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Physics at the Energy Frontier
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BEWARE: Personal bias - use your own judgment!
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Current Status of EF Physics - My Perspective

! Research at the energy frontier has brought us the standard model:"
# As higher and higher energies became available discoveries were made, pushing 

theorists to find explanations with an underlying theory"

# A theory allows to make predictions, which can be tested by experiment"
# W, Z bosons: SppS 1983  !"
# top quark: Tevatron 1995  !"
# Higgs boson: LHC 2012  !
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With the Higgs, every particle in the SM has been observed - so what is next?
It is obvious that the SM cannot be the final answer, but there is no clear 
indication where things will break and what should be the next relevant energy 
scale - unlike the “no-loose” situation for the LHC and the Terascale



Frank Simon (fsimon@mpp.mpg.de)The International Linear Collider 
Corfu Summer Institute, September 2014

Current Status of EF Physics - My Perspective

! What to do without a clear guidance?
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Two options in my opinion
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Two options in my opinion

" Maximise our knowledge based on things we already know"
# The Higgs: Fully understand electroweak symmetry breaking and the nature of 

the Higgs potential"
# The Top: Measure its properties as precisely as possible - use it as a potential 

window for New Physics"
# Other electroweak precision measurements to look for cracks in the SM
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" Direct searches for New Physics - Explore higher energy scales, and regions of 
phase space not yet accessible to find new particles and / or evidence for new 
fundamental interactions and phenomena
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Current Status of EF Physics - My Perspective

! What to do without a clear guidance?
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Two options in my opinion

" Maximise our knowledge based on things we already know"
# The Higgs: Fully understand electroweak symmetry breaking and the nature of 

the Higgs potential"
# The Top: Measure its properties as precisely as possible - use it as a potential 

window for New Physics"
# Other electroweak precision measurements to look for cracks in the SM

" Direct searches for New Physics - Explore higher energy scales, and regions of 
phase space not yet accessible to find new particles and / or evidence for new 
fundamental interactions and phenomena

I think we should remember what fundamental research is about: "
An open exploration, with uncertain outcome!
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Future Facilities at the Energy Frontier - Options

! Two di$erent (complementary) approaches:"
! proton-proton colliders:

6

dominant production via strong interaction (gluons, quarks): %
largest cross-sections and highest sensitivity to strongly interacting particles

technical feature: High mass: (Almost) no radiative losses in synchrotrons %
Highest energies - for beyond lepton colliders at present

composite particles:%
initial state unknown,%
di$erent processes contribute
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Future Facilities at the Energy Frontier - Options

! Two di$erent (complementary) approaches:"
! proton-proton colliders:

6

dominant production via strong interaction (gluons, quarks): %
largest cross-sections and highest sensitivity to strongly interacting particles

technical feature: High mass: (Almost) no radiative losses in synchrotrons %
Highest energies - for beyond lepton colliders at present

composite particles:%
initial state unknown,%
di$erent processes contribute

! electron-positron colliders:

electroweak production: %
all particles produced with ~ equal probability - particularly sensitive 
to electroweak particles, which are suppressed at hadron colliders

technical feature: low mass: large radiative energy loss in synchrotrons 
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! Pinning down the Top Quark prior to discovery
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Interplay of Different Facilities - A Success Story

! Pinning down the Top Quark prior to discovery

7

Nature 429, 638 (2004)

! Indirect constraints of the Higgs 
mass - highly sensitive to top mass

NB: The world average in this plot is %
mt ~ 180 GeV - the previous value 
was substantially closer to the value 
we have today
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Interplay of Different Facilities - A Success Story

! Today, often only hadron colliders are associated with discovery"
! Higgs at LHC (2012); Top at Tevatron (1995) ; W, Z at SppS (1983)"

! But: also spectacular discoveries with leptons:
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! Today, often only hadron colliders are associated with discovery"
! Higgs at LHC (2012); Top at Tevatron (1995) ; W, Z at SppS (1983)"

! But: also spectacular discoveries with leptons:
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! Proton substructure - quarks  at SLAC in DIS experiments (1968)"
! J/& at SPEAR (e+e- collider at Stanford) (1974) - %

simultaneously discovered at the AGS %
(fixed-target hadron beam)"

! ' at SPEAR (1975)"
! The gluon at DORIS (1978) and PETRA (1979) %

(e+e- colliders at DESY)
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! Today, often only hadron colliders are associated with discovery"
! Higgs at LHC (2012); Top at Tevatron (1995) ; W, Z at SppS (1983)"

! But: also spectacular discoveries with leptons:
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! Proton substructure - quarks  at SLAC in DIS experiments (1968)"
! J/& at SPEAR (e+e- collider at Stanford) (1974) - %

simultaneously discovered at the AGS %
(fixed-target hadron beam)"

! ' at SPEAR (1975)"
! The gluon at DORIS (1978) and PETRA (1979) %

(e+e- colliders at DESY)

The Standard Model, and with it our understanding of the 
most fundamental constituents of the universe known to 
day, was built on discoveries and precision 
measurements made at a large number of di$erent 
accelerators using both hadrons and leptons
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Hadrons vs Leptons

9

! Colliding elementary particles, electroweak “universal” production"
! Much more favorable ratio of signal to background

p+p e+e-
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! Colliding elementary particles, electroweak “universal” production"
! Much more favorable ratio of signal to background

p+p e+e-
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Hadrons vs Leptons

! At hadron colliders: Triggering is crucial - Need to pick out events based on 
“interesting” signatures out of 109 times higher background"

! In e+e- collisions: All reactions are equally probable - overall low event rates, but most are 
interesting - no trigger needed, all collisions are analyzed o(ine
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Higgs production in%
e+e-: (almost) every particle in the 
event originates from the Higgs or 
the Z produced with it

Higgs production in pp: (almost) 
every particle in the event 
originates from other reactions, 
only four leptons are from the 
Higgs decay
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So - What Next?

! No clear answer - this strongly depends on who you ask…
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My personal conclusion:

" We have the LHC - and there is still a lot to come. The energy will almost double 
next year, and we’ve seen less than 1% of the total integrated luminosity of the 
full LHC (including HL-LHC) program - it is far too early to conclude that LHC 
has found nothing but the Higgs.
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So - What Next?

! No clear answer - this strongly depends on who you ask…

11

My personal conclusion:

" We have the LHC - and there is still a lot to come. The energy will almost double 
next year, and we’ve seen less than 1% of the total integrated luminosity of the 
full LHC (including HL-LHC) program - it is far too early to conclude that LHC 
has found nothing but the Higgs.

" The obvious next step is an e+e- collider that can explore all aspects of the 
Higgs and Top sectors, and complements the LHC for new electroweak 
particles. This requires energies at least up to 500 GeV, and the possibility to 
go to 1 TeV or beyond
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The International Linear Collider
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e+e- Colliders at the Energy Frontier

! e+e- machines were the first colliders - it started in 1961 with ADA (Frascati) "
! Constructed as storage rings - the synchrotron radiation damping helped with 

beam capture, leading to small emittance beams "
! Protons more challenging - first collider ISR at CERN (construction start in 1966)"

! A smaller number of machines - most notably ISR, SppS, Tevatron, LHC - but 
they took the lead in the energy frontier - Why?

13
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! Charged particles emit electromagnetic radiation when accelerated - for example in a 
bending magnet of a circular accelerator

Synchrotron Radiation in circular machines

Electrons in a (bending) 
magnet radiate

radiated power

loss per turnEnergy loss must be 
replaced by RF system

Power of radiation proportional to:"
)4 " E4, or, for constant E: m-4 

R2 " energy loss per turn proportional to R

" Places a hard limit on the energy achievable with 
electrons in storage rings - at the same energy in 
the same ring, electrons loose 1013 x more energy 
than protons
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e+e- Colliders at the Energy Frontier

! The solution to the synchrotron radiation problem: a linear collider

14

Linear Collider avoids synchrotron radiation loss

! long linac constructed of many RF accelerating structures"

! single pass machine"

! typical gradients 25#100 MV/m

bang!e+ e-

5-10 km
! So far only done once - SLC - in a somewhat “simplified” form: Only one LINAC for 

both electrons and positrons"
! SLC was far outperformed by LEP - all big successes in the collider era of HEP 

come from synchrotrons / storage rings
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! The solution to the synchrotron radiation problem: a linear collider
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Linear Collider avoids synchrotron radiation loss

! long linac constructed of many RF accelerating structures"

! single pass machine"

! typical gradients 25#100 MV/m

bang!e+ e-

5-10 km
! So far only done once - SLC - in a somewhat “simplified” form: Only one LINAC for 

both electrons and positrons"
! SLC was far outperformed by LEP - all big successes in the collider era of HEP 

come from synchrotrons / storage rings

One major challenge: Luminosity! "
• In a storage ring particles get re-used many times, high bunch-crossing frequency"
• At a linear collider each particle gets a single shot  - in addition average bunch-

crossing frequencies are lower due to the need of constant injection (damping, …)



Frank Simon (fsimon@mpp.mpg.de)The International Linear Collider 
Corfu Summer Institute, September 2014

e+e- Colliders at the Energy Frontier

! The solution to the synchrotron radiation problem: a linear collider

14

Linear Collider avoids synchrotron radiation loss

! long linac constructed of many RF accelerating structures"

! single pass machine"

! typical gradients 25#100 MV/m

bang!e+ e-

5-10 km
! So far only done once - SLC - in a somewhat “simplified” form: Only one LINAC for 

both electrons and positrons"
! SLC was far outperformed by LEP - all big successes in the collider era of HEP 

come from synchrotrons / storage rings

One major challenge: Luminosity! "
• In a storage ring particles get re-used many times, high bunch-crossing frequency"
• At a linear collider each particle gets a single shot  - in addition average bunch-

crossing frequencies are lower due to the need of constant injection (damping, …)

The solution: tiny beams! Cross sections of a few 100 nm x a few nm %
(compared to a few 100 µm x a few µm at LEP) => a gain of a factor 106  - more than%
compensates for the lower repetition rate



Frank Simon (fsimon@mpp.mpg.de)The International Linear Collider 
Corfu Summer Institute, September 2014

e+e- Colliders at the Energy Frontier

! You can’t beat the laws %
of physics:"
! Very simple cost model%

for storage rings:%
a E4/R + b R%
(a and b taken from LEP - band using 
optimistic and pessimistic ways of 
calculating LEP costs)%
NB: Luminosity steeply drops 
with E in this scenario!"

! A Linear Collider:%
c + d E%
NB: Relative large o$set due to 
complex infrastructure needed 
irrespective of final energy  - 
this makes storage rings more 
e*cient up to ~ 300 GeV

15

B. Foster - Oxford - 02/13 

Circular e+e- machines 

Very approximate cost LC vs 
circular based on minimum of 
cost model 
Cost = aE4/R + bR   
where a,b “fixed” from LEP – 
two curves are most optimistic 
and pessimistic LEP cost.  
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A Linear Collider - The Main Building Blocks

16

LC Overview 

B. Foster - Oxford - 02/13 

Damping Rings 
Polarised 
electron source 

Polarised 
positron 
source 

Ring to Main Linac 
(RTML) 
(inc. bunch compressors) 

e- Main Linac 

Beam Delivery 
System (BDS) 
& physics 
detectors 

e+ Main Linac 
Beam dump 

not to scale 

5 
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The Heart of ILC: Superconducting RF

! The length of a LC (and with that to some 
extent the cost) is determined by the 
acceleration gradient"

! For ILC: superconducting RF cavities"
! eliminates ohmic losses on cavity walls - 

allows long pulses, high e*ciency"
! Acceleration gradient 31.5 MV/m "

# For Higgs factory (250 GeV) : %
8 km of pure acceleration structures"

# 500 GeV collider: 16 km

17
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Mature technology - single cells can 
reach gradients far in excess of 
requirements: 50+ MV/m

!"#$%&'()*(+,-.$



Frank Simon (fsimon@mpp.mpg.de)The International Linear Collider 
Corfu Summer Institute, September 2014

The basic ILC Building Block: A Cryo-Module

! 8 9-cell modules will be combined into a cryo-module

18
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The Technology is real: European XFEL

! 500 GeV ILC: 1855 cryo-modules"
! Currently in construction: XFEL at DESY - 100 cryo-modules based on SCRF %

a “10% prototype” of the e- arm of the ILC

19

European XFEL @ DESY 

26 B. Foster - Hamburg/DESY/Oxford - ICNFP 09/13 

Largest deployment of 
this technology to date 
-  100 cryomodules 
-  800 cavities 
-  17.5 GeV 

The ultimate ‘integrated 
systems test’ for ILC. 

Commissioning with beam 
begins 2016 

~25 MV/m 
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Detectors for the ILC
! Concepts for the Experiments (“Detectors”) at ILC exist, the physics capabilities have 

been studied in detailed simulations 

20

Detectors

Experimental hall 

 SiD (Silicon Detector)

ILD (International Large Detector)

Detector (SiD/ILD) specif ications

25 m x 142 m x 42 m (height)Hall size 
The ILD detector in detail

Height
Length
Weight
Superconducting solenoid
Vertex detector spatial resolution
Central tracker (TPC) spatial resolution

The SiD detector in detail
Height
Length
Weight 
Superconducting solenoid
Vertex detector spatial resolution
Central semiconductor tracker spatial resolution

~ 16 m

~ 14 m

3.5 teslas
~ 14,000 tonnes
~ 14 m

~ 11 m
~ 10,100 tonnes
5 teslas
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Performance Requirements (Physics Driven)
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! Precise vertexing - impact parameter 
resolution for flavor tagging:

σb < 5⊕ 10/pβ sin3/2 θ µm

! High resolution tracking - transverse 
momentum resolution δ(1/pT ) � 2× 10−5/GeV/c

! Jet energy resolution ~ 2.5 + 
separation of W, Z (not too far from 
perfect separation)

,EJet/EJet  ~ 3.5%

J. S. Marshall Pandora PFA

• 3-4% jet energy resolution gives decent 2.6-2.3! W/Z separation.
• Sets a reasonable choice for LC jet energy minimal goal ~3.5%.
• For W/Z separation, not much further gain; limited by natural widths.

3

LC Calorimetry Goals

Perfect 2 % 3 % 6 %
Jet  E res. W/Z sep

Perfect 3.1 !
2% 2.9 !
3% 2.6 !
4% 2.3 !
5% 2.0 !

10% 1.1 !

j1

j2 j3

j4

• Jet energy resolution requirements depend on physics...
• Likely to be primarily interested in di-jet mass resolution.
• Strong desire to separate W/Z hadronic decays.

W/Z sep:
(mZ - mW) / σm

e–

e+ W/"

W/"

q2

q3

q4

q1
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Resulting Main Design Parameters

22

! A multi-layer pixel detector with small pixels close to the interaction point"
! High resolution tracking detectors"
! A strong magnetic field "
! Low material budget - Eliminate multiple scattering as much as possible"
! Imaging calorimeters inside of the magnet & particle flow algorithms
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Resulting Main Design Parameters
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! A multi-layer pixel detector with small pixels close to the interaction point"
! High resolution tracking detectors"
! A strong magnetic field "
! Low material budget - Eliminate multiple scattering as much as possible"
! Imaging calorimeters inside of the magnet & particle flow algorithms

Where this leads you: A detector design a bit like CMS, but 
! Shorter detector barrel: Only small boosts of CMS system in ILC collisions"
! Very di$erent calorimeters: No emphasis on photon resolution, granularity instead to 

achieve best jet energy resolution- HCAL plays a central role"
! Much more aggressive reduction of material budget"
! Reduced need for cooling: Power-pulsing possible"
! Time for readout between bunch trains "
! Technological advances - Thinner silicon, low-power electronics, light-weight 

mechanics,...
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The Fundamental Design Principle: Particle Flow

23

! A modern approach to event 
reconstruction: Reconstruct every single 
particle in an event, instead of thinking 
in “towers”"

# Enables excellent jet energy resolution 
by making use of all available 
measurements of a particle%
(p in tracker, E in calorimeters)
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The Fundamental Design Principle: Particle Flow

23

! A modern approach to event 
reconstruction: Reconstruct every single 
particle in an event, instead of thinking 
in “towers”"

# Enables excellent jet energy resolution 
by making use of all available 
measurements of a particle%
(p in tracker, E in calorimeters)

! Separation of close-by particles often more important than pure energy resolution"

# Highly granular detector systems, in particular also in the calorimeters!
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Two Slightly Different Approaches: ILD & SiD

24

! The requirements allow some flexibility for 
design choices - the main parameter is 
the radius of tracker"
! To reach pT resolution requirements:"

! smaller tracker requires higher field"
! smaller tracker requires higher spatial 

resolution for space points"
! To reach required PFA performance:"

! smaller tracker requires higher field to 
improve particle separation, splitting of 
charged & neutrals in jets"

! higher field favors higher granularity in 
calorimeters

SiD

1.22 m [SiD]

1.81 m [ILD]

5.0 T [SiD]

3.5 T [ILD]



Frank Simon (fsimon@mpp.mpg.de)The International Linear Collider 
Corfu Summer Institute, September 2014

Two Slightly Different Approaches: ILD & SiD

24

! The requirements allow some flexibility for 
design choices - the main parameter is 
the radius of tracker"
! To reach pT resolution requirements:"

! smaller tracker requires higher field"
! smaller tracker requires higher spatial 

resolution for space points"
! To reach required PFA performance:"

! smaller tracker requires higher field to 
improve particle separation, splitting of 
charged & neutrals in jets"

! higher field favors higher granularity in 
calorimeters

SiD

1.22 m [SiD]

1.81 m [ILD]

N.B. : Solenoid cost (and technical 
feasibility) steeply scales with field and 
radius => Either large radius or high field!

5.0 T [SiD]

3.5 T [ILD]
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Two Slightly Different Approaches: ILD & SiD
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! Di$erent choices in tracker technology:%
Trade number of measurements and 
precision of individual measurements"
! Five-layer all-Si tracker in SiD"
! TPC with > 200 space points on a track in 

ILD (NB: To reach resolution goal, an 
additional Si layer outside of the TPC is 
required!)"

! Trading cost vs. jet energy resolution at 
higher energies (1 TeV option): Depth of 
the calorimeter system"
! SiD HCAL: 4.5 -I, ILD HCAL: 6 -I

SiD
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Two Slightly Different Approaches: ILD & SiD
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! Di$erent choices in tracker technology:%
Trade number of measurements and 
precision of individual measurements"
! Five-layer all-Si tracker in SiD"
! TPC with > 200 space points on a track in 

ILD (NB: To reach resolution goal, an 
additional Si layer outside of the TPC is 
required!)"

! Trading cost vs. jet energy resolution at 
higher energies (1 TeV option): Depth of 
the calorimeter system"
! SiD HCAL: 4.5 -I, ILD HCAL: 6 -I

SiD

In general: How much cost is emphasized 
drives the choice between small and large 
detector: ECAL radius as main cost driver, 
but larger detector favorable for PFA 
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Physics at the ILC

26
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The (I)LC Physics Landscape

! Excellent physics program guaranteed:"
! Higgs physics - mass, couplings, potential, …"
! Top physics - properties (mass, width,…), %

top as a probe for New Physics"
! Precision physics - %

electroweak measurements, QCD, …

27

… a combination of certainty and speculation:
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… a combination of certainty and speculation:
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! Discovery potential for New Physics"
! Direct production of new particles - %

Mass reach up to .s/2 for %
(almost) all particles"
! Spectroscopy of New Physics"

! Indirect (model-dependent) search for New Physics extending far beyond .s
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A Closer Look at Higgs Production

28

! Several di$erent Higgs production mechanisms"
! Access to various Higgs properties"
! Di$erent energy to access di$erent processes - from 250 GeV to 1 TeV and beyond

ILC energy range CLIC energy range
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Precision Measurements at Linear Colliders

! A flagship measurement: Model-independent Higgs couplings %
What it means: Measure the coupling of the Higgs to bosons and fermions free from 
model assumptions (e.g. how it decays) "
! Requires: The “tagging” of Higgs production without observing the particle directly"

# Not possible at hadron colliders

29
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The strategy in e+e- collisions:
measure only the Z boson "
from the known e+e- center-of-mass energy, calculate%
the “recoil mass”: 

m2
rec = s+m2

Z − 2EZ
√
s

Exploits: known initial state in e+e-"

Requires: Identification of Z independent of decay mode of H (or any other particle) %
" Best results for Z -> µµ, but (almost) model-independent measurements also possible %
    in Z -> qq
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Model-Independent Measurement of H Production
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e
+
e
− → ZH → µ

+
µ
−
bb̄ ILD, 250 GeV

m2
rec = s+m2

Z − 2EZ
√
s

Chapter 11. SiD Benchmarking

Figure II-11.1
Recoil mass distribu-

tions following selection

cuts for e+e−h (left)

and µ+µ−h (right)

assuming 250 fb−1

luminosity with 80eR

initial state polarisation

at
√

s = 250 GeV. The

signal in red is added

to the background in

white.

The distributions for the recoil measurements in both the e+e−h and µ+µ−h channels are shown
in Figure II-11.1. Main background sources include mainly di-boson production (W+W−, ZZ).
The amount of W+W− background can be greatly reduced by running exclusively with the 80eR
configuration. A summary of the results of both leptonic Z modes and using both 80eR and 80eL
is given in Table II-11.1.

Table II-11.1
Summary of Higgs mass and hZ cross-section

results for different channels and the different

luminosity assumptions at
√

s = 250 GeV.

The error includes the measurement statisti-

cal error and the systematic error due to the

finite statistics of the Monte Carlo training

sample.

80eR 80eL Channel ∆Mh ∆σhZ/σhZ
(fb−1

) (fb−1
) (GeV)

250 0 e+e−h 0.078 0.041

250 0 µ+µ−h 0.046 0.037

250 0 e+e−h + µ+µ−h 0.040 0.027

0 250 e+e−h 0.066 0.067

0 250 µ+µ−h 0.037 0.057

0 250 e+e−h + µ+µ−h 0.032 0.043

Measuring the branching ratios of the Higgs boson is of vital importance to distinguish the SM
Higgs boson from possible alternative scenarios. For the LOI the decays of the Higgs into cc and
µ+µ− have been studied at

√
s = 250 GeV using the Higgsstrahlung process, where the Z decayed

either in qq or νν. The identification of the h → cc decay mode took advantage of the excellent
c-tagging capabilities of SiD (see [63]) and employed neural networks to separate the cc signal from
the overwhelming h → bb background. For the cc branching ratio, the finally achieved accuracies
are 11% (Z → νν) and 6% (Z → qq), respectively.

For the rare Higgs decay into µ+µ− the challenge is to extract the signal out of an overwhelming
Standard Model background of mainly four-fermion events. While for the Z → νν decay mode, it
has been proven quite difficult to extract the signal, the LOI analysis has demonstrated sensitivity
in the hadronic channel, selecting 7.6 signal events over a background event of 39.3 events with a
signal selection efficiency of 62%. This yields a measurement of the cross-section for the process
e+e− → hZ, h → µ+µ− with a precision of 89%.

For the analyses at
√

s = 500 GeV a dataset of 500 fb−1 was used with 80eR polarisation unless
explicitly stated otherwise.

The first analysis using the 500 GeV dataset studies the process e+e− → τ+τ− and aims to
measure the τ polarisation with high precision. The measurement of the τ polarisation allows a search
for multi-TeV Z� resonances. Tightly collimated jets with only a few tracks must be reconstructed
to identify the underlying charged hadron and π0 constituents. Therefore additional reconstruction
algorithms were applied in a second pass of the reconstruction, which were dedicated for identifying τ
decays. This leads to τ samples with purities of 85% or larger. To measure the mean τ polarisation
over all τ production angles, < Pτ >, the optimal observable technique [178, 179] is used. For
this study two datasets with an integrated luminosity of 250 fb−1 each were used, one with 80eR

152 ILC Technical Design Report: Volume 4, Part II

µ from Z

µ from Z
SiD "
full Simulations

What this provides: Total ZH cross section, and with coupling of H to Z



Frank Simon (fsimon@mpp.mpg.de)The International Linear Collider 
Corfu Summer Institute, September 2014

Model-Independent Measurement of H Production

30

e
+
e
− → ZH → µ

+
µ
−
bb̄ ILD, 250 GeV

m2
rec = s+m2

Z − 2EZ
√
s

Chapter 11. SiD Benchmarking

Figure II-11.1
Recoil mass distribu-

tions following selection

cuts for e+e−h (left)

and µ+µ−h (right)

assuming 250 fb−1

luminosity with 80eR

initial state polarisation

at
√

s = 250 GeV. The

signal in red is added

to the background in

white.

The distributions for the recoil measurements in both the e+e−h and µ+µ−h channels are shown
in Figure II-11.1. Main background sources include mainly di-boson production (W+W−, ZZ).
The amount of W+W− background can be greatly reduced by running exclusively with the 80eR
configuration. A summary of the results of both leptonic Z modes and using both 80eR and 80eL
is given in Table II-11.1.

Table II-11.1
Summary of Higgs mass and hZ cross-section

results for different channels and the different

luminosity assumptions at
√

s = 250 GeV.

The error includes the measurement statisti-

cal error and the systematic error due to the

finite statistics of the Monte Carlo training

sample.

80eR 80eL Channel ∆Mh ∆σhZ/σhZ
(fb−1

) (fb−1
) (GeV)

250 0 e+e−h 0.078 0.041

250 0 µ+µ−h 0.046 0.037

250 0 e+e−h + µ+µ−h 0.040 0.027

0 250 e+e−h 0.066 0.067

0 250 µ+µ−h 0.037 0.057

0 250 e+e−h + µ+µ−h 0.032 0.043

Measuring the branching ratios of the Higgs boson is of vital importance to distinguish the SM
Higgs boson from possible alternative scenarios. For the LOI the decays of the Higgs into cc and
µ+µ− have been studied at
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s = 250 GeV using the Higgsstrahlung process, where the Z decayed

either in qq or νν. The identification of the h → cc decay mode took advantage of the excellent
c-tagging capabilities of SiD (see [63]) and employed neural networks to separate the cc signal from
the overwhelming h → bb background. For the cc branching ratio, the finally achieved accuracies
are 11% (Z → νν) and 6% (Z → qq), respectively.

For the rare Higgs decay into µ+µ− the challenge is to extract the signal out of an overwhelming
Standard Model background of mainly four-fermion events. While for the Z → νν decay mode, it
has been proven quite difficult to extract the signal, the LOI analysis has demonstrated sensitivity
in the hadronic channel, selecting 7.6 signal events over a background event of 39.3 events with a
signal selection efficiency of 62%. This yields a measurement of the cross-section for the process
e+e− → hZ, h → µ+µ− with a precision of 89%.

For the analyses at
√

s = 500 GeV a dataset of 500 fb−1 was used with 80eR polarisation unless
explicitly stated otherwise.

The first analysis using the 500 GeV dataset studies the process e+e− → τ+τ− and aims to
measure the τ polarisation with high precision. The measurement of the τ polarisation allows a search
for multi-TeV Z� resonances. Tightly collimated jets with only a few tracks must be reconstructed
to identify the underlying charged hadron and π0 constituents. Therefore additional reconstruction
algorithms were applied in a second pass of the reconstruction, which were dedicated for identifying τ
decays. This leads to τ samples with purities of 85% or larger. To measure the mean τ polarisation
over all τ production angles, < Pτ >, the optimal observable technique [178, 179] is used. For
this study two datasets with an integrated luminosity of 250 fb−1 each were used, one with 80eR
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µ from Z

µ from Z
SiD "
full Simulations

What this provides: Total ZH cross section, and with coupling of H to Z

b - jet%
from Higgs

b - jet%
from Higgs

! In addition: Reconstruction of specific final states provides access to couplings to 
fermions and bosons via Higgs decay"
# Makes use of “clean” e+e- environment - also allows the reconstruction of final states 

which are not accessible at hadron colliders: cc, gg
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Getting the Global Picture: All Couplings
! The measurements we are making are:

31

+ x BR (for specific Higgs decays)"
+ (for model-independent recoil mass analysis)

Both are sensitive to the Higgs couplings %
to the producing particles and to the final state:

σ × BR(H→ ff) ∝ g2
Hii

g2
Hff

Γtot

σrecoil ∝ g2
HZZ (NB: final state not considered!)

coupling in production coupling in decay

total width 
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Measuring the Total Width

! The total width of a 125 GeV SM Higgs is ~ 4 MeV - no chance to 
measure directly (apart maybe from a µ collider) - use other “tricks”"
! e+e- o$ers an (almost) model-independent way (in contrast to 

techniques at hadron colliders, which always use strong 
assumptions…):

32

measure production and decay in the same channel - works for ZZ and WW"
but: BR(H->ZZ) ~ 2.8%, BR(H->WW) ~ 22.3% => use:

σ(Hνeνe)× BR(H → WW
∗
) ∝ g4

HWW

Γtot

in itself not model-independent (requires H reconstruction) needs 350+ GeV for sizeable%
WW fusion cross-section
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measure directly (apart maybe from a µ collider) - use other “tricks”"
! e+e- o$ers an (almost) model-independent way (in contrast to 

techniques at hadron colliders, which always use strong 
assumptions…):

32

measure production and decay in the same channel - works for ZZ and WW"
but: BR(H->ZZ) ~ 2.8%, BR(H->WW) ~ 22.3% => use:

σ(Hνeνe)× BR(H → WW
∗
) ∝ g4

HWW

Γtot

in itself not model-independent (requires H reconstruction)

σ(e+e− → ZH)× BR(H → bb̄)

σ(e+e− → Hνeνe)× BR(H → bb̄)
∝ g2

HZZ

g2
HWW

gHWW pinned down with model-
independent gHZZ and %
high-BR H->bb decay

needs 350+ GeV for sizeable%
WW fusion cross-section
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Global Fits: Putting it all together

! In the end you don’t learn too much from a single measurement - a combination of all 
results gives a full picture of the couplings of the Higgs, and allows to detect 
deviations from the SM expectations, potentially pointing at a non-standard Higgs 
sector

33
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1. Introduction
The CLIC physics program includes a thorough study of the Higgs sector with measurements at all

three energy stages, 350 GeV, 1.4 TeV and 3 TeV. These measurements include the model-independent

measurement of Higgs production in ZH events, the measurement of decays into fermions and bosons

as well as the coupling to the top quark and the self-coupling. To study the impact of this program, the

expected precision for all relevant couplings is studied via combined fits, both in a model-independent

way and in a model-dependent fit following the strategies used also at the LHC. Since the self-coupling

of the Higgs is obtained in a separate analysis and does not contribute to the other couplings it is not

considered in the fits presented here. At present, only statistical uncertainties are considered, and theory

uncertainties in the model-dependent fit are ignored.

2. General Fit Strategy
The extraction of the coupling uncertainties is based on χ2

fits using MINUIT. The model-independent fit

has been cross-checked with an independent implementation of a maximum likelihood fit in the Bayesian

Analysis Toolkit (BAT) framework, which obtains fully consistent results. Here, only the χ2
fit is dis-

cussed in detail. To perform the fit, a global χ2
is constructed from the sum of individual χ2

values for

each independent measurement and its respective statistical uncertainty at CLIC. These measurements

are either a total cross section σ in the case of the measurement of e+e− → ZH via the recoil mass tech-

nique or cross section × branching ratio σ ×BR for specific Higgs production modes and decays. To

obtain the expected sensitivity for CLIC it is assumed that for all measurements the value expected in the

SM has been measured, so only the statistical uncertainties of each measurement are actually used in the

χ2
calculation. The χ2

for one individual measurement is then given by

χ2

i =
(Ci −1)2

∆F2

i
, (1)

where Ci is the combination of Higgs couplings (and total width, if applicable) describing the particular

measurement, and ∆Fi is the statistical uncertainty of the measurement of the considered process. The

full χ2
then is given by

χ2 = ∑
i

(Ci −1)2

∆F2

i
. (2)

The Ci’s depend on the particular measurements and on the type of fit (model-independent or

model-dependent), given in detail below. The results of the individual measurements used in the fits are

summarized in Appendix A.

3. Model-independent Fit
The model-independent fit makes minimal assumptions, such as the zero-width approximation to provide

the description of the individual measurements in terms of Higgs couplings and of the total width. Here,

the Ci’s take the following form: For the total cross section of e+e− → ZH, it is given by

CZH = g2

HZZ
, (3)

while for specific final states such as e+e− → ZH, H → bb̄ and e+e− → Hνeν̄e, H → bb̄ it is given by

C
ZH,H→bb̄ =

g2

HZZ
g2

Hbb

ΓH

(4)

and

C
Hνeν̄e,H→bb̄ =

g2

HWW
g2

Hbb

ΓH

, (5)

2

!Fi: uncertainty of measurement%
(+ or +xBR)

The “simple” approach: Construct a /2 with all measurements, 
perform a global minimization
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...

As usual the devil is in the details: need to account for 
correlations between measurements, find a consistent way 
of quantifying and treating theoretical uncertainties when 
comparing to the SM, … 
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Higgs: The Global Picture

! For fully model-independent 
measurements ~ 1-2% level 
precision for most couplings, 
deviations from the SM can be 
detected on the per-mille level in 
some cases (approach 
comparable to LHC)
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analysis by M. Peskin, arXiv:1312.4974
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Figure 1: Estimates of the ILC measurement accuracies for the Higgs boson couplings to

WW and ZZ. These estimates are based on the 10-parameter fit described in the text.

The successive entries correspond to the stages of the ILC program shown in Table 4. The

CMS Scenario 1 and Scenario 2 estimates for 3000 fb
−1

, from [7], are shown on the left.
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Figure 2: Estimates of the ILC measurement accuracies for the Higgs boson couplings to bb
and τ+τ−. These estimates are based on the 10-parameter fit described in the text. The

successive entries correspond to the stages of the ILC program shown in Table 4. The CMS

Scenario 1 and Scenario 2 estimates for 3000 fb
−1

, from [7], are shown on the left.
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Scenario 1 and Scenario 2 estimates for 3000 fb
−1

, from [7], are shown on the left.
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results combined with the single result from the High-Luminoisity LHC that the ratio

of branching ratios BR(γγ)/BR(ZZ∗
) is measured to 3.6%. These are the results

given in the second column for each entry in Table 6. The combined results in this

case are comparable to those obtained from the combination with the full set of CMS

projections.

The revised estimates for the uncertainties in the Higgs coupling to γγ from the

various ILC stages are displayed in Fig. 4. The eventual error on the γγ coupling is

somewhat better than 1.8% in the 500 GeV ILC era and becomes significantly better,

even below 1%, using the statistics from the WW fusion reaction at the ILC in the

1000 GeV era. In comparing the results from CMS and the combined ILC/LHC

analysis, it is important to remember that the former is based on a model-dependent

fit while the latter is model-independent and dominated by statistical errors.

7 Editorial comments

A number of aspects of this analysis deserve further comment:

1. If we compare the ATLAS and CMS projections of Higgs rate measurement
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The Ultimate Challenge: Self-coupling

35

! At present e+e- colliders seem to be the only possibility for a significant 
measurement of the self-coupling of the Higgs"
! Provides a direct probe for the Higgs potential: Highly interesting and important!

Two processes with two-Higgs final states - 
low cross-section"
" separation from background a challenge!

+max at ~ 500 GeV + increasing with energy,%
significant from 1 TeV on

Requires high luminosities in both cases - best prospects at energies of 1(+) TeV

" A challenging measurement at any collider - and always requires model assumptions
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Pinning Down the Top Quark
! As the heaviest SM particle, the Top plays an important role: Strongest coupling to 

the Higgs field, potential sensitivity to New Physics"
# One example: “The fate of the Universe”

36

JHEP 08, 98 (2012)

! Top mass, together with Higgs mass, provides information on 
the stability of the SM vacuum at higher scales"
! Possible validity of the SM up to the Planck scale?"
! Impact on evolution of the early universe
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Pinning Down the Top Quark
! As the heaviest SM particle, the Top plays an important role: Strongest coupling to 

the Higgs field, potential sensitivity to New Physics"
# One example: “The fate of the Universe”

36

JHEP 08, 98 (2012)

! Top mass, together with Higgs mass, provides information on 
the stability of the SM vacuum at higher scales"
! Possible validity of the SM up to the Planck scale?"
! Impact on evolution of the early universe

Leading uncertainty: Top Mass!
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Measuring the Top Mass

! So far the top quark has only been produced at 
hadron colliders - Standard mass measurement by 
kinematic reconstruction"
! su$ers from large (O GeV) theoretical uncertainties

37

! e+e- collisions allow the measurement of top 
properties with substantially reduced uncertainties - 
Smaller QCD e$ects, precise calculations of cross 
section in threshold region
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! So far the top quark has only been produced at 
hadron colliders - Standard mass measurement by 
kinematic reconstruction"
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~ 100 MeV (or below) total uncertainty 
achievable - in a theoretically well-defined 
mass scheme, including theory systematics"
!
~ 1 order of magnitude better than LHC
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! Probing EW coupling of the top to detect signs of New Physics (ED, …)

Standard Model values or vice versa. Throughout this article the CP violating form
factors FX

2A will be kept at their Standard Model values.

This article is organised as follows. After this introduction the relations between
the observables and the form factors are outlined before the experimental environment
and the used data samples will be introduced. After that the selection of semi-
leptonic decays of the tt pair will be presented and the selection efficiencies will be
given. The determination of At

FB will be followed by the extraction of the slope of
the distribution of the helicity angle. Potential systematic effects from experiment
and theory uncertainties will be outlined. Finally the six CP conserving form factors
will be extracted as explained above. This study goes therefore beyond earlier studies
published in [7,8],

2 Top quark production at the ILC

The dominant source of top quark production at a 500 GeV e+e− collider is electro-
weak production. The Born-level diagram is presented in Figure 1(a).

The decay of the top quarks proceeds predominantly through t → W±b. The
subsequent decays of the W± bosons to a charged lepton and a neutrino or a quark-
anti-quark pair lead to a six-fermion final state. The study presented in this article
focuses on the ’lepton+jets’ final state l±νbbq�q.

(a) tt pair production (b) Single top production

Figure 1: Four diagrams that contribute to the e+e− → lνbbq�q production: (a) Born-level
tt pair production, (b) box diagram higher-order contribution to the same process (c) single
top production (d) triple gauge boson production.

Several other Standard Model processes give rise to the same final state. The
most important source is single-top production through the process e+e− → WW ∗ →

4

generated by the existence of a new strong sector, inspired by QCD, that may man-
ifest itself at energies of around 1TeV. In all realisations of the new strong sector,
as for example Randall-Sundrum models [1] or compositeness models [2], Standard
Model fields would couple to the new sector with a strength that is proportional to
their mass. For this and other reasons, the t quark is expected to be a window to any
new physics at the TeV energy scale. New physics will modify the electro-weak ttX
vertex described in the Standard Model by Vector and Axial vector couplings V and
A to the vector bosons X = γ, Z0.

Generally speaking, an e+e− linear collider (LC) can measure t quark electro-
weak couplings at the % level. In contrast to the situation at hadron colliders, the
leading-order pair production process e+e− → tt goes directly through the ttZ0 and
ttγ vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. Ref. [3] uses:

ΓttX
µ (k2, q, q) = ie

�
γµ

�
�FX
1V (k

2) + γ5 �FX
1A(k

2)
�
+
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��

.

(1)
with k2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further γµ with µ = 0, .., 3 are the Dirac matrices describing
vector currents and γ5 = iγ0γ1γ2γ3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

Applying the Gordon identity to the vector and axial vector currents in Eq. 1 the
parametrisation of the ttX vertex can be written as:

ΓttX
µ (k2, q, q) = −ie
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with σµν = i
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i appearing in
Eqs. 1 and 2 are related via
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Within the Standard Model the Fi have the following values:

F γ,SM
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1V = − 1

4swcw
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1− 8
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�
, FZ,SM

1A =
1

4swcw
, (4)

with sw and cw being the sine and the cosine of the Weinberg angle θW .

All the expressions above are given at Born level. Throughout the article no
attempt will be made to go beyond that level. The coupling F γ

2V is related via

2

The coupling is described several coupling form-factors

X: Z, ), A: axial coupling V: vector coupling
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Standard Model values or vice versa. Throughout this article the CP violating form
factors FX

2A will be kept at their Standard Model values.

This article is organised as follows. After this introduction the relations between
the observables and the form factors are outlined before the experimental environment
and the used data samples will be introduced. After that the selection of semi-
leptonic decays of the tt pair will be presented and the selection efficiencies will be
given. The determination of At

FB will be followed by the extraction of the slope of
the distribution of the helicity angle. Potential systematic effects from experiment
and theory uncertainties will be outlined. Finally the six CP conserving form factors
will be extracted as explained above. This study goes therefore beyond earlier studies
published in [7,8],

2 Top quark production at the ILC

The dominant source of top quark production at a 500 GeV e+e− collider is electro-
weak production. The Born-level diagram is presented in Figure 1(a).

The decay of the top quarks proceeds predominantly through t → W±b. The
subsequent decays of the W± bosons to a charged lepton and a neutrino or a quark-
anti-quark pair lead to a six-fermion final state. The study presented in this article
focuses on the ’lepton+jets’ final state l±νbbq�q.
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Figure 1: Four diagrams that contribute to the e+e− → lνbbq�q production: (a) Born-level
tt pair production, (b) box diagram higher-order contribution to the same process (c) single
top production (d) triple gauge boson production.

Several other Standard Model processes give rise to the same final state. The
most important source is single-top production through the process e+e− → WW ∗ →

4

generated by the existence of a new strong sector, inspired by QCD, that may man-
ifest itself at energies of around 1TeV. In all realisations of the new strong sector,
as for example Randall-Sundrum models [1] or compositeness models [2], Standard
Model fields would couple to the new sector with a strength that is proportional to
their mass. For this and other reasons, the t quark is expected to be a window to any
new physics at the TeV energy scale. New physics will modify the electro-weak ttX
vertex described in the Standard Model by Vector and Axial vector couplings V and
A to the vector bosons X = γ, Z0.

Generally speaking, an e+e− linear collider (LC) can measure t quark electro-
weak couplings at the % level. In contrast to the situation at hadron colliders, the
leading-order pair production process e+e− → tt goes directly through the ttZ0 and
ttγ vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. Ref. [3] uses:
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with k2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further γµ with µ = 0, .., 3 are the Dirac matrices describing
vector currents and γ5 = iγ0γ1γ2γ3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

Applying the Gordon identity to the vector and axial vector currents in Eq. 1 the
parametrisation of the ttX vertex can be written as:
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with sw and cw being the sine and the cosine of the Weinberg angle θW .

All the expressions above are given at Born level. Throughout the article no
attempt will be made to go beyond that level. The coupling F γ

2V is related via

2

The coupling is described several coupling form-factors

X: Z, ), A: axial coupling V: vector coupling

! Most of these couplings can be accessed through measurements of"
! Total cross-section 

! Forward-backward Asymmetry AFB 

! Helicity Angle " distribution (related to fraction of left- and right-handed tops)



Frank Simon (fsimon@mpp.mpg.de)The International Linear Collider 
Corfu Summer Institute, September 2014

Using the Top as a Tool to Explore New Physics

38

! Probing EW coupling of the top to detect signs of New Physics (ED, …)

Standard Model values or vice versa. Throughout this article the CP violating form
factors FX

2A will be kept at their Standard Model values.

This article is organised as follows. After this introduction the relations between
the observables and the form factors are outlined before the experimental environment
and the used data samples will be introduced. After that the selection of semi-
leptonic decays of the tt pair will be presented and the selection efficiencies will be
given. The determination of At

FB will be followed by the extraction of the slope of
the distribution of the helicity angle. Potential systematic effects from experiment
and theory uncertainties will be outlined. Finally the six CP conserving form factors
will be extracted as explained above. This study goes therefore beyond earlier studies
published in [7,8],
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weak production. The Born-level diagram is presented in Figure 1(a).
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focuses on the ’lepton+jets’ final state l±νbbq�q.
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tt pair production, (b) box diagram higher-order contribution to the same process (c) single
top production (d) triple gauge boson production.

Several other Standard Model processes give rise to the same final state. The
most important source is single-top production through the process e+e− → WW ∗ →

4

generated by the existence of a new strong sector, inspired by QCD, that may man-
ifest itself at energies of around 1TeV. In all realisations of the new strong sector,
as for example Randall-Sundrum models [1] or compositeness models [2], Standard
Model fields would couple to the new sector with a strength that is proportional to
their mass. For this and other reasons, the t quark is expected to be a window to any
new physics at the TeV energy scale. New physics will modify the electro-weak ttX
vertex described in the Standard Model by Vector and Axial vector couplings V and
A to the vector bosons X = γ, Z0.

Generally speaking, an e+e− linear collider (LC) can measure t quark electro-
weak couplings at the % level. In contrast to the situation at hadron colliders, the
leading-order pair production process e+e− → tt goes directly through the ttZ0 and
ttγ vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. Ref. [3] uses:
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with k2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further γµ with µ = 0, .., 3 are the Dirac matrices describing
vector currents and γ5 = iγ0γ1γ2γ3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

Applying the Gordon identity to the vector and axial vector currents in Eq. 1 the
parametrisation of the ttX vertex can be written as:
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with sw and cw being the sine and the cosine of the Weinberg angle θW .

All the expressions above are given at Born level. Throughout the article no
attempt will be made to go beyond that level. The coupling F γ

2V is related via

2

The coupling is described several coupling form-factors

X: Z, ), A: axial coupling V: vector coupling

! Most of these couplings can be accessed through measurements of"
! Total cross-section 

! Forward-backward Asymmetry AFB 

! Helicity Angle " distribution (related to fraction of left- and right-handed tops)

Requires polarized electron and positron beams! "
# Uniquely available at linear colliders, e+e- rings cannot provide high polarisation
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! The ultimate motivation for a new collider - But entirely based on (more or less well 
founded) speculations

16 New Particles Working Group Report
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Figure 1-11. Left, dependence of the photon energy spectrum on the dark matter mass, mχ at the ILC.
Right, expected relative uncertainty on mχ as a function of mχ for three coupling scenarios. From Ref. [38]

1.3.2.3 Connections to Cosmic and Intensity Frontiers

The search for WIMPs via their interactions with the standard model is clearly an area where the energy
frontier overlaps with the cosmic frontier, where there are dedicated direct-detection experiments searching
for recoil interactions χ + n → χ + n. We have compared the collider sensitivity to these direct-detection
experiments by translating the collider results into limits on the χ − n interaction cross section. In addi-
tion, the results may be translated to compare with indirect detection experiments, which probe WIMP
annihilation into standard model particles, χχ̄ → XX. In Fig 1-12, we map pp sensitivities to WIMP pair
annihilation cross-section limits. Predictions are compared to Fermi-LAT limits from a stacking analysis
of Dwarf galaxies [11], including a factor of two to convert the Fermi-LAT limit from Majorana to Dirac
fermions, and to projected sensitivities of CTA [97].
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Figure 1-12. Limits at 95% CL on WIMP pair annihilation for different facilities using the D5 (left) or
D8 (right) operator as a function of mχ. From Ref. [156].

At the ILC, WIMPs can be probed even if the WIMP-lepton coupling is so small that the reverse process,
namely the cosmic annihilation process χχ̄ → ff̄ includes only a small fraction of e+e− pairs.

These searches also probe models which are commonly considered to be the domain of the intensity frontier,
such as extensions of the Standard Model modifying neutrino-quark interactions [111].

Community Planning Study: Snowmass 2013

A key goal: Studying dark matter at colliders

Example: Light Higgsinos

Natural SUSY: Light, degenerate higgsinos

Natural SUSY:

m2

Z
= 2

m
2

Hu
tan

2 β−m
2

H
d

1−tan2 β
− 2 |µ|2

⇒ Low fine-tuning ⇒ µ = O(weak scale).

If multi-TeV gaugino masses:

χ̃0

1, χ̃0

2 and χ̃±
1

pure higgsino. Rest of SUSY at multi-TeV.

Mχ̃0

1,2
,Mχ̃±

1

≈ µ

Degenerate (∆M is 1 GeV or less)

To detect: Tag using ISR photon, then look at rest of event:

SUSY signal and γγ background ... and with an ISR photon in addition

Mikael Berggren (DESY) Discovering SUSY and DM at ILC ICHEP14 8 / 15
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! In general: Discovery and exploration of BSM physics

40

" Can fill in holes LHC cannot cover (due to trigger requirements, high backgrounds, …)"
# Scenarios with small mass-splittings between particles - soft final states

Discovery limit ~ .s / 2 for (almost) any type of 
particle - particular strength (compared to LHC) %
in electroweak sector - gauginos, sleptons

! Rich possibility for indirect searches:"
! Precision measurements of SM processes, compared with theoretical calculations, 

can provide indications for New Physics far beyond the energy scale directly 
accessible at the collider"

# Profits from the possibility for precision calculations of e+e- processes



Frank Simon (fsimon@mpp.mpg.de)The International Linear Collider 
Corfu Summer Institute, September 2014

Politics, Sites & Strategies

41
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Getting A New Collider

! New energy-frontier collider projects take a very long time - ILC (under various labels) 
has been developed for over 20 years"
! Technologically challenging"
! Expensive"
! Requires world-wide collaboration, not just for financial reasons, but also 

manpower: Experimental collaborations with (several) 1000 members, large 
numbers of accelerator and other specialists"
# Typically means complicated set-up procedures and international negotiations - 

far beyond the control of scientists

42

So far: Projects typically have been “local” with international participation"
!
CERN is unique as an international organisation (still Europe-centric) - Similar things %
do not exist in other regions for particle physics
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ILC Cost

43

! Not surprising: An energy frontier collider is 
expensive"
! Rather solid cost estimate for the %

500 GeV machine: ~ 8 Billion USD "
! Biggest component: Main linac, acceleration 

structures

Chapter 15. ILC TDR Value Estimate

superconducting RF components, including their cryogenic systems and RF-power systems, represent
about 76% of the estimate for all non-CFS components.

Figure 15.7. TDR Value estimate by technical system. Also shown for comparison is the escalated RDR. The num-
bers give the TDR estimate for each system in MILCU.

The Value estimates broken down by Area (Accelerator) System are shown separately for
both the conventional facilities and the components in Fig. 15.8. The system labeled “Common”
refers to infrastructure elements such as computing infrastructure, high-voltage transmission lines
and main substation, common control system, general installation equipment, site-wide alignment
monuments, temporary construction utilities, soil borings and site characterisation, safety systems
and communications.

Figure 15.8. Distribution of the ILC value estimate by system and common infrastructure, in ILC Units. The num-
bers give the TDR estimate for each system in MILCU.

The component value estimates for each of the Accelerator Systems include their respective RF
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3.2. Accelerator Layout & Design

Figure 3.5
ILC TDR Value esti-
mate cost basis.
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Figure 3.6
Distribution of cost by
sub-system.
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Vacuum

Magnets and
Power Supplies

Cryogenics

Installation

These totals represent an increase of 7% in value and a reduction of 8% in explicit labour relative
to the estimates made for the 2007 Reference Design Report (after adjustment for inflation from
2007 to 2012). The major contribution to the increase was the cryomodule cost which was based on
current industrial studies and actual European XFEL contracts extrapolated to ILC quantities, rather
than older industrial studies and engineering estimates. This increase was offset in several areas due
in large part to the more efficient TDR design.

Any schedule for a project such as the ILC is determined by the availability of resources and the
ability to utilise them efficiently. Without knowledge of the chosen Governance and Project Manage-
ment structure and funding profiles, a more accurate schedule cannot be formulated. Nonetheless,
making some reasonable assumptions in these areas, it appears that the overall construction schedule
is determined by the civil construction activities in the central campus region covering the detector
halls, the damping rings, and the injectors. These elements are site dependent. The Main Linac
schedule is determined by the delivery of the SCRF cryomodules, which are the technical components
with the longest lead time. A funding profile which peaks at 15% of the total project cost in year four
is consistent with a nine-year period between ground breaking and the start of beam commissioning.
Machine installation starts in year seven. A representative schedule for a mountainous site is shown in
Fig. 3.7.

Executive Summary ILC Technical Design Report: Volume 1 21

! The construction cost will 
be spread over ~ 10 years, 
and shared across the globe 
- details to be worked out!"

! Many contributions 
expected “in kind”: 
production of components 
“at home”, installation in ILC%
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ILC (国際リニアコライダー) in Japan?

! Japan has expressed interest to host ILC - with the goal of a global project with 
substantial financial contributions from outside, and the establishment of an 
“international city”"
! A site choice has been made: %
北上市 (Kitakami) in Northern Japan

44
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! Strong support by local government and 
population

! Over the next ~ 1.5 years, a review 
process with committees by the 
Japanese science ministry MEXT is 
taking place - physics case and technical 
issues"

! First contacts on government level about 
international participation have started"
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The Kitakami Site - 北上市

45

Design for 
conventional 
facilities well 
advanced - 
adaptation to site 
in progress
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Possible Location of the Interaction Point

46
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The Kitakami Site - 北上市
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The Kitakami Site - 北上市
! Overwhelming local support:

48

outside Misuzawa train station
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The Time Schedule
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International Strategies & Priorities

! Community-driven strategy processes in Europe and the US have been completed 
recently"
! Update of the European Strategy for Particle Physics 2012/2013"

1. Full exploitation of LHC, including high luminosity upgrade - a program until 2035"
2. Design studies for future CERN projects after LHC, focus on p+p and e+e-  energy 

frontier colliders (CLIC, HE-LHC, FCC-hh with FCC-ee as possible precursor) - Prepare 
for first decision in ~ 2018"

3. Support for ILC in Japan, discuss possible participation"
4. Neutrino programme at CERN to enable strong participation in US projects"

! US Snowmass and P5 (Particle Physics Projects Prioritization Panel) 2013/2014"
1. Continue LHC involvement, including HL-LHC detector upgrades"
2. Support ILC development, increased involvement if ILC proceeds"
3. Develop a coherent short- and long baseline neutrino program hosted at Fermilab"
4. Increase international collaborations for long-baseline neutrino program, highest priority 

near- and mid-term large project"
5. Long-term R&D on CLIC, Muon Collider and high-field magnets for p+p colliders

50
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!
Global consensus: "

Fully exploit LHC, including detector and accelerator upgrades"
Support ILC as a possible medium-term energy frontier collider"

Continue long-term R&D for future projects at (much) higher energy"
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Summary
! Accelerator experiments at the energy frontier have always marked the spear-head of our 

understanding of the most fundamental constituents of the universe"
! fruitful interplay between hadron and lepton colliders"

! LHC defines the current “state of the art”, and will continue to do so for the next decade"
!

! The International Linear Collider is the most mature option for the next machine at the 
energy frontier"
! Technology established - based on superconducting acceleration structures"
! Mature detector concepts based on novel / modern technologies and approaches to 

event reconstruction"
! Energies up to 500 GeV (1 TeV with upgrade) for a full exploration of the Higgs and Top 

sector, and a discovery potential for BSM physics complementary to that of the LHC"
! Japan is considering to host the ILC in the Kitakami Mountains - enormous support on 

the local level, high-level political discussions under way, expect a conclusion by early 
2016%

51



… the future of particle physics 
may well be linear!
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Backup
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e+e- Linear Colliders

Linear Colliders:%
30 - 50 km in length
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e+e- Linear Colliders
HE e+e- Storage Rings

Linear Colliders:%
30 - 50 km in length

Synchrotrons:%
50 km - 100 km tunnels, %
main drivers typically pp,%
also come with e+e- %
option
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e+e- Linear Colliders
HE e+e- Storage Rings
HE pp Colliders

Linear Colliders:%
30 - 50 km in length

Synchrotrons:%
50 km - 100 km tunnels, %
main drivers typically pp,%
also come with e+e- %
option
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New Colliders - The Line-Up: Linear Colliders

! The International Linear Collider: "
a 30 - 50 km long linear tunnel#
! e+e- collisions up to 500 GeV / 1 TeV for 

Higgs, Top, BSM#
! Superconducting acceleration structures, 

~ 30 MV/m#
! Technologically far advanced: Technical 

design report completed in 2012, ILC 
technology is being used for XFEL 
construction at DESY#

! Japan as potential host - Site north of 
Sendai (Kitakami)#
!

Current time line 

! Construction starting in 2018, physics 2027
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Top Threshold Scan - Sensitivities

56

! The cross-section around the 
threshold is a$ected by several 
properties of the top quark and 
by QCD#
! Top mass, width, Yukawa 

coupling#
! Strong coupling constant
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! E$ects of some parameters are correlated; 
dependence on Yukawa coupling rather 
weak => Needs further study!

Here: Extract mass and %s
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ILC Detector Cost

! First estimate of cost (excl. labor) - for the some of the more expensive systems 
already quite detailed (NB: on some items the cost models of ILD and SiD are di$erent)#

& Clearly reflects the design for PFA: ~ 50% of the total cost is in the calorimeters#

& Shows SiD optimization with cost-e$ectiveness in mind
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Total ~ 400 MUSD"
(430 w SiW ECAL, 350 w Scint ECAL)ILD

Chapter 12. SiD Costs

Table II-12.2
Summary of Costs per

Subsystem.

M&S M&S

Base Contingency Engineering Technical Admin

(M US-$) (M US-$) (MY) (MY) (MY)

Beamline Systems 3.7 1.4 4.0 10.0

VXD 2.8 2.0 8.0 13.2

Tracker 18.5 7.0 24.0 53.2

ECAL 104.8 47.1 13.0 288.0

HCAL 51.2 23.6 13.0 28.1

Muon System 8.3 3.0 5.0 22.1

Electronics 4.9 1.6 44.1 41.7

Magnet 115.7 39.7 28.3 11.8

Installation 4.1 1.1 4.5 46.0

Management 0.9 0.2 42.0 18.0 30.0

314.9 126.7 186.0 532.1 30.0

Structure using the SLAC program WBS. WBS facilitates the description of the costs as a hierarchical

breakdown with increasing levels of detail. Separate tables describe cost estimates for purchased

M&S and labour. These tables include contingencies for each item, and these contingencies are

propagated by WBS. The M&S costs are estimated in 2008 US-$ except for those items described in

Table II-12.1.

Labour is estimated in man-hours or man-years as convenient. The WBS had about 50 labour

types, but they are condensed to engineering, technical, and clerical for this estimate. The statement

of base M&S and labour in man-years by the three categories results in a cost which we believe is

comparable to that used by the ILC machine, and is referred to here as the ILC cost.

Contingency is estimated for each quantity to estimate the uncertainties in the costs of the

detector components. However, we do not use the ILC value system for these estimates. Items

which are commodities, such as detector iron, have had costs swinging wildly over the last few years.

While there is agreement on a set of important unit costs, those quantities also have ”error margins”.

SiD, ILD, and CLIC have worked together to reach agreed values for some unit costs as shown in

Table II-12.1.

Figure II-12.1
Subsystem M&S Costs

in million US-$, the

error bars show the

contingency per subsys-

tem.
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There are a substantial set of interfaces in the interaction region hall. For the purpose of this

estimate, the following has been assumed:

• The hall itself, with finished surfaces, lighting, and HVAC are provided by the machine.

• Utilities, including 480 VAC power, LCW, compressed air, and Internet connections are provided.

• An external He compressor system with piping to the hall is provided. The refrigeration and

associated piping is an SiD cost.

• All surface buildings, gantry cranes, and hall cranes are provided by the machine.

174 ILC Technical Design Report: Volume 4, Part II

Total ~ 320 MUSD

average of SiW and 
ScintW options

Studies to evaluate the cost and performance impact of parameter changes are ongoing 


