• ILC probes down to 𝜅e ~ 1%



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%)

9
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• masses of LSP and NLSP at 
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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
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• scale of neutrino mass generation still unknown 
• some models testable at colliders  
• example: SUSY with bi-linear R-parity violation 
• neutrino mixing angles <=> neutralino decay modes
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Conclusions
• The ILC  offers significant discovery potential - both via indirect and direct searches 
        => 10 examples discussed in this presentation 
• Rely strongly on the well-appreciated properties of e+e- colliders: 

• well defined initial state 
• clean environment, electroweak rates => trigger-less operation of detectors! 
• democratic production of particles with electroweak charges 

• …and on the particular Linear Collider assets: 
• extendability in energy 
• polarised beams 

• The ILC’s discovery potential is highly complementary to the LHC 
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Even in the most pessimistic case that no evidence for new 
particles appears, the ILC offers distinct and powerful strategies 

for new phenomena, that will illuminate physics both at small 
scales and at the large-scale makeup of the universe.

more details c.f. 
arXiv:1702.05333

http://arxiv.org/abs/arXiv:1702.05333
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Additional Design Considerations

• power consumption: 
• public acceptance for large scale projects 

significantly challenged if (substantial fractions of) 
extra power plant required! 

• ILC design driven by self-imposed limits on 
total site power: 
• 200 MW for 500 GeV 
• 300 MW for 1 TeV 

• cost awareness: 
• in years before TDR: critical review  

of design in order to reduce costs 
• value engineering 
• power reduction in favour of stronger focussing 

• at the end of the day: luminosity ~ power ~ money

✔

✘
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study this boson in the clean environment of e+e� collisions. Since the boson has been
seen in its ZZ-decay and given the indications that it also decays to WW , the main
LC production modes, Higgs-strahlung and WW -fusion can be exploited, allowing for
a model-independent reconstruction of the profile of this Higgs-like particle (hereafter
called “Higgs boson” for simplicity).

For a LC, there are qualitative di↵erences to the LHC which in turn lead to quanti-
tative improvements for the determination of the parameters of the Higgs sector. The
precise measurements of these parameters allows for the identification of the nature of
underlying physics. The experimental anchor of LC Higgs physics is the possibility to
observe the Higgs boson in Higgs-strahlung, e+e� ! HZ as a resonance in the mass
recoiling against a leptonically decaying Z-boson independent of a specific Higgs decay,
see Fig. 2.13 (right). This allows for the direct reconstruction of gHZ , the Higgs-Z cou-
pling. Thus, inherently any Higgs branching ratios and couplings can be determined
absolutely and without correlations. This includes potential beyond-SM decays such as
e.g. invisible decays, decays into light quarks etc.
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Fig. 9: Left: Production cross-sections of the SM Higgs boson in e+e� collisions as a function of
p

s for
mH = 125 GeV. Right: SUSY production cross-sections of model III as a function of

p
s. Every line of

a given colour corresponds to the production cross section of one particle in the legend.

Table 5: Summary of results obtained in the Higgs studies for mH =120 GeV. All analyses at centre-of-
mass energies of 350 GeV and 500 GeV assume an integrated luminosity of 500 fb�1, while the analyses
at 1.4 TeV (3 TeV) assume 1.5 ab�1(2 ab�1).

Higgs studies for mH =120 GeV
p

s Process Decay Measured Unit Generator Stat. Comment(GeV) mode quantity value error

350 ZH ! µ+µ�X
� fb 4.9 4.9% Model

Mass GeV 120 0.131 independent,
using Z-recoil

500
SM Higgs

ZH ! qq̄qq̄
�⇥ BR fb 34.4 1.6% ZH ! qq̄qq̄

production Mass GeV 120 0.100 mass
reconstruction

500 ZH,H��̄ �⇥ BR fb 80.7 1.0% Inclusive

! ��̄qq̄ Mass GeV 120 0.100 sample

1400 H ! �+��

�⇥ BR fb

19.8 <3.7%

3000
WW H ! bb̄ 285 0.22%
fusion H ! cc̄ 13 3.2%

H ! µ+µ� 0.12 15.7%

Higgs
1400 WW tri-linear ⇠20%
3000 fusion coupling ⇠20%

gHHH
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Figure 2: The recoil mass distribution for e+e� � ZH � µ+µ�H events with mH = 120 GeV in the ILD
detector concept at the ILC [6]. The numbers of events correspond to 250 fb�1 at

�
s = 250 GeV, and the

error bars show the expected statistical uncertainties on the individual points.

�
s 250 GeV 350 GeV

Int. L 250 fb�1 350 fb�1

�(�)/� 3 % 4 %
�(gHZZ)/gHZZ 1.5 % 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at
�

s = 250 GeVand
�

s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [6] and follow-up studies.

even near threshold at 500 GeV with 1 ab�1, thanks to the factor of two enhancement of the QCD-induced
bound-state e�ect. The measurement, which is made di�cult by a very large tt̄ background, relies on the
foreseen performances of the LC detectors. Furthermore, �gH��/gH�� can be measured at � 5% precision
at a 500 GeV LC with 500 fb�1 of integrated luminosity.

2.3 Higgs Coupling Measurements at
�

s � 500 GeV

The large samples of events from both WW and ZZ fusion processes would lead to a measurement of the
relative couplings of the Higgs boson to the W and Z at the 1 % level. This would provide a strong test of
the SM prediction gHWW/gHZZ = cos2 �W .

The ability for clean flavour tagging combined with the large samples of WW fusion events allows the
production rate of e+e� � H�e�e � bb�e�e to be determined with a precision of better than 1 %. Further-
more, the couplings to the fermions can be measured more precisely at high energies, even when accounting
for the uncertainties on the production process. For example, Table 3 shows the precision on the branching
ratio obtained from full simulation studies as presented in [4]. The uncertainties of the Higgs couplings
can be obtained by combining the high-energy results with those from the Higgs-strahlung process. The
high statistics Higgs samples would allow for very precise measurements of relative branching ratios. For
example, a LC operating at 3 TeV would give a statistical precision of 1.5 % on gHcc/gHbb.

2.4 Higgs Self-Coupling

In the SM, the Higgs boson originates from a doublet of complex scalar fields described by the potential

V(�) = µ2�†� + �(�†�)2 .

5

Figure 2.13: (Left) Cross sections for various Higgs boson production processes in e+e� col-
lisions. (Right) Recoil mass distribution for e+e� ! ZH ! µ+µ�H events at the ILC for
mH = 120 GeV and 250 fb�1 at

p
s = 250 GeV.

The reconstruction of the Higgs boson profile requires di↵erent steps in centre-of-mass
energy. The recoil mass spectrum as well as branching ratios (b, c, ⌧ , g, W , Z, �) can
be measured in Higgs-strahlung where the maximum of the cross section for a 125 GeV
Higgs boson is around 250 GeV. Given the inherent, approximately linear, increase of
instantaneous luminosity with

p
s, comparable accuracies can be achieved at 250 GeV

and 350 GeV. The most precise method to reconstruct the total decay width involves the
precise measurement of the WW -fusion cross-section which rises logarithmically with

p
s

and requires at least 350 GeV.
Since the H ! tt̄ decay is kinematically forbidden, the top Yukawa coupling needs to

be measured in e+e� ! tt̄H. The cross section has a broad maximum around 700 GeV.
The top Yukawa coupling can be measured with ⇠ 15% precision at

p
s = 500 GeV for

500 fb�1[10].
The measurement of a non-zero trilinear Higgs coupling �HHH signals a non-trivial

structure of the Higgs potential and thus spontaneous symmetry breaking. At the LC
it can be accessed mainly through two di↵erent production mechanisms, e+e� ! HHZ
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study this boson in the clean environment of e+e� collisions. Since the boson has been
seen in its ZZ-decay and given the indications that it also decays to WW , the main
LC production modes, Higgs-strahlung and WW -fusion can be exploited, allowing for
a model-independent reconstruction of the profile of this Higgs-like particle (hereafter
called “Higgs boson” for simplicity).

For a LC, there are qualitative di↵erences to the LHC which in turn lead to quanti-
tative improvements for the determination of the parameters of the Higgs sector. The
precise measurements of these parameters allows for the identification of the nature of
underlying physics. The experimental anchor of LC Higgs physics is the possibility to
observe the Higgs boson in Higgs-strahlung, e+e� ! HZ as a resonance in the mass
recoiling against a leptonically decaying Z-boson independent of a specific Higgs decay,
see Fig. 2.13 (right). This allows for the direct reconstruction of gHZ , the Higgs-Z cou-
pling. Thus, inherently any Higgs branching ratios and couplings can be determined
absolutely and without correlations. This includes potential beyond-SM decays such as
e.g. invisible decays, decays into light quarks etc.
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Table 5: Summary of results obtained in the Higgs studies for mH =120 GeV. All analyses at centre-of-
mass energies of 350 GeV and 500 GeV assume an integrated luminosity of 500 fb�1, while the analyses
at 1.4 TeV (3 TeV) assume 1.5 ab�1(2 ab�1).
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Figure 2: The recoil mass distribution for e+e� � ZH � µ+µ�H events with mH = 120 GeV in the ILD
detector concept at the ILC [6]. The numbers of events correspond to 250 fb�1 at

�
s = 250 GeV, and the

error bars show the expected statistical uncertainties on the individual points.
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�(gHZZ)/gHZZ 1.5 % 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at
�

s = 250 GeVand
�

s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [6] and follow-up studies.

even near threshold at 500 GeV with 1 ab�1, thanks to the factor of two enhancement of the QCD-induced
bound-state e�ect. The measurement, which is made di�cult by a very large tt̄ background, relies on the
foreseen performances of the LC detectors. Furthermore, �gH��/gH�� can be measured at � 5% precision
at a 500 GeV LC with 500 fb�1 of integrated luminosity.

2.3 Higgs Coupling Measurements at
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The large samples of events from both WW and ZZ fusion processes would lead to a measurement of the
relative couplings of the Higgs boson to the W and Z at the 1 % level. This would provide a strong test of
the SM prediction gHWW/gHZZ = cos2 �W .

The ability for clean flavour tagging combined with the large samples of WW fusion events allows the
production rate of e+e� � H�e�e � bb�e�e to be determined with a precision of better than 1 %. Further-
more, the couplings to the fermions can be measured more precisely at high energies, even when accounting
for the uncertainties on the production process. For example, Table 3 shows the precision on the branching
ratio obtained from full simulation studies as presented in [4]. The uncertainties of the Higgs couplings
can be obtained by combining the high-energy results with those from the Higgs-strahlung process. The
high statistics Higgs samples would allow for very precise measurements of relative branching ratios. For
example, a LC operating at 3 TeV would give a statistical precision of 1.5 % on gHcc/gHbb.
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Figure 2.13: (Left) Cross sections for various Higgs boson production processes in e+e� col-
lisions. (Right) Recoil mass distribution for e+e� ! ZH ! µ+µ�H events at the ILC for
mH = 120 GeV and 250 fb�1 at

p
s = 250 GeV.

The reconstruction of the Higgs boson profile requires di↵erent steps in centre-of-mass
energy. The recoil mass spectrum as well as branching ratios (b, c, ⌧ , g, W , Z, �) can
be measured in Higgs-strahlung where the maximum of the cross section for a 125 GeV
Higgs boson is around 250 GeV. Given the inherent, approximately linear, increase of
instantaneous luminosity with

p
s, comparable accuracies can be achieved at 250 GeV

and 350 GeV. The most precise method to reconstruct the total decay width involves the
precise measurement of the WW -fusion cross-section which rises logarithmically with

p
s

and requires at least 350 GeV.
Since the H ! tt̄ decay is kinematically forbidden, the top Yukawa coupling needs to

be measured in e+e� ! tt̄H. The cross section has a broad maximum around 700 GeV.
The top Yukawa coupling can be measured with ⇠ 15% precision at

p
s = 500 GeV for

500 fb�1[10].
The measurement of a non-zero trilinear Higgs coupling �HHH signals a non-trivial

structure of the Higgs potential and thus spontaneous symmetry breaking. At the LC
it can be accessed mainly through two di↵erent production mechanisms, e+e� ! HHZ
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Absolute (!) Higgs Couplings at the ILC

The full ILC500 programme gives  
sub-percent precision on most Higgs couplings
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Higgs Couplings and Staging - Model-independent

Precisions roughly similar - most notable exceptions: 𝜅W, 𝜅t 
But note: red bars compare 8yrs <=> 15yrs
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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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arXiv:
0912.2806

http://arxiv.org/abs/arXiv:0912.2806


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!

20

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

systematic uncertainties 
• minimise higher-order 

corrections

500 GeV



ILC Prospects on Top Couplings and BSM

21

[Poeschl,Richard]

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

, SUSY

Sensitivity to huge 
variety of models 

with  
compositeness 
and/or extra-
dimensions 

complementary 
to resonance 

searches

500 GeV



New Physics Reach of full ILC500 Program
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….for typical BSM scenarios with composite Higgs/Top and/or extra dimensions 
based on phenomenology described in Pomerol et al. arXiv:0806.3247 

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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sensitivity  
to 𝜆 largest  

near threshold!
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1 TeV is sweet spot: 
sensitivity  
to 𝜆 largest  

near threshold!

BSM: deviations can be large,  
even if other couplings SMlike!

SFB-B1 
(PhD Th. 
C.Dürig)

500 GeV



Plenty of room left for SUSY

25

simplified models don’t give the full story  
(e.g. 100% BR assumption rarely fulfilled)  

-> c.f. pMSSM scan by ATLAS, arXiv:1508:06608
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Plenty of room left for SUSY

25

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?

26

=> 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
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Probing the GUT scale with light Higgsinos

various benchmarks  
• with ΔM = 0.77…..20 GeV 
• in pMSSM / NUHM2 / hybrid 

gauge-gravity mediation / 
mirage unification 
[ c.f. arXiv:1610.06205]
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precision measurements of Higgsinos: 
• determine weak scale SUSY 

parameters even if in multi-TeV 
regime  
=> M1, M2, M3, Mstop, MA, … 

• test mass unification 
• determine unification scale: GUT 

scale? Or additional “mirage” scale?
[Eur.Phys.J. C73 (2013) 12, 2660]
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=> important guidance  

for 100 TeV pp collider!

[Eur.Phys.J. C73 (2013) 12, 2660]


