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Status of High Energy Collider Physics

�2

⇨ we are left without a clear guidance in HE collider physics 

Go to higher precision:


• Detect deviations from the 
currently  established models


• Rare processes

Go to higher energies:


• Direct production of new particles 

HE-LHC

Discovery of the Higgs boson in 2012 ⟹ observed all SM predicted particles 
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Why Linear e+e- Colliders ?

�3

Electron-Positron Collider means precision … 

DESY, 7/7/2008 Mark Thomson 3

e+ e– ≡ precision
�Electron-positron colliders provide clean environment for 

precision physics 

The LHC The ILC

�At electron-positron the final state corresponds to the underlying
physics interaction, e.g. above see                    and
and nothing else…

3pp ➛ H + X ee ➛ H + Z

ILC event 
Clean Environment …

LHC event 
Messy …

DESY, 7/7/2008 Mark Thomson 3

e+ e– ≡ precision
�Electron-positron colliders provide clean environment for 

precision physics 

The LHC The ILC

�At electron-positron the final state corresponds to the underlying
physics interaction, e.g. above see                    and
and nothing else…

H ➛ bb 

H ➛ bb 
Z ➛ μμ 

Requirements for highest precision:


• Clean events, low BG ⟹ QCD background in hadron colliders


• Defined initial state  ⟹ compound particles in hadron colliders



Lorenz Emberger IMPRS Young Scientist Workshop - December 2018

Why Linear e+e- Colliders ?

�3

Electron-Positron Collider means precision … 

DESY, 7/7/2008 Mark Thomson 3

e+ e– ≡ precision
�Electron-positron colliders provide clean environment for 

precision physics 

The LHC The ILC

�At electron-positron the final state corresponds to the underlying
physics interaction, e.g. above see                    and
and nothing else…

3pp ➛ H + X ee ➛ H + Z

ILC event 
Clean Environment …

LHC event 
Messy …

DESY, 7/7/2008 Mark Thomson 3

e+ e– ≡ precision
�Electron-positron colliders provide clean environment for 

precision physics 

The LHC The ILC

�At electron-positron the final state corresponds to the underlying
physics interaction, e.g. above see                    and
and nothing else…

H ➛ bb 

H ➛ bb 
Z ➛ μμ 

Requirements for highest precision:


• Clean events, low BG ⟹ QCD background in hadron colliders


• Defined initial state  ⟹ compound particles in hadron colliders

Solution: Use electrons


• Problematic in a circular collider ⟹ Synchrotron rad. increases with E4/m4  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• Use linear collider:  
 
No synchrotron radiation, power consumption scales linearly with E 
 

Polarization of e+ and e- for background suppression 
 
Well suited for staging
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• Maximum of ZH production (Higgsstrahlung) at ~250GeV
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Physics Cases - Higgs Factory
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• Maximum of ZH production (Higgsstrahlung) at ~250GeV
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Figure 1: The two main Higgs production processes at a LC.

250 GeV 350 GeV 500 GeV 1 TeV 1.5 TeV 3 TeV
�(e+e� ! ZH) 240 fb 129 fb 57 fb 13 fb 6 fb 1 fb
�(e+e� ! H⌫e⌫e) 8 fb 30 fb 75 fb 210 fb 309 fb 484 fb
Int. L 250 fb�1 350 fb�1 500 fb�1 1000 fb�1 1500 fb�1 2000 fb�1

# ZH events 60,000 45,500 28,500 13,000 7,500 2,000
# H⌫e⌫e events 2,000 10,500 37,500 210,000 460,000 970,000

Table 1: The leading-order Higgs unpolarised cross sections for the Higgs-strahlung and WW-fusion pro-
cesses at various centre-of-mass energies for mH = 125 GeV. Also listed is the expected number of events
accounting for the anticipated luminosities obtainable within 5 years of initial operation at each energy.

2.2 Higgs Coupling Measurements at
p

s < 500 GeV

The Higgs-strahlung process provides the opportunity to study the couplings of the Higgs boson in a model-
independent manner. This is unique to a LC. The clean experimental environment, and the relatively low SM
cross sections for background processes, allow e+e� ! ZH events to be selected based on the identification
of two opposite charged leptons with invariant mass consistent with mZ. The remainder of the event, i.e. the
Higgs decay, is not considered in the event selection. For example, Figure 2 shows the simulated invariant
mass distribution of the system recoiling against identified Z ! µ+µ� decays at a LC for

p
s = 250 GeV.

A clear peak at the generated Higgs mass of mH = 120 GeV is observed. Because only the properties of
the di-lepton system are used in the selection, this method provides an absolute measurement of the Higgs-
strahlung cross section, regardless of the Higgs boson decay modes; it would be equally valid if the Higgs
boson decayed to invisible final states. Hence a model-independent measurement of the coupling gHZZ can
be made. With a dedicated analysis using also the hadronic decays of the Z the sensitivity to invisible
decay modes can be improved very significantly as compared to the fully model-independent analysis. The
LC provides in fact a unique sensitivity to invisible decay modes of the Higgs boson, extending down to a
branching ratio into invisible states as low as 1%. The precisions achievable on the Higgs-strahlung cross
section and the coupling gHZZ are shown in Table 2 for mH = 120 GeV.

The recoil mass study provides an absolute measurement of the total ZH production cross section and
therefore the total number of Higgs bosons produced would be known with a statistical precision of 3 �
4 %. The systematic uncertainties from the knowledge of the integrated luminosity and event selection are
expected to be significantly smaller. Subsequently, by identifying the individual final states for di↵erent
Higgs and Z decay modes, absolute measurements of the Higgs boson branching fractions can be made.
High flavour-tagging e�ciencies are achievable and the H ! bb and H ! cc decays can be separated.
Neglecting the Higgs decays into light quarks, one can also infer the branching ratio of H ! gg. Table 3
summarises the branching fraction precisions achievable at a LC operating at either 250 GeV or 350 GeV
where model-independent measurements of the Higgs boson couplings to the b-quark, c-quark, ⌧-lepton,
W-boson and Z-boson can be made to better than 5 %.

Preliminary results of ongoing studies confirm that a precision of �gttH/gttH ⇠ 10% can be achieved,

4

Z ! l+l�e+e� ! hZ

M2
h = (pcm � (pl+ + pl�))

2

Model independent way of measuring the 
total e+e- ➝ ZH cross-section and ghZZ


 
 
⟹ low BG, select events solely on Z four-
momentum (recoil mass technique)



Lorenz Emberger IMPRS Young Scientist Workshop - December 2018

Physics Cases - Higgs Factory

�6

• Maximum of ZH production (Higgsstrahlung) at ~250GeV

[S. W
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Fig. 41 Why 250–500 GeV? The three thresholds

to measure the Higgs mass, width, and J PC . As we will
see below, this process allows us to measure the h Z Z cou-
pling in a completely model-independent manner through the
recoil mass measurement. This is a key to perform model-
independent extraction of branching ratios for various decay
modes such as h → bb̄, cc̄, τ τ̄ , gg, W W ∗, Z Z∗, γ γ , as well
as invisible decays.

The second threshold is at around
√

s = 350 GeV, which
is the well-known t t̄ threshold. The threshold scan here pro-
vides a theoretically very clean measurement of the top-quark
mass, which can be translated into mt (MS) to an accuracy
of 100 MeV. The precise value of the top mass obtained this
way can be combined with the precision Higgs mass mea-
surement to test the stability of the SM vacuum [148,149].
The t t̄ threshold also enables us to indirectly access the top
Yukawa coupling through the Higgs exchange diagram. It
is also worth noting that with the γ γ collider option at this
energy the double Higgs production: γ γ → hh is possible,
which can be used to study the Higgs self-coupling [150].
Notice also that at

√
s = 350 GeV and above, the W W -

fusion Higgs production process, e+e− → νν̄h, becomes
sizeable with which we can measure the hW W coupling and
accurately determine the total width.

The third threshold is at around
√

s = 500 GeV, where
the double Higgs-strahlung process, e+e− → Zhh attains
its cross section maximum, which can be used to access
the Higgs self-coupling. At

√
s = 500 GeV, another impor-

tant process, e+e− → t t̄h, will also open, though the prod-
uct cross section is much smaller than its maximum that is
reached at around

√
s = 800 GeV. Nevertheless, as we will

see, QCD threshold correction enhances the cross section
and allows us a reasonable measurement of the top Yukawa
coupling concurrently with the self-coupling measurement.

By covering
√

s = 250–500 GeV, we will hence be able
complete the mass–coupling plot. This is why the first phase
of the ILC project is designed to cover the energy up to

√
s =

500 GeV.

2.3.2 ILC at 250GeV

The first threshold is at around
√

s = 250 GeV, where the
e+e− → Zh (Higgs-strahlung) process attains its cross sec-
tion maximum (see Fig. 42).

Fig. 42 Cross sections for the three major Higgs production processes
as a function of centre-of-mass energy
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Fig. 43 Recoil mass distribution for the process: e+e− → Zh fol-
lowed by Z → µ+µ− decay for mh = 125 GeV with 250 fb−1 at√

s = 250 GeV [151]

The most important measurement at this energy is that
of the recoil mass for the process: e+e− → Zh followed by
Z → ℓ+ℓ− (ℓ = e, µ) decay. By virtue of the e+e− collider,
we know the initial-state 4-momentum. We can hence calcu-
late the invariant mass of the system recoiling against the
lepton pair from the Z decay by just measuring the momenta
of the lepton pair:

M2
X = (pC M − (pℓ+ + pℓ−))

2 . (15)

The recoil mass distribution is shown in Fig. 43 for a mh =
125 GeV Higgs boson with 250 fb−1 at

√
s = 250 GeV. A

very clean Higgs peak is sticking out from small background.
Notice that with this recoil mass technique even invisible
decay is detectable since we do not need to look at the Higgs
decay at all [152]. This way, we can determine the Higgs
mass to ∆mh = 30 MeV and the production cross section
to ∆σZh/σZh = 2.6 %, and limit the invisible branching
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Figure 1: The two main Higgs production processes at a LC.
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Table 1: The leading-order Higgs unpolarised cross sections for the Higgs-strahlung and WW-fusion pro-
cesses at various centre-of-mass energies for mH = 125 GeV. Also listed is the expected number of events
accounting for the anticipated luminosities obtainable within 5 years of initial operation at each energy.

2.2 Higgs Coupling Measurements at
p

s < 500 GeV

The Higgs-strahlung process provides the opportunity to study the couplings of the Higgs boson in a model-
independent manner. This is unique to a LC. The clean experimental environment, and the relatively low SM
cross sections for background processes, allow e+e� ! ZH events to be selected based on the identification
of two opposite charged leptons with invariant mass consistent with mZ. The remainder of the event, i.e. the
Higgs decay, is not considered in the event selection. For example, Figure 2 shows the simulated invariant
mass distribution of the system recoiling against identified Z ! µ+µ� decays at a LC for

p
s = 250 GeV.

A clear peak at the generated Higgs mass of mH = 120 GeV is observed. Because only the properties of
the di-lepton system are used in the selection, this method provides an absolute measurement of the Higgs-
strahlung cross section, regardless of the Higgs boson decay modes; it would be equally valid if the Higgs
boson decayed to invisible final states. Hence a model-independent measurement of the coupling gHZZ can
be made. With a dedicated analysis using also the hadronic decays of the Z the sensitivity to invisible
decay modes can be improved very significantly as compared to the fully model-independent analysis. The
LC provides in fact a unique sensitivity to invisible decay modes of the Higgs boson, extending down to a
branching ratio into invisible states as low as 1%. The precisions achievable on the Higgs-strahlung cross
section and the coupling gHZZ are shown in Table 2 for mH = 120 GeV.

The recoil mass study provides an absolute measurement of the total ZH production cross section and
therefore the total number of Higgs bosons produced would be known with a statistical precision of 3 �
4 %. The systematic uncertainties from the knowledge of the integrated luminosity and event selection are
expected to be significantly smaller. Subsequently, by identifying the individual final states for di↵erent
Higgs and Z decay modes, absolute measurements of the Higgs boson branching fractions can be made.
High flavour-tagging e�ciencies are achievable and the H ! bb and H ! cc decays can be separated.
Neglecting the Higgs decays into light quarks, one can also infer the branching ratio of H ! gg. Table 3
summarises the branching fraction precisions achievable at a LC operating at either 250 GeV or 350 GeV
where model-independent measurements of the Higgs boson couplings to the b-quark, c-quark, ⌧-lepton,
W-boson and Z-boson can be made to better than 5 %.

Preliminary results of ongoing studies confirm that a precision of �gttH/gttH ⇠ 10% can be achieved,

4

Z ! l+l�e+e� ! hZ

M2
h = (pcm � (pl+ + pl�))

2

Model independent way of measuring the 
total e+e- ➝ ZH cross-section and ghZZ


 
 
⟹ low BG, select events solely on Z four-
momentum (recoil mass technique)
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Physics Cases - Higgs Couplings

�7

Higgs Coupling Projections
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Figure 4: Relative precisions for the various Higgs couplings extracted using the model-

dependent fit used in the Snowmass 2013 study [18], applied to expected data from the

High-Luminosity LHC and from the ILC. Here, A is the ratio of the AAh coupling to

the Standard Model expectation. The red bands show the expected errors from the initial

phase of ILC running. The yellow bands show the errors expected from the full data set.

The blue bands for � show the e↵ect of a joint analysis of High-Luminosity LHC and ILC

data.
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[arXiv:1506.05992]

Possibility to measure couplings with < 1% precision

• Model dependent and 
independent fits


• Many models predict 
deviations of few percent
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Physics Cases - Top Quark

�8

• tt-threshold at ~350 MeV: threshold scan 
enables precision measurements on top mass 
and width (500MeV @ LHC ⟹ 50MeV @ ILC)
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Physics Cases - Top Quark
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• tt-threshold at ~350 MeV: threshold scan 
enables precision measurements on top mass 
and width (500MeV @ LHC ⟹ 50MeV @ ILC)

Top Yukawa coupling

(174 GeV)

(174 GeV)

(125 GeV)

• Top Yukawa coupling, 𝛼s and electroweak 
couplings
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Physics Cases - Top Quark

�8

• tt-threshold at ~350 MeV: threshold scan 
enables precision measurements on top mass 
and width (500MeV @ LHC ⟹ 50MeV @ ILC)

Top Yukawa coupling

(174 GeV)

(174 GeV)

(125 GeV)

• Top Yukawa coupling, 𝛼s and electroweak 
couplings

t ! ch t ! c�• Rare decays: e.g.              ,              as flavour 
changing neutral current decays (new physics)
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Physics Cases - Higgs Self Coupling

�9

Higgs Strahlung @ 500GeV
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Higgs mechanism predicts  
self-interaction:


• Probe coupling parameter to 
validate SM


• Find deviations from SM expectation to open  
a window for new physics 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Physics Cases - Higgs Self Coupling

�10
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Higgs mechanism predicts  
self-interaction:


• Probe coupling parameter to 
validate SM


• Find deviations from SM expectation to open 
a window for new physics


• Latest results constrain a deviation to be within -5 and +12.1  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Physics Cases - Beyond Standard Model

�11

1. Direct and indirect detection of new physics


• Top electroweak coupling, flavour violating NC interactions


• Chargino pair production or higgsino due to clean environment 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Physics Cases - Beyond Standard Model

�11

1. Direct and indirect detection of new physics


• Top electroweak coupling, flavour violating NC interactions


• Chargino pair production or higgsino due to clean environment 

2. Dark matter 


• e.g. mono-photon events with low background
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The International Linear Collider - ILC

�12

• 500GeV (TDR) linear collider based on superconducting RF cavities


• Design luminosity: 1.8 x 1034 cm-2s-1 @ 500GeV

Candidate site: Kitakami 
Mountain region north of sendai 
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ILC Accelerator Technology

�13

• ~16000 Niobium 
superconducting RF cavities


• Gradient of ~ 35 MV/m, operated 
at 2K

Acceleration of particles:
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ILC Accelerator Technology

�13

• ~16000 Niobium 
superconducting RF cavities


• Gradient of ~ 35 MV/m, operated 
at 2K

Acceleration of particles:

Production of electrons:


Emission and polarisation of 
electrons by a laser illuminated GaAs 
photocathode
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ILC Accelerator Technology

�13

• ~16000 Niobium 
superconducting RF cavities


• Gradient of ~ 35 MV/m, operated 
at 2K

Acceleration of particles:

Production of electrons:


Emission and polarisation of 
electrons by a laser illuminated GaAs 
photocathode

Production of Positrons:
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Compact Linear Collider - CLIC

�14

• An up to 3TeV linear collider based on drive beam acceleration technology


• Design Luminosity: 5.9 x 1034 cm-2s-1 @ 3TeV


• Developed as possible future project at CERN - first decision in 2019/2020
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Compact Linear Collider - CLIC

�15
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Compact Linear Collider - CLIC

�15

Beamline for “drive beam”:


• Electron beam provided by a 
dedicated accelerator system


• Only ~2.3GeV, but very high peak 
current of ~100A


• Electrons guided through cavities, 
induced RF wave is coupled to 
accelerating structure
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Compact Linear Collider - CLIC

�15

Beamline for “drive beam”:


• Electron beam provided by a 
dedicated accelerator system


• Only ~2.3GeV, but very high peak 
current of ~100A


• Electrons guided through cavities, 
induced RF wave is coupled to 
accelerating structure

Main Beamline:


• 24 sections of 876m long modules for each linac


• Accelerating gradient of 100MV/m
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Detectors for Future Linear Colliders

�16

• General purpose CMS like detector systems 
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Detectors for Future Linear Colliders

�16

• General purpose CMS like detector systems 

• Only one IP in a linear collider ⟹ proposed push-pull system
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Detectors for Future Linear Colliders

�16

• General purpose CMS like detector systems 
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Fig. 2.6: (left) Ideal W/Z separation vs. jet mass resolution obtained using a Gaussian smearing of
Breit-Wigner distributions; (right) Reconstructed contravariant mass, MC, for e+e� ! eqReqR ! qec0qec0

(including the effects of Beamstrahlung) for different jet energy resolutions. The plot was obtained by
applying a Gaussian energy smearing to reconstructed jets based on the generator level particles.

2.2.4 Forward Coverage

At CLIC many SM processes will result in particles produced at relatively low angles to the beam axis;
either due to the boost along the beam axis from beamstrahlung or from t-channel processes. To study
these processes, on the one hand, or to reduce their impact on BSM physics studies, on the other hand,
extending the detector coverage to small polar angles is important [22].

For example, at 3 TeV, approximately 80% of the leptons in the l+l�l+l� final state, dominated by
gauge boson pairs, are produced at polar angles of < 30� to the beam axis. The forward region is also
important for physics signatures with missing energy. It helps to reject background processes like multi-
peripheral two photon processes, e+e�! e+e� f f̄ , where the scattered electrons are usually at low polar
angles. For example, forward electron tagging is essential to reject the e+e� ! e+e�µ+µ� background
in the measurement of the Higgs branching ratio into two muons. As shown in Section 12.4.2, it im-
proves the achievable statistical accuracy of this measurement from 23% to 15%, assuming an integrated
luminosity of 2 ab�1 and 95% electron tagging efficiency down to ⇡ 40 mrad polar angle. Another
example is the production and decay of stau pairs, e+e� ! etet ! t+t�ec0

1ec
0
1, which, in some regions of

SUSY parameter space, results in a signal with relatively small missing transverse momentum. In this
case, the e+e� ! e+e�t+t� and e+e� ! e+e�qq background processes need to be rejected by efficient
electron tagging at low polar angles. It is therefore important, in general, to provide precision tracking
and calorimetry coverage down to small angles, and to extend the forward electron tagging capabilities
to very low angles.

2.2.5 Lepton ID Requirements

Many of the potential BSM physics signals at CLIC will rely on the ability to efficiently identify high
energy electrons and muons, and efficient lepton identification is central to the CLIC detector require-
ments. For efficient selection of final states with two or more leptons, lepton identification efficiencies
of more than 95% over a wide range of momenta are highly desirable. In addition the identification of
leptons in jets from semi-leptonic decays of b- and c-quarks will benefit heavy flavour tagging.
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• 3-4% jet energy resolution (W/Z separation) design driver 

• Only one IP in a linear collider ⟹ proposed push-pull system
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• Classical calorimetry: add up all the 
energy depositions in the calorimeters 
 
⟹ 70% of the energy in a jet is 
deposited in the worst calorimeter 

• Particle flow approach: 


1. Increase granularity in calorimeters


2. Measure different particles with best suited system

• On average 60% charged particles, 30% gammas and 10% hadrons in a jet 
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CLIC08, CERN, 15/10/2008 Mark Thomson 6

Particle Flow Calorimetry
Hardware:
�Need to be able to resolve energy deposits from different particles

Highly granular detectors (as studied in CALICE) 

Software:
�Need to be able to identify energy deposits from each individual particle !

Sophisticated reconstruction software  

�Particle Flow Calorimetry = HARDWARE + SOFTWARE

[M. Thompson]
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• HCAL contributes now only 10% to the total jet energy 
⟹ intrinsically enhanced jet energy resolution


• Energy resolution determined by miss-identification of particles (confusion)


• Particle flow first used in ALEPH, but drives the detector design of future colliders
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CALICE highly granular analog hadronic calorimeter (AHCAL)
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CALICE highly granular analog hadronic calorimeter (AHCAL)
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CALICE highly granular analog hadronic calorimeter (AHCAL)

Hadronic shower of a 60 GeV Pion

Low energy deposition

High energy deposition
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Discussions on 250 GeV ILC in Japan:


• Candidate site: Kitakami


• Await statement in late 2018 
(basically now)


Evaluation of staging possibilities to 
lower project entry costs


After positive response:


• ~4 years of preparation 


• ~9 years of construction
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Discussions on 250 GeV ILC in Japan:


• Candidate site: Kitakami


• Await statement in late 2018 
(basically now)


Evaluation of staging possibilities to 
lower project entry costs


After positive response:


• ~4 years of preparation 


• ~9 years of construction

CLIC

CLIC: Wait for update of European Strategy for 
Particle Physics
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• Rich physics program to complement LHC 


• Precision measurements to possibly detect SM deviations


• Staging capability to increase energy and match funding


• Detector design driven by particle flow approach


• Awaiting decisions on ILC in 2018 and on CLIC in 2019/20
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