
Table 1: (continued)

Year Technical preparation and readiness
(focusing on SRF and e

+ source)
Final documentation

4 • Evaluate cryomodules after ship-
ment and demonstrate the quality
assurance procedure.
• Establish regional organisation for
the ILC component production.
• Continue prototype work for criti-
cal components of the e+ source, e.g.
e
+ target.

• Complete and publish the Engi-
neering Design Report.
• Start producing specification doc-
uments and drawings of large items
for tendering.

4.2 Civil construction and site-related tasks

4.2.1 Description of tasks and work packages

A candidate site in Japan was selected by an ILC community panel in Japan [24] and
endorsed by the Linear Collider Board [25] in 2013. It is in a mountainous region [26]
(see Figure 3) where granite bedrock extends over 50 km in length, as required in the
TDR. This is more than enough for the initial 250 GeV Higgs factory which requires
an accelerator length of about 20 km. Extra space will be reserved for potential future
extension of the main linac for higher energy collisions. The civil engineering work will
need to start at the beginning of the ILC construction phase. Thus detailed design
of civil engineering and infrastructure including the underground tunnels, underground
caverns, and support facilities on the ground, must be finalized in the Pre-lab phase.

Large-scale underground and above-ground works for the ILC will be carried out
for many years requiring national construction companies and compliance with relevant

Figure 3: Artist’s impression of the ILC in the mountains.
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Perennial Flavour Questions
• Are there new CP-violating phases in the quark sector? (Why is the 

Universe missing all its antimatter?). 

• Searches for new sources of quark sector CP violation, CKM precision 
metrology. 

• CPV in the Higgs sector. 

• Does nature have multiple Higgs bosons? (Why is there a mass 
hierarchy in fermions? Why do neutrinos have mass?) 

• Semileptonic and Leptonic decays, lepton flavour universality violation.  

• Higgs precision studies.  

• Direct searches for mass generation mechanisms. 

• Does nature have a L–R symmetry? (With higher mass interactions) 

• Rare flavour decays.  

• EW couplings, direct searches. 

• Is there a dark sector of particle physics at the same mass scale as 
ordinary matter?  

• Dark photons, axion like particles, and dark matter, via flavour 
transitions and direct production.

2
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Belle II - LHCb Comparison

3

Belle II  
Higher sensitivity to decays with 
photons and neutrinos (e.g. 
B→Kνν, µν), inclusive decays, 
time dependent CPV in Bd, τ 
physics. 

LHCb 
Higher production rates for ultra 
rare B, D, & K decays, access to all 
b-hadron flavours (e.g. Λb), high 
boost for fast Bs oscillations. 

Overlap in various key areas to 
verify discoveries. 

Upgrades  
Most key channels will be stats. 
limited (not theory or syst.). 
LHCb scheduled major upgrades 
during LS3 and LS4. 
Belle II formulating a 250 ab-1 
upgrade program post 2030. arXiv: 1808.08865 (Physics case for LHCb upgrade II),  

PTEP 2019 (2019) 12, 123C01 (Belle II Physics Book),  arXiv:2203.11349 (Snowmass: Belle II Upgrade)

+ Important contributions on B  and D flavour 
physics from ATLAS, CMS, BESIII.

Observable 2022
Belle(II),
BaBar

2022
LHCb

Belle-II
5 ab�1

Belle-II
50 ab�1

LHCb
50 fb�1

Belle-II
250 ab�1

LHCb
300 fb�1

sin 2�/�1 0.03 0.04 0.012 0.005 0.011 0.002 0.003
�/�3 11� 4� 4.7� 1.5� 1� 0.8� 0.35�

↵/�2 4� � 2� 0.6� � 0.3� �
|Vub|/|Vcb| 4.5% 6% 2% 1% 2% < 1% 1%
SCP (B ! ⌘0K0

S) 0.08 � 0.03 0.015 � 0.007 �
ACP (B ! ⇡0K0

S) 0.15 � 0.07 0.04 � 0.018 �
SCP (B ! K⇤0�) 0.32 � 0.11 0.035 � 0.015 �
R(B ! K⇤`+`�)† 0.26 0.12 0.09 0.03 0.022 0.01 0.009
R(B ! D⇤⌧⌫) 0.018 0.026 0.009 0.0045 0.0072 <0.003 <0.003
R(B ! D⌧⌫) 0.034 � 0.016 0.008 � <0.003 �
B(B ! ⌧⌫) 24% � 9% 4% � 2% �
B(B ! K⇤⌫⌫̄) � � 25% 9% � 4% �
B(⌧ ! e�) UL 42⇥ 10�9 � 22⇥ 10�9 6.9⇥ 10�9 � 3.1⇥ 10�9 �
B(⌧ ! µµµ) UL 21⇥ 10�9 46⇥ 10�9 3.6⇥ 10�9 0.36⇥ 10�9 1.1⇥ 10�9 0.07⇥ 10�9 5⇥ 10�9

Table 1: Projected precision of selected flavour physics measurements at Belle II and LHCb.(The † symbol denotes
the measurement in the 1 < q2 < 6 GeV/c2 bin.)

Observable 2022 Belle(II),
BaBar

Belle-II 5 ab�1 Belle-II 50 ab�1 Belle-II 250 ab�1

sin 2�/�1 0.03 0.012 0.005 0.002
�/�3 (Belle+BelleII) 11� 4.7� 1.5� 0.8�

↵/�2 (WA) 4� 2� 0.6� 0.3�

|Vub| (Exclusive) 4.5% 2% 1% < 1%
SCP (B ! ⌘0K0

S) 0.08 0.03 0.015 0.007
ACP (B ! ⇡0K0

S) 0.15 0.07 0.025 0.018
SCP (B ! K⇤0�) 0.32 0.11 0.035 0.015
R(B ! K⇤`+`�)† 0.26 0.09 0.03 0.01
R(B ! D⇤⌧⌫) 0.018 0.009 0.0045 <0.003
R(B ! D⌧⌫) 0.034 0.016 0.008 <0.003
B(B ! ⌧⌫) 24% 9% 4% 2%
B(B ! K⇤⌫⌫̄) � 25% 9% 4%
B(⌧ ! µ�) UL 42⇥ 10�9 22⇥ 10�9 6.9⇥ 10�9 3.1⇥ 10�9

B(⌧ ! µµµ) UL 21⇥ 10�9 3.6⇥ 10�9 0.36⇥ 10�9 0.073⇥ 10�9

Table 2: Projected precision (total uncertainties, or 90% CL upper limits) of selected flavour physics measurements
at Belle II.(The † symbol denotes the measurement in the momentum transfer squared bin 1 < q2 < 6 GeV/c2.)

1
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ILC 250 GeV Overview

4

Item Parameters

C.M. Energy 250 GeV

Length 20km

Luminosity 1.35 x1034 cm-2s-1

Repetition 5 Hz

Beam Pulse  Period 0.73 ms
Beam Current  5.8 mA (in pulse)

Beam size (y) at FF 7.7 nm＠250GeV

SRF Cavity G.  

Q0

31.5 MV/m 
(35 MV/m) 
Q0 = 1x10 10

e- Source

e+ Main Linac

e+ Source

e- Main Linac

Damping Ring (DR)

Beam delivery 
system (BDS)

RTML(e-) 
(Ring To ML)

Dump

RTML(e+) 
(Ring To ML)

main linacbunch
compressor

damping
ring

source

pre-accelerator

collimation

final focus

IP

extraction
& dump

KeV

few GeV

few GeV
few GeV

250-500 GeV

Nano-beam Technology SRF Accelerating Technology

Candidate Site: 
Tohoku (Northeast), Japan  

A small beam spot is a linear collider speciality - 
for storing the beams in a ring, the beam-beam 
interaction has to be much lower, hence much 
less strong focusing at the IPs.
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Higgs Factory Physics
• sqrt(𝑠) = 250 GeV: Higgs-strahlung (Zh) dominant, peak cross section around 250 GeV ---> Higgs 

factory, O(1M) Higgs events  

• sqrt(𝑠) = 500 GeV: WW-fusion dominant, improve many couplings, access to Top-Yukawa, Higgs self-
coupling.

5

e
+

e
−

H
W

W

ν

ν

-

He
+

e
−

Z

Z

e
+

e
−

H
Z

Z

e
+

e
−

Figure 2: Cross sections for the three major Higgs production processes as a function of

center of mass energy, from Ref. [1].

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

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

6

arXiv:1506.05992
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Figure 3: Recoil mass distribution for the process: e+e� ! Zh followed by Z ! µ+µ�

decay for mh = 125GeV with 250 fb
�1

at
p
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

M
2
X = (pCM � (p`+ + p`�))

2
, (1)

where pCM is the 4-momentum of the annihilating electron-positron system. The
expected recoil mass distribution for a mh = 125GeV Higgs boson with 250 fb�1 at
p
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)

7
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FIG. 78: Projected Higgs boson coupling uncertainties for the LHC and ILC using the model-dependent assumptions
appropriate to the LHC Higgs coupling fit. The dark and light red bars represent the projections in the scenarios S1 and S2
presented in Ref. [126]. The dark and light green bars represent the projections in the ILC scenarios S1 and S2 described in
the text. The dark and light blue bars show the projections for scenarios S1 and S2 when data from the 500 GeV run of the

ILC is included. The notation of the figure is the same as that in Fig. 75.

nario S2, to be more conservative than the final (S2) HL-
LHC projections. In any event, we hope that we have
described the various estimates given in Tab. XX clearly
enough that the reader can make his or her own judge-
ment as to the most appropriate comparison of the ILC
to the HL-LHC.

In all cases, however, it is only the ILC results that
cross a boundary into the region in which we can robustly
claim discovery of deviations from the SM of the size
generally expected in new physics models.

In summary, Figs. 75 and 78 illustrate the capabili-
ties of the ILC and the comparison of the ILC and LHC
projections. Figure 75 shows the uncertainty projections
for the 250 GeV stage of the ILC, in the highly model-
independent framework S1*. These results are compared
to results obtained in the same framework with the ad-
dition of data from an energy upgrade to 500 GeV. This
justifies the statement made earlier that deviations from
the SM seen at the 250 GeV stage of the ILC can be con-
firmed with an independent data set after the upgrade
to higher energy. Figure 78 shows the comparison of the
ILC projections in the S1 and S2 scenarios to the projec-
tions given for the S1 and final (S2) HL-LHC projections
given in Ref. [126]. Note that, while the improvement
from the S1 to S2 scenarios for ILC is a matter of conjec-
ture, the improvement from the 250 GeV to the 500 GeV
values is based on completed full-simulation studies.

12. PHYSICS SIMULATIONS: DI-
RECT SEARCHES FOR NEW PARTI-
CLES

In this section, we will discuss the prospects at the
ILC for the direct discovery of new particles. Our dis-
cussion will of course be given in the context in which
the LHC experiments have carried out a large number
of new particle searches, some reaching deeply into the
mass region above 1 TeV. Still, we will explain, experi-
ments at e+e� colliders can bring a new approach to new
particle searches and still have very interesting windows
for discovery.
In general, the new particle searches done at the LHC

have focused on scenarios within each theory of new
physics that give the best possible experimental prospects
to observe new physics. However, a negative result will
only make it possible to claim that new physics is ab-
sent in a specific region of the full theoretical parameter
space. There is no guarantee that new physics would be
discovered even if it is within the kinematic reach of the
experiment. The actual parameters of the theory might
be far from the ones giving the searched-for signature.
It is a rather di↵erent perspective to concentrate on the

worst possible points in the theoretical parameter space.
This clearly cannot reach as far out as in the previous
case, but now a negative result would make it possible
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International Development Team

6

Accelerator activities at ILC Pre-lab phase

LCWS2021 (Mar.15,2021) 6

• Technical preparations (Solve the technical concerns by international cooperation)
• Final technical design and documentation (Engineering Design Report, Cost confirmation)
• Preparation and planning of mass production 
• Civil engineering, local infrastructure and site

IDT ILC Pre-Lab ILC Lab.
PP P1 P2 P3 P4 1 2 3 4 5 6 7 8 9 10 Phys. 

Exp.

Preparation 
CE/Utility, Survey, Design
Acc. Industrialization prep. 

Construction
Civil Eng. 

Building, Utilities

Acc. Systems

Installation

Commissioning

Physics Exp. 

+ develop human resources necessary for ILC construction

Planning technical 
preparation was our first 
work at IDT-WG2

Following a four-year ILC Pre-Lab phase, ILC construction will 
continue for about ten years.

•2013-Jun 2020: Linear Collider Collaboration LCC under ICFA 
Mandate, governed by Linear Collider Board LCB 

•2014-2018: MEXT appointed ILC Advisory Panel reviews 
project, incl. new 250GeV baseline 

•Feb-Jun 2020: LCB proposes International Development Team 
IDT to prepare an ILC-Pre-Lab 

•Aug 2020: ICFA establishes IDT and appoints IDT Executive 
Board (*) 

•Goal: establish an ILC Pre-Lab within ~2 years. IDT focusses on 
ILC realisation, KEK provides support (admin., financial)

arXiv:2106.00602
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ILC Data Taking Scenario
• First stage: 250 GeV (Higgs factory) 

• Second stage: 500 GeV and beyond 

• covers tth and Zhh (self coupling) production 

• Potential to be a GigaZ+ factory (100 fb-1 +) in interim

7
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Figure 1: The nominal 22-year running program for the staged ILC, starting operation at
250 GeV [8].

at a CM energy of 1 TeV. All of these possibilities have been described, together with
the necessary machine parameters, in the previous ILC reports [8, 9, 12, 13].

2.1 Minimal plan

The currently proposed run plan, in terms of energy and luminosity, is illustrated
in Fig. 1 [8]. The initial running of the ILC will be at a CM energy of 250 GeV with
bunch trains of 1312 e

� or e
+ bunches per linac pulse, ramping up to an instanta-

neous luminosity of 1.35 ⇥ 1034cm�2sec�1. After 6 years, additional RF power will
be added, increasing the number of bunches per linac pulse to 2625 and doubling the
instantaneous luminosity. This is a relatively inexpensive change, estimated at 8%
of the initial ILC cost. It is referred to in the figure as the “Luminosity Upgrade”.
After reaching a total integrated luminosity of 2 ab�1, the linacs would be lengthened
to provide a CM energy of 500 GeV. This is referred to in the figure as the “Energy
Upgrade”. In fact, if funds are available, most of this upgrade could be prepared in
parallel with physics running at 250 GeV. The extended machine would then ramp
up to an instantaneous luminosity of 3.6⇥ 1034cm�2sec�1 and acquire 4 ab�1 of data,
with a brief interval of running at 350 GeV to measure the top quark mass with high
precision. The luminosity of a linear collider naturally rises approximately linearly
with CM energy, making it easier to acquire larger luminosity samples as the energy
is increased.

4

R
L fraction with sign(P (e�), P (e+)) =

ECM (GeV) (fb�1) (�+) (+�) (��) (++)
ILC250 250 2000 45% 45% 5% 5%
ILC350 350 200 67.5% 22.5% 5% 5%
ILC500 500 4000 40% 40% 10% 10%
GigaZ 91.19 100 40% 40% 10% 10%
ILC1000 1000 8000 40% 40% 10% 10%

Table 1: CM energy, integrated luminosity, and polarisation fractions for the stages of ILC
discussed in this report. In all cases, the magnitude of the e

� polarisation is taken to be
80% and the magnitude of the e+ polarisation is taken to be 30%, except that, at ILC1000,
20% e

+ polarisation was used in the studies quoted.

The ILC is designed to provide significant polarisation for both the electron and
positron beams. We expect ±80% polarisation for the electron beam and ±30%
polarisation for the positron beam. Beam polarisation plays an important role in
the ILC physics, both in producing additional observables with significant physics
information and in controlling systematic errors. The importance of polarisation at
the ILC is discussed in detail in [14,15]. Thus, for each operating energy of the ILC,
one must also specify the fraction of time that will be spent in each of the four possible
polarisation states. Our baseline choices are given in Table 1. Note that the physics
studies at 1 TeV, described below, assumed a positron polarisation of ±20%.

The full calendar duration of the minimal ILC plan shown in Fig. 1 is 22 years.
However, the plan for the ILC allows additional stages of running either interleaved
with those just described or carried out after the end of the program. In this report,
we will discuss results for a GigaZ stage at Z resonance and for an ILC stage at
1 TeV. The GigaZ program, in particular, could be carried out within or after the
250 GeV stage or within the 500 GeV stage, whenever its physics results are deemed
to be required. In the following, we will refer to the stages of the ILC as ILC250,
ILC350, etc., following the nomenclature of Table 1.

2.2 GigaZ

Although a physics run at the Z pole is not part of the minimum baseline run
plan of the ILC, it has always been considered as an important option which should
not be obstructed by the accelerator design. In particular, the GigaZ operation was
considered in the 2015 study by the Joint Working Group on ILC Beam Parame-
ters [9]. That group recommended the following run scenario as the canonical one for
physics studies: The integrated luminosity should be taken as 100 fb�1. Both beams
are assumed to be polarised, with the polarisation fractions as in Table 1.

5

sign(P (e�), P (e+)) =

(�,+) (+,�) (�,�) (+,+) sum

luminosity [fb�1] 40 40 10 10

�(Pe� , Pe+) [nb] 60.4 46.1 35.9 29.4

Z events [109] 2.4 1.8 0.36 0.29 4.9

hadronic Z events [109] 1.7 1.3 0.25 0.21 3.4

Table 2: Integrated luminosities per beam helicity configuration for Z pole running of the
ILC, along with the corresponding cross sections and numbers of produced Z’s.

Table 2 shows the resulting distribution of the luminosity onto the four polarisation
sign configurations, along with the corresponding polarised cross sections for |Pe� | =
80% and |Pe+ | = 30% and the number of produced (hadronic) Z events. These have
been calculated based on the values for the unpolarised peak hadronic cross section
including QED radiative corrections, � = 30nb [17], and the left-right asymmetry,
ALR = (Ae) = 0.1515 [16]. The last column gives the total number of (hadronic) Z
events summed over all data sets. Thus, “GigaZ” is actually nearly 5 (3.5) ⇥109 Z

events in all (hadronic) decay modes.

The presence of four data sets of di↵erent polarisation signs allows a very precise
and robust determination of the left-right asymmetry of the Zee coupling, as we will
describe in Section 7 [14].

There are di↵erent schemes for implementing the Z pole operation at the ILC,
depending on the machine stage at the time that this run is scheduled. The actual
running time required to collect the GigaZ event sample depends on this implemen-
tation and can range between 1 and 3 years. None of the possible implementations
has been studied at a level of detail comparable to the ILC baseline. Therefore, the
estimates in this report are very conservative. They are expected to improve with
further optimisation of the machine design.

Originally, the implementation of the GigaZ option was studied for the case of
the 500GeV machine [18]. With that as a starting point, the electron linac would be
operated at 5+5 = 10Hz, alternating between pulses accelerated toMZ/2 for collisions
and pulses accelerated to 150GeV for positron production. Higher luminosities could
be reached by splitting the electron linac into separate halves devoted to these two
purposes.

Recently, the situation was reconsidered assuming that the GigaZ run would be
done after the first stage of the ILC at 250GeV [19]. Without assuming the installa-
tion of any additional cryogenic power, the electron linac could be operated at 3.7Hz
+ 3.7Hz, alternating between acceleration to MZ/2 and to the nominal 125GeV.
This proposal also takes advantage of a recent optimisation of the machine design,

6

GigaZ 
230xLEP

7A. Irles  | LCWS2021

►Longitudinally polarised beams are a special feature of Linear e e Colliders:

►Electroweak interactions are highly sensitive to chirality of fermions: SU(2)L x U(1)

● Cross sections are sensitive to beam polarisation –> background suppression, signal enhancement, control of 
sytematics and...

LC: power of beam polarisation

►Beam polarisation allows the probe of the 
SM/BSM chiral structure

● SM: Z and γ differ in couplings to left- and

right-handed fermions

● BSM: unknown chiral structure! 

https://cerncourier.com/a/ilc-beyond-the-higgs/
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Polarisation

ΣIJ are helicity amplitudes that contain couplings gL, gR (or FV, FA)  

ΣIJ ≠ ΣI'J' => (characteristic) asymmetries for each fermion.

8
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Two fermion processes

f

f

Differential cross sections for (relativistic) di-fermion production*:

Σ
IJ
 are helicity amplitudes that contain couplings g

L
, g

R
 (or F

V
, F

A
)

Σ
IJ
 ≠ Σ

I'J
' => (characteristic) asymmetries for each fermion

Forward-backward in angle, general left-right in cross section 
All four helicity amplitudes for all fermions only available with polarised beams

Here we focus on tt, bb and cc pair production  

*add term ~sin2θ in case of non-relativistic fermions e.g. top close to threshold
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Two fermion processes

f

f

Differential cross sections for (relativistic) di-fermion production*:

Σ
IJ
 are helicity amplitudes that contain couplings g

L
, g

R
 (or F

V
, F

A
)

Σ
IJ
 ≠ Σ

I'J
' => (characteristic) asymmetries for each fermion

Forward-backward in angle, general left-right in cross section 
All four helicity amplitudes for all fermions only available with polarised beams

Here we focus on tt, bb and cc pair production  

*add term ~sin2θ in case of non-relativistic fermions e.g. top close to threshold

Differential cross sections for (relativistic) di-fermion production*:  

*add term ~sin2θ in case of non-relativistic fermions e.g. top close to threshold  

• Longitudinally polarised beams are a key feature of ILC design

• Beam polarisation can probe the SM/BSM chiral structure. 

• SM: Z and γ differ in couplings to L-and R-handed fermions.  

• BSM: unknown chiral structure from e.g. Z’!  
- modify L and R t and b couplings.

8A. Irles  | LCWS2021

Two fermions 
►Differential cross section for (relativistic) di-fermion production

dσ
d cosθ

(eL
−
eR

+ →f f̄ )=ΣL L(1+cosθ)2+ΣLR (1−cos θ)
2

d σ
d cosθ

(eR
−
eL

+ →f f̄ )=ΣRR (1+cosθ)2+ΣRL (1−cosθ)2

● The helicity amplitudes Σ
IJ
, contain the couplings g

L
/g

R
 (or 

Form factors or EFT factors)

● Left/right asymmetries (characteristic for each fermion)

►BSM in these topologies are mainly discussed in 
terms of  new  Z’  bosons, coming from an extension 
of the SM gauge group

● Most of these models modify the top-quark 
couplings

Figure from F. Richard

https://cerncourier.com/a/ilc-beyond-the-higgs/
Deviations of the left- and right-handed couplings 

of the top quark to the Z boson

https://cerncourier.com/a/ilc-beyond-the-higgs/
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ILC Detectors

9

43

4 m

2 m

1 m

FIG. 29: 3D-picture of the ILD detector.

90 GeV and 1 TeV, the largest possible energy reach of
the ILC. The ILD detector has been optimized to per-
form excellently at the initial ILC energy of 250 GeV
(for more details see [5, 155]). An artist’s view of the
ILD detector is shown in Fig. 29.

The science which will be done at the ILC requires a
detector that truly covers all aspects of the e

+
e
� events.

The tracking philosophy is very di↵erent from that of
SiD, as will be discussed in a moment. However, simi-
larly to SiD, the ILD detector has been designed to com-
bine the traditional precision detector elements such as
as vertex detectors and trackers in an overall design phi-
losophy that optimizes jet reconstruction using particle
flow.

6.3.1. Vertexing and tracking

The high precision vertex detector positioned very closely
to the interaction point is followed by a hybrid tracking
layout, realised as a combination of silicon tracking with
a time projection chamber, and a calorimeter system.
The complete system is located inside a large solenoid
providing a magnetic field of 3.5-4 T. On the outside of
the coil, the iron return yoke is instrumented as a muon
system and as a tail catcher calorimeter.

The vertex detector is realised as a multi-layer pixel-
vertex detector (VTX), with three super-layers, each
comprising two layers. The detector has a pure barrel
geometry. To minimise the occupancy from background
hits, the first super-layer is only half as long as the outer
two. Whilst the underlying detector technology has not
yet been decided, the VTX is optimised for point resolu-
tion and minimum material thickness.

A system of silicon strip and pixel detectors surrounds
the VTX detector. In the barrel, two layers of silicon strip
detectors (SIT) are arranged to bridge the gap between
the VTX and the TPC. In the forward region, a system of
two silicon-pixel disks and five silicon-strip disks (FTD)
provides low angle tracking coverage.

A distinct feature of ILD is a large volume time pro-
jection chamber (TPC) with up to 224 points per track.
The TPC is optimised for 3-dimensional point resolu-
tion and minimum material in the field cage and in the

 / degreesθ
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SIT + FTD

VXT

FIG. 30: Material in the ILD detector, in terms of fractions
of a radiation length, as a function of the polar angle.

end-plate. It also allows dE/dx-based particle identifi-
cation. At the ILC, a TPC has a number of specific
strengths which make this type of detector attractive.
A time projection chamber o↵ers true three-dimensional
points, and o↵ers many of those along a charged particle
trajectory. The intrinsic disadvantage of a TPC, its slow
readout speed, does not harm the performance at the
ILC, since the time between bunches is relatively long,
around 300 ns. On the other hand the large number of
points o↵er superb pattern recognition capabilities, and
allows the detailed reconstruction of kinks or decays in
flight within its volume. This can be achieved at a very
low material budget, rather uniformly distributed over
the sensitive volume. The excellent performance of the
system is particularly striking at low momenta, at a few
GeV and below, where the combination of three dimen-
sional reconstruction and low material allows the e�cient
and precise reconstruction of tracks.
Outside the TPC, a system of Si-strip detectors in

between the TPC and the ECAL (SET), provide ad-
ditional high precision space points which improve the
tracking performance and provide additional redundancy
in the regions between the main tracking volume and the
calorimeters.
A key aspect of the ILD detector design is the low mass

of the tracking system. The total material as a function
of angle, in radiation lengths, is shown in Fig. 30.

6.3.2. Calorimetry

A highly segmented electromagnetic calorimeter (ECAL)
provides up to 30 samples in depth and small transverse
cell size, split into a barrel and an end cap system. For
the absorber, Tungsten has been chosen; for the sensitive
area, silicon diodes or scintillator strips are considered.
This is followed by a segmented hadronic calorimeter

(HCAL) with up to 48 longitudinal samples and small
transverse cell size. Two options are considered, both

ILD-L

SiD
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Figure 5.1. r-z view of an ILD quadrant. The interaction point is on the lower right of the picture.
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Figure 5.2. (a) Average total radiation length of the tracker material as a function of polar angle. (b) Total inter-
action length seen up to the end of the electromagnetic calorimeter, the hadronic calorimeter and the solenoid coil,
respectively.

Critical parameters of the VTX optimisation are the point resolution for secondary vertex tagging,
required to be better than 3µm, and the material thickness which should not exceed ƒ 0.15% X0 per
layer to minimise multiple scattering. Three main technologies are under consideration to achieve the
required goals:

• CMOS pixels: this well-established technology o�ers the advantages of high granularity with
fully monolithic pixel digital electronics available from industrial processes. The most critical
points of focus of current R&D [37] are the readout speed, aimed to provide single bunch tagging
capacity while keeping the power consumption low enough (with or without power pulsing), and
the overall material budget of the layers.

• DEPFET pixels: the DEPleted Field E�ect Transistor (DEPFET) concept implements a first
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Chapter 4. The ILD detector concept

Figure 4.1. Interplay between ILC machine characteristics, physics requirements and detector specifications.

4.2 Optimizing ILD

The baseline ILD layout of the DBD [2] had intentionally large dimensions in order to maximize the
tracking performance and the particle flow capabilities of the calorimeters. The main cost drivers of the
DBD detector were the electromagnetic calorimeter and the coil/yoke system, for which specific options
are considered to reduce their costs (chapters 6.4 and 9). In the past years a re-optimization process of
the detector global dimensions has been launched to identify an optimal point in the cost-performance
space.

In a first step, a parametric study [35] of the dependence of cost and performance as function of
the outer radius and length of the main tracker (the TPC in ILD) has been performed. A simple model
has been constructed, based on the cost estimate published as part of the ILD DBD [2]. In this model
the cost of each subdetector is scaled as a function of the size based on simple scaling laws. Sensitive
detector elements like Silicon planes are scaled with the total area, while mechanical elements - for
example, the absorber in a calorimeter - scale with the volume. The reference is always the DBD cost
estimate. To study the e�ect of changing the TPC radius and length, all other dimensions outside of
the TPC are tied to the TPC radius and TPC length. Clearances between detectors are kept constant,
and do not scale. In this way, an overall cost scaling of the ILD detector can be computed. Comparison
with the more detailed updated costing presented in chapter 9 shows that this parametric scaling if
correct at the level of 20-30%.

The performance of the detector is measured by a combined performance estimator, based on a few
observables mostly from Higgs physics. Essentially, these are the tracking performance (momentum
resolution and impact parameter resolution), the Higgs mass precision (with and without beam-strahlung
background), the inverse of the significance of b-tagging, and the minimum transverse momentum to
reach the last layer of the vertex detector. All numbers are normalised to the performance of the DBD
detector. For a more complete description of the method and the definitions, see [35].

Two types of iso-curves are then defined in the space opened by the TPC radius and length: Equal
performance, and equal cost. In figure 4.2 iso-cost and iso-performance curves are shown. The three
red lines correspond to costs relative to the DBD of (from top to bottom) 100%, 90% and 80%. The
blue lines indicate equal-performance lines. From the plot it can be seen that the dependence of the
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The time structure of the 
accelerator also allows for a 

gaseous main tracker to be used 
(like the TPC of ILD) with 4-5% 
dE/dx resolution, sufficient for 

good kaon and proton ID.

Central tracking with TPC

Highly granular calorimeters
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(a) (b)

(c) (d)

(e) (f)

Figure 8.2. Track finding e�ciency for prompt (rvertex < 10 cm) tracks in tt̄-events at 500 GeV as a function of
kinematic variables for the large and small detector: (a) as a function of momentum p (b) as a function of transverse
momentum pT (c) as a function of cos(◊)). The e�ect on the e�ciency of overlaying hits from 1BX and 2BX of
pair background is shown in (d). The tracking e�ciency as a function of cos(◊) and either momentum or transverse
momentum is shown for the large model in (e) and (f) respectively.
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8.1. System performance

(a) (b)

(c) (d)

(e) (f)

Figure 8.1. Tracking resolutions for single muons for the large and small ILD detector models. (a) Inverse transverse
momentum resolution ‡1/pT

as a function of momentum and the ratio small/large in (b). (c) Impact parameter
in the r„-plane ‡d0 as a function of momentum and the ratio small/large in (d). (e) Impact parameter along the
z-axis ‡z0 as a function of momentum and the ratio small/large in (f).
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Figure 5.1. r-z view of an ILD quadrant. The interaction point is on the lower right of the picture.
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Figure 5.2. (a) Average total radiation length of the tracker material as a function of polar angle. (b) Total inter-
action length seen up to the end of the electromagnetic calorimeter, the hadronic calorimeter and the solenoid coil,
respectively.

Critical parameters of the VTX optimisation are the point resolution for secondary vertex tagging,
required to be better than 3µm, and the material thickness which should not exceed ƒ 0.15% X0 per
layer to minimise multiple scattering. Three main technologies are under consideration to achieve the
required goals:

• CMOS pixels: this well-established technology o�ers the advantages of high granularity with
fully monolithic pixel digital electronics available from industrial processes. The most critical
points of focus of current R&D [37] are the readout speed, aimed to provide single bunch tagging
capacity while keeping the power consumption low enough (with or without power pulsing), and
the overall material budget of the layers.

• DEPFET pixels: the DEPleted Field E�ect Transistor (DEPFET) concept implements a first
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Figure 8.5. dE/dx as a function of particle momentum as reconstructed from a full simulation of single particle
events (e, µ, fi , K and p) in the TPC of the large ILD detector model. The particles were simulated with a logarithmic
momentum distribution and isotropic direction. Spurious entries in the bands for more massive particles, such as the
deuteron, as well as entries from low momentum particles, below the TPC acceptance, are due to secondaries created
in the events.
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Figure 8.6. (a) particle separation power (eq. 8.3) for fi/K and K/p based on the dE/dx measurement in the TPC.
(b) improvement of the same separation power if combined with a time-of-flight (TOF) estimator from the first ten
Ecal layers, where ÷dE/dx,T OF = ÷dE/dx ü ÷T OF . The curves are shown to guide the eye.
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• Tracking, efficient 
above 200 MeV (good 
for flavour). 

• Momentum resolution  
1/3 x SLD.

• Impact parameter 
resolution. 

• 1/3 x LEP.

• Low radiation length 
tracker. 

• Hermeticity Θmin ~ 5 
mrad.

• dE/dx (TPC) + ToF 
particle ID. 

• Particle flow for 
reconstruction.

10 µm
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b, c, τ -tagging
• Production in separate hemispheres. 

• Charge measurements based on vertex 
and particle ID information. 

• Excellent flavour tagging hinges not only on 
the vertex detector performance, but also 
from the nano beam spot, 5nm in the 
vertical, few 100nm in the horizontal.
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Figure 8.8. (a) Reconstruction e�ciency for single 30 GeV photons in the large and small detector models for
Ecms = 500 GeV and Ecms = 250 GeV as a function of the polar angle. (b) Fraction of clusters that are falsely
reconstructed from background hits (1-purity) as a function of the polar angle.

8.2 High-level Reconstruction Performance

8.2.1 Flavour-Tag Performance

The e�cient identification of heavy flavour jets in hadronic events is an indispensable ingredient to
many important physics analyses, such as the H æ cc and H æ bb branching ratio measurements.
The LCFIPlus tool, described in section 7.3.4, is used for flavour tagging with BDTs. The training of
the BDTs is done with e+e≠ æ 6 q events at

Ô
s = 500 GeV, where all quarks are chosen to have

the same flavour, mostly from e+e≠ æ ZZZ events. The jets are predominantly produced in the
central region of the detector in these events at the given center of mass energy. The performance
is evaluated with a sub-sample of the same type of events that has not been used for training the
BDT. The resulting performance is shown in Fig. 8.9 for the large and small ILD detector model. In
(a) the background rate as a function of the c-tagging e�ciency for b-quark and light flavour quark
jets is plotted and (b) shows the background rate for c-quark and light flavour quark jets as a function
of the b-tagging e�ciency. As expected from the impact parameter and vertex resolutions there are
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Figure 8.9. Flavour tag performance for the large and small ILD detector models. (a) background rate as a function
of the c-tagging e�ciency for b-quark and light flavour quark jets. (b) background rate as a function of the b-tagging
e�ciency for c-quark and light flavour quark jets.
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Figure 8.10. Hadronic decay mode identification for isolated · -leptons with momenta near 250 GeV. (a) The number
of reconstructed photon PFOs in · æ fl‹ æ fi

±
fi

0
‹. (b) The performance of a simple · decay mode identification

algorithm.

reconstruction of J/Â æ µ
+
µ

≠ decays. Due to its extremely well-known mass (known to 3.6 ppm [151]),
the J/Â is an important standard candle, e.g. for calibration of the tracker momentum scale.
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Figure 8.11. J/Â æ µ
+

µ
≠ candidates as reconstructed with IDR-L and IDR-S for ILC500 as defined in Sec. 8.3.1.

Figure 8.11 shows the invariant mass spectrum of reconstructed muon pairs in the J/Â region,
comparing the large and small detector. All available SM MC events from the optimisation production
at
Ô
s = 500GeV (c.f. Sec. 7) have been used and weighted to the ILC500 conditions as defined in

Sec. 8.3.1. The combinatorial background has been determined from like-sign muon pairs and has
been subtracted from the opposite-sign pairs, leading to the fluctuations around zero in the o�-peak
regions. At 500GeV, most J/Â candidates are produced in the forward direction, with | cos ◊| > 0.8

and at rather low transverse momenta, typically below 30GeV. Due to the larger B-field, the small
detector has a smaller acceptance at low pt than the large detector, with about 10k vs 12k recontructed
J/Â’s compared to about 20k available at generator level. On the other hand, the better momentum
resolution of the small detector in the forward region leads to a more narrow peak.
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Flavor tagging and PID

►Flavor tagging

● Indispensable for any analysis with final state quarks

►Quark charge measurements

● Important for top-quark studies but Indispensable for 
ee→ bb/cc/ss...

►Charge measurements: 

● Vtx charge and Kaon Identification

● High efficiency (double tagging)

● High purity → control of the migrations 

►Future detectors can base their entire measurements 
on double Tagging and vertex charge

● LEP/SLC had to include single tags and semi-leptonic 
events

PhD thesis: S. Bilokin

Exploit small beam spot of Linear Colliders
Vtx detector close to beampipe + low material budget
Tracking efficiency (>99%)

PhD S. Bilokin

LEP Experimental Techniques
Each LEP experiment has 0.9M Z0 → bb events.

• Clean separation of two b hadrons in event.

• Secondary vertex b-tagging (silicon) allows 90–99% b event purity.

tagged b hadron

hadronic system

b hadron

lepton

neutrino

fragmentation
particles

Large boost of b hadrons (〈p〉 ∼ 32GeV).

• Separate b-decay and fragmentation particles using kinematic
information ( + vertexing for charged particles).

• b-decay products’ momenta dominated by boost

• No Eb = Ebeam constraint, but b hadron energy can be determined
inclusively from rest of event (resolution 3–5 GeV).

• b direction can be determined inclusively (20-50 mrad).

Neutrino can be reconstructed from missing energy/momentum.

LEP analyses mature: data and MC well understood, sophisticated
multivariate techniques, neural networks. . .

Richard Hawkings 15th September 2000
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Top mass measurement
• The top quark mass is a key SM parameter for precision tests at ILC. 

• Mass best determined via cross-section scans. 

• FCNC expected sensitivity: 95% CL BR(t→Hc)∼3×10−5 and BR(t→γc) ∼ 10−5 

(Can we probe direct CP quantities?).

12

ISR running top mass method

9EPS 2021

 Running top mass

• A new(er) idea to measure the top mass in a theoretically

well-defned scheme in high-energy running above the

threshold

can provide 5σ evidence 
for scale evolution 
(“running”) 
of the top quark MSR 
mass from ILC500 
data alone

matched NNLO + NNLL calculation, luminosity 
spectrum folded in explicitly;
Extraction of short distance MSR mass

20

Top Mass Measurement at ILC

Top Cross Section Scan
Top Quark Mass
0.03% Precision

(50 MeV)

Seidel, Simon, Tesar, Poss, 
EPJC 73 (2013) 8, 2530

Chigusa, Moroi, Shoji
Phys. Rev. D 97, 116012 (2018)

Current
Value

ILC 3ʍ

ILC 350 GeV

Precise Top mass measurement at ILC Æ Stability of the Universe

PRD 97, 116012 (2018)

arXiv: 2103.00522
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Figure 18. Expected uncertainty on the top-quark mass (top) and width (botom) from the baseline
scan scenario (solid lines) and from scenarios optimised for mass and width measurement (dashed
lines), as a function of the total scan luminosity. CLIC results (magenta) are compared with
results of the same analysis and optimisation procedure but assuming ILC (green) or FCCee (cyan)
luminosity spectra.

6.5 Influence of the luminosity spectra

All results presented so far were obtained assuming 100 fb�1 of data collected during the
top threshold scan at CLIC. This luminosity is not sufficient to reach statistical uncertainty
below 20 MeV, which was considered as a goal in the previous study [4]. However, fit
uncertainties can be significantly reduced, if more luminosity is collected at the threshold.
Expected measurement precision is also sensitive to the assumed shape of the luminosity
spectra.

Dependencies of the expected mass and width uncertainties on the integrated luminosity
of the threshold scan are shown in Fig. 18. CLIC estimates are compared with results of the

– 22 –
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Top Mass Measurement at ILC

Top Cross Section Scan
Top Quark Mass
0.03% Precision

(50 MeV)

Seidel, Simon, Tesar, Poss, 
EPJC 73 (2013) 8, 2530

Chigusa, Moroi, Shoji
Phys. Rev. D 97, 116012 (2018)

Current
Value

ILC 3ʍ

ILC 350 GeV

Precise Top mass measurement at ILC Æ Stability of the Universe

EPJC 8, 
2530 (2013)

Cross section scan method
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eLeR→ tt, bb

13

27EPS 2021

Precision on couplings and helicity amplitudes and physics reach

Couplings are order of magnitude better than at LEP

•In particular right handed couplings are much 

better constrained

New physics can also influence the Zee vertex

•in 'non top-philic' models

Full disentangling of helicity structure for all fermions

only possible with polarised beams!!

Impressive sensitivity to new physics in 

Randall Sundrum Models with warped extra dimensions

• Complete tests only possible at LC  

• Discovery reach O(10 TeV)@250 GeV 

 and O(20 TeV)@500 GeV

 

Pole measurements critical input

•Only poorly constrained by LEP

Example b-couplings (same observation for c-couplings, arxiv:2002.05805)

R. Pöschl, EPS 2021 
arXiv: 1709.04289

10EPS 2021

 Top quark polar angle spectrum at 500 GeV

ILD-Note-2019-007

● Integrated Luminosity 4 fb-1

● Exact reproduction of generated spectra 
● Statistical precision on cross section: ~0.1%
● Statistical precision on A

FB
: ~0.5%

● Can expect that systematic errors will match statistical precision (but needs to be shown)
  

Semi-leptonic

channel

24EPS 2021

Decomposing ee→bb – Differential cross section

● Full simulation study (with ILD concept), Benchmark reaction 
● Long lever arm in cos θ

b
 to extract from factors or couplings

                     
 

Arxiv:1709.04289, ILD Paper in progress

● Note that the precision will reach the per-mill level -> requires full control over detector performance
● Background can be reduced to a negligible level (see backup) but requires careful treatment of e.g. radiative

return events
● Discussion of all experimental aspects deserves dedicated talk!!!
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Couplings (notation for new resonances)

• Polarised beams allow to separate the 4 different 
chirality combinations LeLb, LeRb, ReRb, ReLb. 

• The 4 modes can be differently influenced by NP.

Precisions 
expected on 
coefficients of 
helicity 
amplitudes 
defined (here 
expressed as 𝐼𝑒𝐽𝑏 

with 𝐼,𝐽 = 𝐿,𝑅) 
and the left and 
right-handed 
couplings of the 𝑞 
quark to the 𝑍 as 
expected from a 
running of the ILC 
on tne 𝑍-Pole
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Electroweak top couplings & top Higgs couplings
• The two-fermion NP operators that affect top and bottom-quark 

interactions with vector, tensor, or scalar Lorentz structures can 
be well constrained with 500 GeV operation.
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Figure 4. Prospects for the precision of the Wilson coe�cients in future high-luminosity operation
of the LHC and at a high-energy e+e≠ collider. Assumptions on the operating scenarios and details
of the uncertainty estimates are given in text. The solid section of the bars represents the individual
constraints, where each parameter is fitted in isolation, the full length indicates the marginalized
constraint in a ten-parameter fit. The complete covariance matrices of the fits that are presented
in this figure are available in Appendix C.2.

LHC observables (see Figure 1). This limits the correlation in the global fit. In the bottom-
quark sector, the sensitivity is dominated by the Rb measurement, giving rise to a strong
correlation and considerably larger di�erences between individual and marginalized limits.

Adding the e+e≠
æ b b̄ data at

Ô
s = 250 GeV provides an improvement for the

pure bottom-quark operators by an order of magnitude. The top-quark operators improve
somewhat as well, due to a reduction of the correlation with the bottom-quark operators.

Finally, we consider the ILC500 scenario. At this energy, the sensitivity to the bottom-
quark operators is very similar to that at

Ô
s = 250 GeV. As the bb̄ production cross section

decreases with the center-of-mass energy, the addition of the 500 GeV data does not provide
an important improvement on the bottom-quark coe�cients limits.

On the contrary, the addition of the e+e≠
æ t t̄ data leads to a very pronounced

improvement of the constraints on the top-quark operator coe�cients, by one or two orders
of magnitude. The direct access to the Z/“ tt̄ vertex provides very tight constraints. Also
the bounds on C1

ÏQ
/�2 and C3

ÏQ
/�2 are expected to improve by an order of magnitude.

The combination of high-precision constraints on the two linear combinations (C1
ÏQ

+C3
ÏQ

,
that a�ects bottom-quark pair production, and the di�erence, C1

ÏQ
≠ C3

ÏQ
, that a�ects

top-quark pair production) finally lift the degeneracy that a�ects the LHC/LEP/SLC fit
of section 4.
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The EFT expands the SM Lagrangian in terms of a new physics scale �:

Le� = LSM +
A

1
�2

ÿ

i

CiOi + h.c.
B

+ O

1
�≠4

2
. (2.1)

Operators of odd dimension violate baryon or lepton numbers and are ignored. The in-
terferences of SM amplitudes with those involving an insertion of dimension-six operators
gives rise to the leading �≠2 terms. We also include terms of order �≠4 arising from the
squares of amplitudes where dimension-six operators are inserted once, or from the inter-
ference of amplitudes featuring two dimension-six operator insertions with SM ones. The
contributions of dimension-eight operators are not included, even though they first arise at
the same �≠4 order.

The convergence of the EFT expansion hinges on the smallness of Ci/�2. For typical
choices of the coe�cient Ci ≥ 1 the new physics scale � has to exceed several TeV for
the e�ective operator paradigm to hold. Following the recommendation of the LHC TOP
Working Group [21], fits with and without �≠4 contributions are compared to assess the
convergence of the expansion. A strong impact of the �≠4 terms on the fit results is an
indication that one must carefully check the validity of the EFT expansion when recasting
the bounds on concrete SM extensions [22]. We therefore discuss their impact explicitly in
sections 4 and 5.

2.2 Operator basis

The number of operators involved in the most general EFT description is daunting even
at the first order of the expansion. We therefore isolate a smaller subset that provides
an adequate basis for a study of BSM e�ects in the top and bottom-quark EW couplings.
This analysis is relevant for scenarios where the dominant BSM e�ects in the measure-
ments considered appear in these operators. We focus on the set of operators with leading
contributions to the available measurements, restricting the study to dimension-six opera-
tors. We also limit the fit to two-fermion operators, as a fully general treatment including
the four-fermion operators is impossible with the current data set.1 Finally, we ignore the
imaginary part of the operator coe�cients. These lead to CP-violating interactions of the
top quark and are e�ciently constrained using dedicated analyses at colliders [23, 24] and
low-energy probes [25].
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µ‹ ,

OuB © ytgY q̄‡µ‹u ÏBµ‹ ,

OdB © ytgY q̄‡µ‹d ‘ÏúBµ‹ ,

OuÏ © q̄u ‘Ïú Ï†Ï,

OdÏ © q̄d ‘Ïú Ï†Ï,

(2.2)
1The reason for this omission is purely practical: the current data o�er insu�cient constraints for a global

fit including these operator coe�cients. We discuss the possibility of extending the fit to CP-conserving
four-fermion operators in subsection 5.5.
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FIG. 75: Projected Higgs boson coupling uncertainties for the ILC program at 250 GeV and an energy upgrade to 500 GeV,
using the highly model-independent analysis presented in [4]. This analysis makes use of data on e

+
e
� ! W

+
W

� in addition
to Higgs boson observables and also incorporates projected LHC results, as described in the text. The darker bands

correspond to the values given in Tab. XVI. The lighter bands correspond to the scenario S2* in Table XX, which is defined
in the discussion of Sec. 11.3. The column � refers to the HHH coupling. In the last four columns, all bars are rescaled by

the indicated factor.

theW coupling. In the EFT formalism, as we have shown
in Eq. 8, two parameters are needed to describe each of
these couplings, making the  description oversimplified.
The corresponding W and Z parameters are linked by
not-so-simple formulae involving other EFT parameters.
However, these formula can be evaluated with the help
of data from precision electroweak and WW reactions,
leading to constraints that are at the same time tight and
highly model-independent [218]. This is one illustration
of the synergies between di↵erent measurements that the
EFT method brings into play.

It is remarkable that, though the EFT analysis intro-
duces a large number of free parameters, each one has a
direct counterpart in a physical observable that can be
measured in the e

+
e
� environment. In particular, beam

polarisation is very powerful in providing needed infor-
mation. For example, in the EFT framework, the process
e
+
e
�

! ZH involves three diagrams, shown in Fig. 73.
Only the first diagram appears in the SM. The third di-
agram is required to be small by precision electroweak
constraints. The second diagram, with s-channel � ex-
change, is generated by the operator corresponding to
the coe�cient cWW . Under a spin reversal e�

L
$ e

�
R
,

the Z diagram flips sign while the � diagram keeps the
same sign. Thus, measurement of the polarisation asym-
metry in the total cross section for e+e� ! ZH directly
measures the cWW parameter. Beam polarisation plays

another important role. With beam polarisation, the
branching ratios of the Higgs boson are measured for two
di↵erent polarisation settings. The statement that the
same branching ratio must appear in each pair of mea-
surements helps to sharpen the global fit. At the same
time, this comparison provides a check of assigned sys-
tematic errors. In Sec. 11.2, we will assess the importance
of polarisation quantitatively and present results on the
trade-o↵ between polarisation and increased luminosity.
The precise measurement of the triple gauge bosons

couplings expected at the ILC also plays an important
role in global fit. We have described the measurement of
these couplings through analysis of e+e� ! W

+
W

� in
Sec. 9.1. The ILC is expected to improve the precision
of our knowledge of these couplings by a factor of 10
over results from LEP and by a similar large factor over
results from LHC. Figure 74 shows the significance of this
set of inputs. In the figure, the results of our global fit,
in green, are compared to the same fit using as inputs
the LEP constraints on the triple gauge boson couplings.
From this analysis, we derive the projected uncertain-

ties on Higgs couplings shown in Tab. XVI. Here and
in the rest of this section, the uncertainty presented in
the tables for each HAA coupling is defined to be half
of the fractional uncertainty in the corresponding partial
width. In cases such as HZZ in which multiple EFT co-
e�cients contribute to a given partial width (see Eq. 8),

• Excellent model independent top Higgs 
coupling precision through ttH production.
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b-physics at Z (a look back at LEP)
• Large boost of b hadrons (⟨PB⟩ ∼ 32 GeV/c). 

• Very well separated b (in opposite hemisphere). 

• b hadron energy from rest of event  →  good calorimetry 
and tracking (LEP/SLD ~ 3-5 GeV resolution).

15

Phys.Lett.B395:373-387,1997

Rb = 0.21629 ± 0.00066

beam

hadron

E
ExB =

nB GigaZ 100 
fb-1

GigaZ+ 
1 ab-1

Belle II  
50 ab-1 LHCb

B+ 7 . 108 7 . 109 5 . 1010 3 . 1013

B0 7 . 108 7 . 109 5 . 1010 3 . 1013

Bs 3 . 108 3 . 109 6 . 108 8 . 1012

b-baryon 1 . 108 1 . 109 1 . 1012

Λb 1 . 108 1 . 109 1 . 1012

GigaZ+ for 
reference only
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b-physics at Z

• b produced @Z decay length L~3 mm  

• b-direction and LD from vertex detector and tracking —> need good vertex detector, small beam 
pipe, small beam spot (nano beam spot at ILC!)

16

Measurement Strategy

To measure B lifetimes, one needs to reconstruct:

B decay length & momentum:
or

Impact Parameter of a track from B decay, e.g. a lepton
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Thomas R. Junk B Physics and CP Violation 24–27 March 1997

Lifetimes

— ALEPH, DELPHI, OPAL & CDF

The basic idea. . .
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But: each final state is a mixture of and because of decays, e.g.

Now combination is from a !

Use CLEO to compute sample composition.

Thomas R. Junk B Physics and CP Violation 24–27 March 1997

Measurement Strategy

To measure B lifetimes, one needs to reconstruct:

B decay length & momentum:
or

Impact Parameter of a track from B decay, e.g. a lepton

  l,h

B

B
D    

s
K

K

+

<

 

¨
©
ª

J/s µ

µ

+

<

¨
©
ª

L

IP

Thomas R. Junk B Physics and CP Violation 24–27 March 1997

Lifetimes

— ALEPH, DELPHI, OPAL & CDF

The basic idea. . .

B Production Point

B Decay Point

K-

+

/+

oD  Decay Point
LD

l-
i
_

LB

/

correlations correlations

Harder cut on momentum

be sure not
from

But: each final state is a mixture of and because of decays, e.g.

Now combination is from a !

Use CLEO to compute sample composition.

Thomas R. Junk B Physics and CP Violation 24–27 March 1997

Christian Haag IEKP

Measurement of inclusive and exclusive b lifetimes at LEP

Siena 2001

DELPHI

PV−Tracks SV−Tracks
Reconstruction using neural networks:

For track classification neural network
techniques were used. Some important
input variables were:

 Impact parameter−based probabilities that 
       the track belonged to the primary (PV) or 
        secondary (SV) vertex                               
                         

 Track rapidity                                                
     

 momentum of tracks in the b−rest frame     
  

 Particle identification information 

Separation of 
tracks from 
primary (PV)
and secondary 
vertex (SV) 

Separation of 
tracks from b−
vertex and B−D 
cascade vertex

Inclusive Analysis (PRELIMINARY!):

DELPHI
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Z factory

17

Belle II → Z factory

D* slow pion tracking efficiency 30-60% >90%

Boost (decay length of a B) 120 µm 3mm

B isolation Overlapping Highly displaced

Low B-frame momentum (<0.7 GeV) lepton ID Poor/moderate Very good

Neutrino reconstruction B tagging Vertex + energy flow

LHCb → Z factory

Flavour tagging efficiency 5% 40-80%

EM showers Pileup Not an issue

KS acceptance (decay inside tracking) Moderate Good

Hermetic acceptance Forward Barrel/Symmetric

Trigger Finite for hadronic ~100%
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B→D* l ν and |Vxb|
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Phys.Lett.B395:373-387,1997

D0 πsoft

K- π+
K- π+ π+ π-
K- π+π0
Ks0 π+ π-

@ Z pπ ∼ 1.0 GeV 

@ ϒ(4S) pπ ∼ 0.1 GeV

B → D* l ν

Efficiency

Belle II: B→D* l ν experiment precision limited by 
efficiency in low hadronic recoil region. (Used in a variety 
of analyses beyond Vxb). Limited access to Bs. 

LHCb: Model dependent, does not calculate absolute BR. 

Z-factory: Efficiency flat even for slow pions. Good 
potential for wide variety of missing energy 
analyses due to clean events.

b→c l ν, |Vcb| b→u l ν, |Vub|

B B→D(*) l ν B→π l ν, B→ρ l ν

Bs Bs → Ds(*) l ν Bs → K(*) l ν 

Bc Bc → ηc l ν, Bc → J/ψ l ν Bc → D(*) l ν 

Λb Λb → Λc(*) l ν Λb → p l ν
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b → X τ ν (b→c τ ν)
• This Z result is still unique…. 

• Belle II: Challenging for lepton ID at low 
momentum and very small separation of B and τ 
vertices in hadronic B decays. 

• Various b modes with τ could be accessible, 
inclusive and exclusive.

19

Eur.Phys.J.C 19 (2001) 213-227
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b,c → lνX
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ALEPH
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Figure 4: Missing-energy distributions in the b → τ−ν̄τX (a) and the b → τ−ν̄τD∗±X (b) final states,
for the data (dots) and the simulation (histograms). The latter is subdivided in (i) the fitted signal
contribution (empty histogram); (ii) the contribution from b and c semi-leptonic decays (light hatching);
and (iii) the residual background (dark hatching). Also indicated are the Emiss intervals considered for
the branching ratio measurements (Section 5.1).

fit of the expected to the observed missing-energy distributions, keeping the normalization
to the number of events observed. The fit was performed in Emiss intervals chosen so as
to (i) minimize their total uncertainty, defined as the quadratic sum of the statistical and
the systematic contributions (Section 5.2); and (ii) make the measurements statistically
independent of that of the B− → τ−ν̄τ branching fraction. The optimal intervals,
indicated in Fig. 4, are found to be 18-35GeV and 12-35GeV, respectively.

The numbers of events in these intervals, observed in the data and expected from
both the background and the signal processes, are displayed in Table 3. In particular, the
cascade decay b → D−

s X with D−
s → τ−ν̄τ , which yields an Emiss spectrum similar to that

of the decay b → τ−ν̄τX, is included in the backgrounds to this signature.

These numbers yield measured branching fractions of

BR(b → τ−ν̄τX) = [2.43± 0.20(stat.)± 0.25(syst.)]%,

and

BR(b → τ−ν̄τD∗±X) = [0.88± 0.31(stat.)± 0.28(syst.)]%,

in agreement with the standard model predictions of (2.30 ± 0.25)% and approximately
1%, respectively. The systematic uncertainties, also indicated above, are discussed in the
next section.
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[7], yields:

R (X) =
B (B ! X⌧⌫)

B (B ! X`⌫)
= 0.223± 0.004

The branching ratio of B ! X⌧⌫ has been measured at the LEP e
+ � e

� collider by
the ALEPH, OPAL, DELPHI and L3 experiments in the early 2000’s, although in a
completely di↵erent experimental setup compared to SuperKEKB. The decay chain at LEP
is e

+
e
� ! Z

0 ! b̄b whilst at SuperKEKB we have e
+
e
� ! ⌥ (4S) ! B̄B. A B tagging

algorithm was used, and the ⌧ leptons were reconstructed only via hadronic decay modes.
Given the presence of at least two neutrinos in the final state, the variable used to extract
the branching ratio was missing energy (Emiss). Therefore, the measurement was highly
reliant on correct modelling of this variable, which is complicated by the large hadronic
background due to a light lepton veto. The results are consistent, but have large uncertainty,
as shown in Figure 2.

Figure 2: Measurements of the B ! X⌧⌫ branching ratio. Blue horizontal lines depict the
LEP experiments’ measurements. Green horizontal line is their average. The red horizontal
line is the sum of the measured exclusive branching ratios of the main contributors to
B ! X⌧⌫: B ! D

(⇤)
⌧⌫. The vertical red line with the yellow band represents the SM

B ! X⌧⌫ branching ratio expectation and its uncertainty.

More recently, BaBar[8], Belle[9]–[11], LHCb[12] have measured exclusively R(D) and
R(D⇤) which, if combined with the branching ratio of B ! X`⌫, yield the branching ratios
of the exclusive decays B ! D⌧⌫ and B ! D

⇤
⌧⌫. As |Vcb| is one order of magnitude

larger than |Vub|, these decays to charmed mesons make up for the most of the inclusive
B ! X⌧⌫, along with decays to excited charm mesons B ! D

⇤⇤
⌧⌫. The latter have never

been measured before, hence they are not listed in Table I. The measured branching ratios

4

Bc ! ⌧⌫

Hard for LHCb, not reachable for Belle II, Br(Bc ! ⌧�⌫̄`) = O(2%)

Two lattice determinations
fBc = 427 ± 6 MeV (McNeile et al. 2012)
fBc = 434 ± 15 MeV (Colquhoun et al. 2015)

Original constraint for |Vcb| (helping solve discrepancy)
Sensitive to axial and pseudoscalar NP in b ! c⌧⌫
Provide important constraints for explanations of RD,RD⇤

(currently, only weak bound from Bc total width)

A golden channel for CEPC ?

S. Descotes-Genon (LPT-Orsay) Leptonic and semileptonic b-decays Beijing, 2/7/19 24
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Leptonic decays

Br(M ! `⌫`)SM =
G2

F mMm2
`

8⇡

✓
1 � m2

`

m2
M

◆2

|Vquqd |
2f 2

M⌧M(1 + �M`2
em )

fM decay constant main QCD input: h0|q̄u�µ�5qd |Mi = ifM(pM)µ

Small QED corrections �M`2
em (hard to estimate)

Helicity suppression for light leptons, larger for tau leptons
In the presence of NP, receives a contribution from axial and
(enhanced) pseudoscalar contributions

Br(M ! `⌫`) = Br(M ! `⌫`)SM ⇥

���1 + ✏L +
m2

M
m`(mu+md )

✏P

���
2

S. Descotes-Genon (LPT-Orsay) Leptonic and semileptonic b-decays Beijing, 2/7/19 23

Saturated by only the 
D and D* modes
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Time dependent CPV SCP(B→J/ψ KS)
• CDF (February 1999) 

• Sin 2Φ1= 0.79+0.41-0.44 

• From 400 B→J/ψ KS 

• ALEPH (November 1999) 

• Sin 2Φ1= 0.82+0.84-1.05 

• From 23 B→J/ψ KS in 4 million 
hadronic Z events.

20

LHCb: Lower KS acceptance (factor ~10 reduction) 
and high dilution in b-tagging.

Belle II: Tag side vertex resolution and signal Δt 
resolution (both limited by lower boost).

Giga-Z time dependent CPV:  
Good timing resolution, flavour tagging, 
vertex separation.

Phys.Lett.B 492 (2000) 259-274

Very clean, could be competitive with a B factory
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GigaZ(+) channels

21

Inclusive Exploration of Bc, Bs, Λb

Flat efficiency in Dalitz space (see slow pion example) - high 
precision strong phase measurements in Φ3.  
Good for inclusive measurements via sum-of-exclusive.

New observables Lifetimes in rare decays, Time dependent  CPV in a 
variety of mode with neutrals.

Complementarity to LHCb and Belle II

Explores a relatively new areas. No trigger effects, allowing 
exploration of full decay width. 

Missing energy and semileptonic b→s ττX, b→c τ X, b→νν X in b-hadron decays  
(not just B). Excellent b/c/tau vertex separation.

• Difficult to say what open questions we will have after Belle II and LHCb mid 2030s. 

• No doubt the detector and Z-factory environment makes for an excellent B-factory.  
(The question is about luminosity at that region … a TeraZ would be amazing) 

• There may also be more to exploit on polarisation.
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Experiments at Far Detectors?

LHC version:
FASER, MATHULSA,

Far Detector

Detect long-lived new particles produced in e+e- collisions
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Beam Dump or Far Detector Experiments?
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35

Experiments at the Beam Dump?

Sakaki, Ueda, arXiv:2009.13790
Kanemura, Moroi, TT
Phys.Lett.B 751 (2015) 25-28

Beam Dumps

Detector new particles produced around the beam dump

35

Experiments at the Beam Dump?

Sakaki, Ueda, arXiv:2009.13790
Kanemura, Moroi, TT
Phys.Lett.B 751 (2015) 25-28

Beam Dumps

Detector new particles produced around the beam dump

arXiv: 2009.13790

e.g. FASER, GAZELLE, MATHUSLA

• Interesting potential for dark/hidden 
sector studies over a very broad mass 
range with satellite facilities.
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Conclusion (top and beauty prospects)
• ILC - IDT has submitted a pre-lab proposal for the ILC. 

• Anticipated 4 year pre-lab phase. 

• 3 main stages currently planned: 250 GeV, 350 GeV, 500 GeV. 

• Polarised beams.  

• Possibility for GigaZ operation, and for 1 TeV. 

• The target is to search for NP through precision at high energy: 
in addition to heavy flavour Higgs couplings, there are 
excellent opportunities to study EW couplings of heavy quarks. 

• The flavour and low energy new particle program is more 
nascent but could help inform detector and accelerator 
requirements.
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Machine parameters
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