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ABSTRACT

We summarize the physics case for the International Linear Collider
(ILC). We review the key motivations for the ILC presented in the lit-
erature, updating the projected measurement uncertainties for the ILC
experiments in accord with the expected schedule of operation of the ac-
celerator and the results of the most recent simulation studies.
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ILC Proposal

ILC Acc. Design Overview  (in TDR) 

4 A. Yamamoto, 160120 

e- Source 

e+ Main Liinac 

e+ Source 

e- Main Linac 

Item Parameters 

C.M. Energy 500 GeV 

Length 31 km 

Luminosity 1.8 x1034 cm-2s-1 

Repetition 5 Hz 

Beam Pulse  Period 0.73 ms 

Beam Current  5.8 mA (in pulse) 

Beam size (y) at FF 5.9 nm 

SRF Cavity G.  
Q0 

31.5 MV/m 
Q0 = 1x10 10 main linacbunch

compressor

damping
ring

source

pre-accelerator

collimation

final focus

IP

extraction
& dump

KeV

few GeV

few GeV
few GeV

250-500 GeV

Nano-beam Technology 

SRF Accelerating Technology 

Key Technologies 

Physics Detectors 

Damping Ring 

main linacbunch
compressor

damping
ring

source

pre-accelerator

collimation

final focus

IP

extraction
& dump

KeV

few GeV

few GeV
few GeV

250-500 GeV

SRF Technology 

Nano-beam Technology 

- Electron and Positron Sources (e-, e+) :  
- Damping Ring (DR):  
- Ring to ML beam transport (RTML䠅: 
- Main Linac (ML䠅䠖SCRF Technology 
- Beam Delivery System  (BDS䠅 

ILC Accelerator Concept  

A. Yamamoto, 160120 9 

- 20 years of R&D, key technologies demonstrated 
- Technical Design Report (TDR) completed in 2013

- 5 volumes, incl. Physics, Accelerator, Detectors (arXiv) 

ILD SiD

e- Polarization                80%
e+ Polarization               30%

250-500 GeV

Geant4-based FullSym, incl. beam effects

1
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ILC ML Parameters, demonstrated in TDR 

6 

Characteristics Parameter Unit Demonstrated 

SRF:  
Average accelerating gradient 31.5 (±20%) MV/m DESY, FNAL,  JLab, 

Cornell, KEK,  Cavity Q0 1010 

(Cavity qualification gradient 35 (±20%) MV/m) 

Beam current 5.8 mA DESY-FLASH), KEK-STF 

Number of bunches per pulse 1312 DESY 

Charge per bunch 3.2 nC 

Bunch spacing 554 ns 

Beam pulse length 730 ms DESY, KEK 

RF pulse length (incl. fill time) 1.65 ms DESY, KEK, FNAL 

Efficiency (RFÆbeam) 0.44 

Pulse repetition rate 5 Hz DESY, KEK 

Nano-bam:  
ILC-FF beam size (y)  
KEK-ATF-FF equiv. beam size (y)   

5.9  
37  (44 reached) 

nm 
nm 

 
 KEK-ATF 

A. Yamamoto, 160120 

[slide: Akira Yamamoto]
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ILC Site Candidate Location in Japan: Kitakami 

Oshu 

Ichinoseki 

Ofunato 

Kesen-numa 
Sendai 

Express- 
Rail 

High-way 

IP Region 

• Preferred site selected  by JHEP community, 
• Endorsed by LCC, in 2013 

38 A. Yamamoto, 160120 

[slide: Akira Yamamoto]

-Project currently being evaluated 
by Japan’s Ministry for Science and Education (MEXT) 

-Site-specific design in progress

3
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ILC Operating Scenarios

DRAFT
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ILC Operating Scenarios

ILC Parameters Joint Working Group
T. Barklow, J. Brau, K. Fujii, J. Gao, J. List, N. Walker, K. Yokoya

Abstract

The ILC Technical Design Report documents the design for the construction of a linear
collider which can be operated at energies up to 500 GeV. This report summarizes the out-
come of a study of possible running scenarios, including a realistic estimate of the real time
accumulation of integrated luminosity based on ramp-up and upgrade processes. The evo-
lution of the physics outcomes is emphasized, including running initially at 500 GeV, then
at 350 GeV and 250 GeV. The running scenarios have been chosen to optimize the Higgs
precision measurements and top physics while searching for evidence for signals beyond
the standard model, including dark matter. In addition to the certain precision physics on
the Higgs and top that is the main focus of this study, there are scientific motivations that
indicate the possibility for discoveries of new particles in the upcoming operations of the
LHC or the early operation of the ILC. Follow-up studies of such discoveries could alter
the plan for the centre-of-mass collision energy of the ILC and expand the scientific impact
of the ILC physics program. It is envisioned that a decision on a possible energy upgrade
would be taken near the end of the twenty year period considered in this report.
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DRAFT

3 TIMELINES OF THE RUNNING SCENARIOS
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Figure 3: Accumulation of integrated luminosity versus real time for scenario G-20.
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Figure 4: Accumulation of integrated luminosity versus real time for scenario H-20.
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2.2 Operation Scenarios 2 ILC500 RUNNNING SCENARIOS

integrated luminosity with sgn(P(e�),P(e+)) =
(-,+) (+,-) (-,-) (+,+)p

s [fb�1] [fb�1] [fb�1] [fb�1]
250 GeV 1350 450 100 100
350 GeV 135 45 10 10
500 GeV 1600 1600 400 400

Table 3: Integrated luminosities per beam helicity configuration resulting from the fractions in
table 2 in scenario H-20.

Dark Matter searches or measurement of the top quark couplings. Thus, we apply the helicity
sharing listed in table 2 for all scenarios.

Table 3 shows an example case of the resulting integrated luminosities per center-of-mass
energy and helicity configuration for the scenario H-20.

It must be stressed once more that a key asset of the ILC is its flexibility. For all center-of-
mass energies, further discoveries at the LHC or the results of the first ILC runs could lead to
modifications of the ideal sharing between helicity fractions. Such changes in the run plan can
easily be accommodated based on future physics results.

2.2 Operation Scenarios

The total integrated luminosities presented in section 2.1 are collected at different stages of the
machine in different periods of time, leading to what we refer to as “running scenarios”. In this
section, we propose a few examples of such running scenarios to be evaluated from the physics
perspective.

We concentrate on two main parameters to vary:

• The time before the luminosity upgrade [7]: Scenarios H-20 and I-20 foresee the luminos-
ity upgrade after approximately 8 years, while scenario G-20 assumes the luminosity up-
grade later, only after accumulating two more years of integrated luminosity at 500 GeV,
after 10 years.

• The final accumulation of integrated luminosity per energy: Scenario G-20 includes only
small data sets at 250 and 350 GeV and focusses on collecting the largest possible lumi-
nosity at the top baseline energy. In contrast, scenarios H-20 and I-20 illustrate the effect
of taking a large dataset at 250 GeV or 350 GeV, respectively.

In this we apply the following guidelines/restrictions:

• All scenarios are limited to about equal total operation times near 20 years, before a
possible 1 TeV upgrade or other running options.

6
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4 TIME DEVELOPMENT OF PHYSICS RESULTS

p
s

R
L dt Lpeak Ramp T Ttot Comment

[GeV] [fb�1] [fb�1/a] 1 2 3 4 [a] [a]
Physics run 500 500 288 0.1 0.3 0.6 1.0 3.7 3.7 TDR nominal at 5 Hz
Physics run 350 200 160 1.0 1.0 1.0 1.0 1.3 5.0 TDR nominal at 5 Hz
Physics run 250 500 240 0.25 0.75 1.0 1.0 3.1 8.1 operation at 10 Hz
Shutdown 1.5 9.6 Luminosity upgrade
Physics run 500 3500 576 0.1 0.5 1.0 1.0 7.4 17.0 TDR lumi-up at 5 Hz
Physics run 250 1500 480 1.0 1.0 1.0 1.0 3.2 20.2 lumi-up operation at 10 Hz

Table 7: Scenario H-20: Sequence of energy stages and their real-time conditions.
p

s
R

L dt Lpeak Ramp T Ttot Comment
[GeV] [fb�1] [fb�1/a] 1 2 3 4 [a] [a]

Physics run 500 500 288 0.1 0.3 0.6 1.0 3.7 3.7 TDR nominal at 5 Hz
Physics run 350 200 160 1.0 1.0 1.0 1.0 1.3 5.0 TDR nominal at 5 Hz
Physics run 250 500 240 0.25 0.75 1.0 1.0 3.1 8.1 operation at 10 Hz
Shutdown 1.5 9.6 Luminosity upgrade
Physics run 500 3500 576 0.1 0.5 1.0 1.0 7.4 17.0 TDR lumi-up at 5 Hz
Physics run 350 1500 448 1.0 1.0 1.0 1.0 3.4 20.4 lumi-up operation at 7 Hz

Table 8: Scenario I-20: Sequence of energy stages and their real-time conditions.

Shutdowns

• A major 18 month shutdown is assumed for the luminosity upgrade.

• The shutdown is for the TDR luminosity upgrade, where the number of bunches per
pulse is increased from 1312 to 2625. This requires the installation of an additional 50%
of klystrons and modulators, as well as the possible installation of a second positron
damping ring. It is assumed that linac and damping ring installation occur in parallel and
do not interfere with each other.

• This down-time may be on the optimistic side, but would appear to be roughly consistent
with the TDR construction installation rates, assuming that the same level of manpower
is available, and that all the necessary components for installation are (mostly) available
at the time the shutdown starts.

4 Time Development of Physics Results

In this section we present some examples of how important physics results evolve in time for the
three scenarios presented above. All plots in this section are preliminary since not all analyses
involved have been finished yet, so that some measurements are extrapolated, e.g. from other
center-of-mass energies.

4.1 Higgs couplings to fermions and gauge bosons

13 DRAFT

4.1 Higgs couplings to fermions and gauge bosons4 TIME DEVELOPMENT OF PHYSICS RESULTS
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Figure 7: Time evolution of precision on various couplings of the Higgs boson in the scenarios
G-20 and H-20.
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e+e- vs. Hadron Collider
Energy Range accessible to the ILC is “covered” by the LHC, but:

LHC: Cross Section 
Oligarchy - 

the Strong dominate the 
Weak 

ILC: Cross Section 
Democracy

e.g.

LHC: messy events due to soft QCD, pile-up

ILC: clean, low-occupancy environment

e+e- machine enables precision studies of Higgs & Top
and “hermetic” searches for new physics 5
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Higgs Studies at the ILC

e
+

e
−

H
W

W

ν

ν

-

He
+

e
−

Z

Z

e
+

e
−

H
Z

Z

e
+

e
−

Figure 2: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from Ref. [1].

only via collisions of left-handed electrons with right-handed positrons. As a conse-
quence, its cross section can be enhanced by a factor of about 2 with the polarized
electron and positron beams available at the ILC. Figure 2 plots the cross sections
for the single Higgs boson production at the ILC with the left-handed polarization
combinations: P (e�, e+) = (�0.8,+0.3). The figure tells us that at a center of mass
energy of 250 GeV the higgsstrahlung process attains its maximum cross section,
providing about 160,000 Higgs events for an integrated luminosity of 500 fb�1. At
500 GeV, a sample of 500 fb�1 gives another 125,000 Higgs events, of which 60% are
from the W fusion process [14]. With these samples of Higgs events, we can measure
the rates for Higgs production and decay for all of the major Higgs decay modes.

The higgstrahlung process e+e� ! Zh o↵ers another special advantage. By identi-
fying the Z boson at a well-defined laboratory energy corresponding to the kinematics
of recoil against the 125GeV Higgs boson, it is possible to identify a Higgs event with-
out looking at the Higgs decay at all. This has three important consequences. First,
as we will describe below, it gives us a way to determine the total width of the Higgs
boson and the absolute normalization of the Higgs couplings. Second, it allows us to
observe Higgs decays to invisible or exotic modes. Decays of the Higgs boson to dark
matter, or to other long-lived particles that do not couple to the Standard Model
interactions, can be detected down to branching ratios below 1%.

6

• H20 run scenario corresponds to 
~0.6M H @ 250 and 1M @ 500 GeV

• Measure many SM Higgs couplings at 
~1% level or better, in a model-
independent way

• Highlights of the program:

• Precise Higgstrahlung (Zh) 
measurement @ 250 GeV

• WW fusion measurements @ 350 
and 500 GeV

• Direct measurement of tth 
coupling @ 500 (550?) GeV 6
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Precision Higgsstrahlung
• Identify Zh events by reconstructing 

recoil mass

• No observation of the Higgs is 
needed          unbiased, model-
independent measurement of cross 
section

• Directly infer coupling 

• In contrast, LHC rates

• Total Higgs width too small to be 
measured directly, rate-to-coupling 
conversion is based on some 
assumptions about 

[Figure: Li et.al. (ILD Collaboration)]

7
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W Fusion and Higgs Width

• SM Higgs width ~6 MeV too small for a direct measurement

• Indirect, but model-independent, determination of       at ILC:

• Measure @ 250 GeV:

• Measure @ 500 GeV:

• Combine to infer       

• Measure @ 250 GeV: 

• Extract                                       (<2% precision!)

• Infer couplings from Br measurements:       
8

Wednesday, May 11, 16



Higgs Couplings Summary
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Projected Higgs coupling precision (7-parameter fit)

 (CMS-1, Ref. arXiv:1307.7135)-1 14 TeV, 3000 fbHL-LHC
 (CMS-2, Ref. arXiv:1307.7135)-1 14 TeV, 3000 fbHL-LHC

-1 250 GeV,   500 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV,   500 fbILC
-1 250 GeV, 2000 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV, 4000 fbILC

 combination-1 3000 fbHL-LHC ⊕ ILC

%
%
%
%
%
%
%
%
%
%
%

Zκ Wκ bκ gκ γκ µ ,τκ t c,κ

Figure 4: Relative precisions for the various Higgs couplings extracted using the model-
dependent fit used in the Snowmass 2013 study [18], applied to expected data from the
High-Luminosity LHC and from the ILC. Here, 

A

is the ratio of the AAh coupling to
the Standard Model expectation. The red bands show the expected errors from the initial
phase of ILC running. The yellow bands show the errors expected from the full data set.
The blue bands for 

�

show the e↵ect of a joint analysis of High-Luminosity LHC and ILC
data.
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-1 250 GeV,   500 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV,   500 fbILC

-1 250 GeV, 2000 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV, 4000 fbILC

 combination-1 3000 fbHL-LHC ⊕ ILC

Projected precision of Higgs coupling and width (model-independent fit)
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Figure 5: Relative precisions for the various Higgs couplings extracted from a model-
independent fit to expected data from the ILC. The notation is as in Fig. 4.

11

Constrained 7-parameter Fit
(for comparison w/LHC)

Model-Independent Fit
(only possible @ ILC!) “Higgs Portal”

invisible or 
exotic decays

RED - “initial” ILC running, 8 years
ORANGE - “full” ILC running, 20 years
BLUE - use HL-LHC measurement of 

if run 
@550 
GeV

9

Wednesday, May 11, 16



Higgs: Implications
• Naturalness of the EW scale is a major open issue

• Any extension of the SM that addresses EW naturalness must 
modify Higgs properties

• Weakly-coupled solutions (SUSY, Little H, Twin H) predict 
“top partners”, mass < TeV, coupling to H fixed by divergence 
cancellation argument

COLORED top partners (SUSY, Little H): 
LO shifts in 

COLORLESS top partners (Twin H): 
NLO shift in 

                    
, FT~1 %

interpretation requires an independent top 
Yukawa measurement @ ILC-500!

No sensitivity at the LHC!
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[Craig, Englert, McCullough, ‘13]

[see N. Craig’s talk]
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Stops: Direct (LHC) 
vs. Indirect (ILC)
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Figure 6: As in Fig. 5 with the addition of projected conservative (dotted) and optimistic
(dotdashed) sensitivity from h ! gg measurement shown in purple. Absolute deviations
are shown but it should be kept in mind that the h ! gg corrections are positive for small
A-terms (central region of left-hand plot and all of right hand plot) and negative for large
A-terms (large mass splittings).

correlation measurement excludes stops between mt < m
˜t < 191 GeV, likewise assuming

the decay t̃
1

! t�̃0

1

proceeds to predominantly right-handed top quarks with m�̃0
1

= 1 GeV.
Dependence of the limit on m�̃0

1
is relatively weak, but as in the case of the cross section limit it

may be substantially eroded by mixed branching ratios, three-body decays, or changes in the
LSP identity. Also, removing the assumption of R-parity conservation drastically weakens
the bounds. For example, if the stops decay to two jets via the RPV UDD operator, all
stop events result in purely hadronic final states buried under the large QCD background.
Currently there is no LHC bound on this scenario [55]. In both cases, the di�culty faced
by direct searches is not statistics – in fact the LHC Run-1 would already have produced a
large sample of stops in these scenarios – but rather the di�culty of separating signal from
background. This indicates that these scenarios will remain challenging for the LHC in Run-
2 and beyond, and may well still be unconstrained at the time the Higgs factory becomes
operational.

In addition to Higgsstrahlung measurement, the Higgs factory can perform other indirect
searches for stop squarks. The leading sensitivity would be due to modifications of the h! gg

decays arising from loops of heavy stops. To compare the sensitivities, we again consider a
“conservative” and an “optimistic” scenario, assuming a 4.6% and 1.6% precision in the
measurement of �(h! gg). (The two numbers correspond to the estimates of the Snowmass
report [4] for the “ILC-500” and “TLEP-350” scenarios, respectively.) In Fig. 6 we compare
the reach of the Higgs factory for stops via h ! gg and Higgsstrahlung measurements. It
is clear that h ! gg has the higher sensitivity throughout the parameter space. Note that
the “blind spot” is common for both measurements, since it is due to the suppression of the

– 16 –

Difficult region:
compressed spectra

Difficult region (“blind spot”):
stop1 and stop2 loops cancel

11
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• Composite Higgs models (Little H, H as A5 in 
5D, ...) need H to be a pseudo-NGB of a new 
global symmetry 

• This generically leads to suppression of H 
couplings:

• 1-5% level if compositeness scale ~TeV

• In many models H mixes w/extra scalars (e.g. 
2HDM, MSSM, NMSSM) resulting in coupling 
shifts, which can be either direction

• Pattern of deviations in H couplings can hint at 
the nature of the underlying theory    

Higgs: More Implications
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs Þeld. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs Þeld.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were Þrst-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The Þrst step would be to test the nature of the phase transition. Models in
which the phase transition is Þrst-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen Þnal states, for example, the state in which one Higgs boson decays to!! , pro-
viding a clean signal, while the other decays tobb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced throughe+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modeshh ! bbbb and hh ! bbWW have been studied in full simulation at the center
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Figure 6: Two examples of models of new physics and their predicted e! ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1! uncertainties expected from the model-
independent Þt to the full ILC data set.

the Higgs Þeld. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs Þeld.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were Þrst-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The Þrst step would be to test the nature of the phase transition. Models in
which the phase transition is Þrst-order typically require the Higgs self-coupling to
di! er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen Þnal states, for example, the state in which one Higgs boson decays to!! , pro-
viding a clean signal, while the other decays tobb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced throughe+ e! ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modeshh ! bbbb and hh ! bbWW have been studied in full simulation at the center

12

[Asner, Barklow, et.al. ’13]
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Higgs Formfactors
In addition to coupling shifts, new physics induces d>4 operators:

ORANGE: 5-sigma 
discovery

BLUE: 95% c.l. reach

[Craig, Farina, McCullough, MP, ‘14]

[see also Beneke, Boito, Wang, ’14;
Craig, Gu, Liu, Wang’15]

13
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Electroweak Phase Transition
• At high temperature, EW symmetry is restored

• Phase transition occurred at

• Baryon asymmetry may have been generated 
during this phase transition IF it was strongly 1st-
order (non-equilibrium - Sakharov’s cond.)

• In the SM, symmetry breaking is a cross-over,  
EW baryogenesis not possible

• New physics coupled to Higgs can change the 
dynamics of the phase transition, make it 1st 
order 

• This new physics will generically also change T=0 
Higgs couplings!

• Predicted Higgs coupling deviations in most 
models large enough to show up at the ILC

Example: “LH Stau” model

[A. Katz, MP, ’14]

cf. ILC precision 0.2-0.4%
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Higgs Self-Coupling
• ILC-500 is sensitive to h^3 

coupling

• First test of Higgs potential 
shape!

• Hard; ~30% measurement at 
the ILC-500 

• However, large shifts 
expected in models w/1st 
order phase transition: 
~100% not unusual

• 1 TeV upgrade would 
increase precision to ~10% 

Figure 1: SM with a single extra scalar. Models with a “bumpy” zero-temperature Higgs
potential are shown by (blue) circles, and those without the bump by (red) crosses. (Left
panel) The strength of the first-order EWPT ⇠, defined in Eq. (15), vs. Higgs cubic self-
coupling. (Right panel) Higgs cubic self-coupling vs. Higgs mass for points exhibiting a
strong first-order EWPT, ⇠ > 1. In both plots, the Higgs self-coupling is normalized to the
one-loop SM expectation for the same mh.

zero-temperature potential essentially guarantees that the EWPT will be of the first order,
and most of the points with strong first-order EWPT in our scan (the blue points in Fig. 1)
have this feature. The Higgs self-coupling for the pure DT potential, Eq. (17), is 66% larger
than the (tree-level) SM value2 for the same v and mh:

�DT
3 =

5m2
h

6v
=

5

3
�SM,tree

3 , (18)

which is roughly at the center of the range for the models with strongly first-order EWPT in
our scan. Even without the bump (red points in Fig. 1), the models with ⇠ ! 1 have zero-T
potentials whose characteristic feature is a flatter maximum at h = 0 compared to the SM.
This shape is close to the DT potential, again resulting in large deviations of �3 from the
SM prediction.

The connection with the pure DT case points to a potential concern about our model:
In the DT case, the physical Higgs mass is given by mh = A1/ 2v/ (4⇡), so that large values
of A are required to satisfy the experimental lower bound on mh. Correspondingly, in our
scans, fairly large values of ⇣2 (between 3 and 10) are required to obtain phenomenologically

2The same relation holds in any model with approximate conformal symmetry in the Higgs sector broken
by nearly marginal operators [19].

7

Figure 4: SM with anH 6 operator. Models with a ÒbumpyÓ zero-temperature Higgs potential
are shown by (blue) circles, and those without the bump by (red) crosses. (Left panel) The
strength of the Þrst-order EWPT ! , deÞned in Eq. (15), vs. Higgs cubic self-coupling.
(Right panel) Higgs cubic self-coupling vs. Higgs mass for points exhibiting a strong Þrst-
order EWPT, ! > 1. In both plots, the Higgs self-coupling is normalized to the one-loop SM
expectation for the samemh.

Since strong Þrst-order EWPT can only occur for! in the 500 GeVÐ1 TeV range, the
correction term is large for these points. (The one-loop corrections to Eq. (23) are at most
about 10% in our scan.) In addition, as Fig. 4 indicates, there is a clear and strong correlation
between this coupling and the strength of the EWPT.

4 A Model with Tree-Level Higgs-Singlet Mixing

In all examples studied above, the SM-like Higgs Þeldh was the only Þeld that acquired
an expectation value during the EWPT. If other scalar Þelds are present, they may change
their value in the same transition, so that the order parameter for the EWPT is e" ectively
a linear combination of h and other Þelds. Of particular interest are models with extra
gauge-singlet scalars, such as the NMSSM, certain Little Higgs models, and others. At low
temperatures, both singlet and Higgs vevs are generically non-zero. At high temperatures,
the Higgs vev is driven to zero, and although the singlet vev typically remains non-zero,
the EWPT involves changes in both vevs. Since the zero-temperature singlet potential is
not restricted to even-degree polynomials by gauge invariance, it may contain cubic terms,
which can naturally produce large ÒbumpsÓ and lead to strong Þrst-order EWPT. We will

13

[Noble, MP, ’07]
15
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Top Mass

• Top threshold scan provides a precision 
study of the t-tbar quasibound state - the 
“Hydrogen atom” of QCD

• QCD calculations of the threshold shape 
up to N^3LO

• Precise theoretical definition and 
experimental determination of the top 
mass 

• Will address (in)stability of the SM Higgs 
vacuum (assuming no new physics 
relevant up to the GUT scale) 

[Seidel et. al.’13; Horiguchi et.al., ’13]

“350 GeV” running is actually a scan across the t-tbar thresholddetermined from full simulation studies combined with the input cross section. From the simulated
measurement points the top quark mass is determined by a template Þt, comparing the data points
to calculated cross section curves for di↵erent mass hypotheses. In this study, the top quark width
and the Yukawa coupling are assumed to take their Standard Model values and are not varied. The
strong coupling constant is assumed to be an external input. The impact of the uncertainty of↵s is
brießy discussed in Section 5.
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Figure 2: Illustration of a tøt production thresh-
old scan, showing the best Þt template for a Þt
accounting for NNNLO scale variations and the
variations of the template for mass changes of±
100 MeV.

In the present study, the template Þt is extended to account for the NNNLO scale uncertainties.
Instead of comparing the simulated data points with a line given by the cross section for a particular
mass hypothesis, the comparison is now made with a band that is deÞned by the space between the
minimum and the maximum cross section over the range of considered renormalization scales at each
energy point. This is illustrated in Figure 2. The simulated data points correspond to 10 points
with an integrated luminosity of 10 fb ! 1 each, using the default cross section formPS

t = 171.5 GeV
and µ = 80 GeV as input. The template providing the best Þt, in this example corresponding to a
top quark mass of 171.45 GeV, is given by the area between the two solid blue lines. Also shown
are the templates for shifts in mass by± 100 MeV, shown by the dotted lines. To account for the
bands used as templates, the calculation of the�2 used in the template Þt is modiÞed. Data points
that lie within the template they are compared to do not increase the global�2 used in the Þt, for
data points beyond the band the�2 is increased by��2 = ��2/ �2

data , where�� is the di↵erence
between the measured cross section and the nearest edge of the template band, and�data is the
statistical uncertainty of the data point.

Since the template bands are not symmetric around the cross section for the default value for
the renormalisation scale ofµ = 80 GeV, the Þtted mass value is biased to lower top masses by 44
GeV. This bias represents the choice of theµ parameter in the Þt, and is thus a trivial o↵set that
can be corrected for. Figure 3left shows the Þt results for 5000 iterations. The standard deviation
of the distribution is 19 MeV, representing the statistical uncertainty of the Þtted mass. This is
only marginally higher than the same value for a Þt that does not include the scale variations and is
instead using just a single line per mass calculated forµ = 80 GeV. For a single analysed threshold
scan the full uncertainty of the Þt is larger, however, since not all data points contribute to the�2.
This uncertainty is determined by the variations in mass that lead to an increase of the global�2

by 1. The numerical value is determined by a parabolic Þt to the�2 distribution of the template Þt.
For cases where the minimum of the parabola is below 0, the mass values which result in a�2 of 1
are taken as the bounds of the uncertainties.

The distribution of the full Þt uncertainty for 5000 iterations of the toy MC is given in Figure 3
right. In the present study, the mean Þt uncertainty is 32 MeV, with a most probable uncertainty of
30 MeV, and 90% of all iterations resulting in an uncertainty of less than 39 MeV. Assuming that the
Þt uncertainty is given by the quadratic sum of a purely statistical component and of an additional
Þt uncertainty originating from the use of the NNNLO scale uncertainties in the template Þt which

LCWS 2015 3

[F. Simon, ’16]

[Beneke et. al., ’15]
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Top Electroweak Couplings
• t-tbar production @ 500 GeV is 

directly sensitive to the top 
coupling to the Z

• 1%-level measurements   

• Beam polarization allows to 
separately measure couplings to      
and   

• Important e.g. in composite Higgs 
models where     and     typically  
have different degree of 
compositeness

• Reach in ~20 TeV range for KK 
scale in RS-type models

+10%

+20%

+20% +30%+10%-10%-20%

-10%

-20%

ILC Precision

LHC Precision

6gL/gL

6gR/gR

SM

Figure 9: The heavy dots display the shifts in the left- and right-handed top quark cou-
plings to the Z boson predicted in a variety of models with composite Higgs bosons, from
Ref. [41]. The ellipses show the 68% confidence regions for these couplings expected from
the LHC [36,43] and the ILC [42].

violating interactions of the top quark [44,45], which provide the driving force in one
class of models of the cosmic matter-antimatter asymmetry.

4 New Particles

In addition to searches for new particles and forces through the precision study
of the Higgs boson and the top quark, the ILC will carry out direct searches for new
particles outside the Standard Model. The LHC has already carried out a broad
program of searches for new particles, setting upper limits on masses higher than
1 TeV in the best cases. Still, it is possible that new particles are being produced
at the LHC and yet are not visible to the experiments there. Such particles do not
appear only in artificial examples but even in some of the best-motivated scenarios
for new physics. We will review some specific models of this type below. At the ILC,
we can use the advantages of e+e� collisions to discover or definitively exclude these
particles.

A new capability that the ILC will make available is the ability to polarize the
colliding electron and positron beams. We have already discussed the use of beam po-
larization in studies of the Higgs boson and the top quark. For studies of an unknown

18

[Richard, ’14;  Amjad et.al., ’13]

17

Warped (RS) Extra Dimension

• Original model had the 
SM on the TeV brane

• It was subsequently 
realized that models with 
SM gauge fields and 
fermions in the “bulk” are 
more interesting:

- natural solution to fermion mass hierarchy problem

- natural suppression of flavor-changing neutral currents

- possibility of gauge coupling unification, as in the MSSM

NB: collider pheno is different from the “SM on the brane” 
model, e.g. small KK-graviton coupling to light quarks/leptons!

[see talks by Randall, Perez, Lee]
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Direct New Particle Searches

• ILC provides an almost “hermetic” 
search for any new particles coupled to 
EW current within kinematic reach

• Example: Higgsino LSP + large gap

• Challenging at the LHC: Electroweak 
production, no cascades         rely on 
monojet+MET signature

• Discovery reach only ~100 GeV at HL-
LHC

• ILC uses photon ISR to tag this signal

case, but all channels are still through an s-channel W± or Z.
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Figure 4: The mass reach in the pure higgsino scenario in the monojet channel with L =

3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The
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Figure 5: Chargino track distributions for the pure higgsino scenario showing the number

of tracks for a given track length (left) and the number of tracks for a given higgsino mass

(right). The dashed lines shows the same plots with a neutralino-chargino mass splitting

half the standard value, and the dashed-dotted lines show the same plots with a neutralino-

chargino mass splitting twice the standard value. Only events passing the analysis cuts in

App. A and containing at least one chargino track with pT > 500 GeV are considered.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. As in

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative to

the LHC. The reach is weaker than that for winos, mainly due to the reduction in production

cross-section.

– 10 –

[Low, Wang, ’14]

Figure 11: Distribution of the missing mass for a system recoiling against an initial state
radiation photon in a model with Higgsino production at the ILC, from Ref. [54]. Left:
events selected for charged Higgsinos. Right: events selected for neutral Higgsinos.

if the supersymmetric partners of the weak interaction gauge bosons are heavy. Thus
it is not surprising that Higgsinos are hardly constrained by LHC data.

The observation of Higgsinos at the ILC has been studied in Ref. [54]. The more
di�cult model considered in this paper contains Higgsinos with masses near 165GeV,
with a mass di↵erence of about 1GeV between the charged and the lighter neutral
Higgsino. Nevertheless the signal of Higgsino production from initial state radiation
photons is substantial, as shown in Fig. 11. The various Higgsino masses are de-
termined to a precision of about 1GeV. In addition, it is possible to observe soft ⇡
mesons from the decay of the charged Higgsino, providing a very sharp determina-
tion of the mass di↵erence between the Higgsino states. The mass di↵erences provide
an estimate of the masses of the supersymmetric partners of the electroweak gauge
bosons, which are set to several TeV in this model.

From the rates for Higgsino production with polarized beams, we will be able to
determine the quantum numbers of these particles. In this case, the cross section
measurements can confirm that the particles discovered indeed have the quantum
numbers expected for a Higgsino.

4.3 Hidden pseudoscalar Higgs bosons

Another context in which the ILC can make important additions to the LHC
searches for new particle is in the search for additional Higgs bosons. We have already
discussed the prospects for searching for such bosons indirectly through shifts in
couplings of the known Higgs bosons to quarks and leptons. There are also many
scenarios in which additional Higgs bosons are relatively light but di�cult to discover
at the LHC. For example, a model with two Higgs fields contains a Higgs boson of

22

[Berggren et. al., ’14]

18

Wednesday, May 11, 16



Dark Matter Searches

• DM coupled to electrons can be pair-
produced at the ILC

• Use ISR photon to tag such events

• SM background can be calculated precisely 
and normalized by changing beam 
polarization

• In effective operator formalism, probe 
different operators than at the LHC, w/
scale reach comparable or higher

• Complementary to direct and indirect 
searches

[Chaus, List, Titov, to appear]
[Chae, MP, ’12]

[Snowmass 
DM 

Compleme
ntarity 

WG, ‘13] 19

[Birkedal, Matchev, MP, ’04]
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Summary
Topic Parameter Initial Phase Full Data Set units ref.
Higgs m

h

25 15 MeV [15]
g(hZZ) 0.58 0.31 % [2]
g(hWW ) 0.81 0.42 % [2]
g(hbb) 1.5 0.7 % [2]
g(hgg) 2.3 1.0 % [2]
g(h��) 7.8 3.4 % [2]

1.2 1.0 %, w. LHC results [17]
g(h⌧⌧) 1.9 0.9 % [2]
g(hcc) 2.7 1.2 % [2]
g(htt) 18 6.3 %, direct [2]

20 20 %, tt threshold [34]
g(hµµ) 20 9.2 % [2]
g(hhh) 77 27 % [2]
�
tot

3.8 1.8 % [2]
�
invis

0.54 0.29 %, 95% conf. limit [2]
Top m

t

50 50 MeV (m
t

(1S)) [33]
�
t

60 60 MeV [34]
g�
L

0.8 0.6 % [42]
g�
R

0.8 0.6 % [42]
gZ
L

1.0 0.6 % [42]
gZ
R

2.5 1.0 % [42]
F �

2 0.001 0.001 absolute [42]
FZ

2 0.002 0.002 absolute [42]
W m

W

2.8 2.4 MeV [62]
gZ1 8.5⇥ 10�4 6⇥ 10�4 absolute [63]

�

9.2⇥ 10�4 7⇥ 10�4 absolute [63]
�
�

7⇥ 10�4 2.5⇥ 10�4 absolute [63]
Dark Matter EFT ⇤: D5 2.3 3.0 TeV, 90% conf. limit [61]

EFT ⇤: D8 2.2 2.8 TeV, 90% conf. limit [61]

Table 1: Projected accuracies of measurements of Standard Model parameters at the two
stages of the ILC program proposed in the report of the ILC Parameters Joint Working
Group [7]. This program has an initial phase with 500 fb�1 at 500 GeV, 200 fb�1 at 350 GeV,
and 500 fb�1 at 250 GeV, and a luminosity-upgraded phase with an additional 3500 fb�1

at 500 GeV and 1500 fb�1 at 250 GeV. Initial state polarizations are taken according to
the prescriptions of [7]. Uncertainties are listed as 1� errors (except where indicated),
computed cumulatively at each stage of the program. These estimated errors include both
statistical uncertainties and theoretical and experimental systematic uncertainties. Except
where indicated, errors in percent (%) are fractional uncertainties relative to the Standard
Model values. More specific information for the sets of measurements is given in the text.
For each measurement, a reference describing the technique is given.

32

• ILC will explore e+e- collisions 
in the 250-500 GeV energy 
range

• High-precision, model-
independent determination of 
Higgs couplings

• Precise top mass+coupling 
measurements

• “Hermetic” direct searches for 
new physics up to kinematic 
reach

[LCC Physics WG, ’15]

Unique opportunity to learn more about physics at 
the EW scale, and (hopefully) go beyond the SM 20
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Linear or Circular?

5 

Luminosity Scaling with Beam Energy (M. Zanetti) 

  

[Plot: M. Zanetti]
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