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The Quest for the Linear Collider



History of Colliders



Hadron and Lepton Colliders

p p e+ e-

Proton (Anti-)Proton Collider Electron Positron Collider

Energy range high  
(limited by bending magnets power)

Energy range limited 
(by RF power)

Composite particles, different initial state 
constituents and energies in each 

collision

Pointlike particles, well defined initial state 
quantum numbers and energies

Difficult hadronic final states Easier final states

Discovery Machines  
(with some precision potential)

Precision Machines  
(with some discovery potential)



Hadron or Lepton Colliders

pp è H + X e+e- è HZ



• Magnets hold particles on circular 
trajectories

• dipole fields: ~E/r


• Light particles (leptons) lose energy via 
synchrotron radiation:

• radiation loss (power): ~E4/r

• radiation loss (power): ~1/m4


• Rules of thumb:

• Hadron machines are limited by dipole 

magnet strengths

• Electron machines are limited by 

acceleration power

The Storage Ring Challenge
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Linear Collider - an Old Story

• First e+e- collider: AdA (1961)

• First proposal for a linear collider: M. Tigner (1965)

!

!

!

• „While the storage ring technique for  
performing clashing-beam experiments 
is very elegant in concept it seems 
worth-wile at the present juncture to  
investigate other methods which, while 
less elegant or superficially more  
complex may prove more tractable.“

L E T T E R E  A L L A  R E D A Z I O N E  
(La responsabilitd sctentifica degli seritti inseritt in ~uesta rubrica ~ completamente lasctafa 

dalla Direzlone del periodico ai singolt autori) 

A Possible Apparatus for Electron Clashing-Beam Experiments (*). 

M. TIGX:ER 

Laboratory o] =ATuclear Studies, Cor,~ell University - Ithaca, _~T. y .  

(ricevuto il 2 Febbraio 1965) 

While the storage ring technique 
for performing clashing-beam experi- 
ments (1) is very elegant in concept it 
seems worth-while at the present junc- 
ture to investigate other methods which, 
while less elegant or superficially more 
complex may prove more tractable. 

In  order to be useful for clashing- 
beam work an acceleration device must 
produce beams of small cross-section or 
beams of high enough quali ty that  they 
may be focused to a small spot in the 
interaction region or regions. Such beams 
are well known to be produced by linear 
radio-frequency accelerators. Figure 1 
depicts a rudimentary type of arrange- 
ment for performing a clashing beam 
experiment with standard traveling wave 
linaes. For purposes of illustration let 
as consider two linaes having energy 
gains of 500 MeV each and producing 
continuous beam currents of 50 to 
100 milliampere. (As we shall see cur- 
rents of this order would be necessary 
r obtain useful interaction rates at this 

(*) Work supported in par t  by  the  United 
SLates Nat ional  Science Foundation. 

(1) See for in s t ance  G. K. O'NEILL: Phys. 
Rev.,  102, 1418 (1956). 

energy.) Under these conditions the rf 
power necessary to establish the accel- 
erating field in the guides would be of 
the order of 100 megawatt in a standard 

~ \  intecaction ceg/on / . "  

/ 

O- smaa crossing angle 

Fig. 1. 

design while an additional 25 to 50 mega- 
watt  would be carried away by each 
beam. Although in principle it may be 
possible to produce and handle this 
large power the sheer brutishness of the 
scheme robs it of all appeal. 

With some modification we may be 
able to retain the basic advantages of 
the linear device while avoiding the 
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• 2 mi long

• ~90 GeV cms 

energy in 
collider mode


• 0.5 M Zs 
produced

• 18 M at LEP-I


• competitive with 
LEP due to 
polarised beams

Stanford Linear Collider



• Cost scalings of ~200 GeV colliders 
estimated a long time ago:

• B. Richter, NIM 136 (1972) 47-60


• Storage ring costs scale with ~E2

• Linear collider costs scale with ~E


• Transition energy somewhere around 
300 GeV…

• uncertainties not well known


• The ultimate future (if any) of e+e- 
colliders must be linear

• because circular rings do not scale!

Scaling Electron Colliders

LEP scaling ~E2   uncertainty 

ILC scaling ~E 

N. Walker



Lepton Collider Options Under Discussion

Lepton	
Colliders	

linear	 Electron	
Positron	

ILC	 90GeV	–	1	
TeV	

CLIC	 Up	to	3	TeV	

Circular	

Electron	
Positron	

CEPC	 Higgs	
factory	only	

FCC-ee	 Top/	Higgs	

Muon	 MC	 MulE	TeV	

T. Behnke



Lepton Collider Luminosities
N. Walker



Lepton Collider Luminosities
N. Walker

Newest CLIC Scenarios: next lecture by Eva



• Circular e+e- colliders have large luminosities at lower energies

• But this comes also with large power consumptions


• Only linear colliders can go above ~350 GeV

Luminosity vs Power
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N. Walker

top-up injection: 
0 GeV → ½Ecm @ 0.1 Hz 

(possibly 2 for Z and W)!

LC 

IR collimation constraints 
(beam divergence) 

LEP scaling &!
simulation 

beamstrahlung (beam-beam) sets 
fundamental limits 

beam lifetime 10’ 
! top-up injection 

large nb (16,770) 
! 2 rings 

ΔEturn ∝
E 4

r

FCC-ee 

CepC 
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Storage Ring Performance 

Newest CLIC Scenarios: next lecture by Eva



• The luminosity (cm-2s-1) for a collider with Gaussian beams is given by:


• nb = bunches per train

• N = particles per bunch

• frep = repetition frequency

• 4πσxσy = beam cross section at the interaction point

• HD = beam-beam enhancement factor

The Luminosity Challenge



• Introducing the beam power:


• yields


• η RF⟶beam : conversion efficiency RF to beam 

The Luminosity Challenge



• Some numbers:

• Ecm  = 500 GeV

• N     = 1010

• nb    = 1000

• frep   = 10 Hz

• ⇒ Pbeams = 8 MW


• adding efficiencies

• Wall plug ⟶ RF ⟶ beam


• yields AC power needs >100 MW just to accelerate beams and maintain 
luminosity!!!

RF Power



• LEP frep: 44 kHz

• ILC frep: few to 100 Hz (power limited)


• Factor ~1000 in Luminosity already lost!

• Recover by pushing hard on the beam spot 

sizes at collision:

• LEP: 130 x 6 μm2

• ILC: 500 x 5 nm2


• Needed to achieve L=O(1034 cm-2 s-1)

Storage Ring vs Linear Collider

x

y



• Strong mutual focusing of beam 
gives rise to significant luminosity 
enhancement (Hd≈2): pinch effect


• electrons/positrons pass through 
intense field of opposite beam, 
radiate hard photons: Beamstrahlung

Beamstrahlung

e+

γ
γ

γ

e-

x

y

}
Chose flat beams!



The ILC Physics Case



• The e+e- total cross section 
drops with 1/s

• rises logarithmically for 

some t-channel processes


• For direct searches:

• energy reach


• For indirect searches and 
measurements:

• luminosity

Lepton Collider Requirements
Future Lepton Collider Requirements

• The e+e- cross section drops  
~1/s; some t-channel processes 
rise logarithmically

!

• The key parameters are:

• the right energy window

• luminosity

SUPERSYMMETRY

backgrounds from the SM and, more importantly, from SUSY itself. At the LHC, sparticle
mass differences can be determined by measuring the endpoints or edges of invariant mass
spectra (with some assumptions on particle identification within the chains) and this results
in a strong correlation between the extracted masses; in particular, the LSP mass can be
constrained only weakly [15]. Therefore, only in specific constrained scenarios with a handful
of input parameters, that some elements of SUSY can be reconstructed in the complicated
environment of the LHC.
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FIGURE 5.1. The spectrum of SUSY and Higgs particles in the benchmark SPS1a′ cMSSM point [179]
(left) and the production cross sections for various SM and SUSY processes in e+e− collisions as a function
of the c.m. energy in this scenario (right).

On the other hand, the non–colored SUSY particles (and certainly the lightest Higgs
boson) would be accessible at the ILC with a c.m. energy of

√
s = 500 GeV, to be eventually

upgraded to 1 TeV. This is, for instance the case in a cMSSM typical scenario called SPS1a′

[179] as shown in Fig. 5.1. The cross sections for chargino, neutralino and slepton pair
production, when the states are kinematically accessible, are at the level of 10–100 fb, which
is only a few orders of magnitude below the dominant SM background processes; Fig. 5.1.
Given the expected high–luminosity and the very clean environment of the machine, large
samples of events will be available for physics analyses [7, 180]. At the ILC, it will be thus
easy to directly observe and clearly identify the new states which appeared only through
cascade decays at the LHC. Most importantly, thanks to the unique features of the ILC,
tunable energy which allows threshold scans, the availability of beam polarization to select
given physics channels and additional collider options such as e−e− which allow for new
processes, very thorough tests of SUSY can be performed: masses and cross sections can be
measured precisely and couplings, mixing angles and quantum numbers can be determined
unambiguously. Furthermore, the ILC will provide crucial information which can be used as
additional input for the LHC analyses, as would be e.g. the case with the LSP mass. The
coherent analyses of data obtained at the LHC and the ILC would allow for a better and
model independent reconstruction of the low energy SUSY parameters, connect weak–scale
SUSY with the more fundamental underlying physics at the GUT scale, and provide the
necessary input to predict the LSP relic density and the connection with cosmology.

II-60 ILC-Reference Design Report



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

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

 [GeV]s
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Fig. 9: Left: Production cross-sections of the SM Higgs boson in e+e� collisions as a function of
p

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

p
s. Every line of

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

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

Higgs studies for mH =120 GeV
p

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

350 ZH ! µ+µ�X
� fb 4.9 4.9% Model

Mass GeV 120 0.131 independent,
using Z-recoil

500
SM Higgs

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

production Mass GeV 120 0.100 mass
reconstruction

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

! ��̄qq̄ Mass GeV 120 0.100 sample

1400 H ! �+��

�⇥ BR fb

19.8 <3.7%

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

H ! µ+µ� 0.12 15.7%

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

gHHH

10

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

�
s = 250 GeV, and the

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

�
s 250 GeV 350 GeV

Int. L 250 fb�1 350 fb�1

�(�)/� 3 % 4 %
�(gHZZ)/gHZZ 1.5 % 2 %

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

s = 250 GeVand
�

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

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

2.3 Higgs Coupling Measurements at
�

s � 500 GeV

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

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

2.4 Higgs Self-Coupling

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

V(�) = µ2�†� + �(�†�)2 .

5

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

p
s = 250 GeV.

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

p
s, comparable accuracies can be achieved at 250 GeV

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

p
s

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

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

p
s = 500 GeV for

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

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

ILC&
CLIC&
CEPC&

FCCGee&
energy range of 

e+e- projects

≥ 250 GeV

≥350 GeV

≥500 GeV

≥500 GeV

≥ 1 TeV
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Higgs Production in e+e- CollisionsMain Production Processes 
Single Higgs Production 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• Counting experiment: 

• N events / integrated Luminosity = cross section x branching ratio

• Branching ratio := partial width / total width


• Need σ and total width ΓT to convert branching ratios into couplings

• Problem: ΓT for the Higgs is 4 MeV (SM) ⇒ unobservable…


• But: e+e- collisions are different than pp collisions!

• initial states are well known..

How to Measure Higgs Couplings?



• Use kinematic constraints in 
Higgsstrahlung production


• Recoil mass against known Z

• No use of Higgs final states, could 

even decay invisibly

• Model-independent:


• ZH cross section

• Absolute normalisation of 

branching ratios

• direct extraction of gZ


• From h → ZZ* could get in 
principle ΓT


• but large error (20%)

Higgs Recoil

1 Higgs Theory

to the decay amplitudes approach a constant in the large mass limit. Non-decoupling e�ects can
also appear in radiative corrections to various observables. As a dramatic example, the one loop
correction to the triple Higgs boson coupling hhh is large because it receives a non-decoupling e�ect
proportional to the quartic power of the top quark mass after renormalization [42, 43],

⁄ren
hhh ƒ 3m2

hÔ
2 v

3
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t

16fi2

4
. (1.25)

In theories that go beyond the Standard Model (BSM), new particles may exist that couple
to the Higgs boson. For example, new bosonic loops yield positive contributions and fermionic
loops yield negative contributions to the hhh coupling. The loop induced couplings hgg, h““, hZ“

and the radiatively-corrected hhh coupling are particularly sensitive to new particles in the loop
when electroweak symmetry breaking provides the dominant contributions to the corresponding new
particle masses. Thus, the couplings of the Higgs boson to SM fields can exhibit deviations from SM
predictions due to BSM loop e�ects even when the corresponding tree-level couplings are fixed to
their SM values.

The non-decoupling contribution of new particles can a�ect the e�ective potential at finite
temperatures. For example, a new bosonic loop contribution can make the electroweak phase transition
su�ciently strongly first order as required for a successful scenario of electroweak baryogenesis [44, 45].
Such a non-decoupling e�ect results in a large deviation in the hhh coupling, so that one can test
this scenario by measuring the hhh coupling accurately. In Ref. [46], the correlation between the
condition for a first order phase transition and the deviation in the hhh coupling is studied. To test
this scenario of electroweak baryogenesis requires a determination of the hhh coupling with a 10–20%
accuracy. A measurement of the hhh coupling with the required precision can be achieved at the ILC
as shown in Section 5.6.

1.2.3 Higgs decays

The Higgs boson couples to all the particles of the SM. Therefore, there are many decay modes. In
particular, with the mass of about 126 GeV the Higgs boson decays into bb̄, WW ú, ·+·≠, gg, cc̄,
ZZú, ““ and “Z, µµ, where ““ and “Z are one-loop induced decay processes.

In Fig. 1.2, branching ratios for various decay modes are shown as a function of the mass of the
Higgs boson. The decay branching ratios strongly depend on the mass of the Higgs boson mh. In
Tables 1.1 and 1.2, the predicted values of decay branching ratios of the Standard Model Higgs boson
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Figure 1.2. Branching ratio of the Higgs boson in the SM as a function of the mass.
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decay for m
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= 125GeV with 250 fb�1 at
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s = 250GeV, based on Ref. [15].

Finally, measurement of the decay of the Z to e+e� or µ+µ� gives a very precise
determination of the mass of the Higgs boson. The mass of a particle recoiling against
a lepton pair is given by

M2
X

= (p
CM

� (p
`

+ + p
`

�))2 , (1)

where p
CM

is the 4-momentum of the annihilating electron-positron system. The
expected recoil mass distribution for a m

h

= 125GeV Higgs boson with 250 fb�1 atp
s = 250GeV is shown in Fig. 3. This measurement allows us to determine the Higgs

mass to better than 30MeV and the cross section to a sub-% level [2]. The precision
of the cross section can be further improved by adding events with decay of the Z to
quarks.

2.3 Higgs boson coupling measurement

To compare Higgs boson rate measurements to the Standard Model expectations,
it is important to note that what is actually measured is the rate for a production
and decay process. This is proportional to the cross section for Higgs production
multiplied by the branching ratio (BR), which is related to the partial width into the
observed channel through the familiar formula

BR(h ! AA) = �(h ! AA)/�
h

, (2)
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1 Higgs Theory

to the decay amplitudes approach a constant in the large mass limit. Non-decoupling e�ects can
also appear in radiative corrections to various observables. As a dramatic example, the one loop
correction to the triple Higgs boson coupling hhh is large because it receives a non-decoupling e�ect
proportional to the quartic power of the top quark mass after renormalization [42, 43],
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In theories that go beyond the Standard Model (BSM), new particles may exist that couple
to the Higgs boson. For example, new bosonic loops yield positive contributions and fermionic
loops yield negative contributions to the hhh coupling. The loop induced couplings hgg, h““, hZ“

and the radiatively-corrected hhh coupling are particularly sensitive to new particles in the loop
when electroweak symmetry breaking provides the dominant contributions to the corresponding new
particle masses. Thus, the couplings of the Higgs boson to SM fields can exhibit deviations from SM
predictions due to BSM loop e�ects even when the corresponding tree-level couplings are fixed to
their SM values.

The non-decoupling contribution of new particles can a�ect the e�ective potential at finite
temperatures. For example, a new bosonic loop contribution can make the electroweak phase transition
su�ciently strongly first order as required for a successful scenario of electroweak baryogenesis [44, 45].
Such a non-decoupling e�ect results in a large deviation in the hhh coupling, so that one can test
this scenario by measuring the hhh coupling accurately. In Ref. [46], the correlation between the
condition for a first order phase transition and the deviation in the hhh coupling is studied. To test
this scenario of electroweak baryogenesis requires a determination of the hhh coupling with a 10–20%
accuracy. A measurement of the hhh coupling with the required precision can be achieved at the ILC
as shown in Section 5.6.

1.2.3 Higgs decays

The Higgs boson couples to all the particles of the SM. Therefore, there are many decay modes. In
particular, with the mass of about 126 GeV the Higgs boson decays into bb̄, WW ú, ·+·≠, gg, cc̄,
ZZú, ““ and “Z, µµ, where ““ and “Z are one-loop induced decay processes.

In Fig. 1.2, branching ratios for various decay modes are shown as a function of the mass of the
Higgs boson. The decay branching ratios strongly depend on the mass of the Higgs boson mh. In
Tables 1.1 and 1.2, the predicted values of decay branching ratios of the Standard Model Higgs boson
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• Use WW fusion cross section and 
H→WW* branching ratio:


• bb or WW* final state

• measure same final states in ZH and 

scale


• g2Z from recoil measurement

• BR (H→WW*) in ννH or ZH production

• Done!

Total Higgs Width
4.1 h æ bb̄, cc̄, gg

Figure 4.1
The dijet mass distribu-
tion of e+e≠ æ ‹‹̄h æ
‹‹̄b¯b at

Ô
s = 500 GeV

assuming 500 fb≠1,
P (e≠

)/P (e+

) =

≠80%/ + 30%, and
mh = 125 GeV.
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H @ 500 GeVνν→-+e+e
-1L = 500 fb∫

) = (-0.8,+0.3)+,e-P(e

�(‡ · BR)/(‡ · BR) = 0.66%(bb̄), 6.2%(cc̄) and 4.1%(gg). Note that this result for h æ bb̄ is
consistent with the dedicated h æ bb̄ study described earlier.

The results from the Zh process were obtained by extrapolating the 250 GeV full simulation
results. The number of signal and background events before template fitting were scaled according to
the cross section, and then they were extrapolated according to the enhanced statistical significance
from the template fitting. As a result, �‡·BR

‡·BR with 500 fb≠1 at 500 GeV with (≠80%, +30%)
polarization was estimated to be 1.8%, 13%, and 11% for h æ bb̄, cc̄, and gg respectively.

4.1.3 1 TeV

The Higgs decays to bb̄, cc̄, and gg were studied at 1 TeV as one of the detector benchmark studies
for the ILC TDR by the ILD and SiD concept groups. At this energy the Higgs is produced dominantly
by the process e+e≠ æ ‹‹̄h. Therefore, the event signature is a large missing PT due to un-detected
neutrinos and 2 jets from Higgs decays to bb̄, cc̄, and gg, with their invariant mass consistent with the
Higgs. To minimize the e�ect of the low PT hadron events, which are produced at an average rate of
4.1 events per bunch crossing at 1 TeV, both ILD and SiD employed the kt jet clustering algorithm
with a size parameter, R, of 1.5 (1.1 in the case of ILD).

After the jet clustering the candidate 2-jet events were selected by cuts on the visible PT , visible
energy, visible mass, the jet production angles, and the number of tracks. In the case of the SiD
analysis, these variables were used to form Fisher Discriminants implemented in TMVA together with
the flavor tagging variables for b jets and c jets. Fisher discriminants which maximized the significance
for each decay mode were used to obtain the final results. The uncertainties on the cross section
times Higgs branching ratios were determined from the numbers of signal and background events
passing each selection. A typical Higgs mass distribution in the case of SiD is shown in Figure 4.2.

In the case of the ILD analysis[243], a flavor tagging template fitting was performed to extract
‡·BR for the di�erent channels. The flavor templates of h æ bb̄, cc̄, gg, and background channels were
obtained from the flavor tagging output of the LCFIPlus package. Taking into account the b-tagging
e�ciency systematic error of 0.3%, the accuracies for 1 ab≠1 and P (e≠)/P (e+) = ≠80%/ + 20%
beam polarization were 0.49%, 3.9%, and 2.8% for h æ bb̄, cc̄, and gg respectively. Following the
publication of the ILC TDR, improvements to background rejection were developed [241], leading to
relative ‡ · BR errors of 0.45%, 3.1%, and 2.3% for h æ bb̄, cc̄, and gg respectively.
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4.2 h æ W W ú

Figure 4.4
4-jet mass distribution
for selected events in
the h æ W W ú study.
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4.2.2 1 TeV

The decay h æ WW ú was studied at 1 TeV by ILD and SiD for the ILC TDR using the fully hadronic
decay mode of WW ú. The signal final state is four jets consistent with WW ú, with total mass
consistent with the Higgs mass, and large missing energy and missing transverse momentum.

In the ILD analysis background from pile-up events was removed by employing the kt jet clustering
algorithm with R = 0.9 and Njet = 4. Further, the Durham algorithm was applied to force the
remaining particles to be clustered into four jets, which were paired so that one dijet system had a mass
consistent with the W , while the other had a mass between 15 and 60 GeV. To reduce background from
h æ bb̄ the b-likeness of each jet was required to be low. The signal selection e�ciency was 12.4%,
and the remaining major backgrounds were 4-fermions (e+e≠ æ ‹‹̄qq̄), 3-fermions (e“ æ ‹qq̄) and
other decay channels of the Higgs. The reconstructed Higgs mass distribution is shown in Figure 4.5.

With 1 ab≠1 luminosity and a beam polarization of P (e≠) = ≠80%, P (e+) = +20%, ILD
obtained �(‡ · BR)/(‡ · BR) = 2.5%. SiD obtained a similar result. By including the semi-leptonic
topology for h æ WW ú, and by using the particle-based MVA technique to better reject pileup, the
precision for h æ WW ú improves to �(‡ · BR)/(‡ · BR) = 1.6% [241].

Figure 4.5
ILD reconstructed
Higgs mass distribu-
tion for the h æ W W ú

analysis in the fully
hadronic decay channel.
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Higgs CouplingsHiggs Couplings

The full ILC500 programme gives  
sub-percent precision on most Higgs couplings
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• Higgs Coupling-Mass Relations - the Smoking Gun of EWSB…

Establishing the Mass Generation Process
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Figure 1: The Standard Model predicts that the Higgs couplings to fundamental fermions
are linearly proportional to the fermion masses, whereas the couplings to bosons are pro-
portional to the square of the boson masses. Left: the CMS fit to the current Higgs data,
showing consistency with this prediction, from Ref. [11]. Right: the expected improvement
in the precision in the measurement of the Higgs couplings at the ILC, from Ref. [1].

Higgs boson are predicted by the model. The observation of any deviation from these
predictions would be a clear indication of new physics beyond the Standard Model.

Di↵erent models of new physics beyond the Standard Model lead to di↵erent
patterns of deviation from the predicted Higgs boson couplings. In supersymmetric
models, and more generally in models with more than one fundamental Higgs field,
the largest deviations are expected to be found in the couplings to the down-type
quarks and leptons and in the e↵ective couplings to photons and gluons. In models in
which the Higgs boson is composite, the e↵ects of compositeness produce a uniform
decrease in all of the Higgs couplings. Such models may also have partial top quark
compositeness and heavy top partners; these e↵ects induce further shifts of the Higgs
couplings to top quarks and to photons and gluons. Thus, the measurement of the
couplings of the Higgs boson will give evidence on the question of whether the Higgs
boson is a fundamental scalar particle—the first ever observed—or a composite of
more fundamental constituents. Looking for deviations of the Higgs couplings is also
a way to probe the naturalness of the weak scale. Indeed, general arguments [12,13]
imply that any new physics that screens the Higgs mass from large quantum correc-
tions generically leads to deviations in the Higgs couplings to photons and gluons at
least as large as 1%. Supersymmetric and composite Higgs models are prime examples
of this general pattern.
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• New physics predicts %-type 
deviations from SM Higgs  
couplings
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• The Higgs self-coupling opens the door to the determination of the 
Higgs potential


• Very little chances at LHC, also at ILC difficult

• large luminosities, high energies (1 TeV) required


• Recent progress: hope for 15%

Higgs Self-Coupling

3

e+ + e� ! ZHH @ 500 GeVsearching mode and main backgrounds:
✦ llHH:   llbb   (ZZ, γΖ, bbZ), lνbbqq  (tt-bar), llbbbb   (ZZZ/ZZH)$
✦ ννHH: bbbb (ZZ, γΖ, bbZ), τνbbqq (tt-bar), ννbbbb (ZZZ/ZZH)$
✦ qqHH: bbbb (ZZ, γΖ, bbZ), bbqqqq (tt-bar), qqbbbb (ZZZ/ZZH)

event selection:
✦ isolated-lepton selection or rejection$
✦ jet clustering and flavor tagging$
✦ missing energy or visible energy requirement$
✦ event reconstructed as from signal and dominant background$
✦ each dominant background is suppressed by training a neural-net

how we measure it at ILC and analysis strategy

H

H
H

i

i<e


e<Z

H

Z
H

He+

e−

Center of Mass Energy / GeV
400 600 800 1000 1200 1400

C
ro

ss
 S

ec
tio

n 
/ f

b

0

0.1

0.2

0.3

0.4

0.5

0.6
 ZHHA - + e+e

HH  (WW-fusion)ii A - + e+e
HH  (Combined)ii A - + e+e

) = (-0.8,+0.3)+,e-M(H) = 125 GeV    P(e

B/S ~ 103-4
J. Tian



• Top pair production threshold scan 
is a central measurement in the ILC 
programme


• Fits to the threshold curve yield 
statistical errors of

• mass: 17 MeV (~0.01%)

• width: 26 MeV (~2%)

Top Physics
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Figure 7: Top quark pair production threshold, including the luminosity spectrum of the
ILC, and simulated data points, corresponding in total to one year at design luminosity,
from Ref. [33].

The real part of the pole corresponding to the 1S bound state is a precisely de-
fined quantity that can be extracted from the threshold measurements. This mass
parameter can be determined to about 50 MeV in the ILC program. The accuracy
of this measurement is limited by the precision of the theoretical prediction of the
threshold shape, now known at N3LO [31,32]. For the 200 fb�1 data set expected
near 350 GeV [7], the expected statistical errors in a 3-parameter fit to the threshold
shape are 17 MeV for m

t

, 26 MeV for �
t

, and 4.2% for the top quark Yukawa cou-
pling [33,34]. Uncertainties from knowledge of the ILC beam parameters are expected
to be still smaller.

The 1S top quark mass is connected to other theoretically precise definitions of
the top quark mass, such as the MS mass, to an accuracy of about 10MeV [35]. The
error in converting an on-shell top quark mass to the MS mass is more than an order
of magnitude greater. Further, the mass usually quoted from Tevatron and LHC
data is simply the input value used in a popular Monte Carlo event generator; its
connection to theoretically precise values is not understood. At the High-Luminosity
LHC, it is estimated that the MS top quark mass can be extracted to an accuracy of
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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• Top pair production in continuum via γ or Z

• Forward-backward asymmetries from 

interferences

• depend on polarisation


• Sensitivity to new physics

Top EW Couplings

Figure 8: The angular distribution of produced top quarks obtained from full simulations
based on a realistic detector model, full event reconstruction, and the inclusion of physics
and machine-related backgrounds, compared to the corresponding generator-level distribu-
tions, from Ref. [40]

achieve a relative precision of 0.6% on the coupling of the left-handed top quark and
1.0% on the coupling of the right-handed top quark [39,40,41,42].

These polarization-dependent couplings receive corrections in most models of new
physics beyond the Standard Model. The e↵ects are particularly large in models in
which the Higgs boson is a composite built of some more fundamental constituents. In
such models, the shifts of the ttZ couplings can be 20% or larger and are expected to
be di↵erent between the couplings to the two top quark polarization states. Figure 9
shows a survey of theoretical predictions collected in Ref. [41]. The separate values of
these couplings provide a powerful diagnostic of the model. The measurement accu-
racies expected at the ILC and the LHC are also shown in the figure. Measurements
with the ILC accuracy will not only establish the shifts of the Z couplings with high
significance but also pin down properties of the model that gave rise to them. A 1%
measurement of these couplings is sensitive, in models of this type, to the presence
of a 10–15 TeV Higgs-sector resonance coupling to tt. This goes beyond the ultimate
reach of the High-Luminosity LHC for direct searches for such a resonance, estimated
to be about 5–6 TeV [36].

Full reconstruction of top quark pair events at the ILC will also allow us to search
for exotic decay modes of the top quark, and for nonzero magnetic and electric dipole
moments. The latter measurements provide a unique and powerful probe of CP-
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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
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Couplings of the top to the Z
Angular distributions in detector

Electroweak Couplings of the Top Quark

g!L, g!R, gZL, gZR 

~500 GeV is a sweet spot  
for top couplings

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

23

Polarised beams 
• allow to disentangle g! vs gZ 

• provide robustness against 
systematic uncertainties 

• minimise higher-order 
corrections



• The ILC comes with polarised beams:

• Electrons: 80% (upg. 90%)

• Positrons: 30% (upg. 60%)


• Polarisation allows to:

• enhance signal processes

• suppress background processes

The Benefits of Polarisation
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Discovery Potential: New Physics Scales



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

Can probe scales of ~20 TeV in typical scenarios  
(… and up to 80 TeV for extreme scenarios)
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A 20 Year Strawman Running Program for the ILC
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• 500 GeV: general purpose - Higgs & top physics, Higgs self-coupling, top-Yukawa, BSM 
• 350 GeV: top threshold scan 

• 250 GeV: special Higgs measurements (mass, CP in H->"")

NEW in 2015 
arXiv:1506.07830

√s ∫ℒ dt
250 GeV 2 ab-1

350 GeV 200 fb-1

500 GeV 4 ab-1

Total integrated 
luminosities

refer to these as full  
ILC500 programme

3 x1034 

/cm2/s

3.6 x1034 

/cm2/s

1.5 x1034 

/cm2/s

1.8 x1034 

/cm2/s

J. List



…. and beyond the Strawman Programme

19

√s ∫ℒ dt
250 GeV 2 ab-1

350 GeV 200 fb-1

500 GeV 4 ab-1

1 TeV 8 ab-1

91 GeV 100 fb-1

161 GeV 500 fb-1

Total integrated 
luminositiesalso defined reference luminosities  

to be used in physics studies for 

• √s = 1TeV:  Higgs self-coupling, BSM 

• √s = 91 GeV: ew precision 

• √s = 161 GeV: W mass to few eV 

for these energies, beam parameters are to be 
considered preliminary

Flexibility remains a key asset of the ILC

Discoveries at LHC (or at ILC itself!) might change run plan anytime

All with both 
beams polarised!

J. List



• In principle, the ILC can run on any energy between ~90 GeV and several TeV

• linear colliders are scalable, it is mostly a question of cost....


• Develop a staged approach

• start where interesting physics is guaranteed, extend to higher energies later


• ILC250: Higgs measurements (mass, spin, couplings), EW physics, (...)

• ILC350: Top physics, (...)

• ILC500: Higgs self coupling, Top-Higgs Yukawa coupling, (...)

• ILC1000+: SUSY, whatever comes, (...)

• CLIC as multi-TeV option

The Staged Linear Collider

ILC250 ILC350 ILC500 ILC1000 ILC1+++
CLIC1+++
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The ILC Accelerator



International Linear Collider ILC



ILC Baseline Design (500 GeV)ILC Baseline Design (500 GeV)

Max. Ecm  500 GeV 
Luminosity  1.8×1034 cm-2s-1 

Polarisation (e-/e+)  80% / 30% 
δBS  4.5% 

Physics 

σx / σy  574 nm / 6 nm 
σz  300 µm 
γεx / γεy  10 µm / 35 nm 
βx / βy  11 mm / 0.48 mm 
bunch charge  2×1010  

Beam 
(interaction point) 

Number of bunches / pulse  1312 
Bunch spacing  554 ns 
Pulse current  5.8 mA 
Beam pulse length  727 µs 
Pulse repetition rate  5 Hz   

Beam 
(time structure) 

Average beam power  10.5 MW (total) 
Total AC power  163 MW 
(linacs AC power  107 MW) 

Accelerator 
(general) 

central
region
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• Superconducting cavities for the ILC

• 2K He cooled

• 16.000 cavities in 1800 cryomodules 

• gradient: ~35 MV/m

• cost-driver!

ILC: the Superconducting Collider

exceeds 10
-2

 mGy/min at the DESY’s vertical test stand 

(on-axis and above the top plate of the cryostat), or where 

the RF losses in CW operation exceed 100W. 

These cavity performances are in full agreement with 

earlier results on large grain single- and nine-cell cavities 

at DESY [12, 14]. 

 

 

Figure 4: Yield of maximum and usable gradient in the 

final state after BCP treatment in absolute numbers of 

cavities.  

Note: Results of 3 earlier LG nine-cell cavities included 

(AC112 – AC114). 

Q0(Eacc)-PERFORMANCE AFTER EP 
SURFACE TREATMENT 

After EP treatment the acceptance test of five out of 

eight cavities is completed with gradients  

(31 – 45.5) MV/m at Q0-values above 1.2 · 10
10 

limited by 

breakdown. No difference in maximum gradient between 

1.8 K and 2 K was detected. No evidence of Q-disease 

was observed. Figure 5 gives the Q0(Eacc) performance at 

2 K of these five cavities.  

For three of the five cavities tested so far no or only 

low x-rays were detected. Especially cavity AC158 

showed no x-ray radiation at all up to its gradient limit of 

45 MV/m. The radiation of the cavities AC154 and 

AC155 exceeded the x-ray level of 10
-2

 mGy/min at 

31 MV/m and 40 MV/m, respectively. Except of AC154 

the first test after the EP treatment was successful; AC154 

required an additional HPR due to strong x-rays and low 

gradient in a first test (not shown). 

The cavities AC155 and AC156 with grinded grain 

boundaries had gradients of 45.5 MV/m and 31 MV/m, 

respectively. Within the statistics so far no clear positive 

effect of this treatment is obvious.  

 

Figure 5: Final Q0(Eacc) performance at 2 K after EP 

treatment. 

Figure 6 gives the yield of maximum and usable 

gradient of the described five out of eight cavities and in 

addition of the earlier LG cavities AC112 – AC114 with 

similar preparation [12]. The low gradient result of cavity 

AC114 is discussed in [12]. Compared to the results after 

BCP treatment significant higher gradients were achieved. 

 

 

Figure 6: Yield of maximum and usable gradient in the 

final state after EP treatment in absolute numbers of 

cavities.  

Note: Results of 3 earlier LG nine-cell cavities included 

(AC112 – AC114). 

The interesting and extraordinary test sequence of 

cavity AC155 is looked at in more detail. Figure 7 shows 

the initial and final Q0(Eacc) performance at 2 K of 

AC155. 

In the initial Q0(Eacc) measurement after EP (test no. 2) 

AC155 was limited at 35 MV/m by breakdown with 

strong x-rays of at most 0.5 mGy/min. Some decreasing 

of x-rays (processing) was observed and reduced the 

TUPO046 Proceedings of SRF2011, Chicago, IL USA
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• Superconducting cavity: Q>1010


• A church bell (300 Hz) with 
Q=5 x 1010 would ring – once 
excited – longer than one year!

Q Factor



SCRF: From R&D to Application

courtesy R. Geng (Jlab) 



ILC - Global Test Facilities

CESR-TA (Cornell) 
electron cloud 
low emittance

NML Facility (FNAL) 
RF unit tests 
cryomodule tests

FLASH (DESY) 
full ILC accelerator prototype 
SR user facility

DAΦNE (Frascati) 
electron cloud 
fast kicker

ATF/ATF2 (KEK)  
damping ring 
beam delivery system

STF (KEK) 
cryomodule test 
SRF beam



ILC-Technology: a Worldwide Success Story

Hamburg 
17.5 GeV 
800 cavities 
100 cryomodules

SLAC 
4 GeV (cw) 
280 cavities 
35 cryomodules Kitakami 

500 GeV 
16000 cavities 
1800 cryomodules



ILC-Technology: a Worldwide Success Story

Hamburg 
17.5 GeV 
800 cavities 
100 cryomodules

SLAC 
4 GeV (cw) 
280 cavities 
35 cryomodules Kitakami 

500 GeV 
16000 cavities 
1800 cryomodules

Update on the European XFEL cavity production

Results: Usable gradient

ALCW2015
Sebastian Aderhold, DESY

„As received“ tests only

Cavities with re-treatment 
before first test are excluded

limiting criterion

BD
18%

FE
21%

Q0
10%

Q0 (no FE)
51%

14



ILC-Technology: a Worldwide Success Story

Hamburg 
17.5 GeV 
800 cavities 
100 cryomodules

SLAC 
4 GeV (cw) 
280 cavities 
35 cryomodules Kitakami 

500 GeV 
16000 cavities 
1800 cryomodules

Update on the European XFEL cavity production

Results: Usable gradient

ALCW2015
Sebastian Aderhold, DESY

„As received“ tests only

Cavities with re-treatment 
before first test are excluded

limiting criterion

BD
18%

FE
21%

Q0
10%

Q0 (no FE)
51%

14ILC TDR  
acceptance



ILC-Technology: a Worldwide Success Story

Hamburg 
17.5 GeV 
800 cavities 
100 cryomodules

SLAC 
4 GeV (cw) 
280 cavities 
35 cryomodules Kitakami 

500 GeV 
16000 cavities 
1800 cryomodules

Update on the European XFEL cavity production

Results: Usable gradient

ALCW2015
Sebastian Aderhold, DESY

„As received“ tests only

Cavities with re-treatment 
before first test are excluded
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18%

FE
21%

Q0
10%

Q0 (no FE)
51%

14ILC TDR  
acceptance

US and EU SRF capacities 
(industry) perfectly placed for 
possible ILC production in the 
next decade.



Nanometre BeamsDemonstrating the ILC Final Focus

• Test facility ATF2 at KEK 

• 5nm @ ILC = 37nm @ ATF2 

• R&D on 

• beam diagnostics 

• fast-feed back stabilisation
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Prototyping the Linacs ;-)



European XFEL @ DESY

XFEL-Linac: 10% Prototype of ILC



A Tunnel Full of Cryomodules (XFEL)



• Mass production:

• 100 cryomodules

• 800 cavities


• Largest deployment of this SCRF  
technology to date....


• Large unbiased sample

• critical for ILC

Industrialisation for XFELIndustrialisation for XFEL

• Mass production has started:

• 100 cryomodules

• 800 cavities


• Largest deployment of this SCRF  
technology to date....


• Large unbiased sample

• critical for ILC



• „As received“ tests:


• Re-treatment results

XFEL Cavity Production
N. Walker

Nicholas Walker ● DESY ● nicholas.walker@desy.de
XFEL cavity results ● ECFA LC 2016 ● Santander - Spain ● 31-05-2016

7Test results: MAX GRADIENT

“As received” test

Clearly see difference 
between RI (final EP) and 

EZ (flash-BCP)

Nicholas Walker ● DESY ● nicholas.walker@desy.de
XFEL cavity results ● ECFA LC 2016 ● Santander - Spain ● 31-05-2016

9Test results: USABLE GRADIENT
“As received” test

Average loss from max: ~4 MV/m

*

* few cases of power limitation, HOM coupler heating etc.

Nicholas Walker ● DESY ● nicholas.walker@desy.de
XFEL cavity results ● ECFA LC 2016 ● Santander - Spain ● 31-05-2016

13Impact of re-treatment (Gu <20 MV/m)

1st test yield @20:  86% (from slide 11) 
2nd test yield @20: 70% 

1st+2nd yield @20:  95% 
 

All retreatments

Nicholas Walker ● DESY ● nicholas.walker@desy.de
XFEL cavity results ● ECFA LC 2016 ● Santander - Spain ● 31-05-2016

ILC TDR assumed VT acceptance > 28MV/m (XFEL >20 MV/m) 

Average of 35 MV/m (XFEL 26 MV/m) 

Assumed first-pass yield: 75% 

25% cavities retreated to give final yield of 90% >28 MV/m (35 MV/m average) 
➡ 10% over-production assumed in value estimate

16Extrapolation to ILC - VT

✔ ✘

More re-treatments - but mostly only HPR 
Number of average tests/cavity increases from 1.25 to 1.55 (1st+2nd) or  
20% over-production or additional re-treat/test cycles

but close!

$$$

RI results only (ILC recipe)

ILC Goal: 31.5 MeV/m@90% yield



• 31 MV/m limited by test stand!

XFEL Cryomodule Reaching ILC Specs
XFEL
X-Ray Free-Elect ron LaserCryomodule Performance : XM62 -- 

31 May 2016 Santander, ECFA-LC Workshop 43 

¢Eacc² = 31 MV/m 
XM62 is an excellent module:  

average gradient is +6 MV/m higher than in the Vertical Tests 

O. Napoly



Detector Issues



ILD Detector



• Typical jet:

• 65% visible jet energy from 

charged hadrons

• 25% photons (from π0→γγ)

• 10% neutral hadrons


• Traditional approach:

• measure total visible jet energy in 

ECAL and HCAL

• Problem: large fluctuations

Particle Flow Paradigm



The Particle Flow Concept

• Idea: use the sub-detector with the best 
resolution for the energy measurement!


• Charged particles: tracking system

• Photons: ECAL

• Neutral Hadrons: HCAL

!

• Avoid double counting!

• Trace every single particle through the 

detector

• Ejet = Echarged + Ephotons + Eneutral hadr.


• σ2(Ejet)= σ2(Echarged) + σ2(Ephotons )+ σ2(Eneutral hadr.)
+σ2confusion

• Idea: use the sub-detector with the best 
resolution for the energy measurement!


• Charged particles: tracking system

• Photons: ECAL

• Neutral Hadrons: HCAL


• Avoid double counting!

• Trace every single particle through the 

detector

• Ejet = Echarged + Ephotons + Eneutral hadr.


• σ2(Ejet)= σ2(Echarged) + σ2(Ephotons )+ 
σ2(Eneutral hadr.)+σ2confusion

The Particle Flow Concept



• Vertex pixel detector at small 
radii (rmin=16mm)


• Intermediate SI tracking

• Large volume TPC

Tracking System

Chapter 6. ILD Performance

Figure III-6.1
(Left) Average number
of hits for simulated
charged particle tracks
as a function of polar
angle. (Right) Average
total radiation length
of the material in the
tracking detectors as a
function of polar angle.

0

50

100

150

200

250

300

Nu
m

be
r o

f S
i h

its

0

5

10

15

/degreesθ
90 80 70 60 50 40 30 20 10 090 80 70 60 50 40 30 20 10 0

Nu
m

be
r 0

f T
PC

 h
its

0

50

100

150

200

250

300

FTD

inner silicon

vertex detector

all silicon

TPC

 / degreesθ
-80 -60 -40 -20 0

0X
0

0.1

0.2

0.3

0.4

0.5 SET

outside TPC

TPC

SIT + FTD

VXT

Kalman-filter based track reconstruction, MarlinTrk, the PandoraPFA particle flow algorithm and the
LCFIPlus flavour tagging package.

6.1.2 ILD tracking performance

ILD tracking is designed around three subsystems capable of standalone tracking: VTX, FTD and
the TPC. These are augmented by three auxiliary tracking systems, the SIT, SET and ETD, which
provide additional high resolution measurement points. The momentum resolution goal [367] is

‡
1/pT

¥ 2 ◊ 10≠5 GeV≠1.

This level of performance ensures that the model-independent selection of the higgsstrahlung events
from the recoil against leptonic Z æ µ+µ≠ decays is dominated by beam energy spread rather than
the detector resolution. The performance goal for the impact parameter resolution is

‡r„ = 5 µm ü 10
p(GeV) sin3/2 ◊

µm. (III-6.1)

Meeting this gaol is crucial for the flavour tagging performance, and in particular the e�cient
separation of charm and bottom quark decays of the higgs boson.

6.1.2.1 Coverage and material budget

Figure III-6.1a shows, as a function of polar angle, ◊, the average number of reconstructed hits
associated with simulated 100 GeV muons. The TPC provides full coverage down to ◊ = 37¶. Beyond
this the number of measurement points decreases. The last measurement point provided by the TPC
corresponds to ◊ ¥ 10¶. The central inner tracking system, consisting of the six layer VTX and the
two layer SIT, provides eight precise measurements down to ◊ = 26¶. The innermost and middle
double layer of the VTX extend the coverage down to ◊ ≥ 16¶. The FTD provides up to a maximum
of five measurement points for tracks at small polar angles. The SET and ETD provide a single high
precision measurement point with large lever arm outside of the TPC volume down to a ◊ ≥ 10¶. The
di�erent tracking system contributions to the detector material budget, including support structures,
is shown in Figure III-6.1b. The spikes at small polar angles correspond to the support structures,
electronics and cabling in the around the TPC endcap region. The bump at around 90¶ for the
TPC corresponds to the central cathode membrane. Compared to the letter of intent the material
has overall increased slightly due to the more detailed and realistic simulation, except for the TPC
endplate where it has grown by close to 50%. This is explained in more detail in the TPC section 2.3.

284 ILC Technical Design Report: Volume 4, Part III



Tracking: Time Projection Chamber

• Prototype at DESY test beam



• LHC Today
 • ILC

Calorimetry from LHC to ILC

M. Stanitzki



High Granularity is the Key

Detector Performance

6.1. ILD performance

Figure III-6.4
Fractional jet energy
resolution plotted
against | cos ◊| where
theta is the thrust axis
of the event.
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rectly associate the calorimetric energy deposits to the particles and the confusion term increases.
The single jet energy resolution is also listed. The jet energy resolution (rms

90

) is better than 3.7 %
for jets of energy greater than 40 GeV. The resolutions quoted in terms of rms

90

should be multiplied
by a factor of approximately 1.1 to obtain an equivalent Gaussian analysing power[260]. Despite, the
inclusion of dead material in the Monte Carlo simulation, the resolutions achieved are between 2 %
and 7 % better than for the previous detector model described in [198]. In part this reflects a number
of improvements to the particle flow reconstruction software. Nevertheless, it can be concluded that
the additional dead material associated with services does not significantly degrade the jet energy
resolution.

Figure III-6.4 shows the jet energy resolution for Z æuds events plotted against the cosine
of the polar angle of the generated qq pair, cos ◊

qq

, for four di�erent values of
Ô

s. Due to the
calorimetric coverage in the forward region, the jet energy resolution remains good down to ◊ = 13¶

(cos ◊ = 0.975).

6.1.4 Flavour tagging performance

Identification of b-quark and c-quark jets plays an important role within the ILC physics programme.
The vertex detector design and the impact parameter resolution are of particular importance for
flavour tagging. The LCFIPlus flavour tagging software uses boosted decision trees to discriminate b
jets from udsc jets (b-tag), c jets from udsb jets (c-tag), and c jets from b jets (bc-tag).

The flavour tagging performance [371] of ILD was previously studied for the two vertex detector
geometries considered, three double-sided ladders (VTX-DL) and five single-sided (VTX-SL) ladders.
No significant di�erences in the input variables for the multivariate analysis were seen. Here results
are presented only for the double-layer layout. The flavour tagging performance is studied using
simulated and fully reconstructed samples for Z æ qq reactions, shown in Figure III-6.5a, and

Table III-6.1. Jet energy resolution for Z æuds events with | cos ◊
qq

| < 0.7, expressed as, rms

90

for the di-jet
energy distribution, the e�ective constant – in rms

90

/E = –(Ejj)/


Ejj/GeV, and the fractional jet energy
resolution for a single jets, ‡Ej /Ej . The jet energy resolution is calculated from rms

90

.

Jet Energy rms

90

rms

90

/


Ejj/GeV ‡Ej /Ej

45 GeV 2.4 GeV 24.7 % (3.66 ± 0.05) %

100 GeV 4.0 GeV 28.3 % (2.83 ± 0.04) %

180 GeV 7.3 GeV 38.5 % (2.86 ± 0.04) %

250 GeV 10.4 GeV 46.6 % (2.95 ± 0.04) %
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ZZZ æ qqqqqq reactions, shown in Figure III-6.5b. The latter process is forced to decay into the
same quark pairs for all three Z decays. The ““ æ hadrons backgrounds are not overlaid for this
study. The boosted decision trees are retrained for the di�erent energies and di�erent final states. A
slight performance degradation is seen by increasing the jet energy. The performance also degrades
by increasing the number of jets in the final state, which can be attributed to reconstruction e�ects
in busy environments.

Figure III-6.5
Flavour tagging per-
formance plots for
(a) Z æ qq sam-
ples at

Ô
s = 91 GeV

and 250 GeV, and (b)
ZZZ æ qqqqqq samples
at

Ô
s = 500 GeV and

1 TeV.
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6.1.5 Comparison of detector models

To compare the AHCAL and SDHCAL options, the e+e≠ æ tth benchmark signal samples were
simulated and fully reconstructed using dedicated detector models (ILD o1 v05 and ILD o2 v05,
respectively) and reconstruction software for each option, and analyzed as described in Sec. 6.3.4. It
was found that the there were no significant di�erences in the mass resolutions of the top and higgs
candidates.

6.2 ILD physics performance at 250 and 500 GeV

In this section the performance of ILD is described for
Ô

s = 250 GeV and
Ô

s = 500 GeV. More
details may be found in [198]. The results are summarised in Table III-6.2. These measurements
demonstrate the excellent performance of the ILD detector for many di�erent final states. In this
chapter three topics are reviewed in more detail, which stress in particular the detector performance.

6.2.1 Higgs recoil mass reconstruction

The precise determination of the properties of the higgs boson is one of the main goals of the ILC. In
particular, the model independent determination of the higgs boson branching ratios is central to the
physics goals of the ILC. Here the measurement of the e+e≠ æ hZ cross section from the recoil mass
distribution in Zh æ e+e≠X and Zh æ µ+µ≠X events, determines the absolute ghZZ

coupling.
In Zh æ µ+µ≠X events the recoil mass resolution is determined by the beam-energy spread and
the muon momentum resolution, whereas for Zh æ e+e≠X events Bremsstrahlung and final-state
radiation (FSR) dominate. The reconstructed recoil mass distributions for simulated events is shown
in Figure III-6.6. Measurement precisions on the hZ production cross section of 3.6 % and 4.3 % were
obtained from the respective µ+µ≠ and e+e≠(n“) final states. In the µ+µ≠ final state, the resolution
is limited by the beam energy spread rather than by the momentum resolution of the detector.
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Figure III-6.3. (Left) Transverse momentum resolution for single muon events as a function of the transverse mo-
mentum for di�erent polar angles. The lines show ‡

1/pT = 2 ◊ 10

≠5 ü 1 ◊ 10

≠3/(pT sin ◊) for ◊ = 30

¶ (green)
and ◊ = 85

¶ (blue). (Right) Impact parameter resolution for single muon events as a function of the transverse
momentum for di�erent polar angles. The lines show ‡r„ = 5 µm ü 10

p(GeV) sin

3/2 ◊
µm for ◊ = 20

¶ (red) and ◊ = 85

¶

(blue).

6.1.2.4 Impact parameter resolution

Figure III-6.3b shows r„ impact parameter resolution as a function of the transverse track momentum.
The required performance is achieved down to a track momentum of 1 GeV, whilst it is exceeded for
high momentum tracks where the asymptotic resolution is 2 µm. The rz impact parameter resolution
(not shown) is better than ≥ 10 µm down to momenta of 3 GeV and reaches an asymptotic value of
< 5 µm for the whole barrel region. Because of the relatively large distance of the innermost FTD disk
to the interaction point, the impact parameter resolution degrades for very shallow tracks, ◊ < 15¶.
The impact parameter resolution here assumes perfect alignment of the tracking systems.

6.1.2.5 Topological time-stamping

The hybrid tracking concept, combining a TPC with silicon tracking devices, is quite powerful also
in terms of time-stamping performance. Since the TPC drifts the tracks while the silicon pixels are
fixed in space, the silicon can act as an external z detector (T

0

device). Drifting TPC tracks are
well-measured in r„ and angle; extrapolating a TPC track to match related silicon hits establishes
where the track was in the z direction. An detailed description of this technique for a TPC and a
similar one for a standard drift chamber is found in [369]. The time-stamping in ILD is found to be
precise to ƒ 2 ns (to be compared to ƒ 300 ns between BXs at the ILC) so that the bunch crossing
which produced the track (the T0) can be uniquely identified. Cosmic background tracks can be
eliminated with this tool. It is also viable in the CLIC environment [370].

6.1.3 ILD particle flow performance

Many important physics channels at the ILC will consist of final states with at least six fermions,
setting a “typical” energy scale for ILC jets as approximately 85 GeV and 170 GeV at

Ô
s = 500 GeV andÔ

s =1 TeV respectively. Meeting the performance goal of a jet energy resolution of < 3.5 % ensures
an e�cient separation of hadronic decays from W, Z and H bosons. The current performance of
the PandoraPFA algorithm applied to ILD Monte Carlo simulated data is summarised in Table III-6.1.

The observed jet energy resolution (rms
90

) is not described by the expression ‡E/E =
–/


E/GeV. This is not surprising, as the particle density increases it becomes harder to cor-
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Figure III-6.1
(Left) Average number
of hits for simulated
charged particle tracks
as a function of polar
angle. (Right) Average
total radiation length
of the material in the
tracking detectors as a
function of polar angle.
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Kalman-filter based track reconstruction, MarlinTrk, the PandoraPFA particle flow algorithm and the
LCFIPlus flavour tagging package.

6.1.2 ILD tracking performance

ILD tracking is designed around three subsystems capable of standalone tracking: VTX, FTD and
the TPC. These are augmented by three auxiliary tracking systems, the SIT, SET and ETD, which
provide additional high resolution measurement points. The momentum resolution goal [367] is

‡
1/pT

¥ 2 ◊ 10≠5 GeV≠1.

This level of performance ensures that the model-independent selection of the higgsstrahlung events
from the recoil against leptonic Z æ µ+µ≠ decays is dominated by beam energy spread rather than
the detector resolution. The performance goal for the impact parameter resolution is

‡r„ = 5 µm ü 10
p(GeV) sin3/2 ◊

µm. (III-6.1)

Meeting this gaol is crucial for the flavour tagging performance, and in particular the e�cient
separation of charm and bottom quark decays of the higgs boson.

6.1.2.1 Coverage and material budget

Figure III-6.1a shows, as a function of polar angle, ◊, the average number of reconstructed hits
associated with simulated 100 GeV muons. The TPC provides full coverage down to ◊ = 37¶. Beyond
this the number of measurement points decreases. The last measurement point provided by the TPC
corresponds to ◊ ¥ 10¶. The central inner tracking system, consisting of the six layer VTX and the
two layer SIT, provides eight precise measurements down to ◊ = 26¶. The innermost and middle
double layer of the VTX extend the coverage down to ◊ ≥ 16¶. The FTD provides up to a maximum
of five measurement points for tracks at small polar angles. The SET and ETD provide a single high
precision measurement point with large lever arm outside of the TPC volume down to a ◊ ≥ 10¶. The
di�erent tracking system contributions to the detector material budget, including support structures,
is shown in Figure III-6.1b. The spikes at small polar angles correspond to the support structures,
electronics and cabling in the around the TPC endcap region. The bump at around 90¶ for the
TPC corresponds to the central cathode membrane. Compared to the letter of intent the material
has overall increased slightly due to the more detailed and realistic simulation, except for the TPC
endplate where it has grown by close to 50%. This is explained in more detail in the TPC section 2.3.
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• Cell sizes:

• 5 mm x 5 mm


• Highly integrated 
design

SiW ECAL



• Semi-Digital HCAL prototype at 
CERN test beam

• cell size 1 cm x 1 cm


• Also analogue HCAL under 
study

• 3 cm x 3 cm

Highly Granular Hadronic Calorimeters



• e+e- → tt

Imaging Detector

F. GaedeF. Gaede



• e+e- → tt

Imaging Detector

btw: no trigger!

F. GaedeF. Gaede



Japanese Developments



• Fall 2012: Japanese HEP 
community expresses interest to 
host the ILC in Japan


• Realisation of the ILC in Japan 
was part of the LDP party’s 
election programme


• May 2013: ILC Technical Design 
Report is published and 
European Strategy for HEP 
supports ILC in Japan


• August 2013: Japanese site 
proposal


• MEXT starts evaluation of ILC for 
possible realisation in Japan

History
Prime Minister Abe 27th March 2013 

5 LCWS 11th November 2013 

March 2013



Political Process in Japan

Review by Japanese Science Ministry (MEXT)

ILC Task Force 
formed in 2013

ILC Advisory Panel 
2014 - 

Particle & Nuclear  
Physics 

Working Group 
2014 - 2015

TDR  
Validation 

Working Group 
2014 - 2015

Human  
Resources 

Working Group 
2015 - 2016

Interim report  
summer 2015 

=> triggered international  
pre-negotiations

34

 

MEXT        
     

Recommendation 
in 2013

Science  
Council of  

Japan

after Higgs 
discovery: 
community 

decision for ILC

J. List

 

 

 

 

 

 

 

Survey and Analysis of the Technical Feasibility of the International 
Linear Collider (ILC) Project and Technical Issues Posed by 

Construction of the ILC Accelerator 
 

Summary 

-Draft of English Version- 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

February 2016 

 

Nomura Research Institute, Ltd. 

 

 

 

 

 

 

 

Survey and Analysis of the Technical Feasibility of the International 
Linear Collider (ILC) Project and Technical Issues Posed by 

Construction of the ILC Accelerator 
 

Summary 

-Draft of English Version- 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

February 2016 

 

Nomura Research Institute, Ltd. 

• MEXT (Ministry for Education, Sports, Culture, Science, Technologyc) Evaluation Process

• initiated by recommendation of the Science Council of Japan

• includes industry 

studies on risks  
and cost issues


• Interim report in 2015 
triggered international 
pre-negotiations

• US-Japan


• ILC Advisory Panel 
will give recommendation 
to MEXT in 2018


• in the meantime: 

• site-specific design, R&D on risk and cost reduction, collaboration building



• Kitakami Site

• Proposed by JHEP community

• Endorsed by LCC

• Not decided by Japanese government

Sendai

Sendai

Tokyo

Sh
in

ka
ns

en
 L

in
e

30
0 

km

80
 k

m

Ichinoseki

Ichinoseki

50 km



�

�

  
TN

����
�����

�(��������

Kitakami River�

 ��

�"�

+*��

�	

���

Mt. Abarayama(782m) 

���������� #,��
	����

�$���		����

����

����


�
��
��

�	��

�/�

���

!&�

%"�

���

����

�
�����

�� -'.)�

Drilling 

Drilling 

Drilling 

Elevation(m) �	���������	������������

	�
���
�	�
���
�	�
���
�	�
���
�	�
	��
		�

��

	�
���
�	�
���

TN

Physical geodesy 

Electrical resistivity tomography  
(CSAMT) 
 

Seismic tomography / 
Electrical resistivity tomography 

Reflection seismology / 
Electrical resistivity tomography 

SENMAYA 
Granite

 

HITOKABE 
Granite 

� � � Drilling 

�� -'�

Orikabe 
Granite

 

2

                     

0

200

400

600

800
E

L(m
)

E
H

P
M

-8
P

M
-1

0
P

M
-1

2
P

M
-1

4
P

M
-1

6
P

M
-1

7
P

M
+
8

P
M

+
1
0

P
M

+
1
2

P
M

+
1
4

P
M

+
1

6
P

M
+
1
7

�
�
�
�
�

�
�
�
�
�

�
�
�
�
�

M
L

-T
n

 

�
�
�
�
�

P
M

-1
3

P
M

+
1

3

E
L110m

H
ITO

K
A

B
E

 G
ranite

S
E

N
M

A
YA

 G
ranite

O
R

IK
A

B
E

 G
ranite

IN
AI G

rope

K
A

N
O

K
U

R
A

 Form
ation

H
A

Y
A

M
A

-S
A

N

A
B

A
R

A
-Y

A
M

A
TO

K
U

S
E

N
JO

-Y
A

M
A

H
ITO

K
A

B
E

-G
A

W
A

S
A

TE
TS

U
-G

A
W

A

O
K

ITA
-G

A
W

A

�
�
�
�
�

~1km (E-W)

~1km (N-S)

T. Sanuki



CFS Baceline Technical Review  

Global Design Effort - CFS 

2012/3/23 

13 

Red: Surface  
Blue: -200m 

Red wave form: Surface  
Blue wave form: -106m 

Acceleration comparison of  the Surface 
&  underground at SUMITA in IWATE 

Direction 
Acceleration (gal) Rate 

Undergrund
/Surface Surface Underground 

N-S 333.4 83.7 0.25 

E-W 384.2 86.8 0.23 

U-D 388.9 73.5 0.19 

Observation Data 

Data  by  “National  Research Institute for 
Earth Science and Disaster Prevention” 

SUMITA on 
Granite Zone 
in IWATE Pre. 

KiK-net Observation Network 
(Kiban:Bedrock, Kyoshin:Strong-Motion)  

800 Observation points  

3.11 Seismic Observation 

M. Miyahara





Ichinoseki Station Oshu City Morioka 

Tohoku tourism ad 
seen on Tokyo Metro 

Posters and “Toy ILC” by school children 
of Oshu City welcoming international 
workshop on ILC 

S. Yamashita



Outlook





Tunnel View (Simulation)



Timelines: Past, Plans & Possibilities
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• Detailed „value estimate“ costing done for ILC TDR (2012)

• Value cost: 7.78 billion ILCU (2012 US$)

• Labour: ~14.000 FTE years


• Not included:

• R&D

• Detectors

• Real Estate & Development


• Uncertainties on 20% level

• Cost have been reviewed and 

approved by independent cost 
review panel(chair: N. Holtkamp)


• International cost sharing expected

• host country would need to take the largest share (≥50%)

Cost Costs

• Detailed “value estimate” costing of TDR baseline: 

• Value cost: 7.8 billion ILCU (US$ in Jan 2012) 

• Labour: 23 million person hours (~14 000 FTE years) 

• not included: 

• R&D, detectors 

• real estate  
& development

Cavi%es(and(
Cryomodules(

L2band((High(Level(RF(

Conven%onal(Facili%es(

Installa%on(

Cryogenics(

Magnets(and(Power(
Supplies(

Vacuum(

Instrumenta%on(
Dumps(and(Collimators(

Integrated(Controls(and(
LLRF(

Compu%ng(
Infrastructrure(

Other(High(Level(RF(
Area2specific(Systems(

ILC$TDR$Value$Es/mate,$Asian$Site$ 15



• LHC has established the energy scale 
of the Higgs; this requires an e+e--
collider at 250-500 (1000) GeV energies 


• An e+e- collider can shed light upon 
highest mass scales by precision 
measurements at the Higgs scale


• ILC is the most advanced collider 
design and ready for construction

• 20 year history of system R&D


• Machine and experiments demand 
high-tech solutions on yet untested 
scales


• Japanese government is evaluating to 
host the ILC!

Conclusion
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Higgs Couplings Measurements
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At ILC all but the σ measurement using recoil mass technique 
is σ×BR measurements. 

15

σ×BR BR g 
coupling

ΓH 
total width

Z

H

++

+<

e+

e<

Z X

i

i<

W

W
H

e+

e<

He


e< Z

Z
e


e<
H

W

W

˃

˃

-

At LHC all the measurements are σ×BR measurements. 

The Key

Key Point

σ 
from recoil mass
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Z→qq is also usable.

WW-fusion is crucial 
for precision total 
width measurement 

→ Ecm > 350GeV
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• Easier production process: cheaper. And better Q: less cooling!

Recent Progress in Cavity Production
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From single cell R&D to cryomodule ready technology:
FNAL, Jlab, Cornell, SLAC together towards record Q >2.7e10 @16MV/m, 2K

9/15/2015Grassellino | Performance of N doped cavities6

<Q>=3.5e10
<Emax>=22.2 MV/m
Emaxmedian=22.8MV/m

It is the highest average Q ever demonstrated in vertical test for 
1.3 GHz nine cells at 2K, 16 MV/m in the history of SRF 

(larger than a factor of two the state of the art)

A.Grassellino et al, IPAC15

See at this conference:
MOPB033
MOPB029 
MOBA07
MOBA08

A. Grassellino et al IPAC15
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• Quality control and assurance

• Need 18.000 9-cell cavities for ILC

• Yield of 90% means to throw away 

1800....

• Identifiying and reprocessing defunct 

cavities might help

Cavity Diagnostics
Cavity Diagnostics

• Quality control and assurance

• Need 18.000 9-cell cavities for ILC

• Yield of 80% means to throw away 3600....

• Identifiying and reprocessing defunct cavities 

might help



• Beam-beam kick transforms 
nanometre offsets at the IP to 
large measurable effects 
downstream


• Used in feedback system to 
optimise luminosity

Beam-Beam Orbit Feedback
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• Beam-beam kick transforms 
nanometre offsets at the IP to large 
measurable effects downstream


• Used in feedback system to 
optimise luminosity
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• Beam-beam kick transforms 
nanometre offsets at the IP to large 
measurable effects downstream


• Used in feedback system to 
optimise luminosity



Long Term Stability
Long Term Stability
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• Integrated luminosity at 
linear colliders does not 
scale with the number 
of interaction regions


• ILC has just one 
interaction beam line 
(cost issue) but should 
have two detectors


• Two detectors share 
one interaction region


à Push/Pull System

Detectors and Push/PullDetectors and Push/Pull

• Integrated luminosity at 
linear colliders does not 
scale with the number of 
interaction regions

!

• ILC has just one interaction 
beam line (cost issue) but 
should have two detectors

!

• Two detectors share one 
interaction region


! Push/Pull System

�59

4.4. Two Detectors

Figure 4.1
Example layout of the
detector hall for the
Mountain Topogra-
phy site, showing the
location of the two de-
tectors in a push-pull
arrangement.

Beam delivery system
(Accelerator tunnel)

Access to 
damping ring

SiD detector
(parked)

ILD detector
(on beamline)

ILD garage

tracking for excellent e�ciency and robust pattern-recognition performance. A granular calorimeter
system contained inside a 3.5 T magnetic field provides very good particle-flow reconstruction. Both
detectors provide flexibility for operation at energies up to the TeV range.

The push-pull operation scheme calls for one detector taking data while the other is out of the
beam in a close-by maintenance position. At regular intervals, the data-taking detector is pushed
laterally out of the interaction region, while the other detector is being pulled in. These intervals are
short enough to ensure both acquire data on any potential discovery. The time for transition must be
on the order of one day to maximise ILC integrated luminosity.

A time-e�cient implementation of the push-pull operation sets specific requirements and chal-
lenges for many detector and machine systems, in particular the IR magnets, the cryogenics, the
alignment system, the beamline shielding, the detector design, and the overall integration. The
functional requirements and interface specifications for the push-pull IR have been developed, with a
detailed design of technical systems and the experimental area from detailed engineering specifications.

The detector motion and support system has to ensure reliable push-pull operation for roughly
one hundred moves over the life of the experiment, while preserving alignment of the detector’s
internal components and ensuring accuracy of detector positioning. The motion system must preserve
structural integrity of the collider hall floor and walls, be compatible with vibration stability of the
detector at the level of tens of nanometers and be compatible with earthquake-safety standards.

The detectors will be placed on platforms that preserve the detector alignment and distribute
the load evenly onto the floor. Details of the design of such platforms and the interfaces between the
platform and the detectors have been developed. The ILC detectors are self-shielding with respect to
ionising radiation from maximum credible beam-loss scenarios. Additional shielding must fill the gap
between the detector and the wall in the beam position.

The stray magnetic fields outside the iron return yokes of each detector must be small enough
not to disturb the other detector during operation or maintenance. A limit for the magnetic fields is
5 mT at a lateral distance of 15 m from the beam line. Fringe fields from the detector return yokes
have been carefully simulated and designs for both SiD and ILD have been developed to meet these
requirements.

The installation schemes for the detectors and the layout of the experimental areas on the surface
and underground depend on the geographical situation of the possible ILC sites. While the European
and American sample sites assume a flat surface area, the Asian sample sites in Japan are located in

Executive Summary ILC Technical Design Report: Volume 1 29


