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Chapter 8. Detector and Physics Performance

Figure 8.5. dE/dx as a function of particle momentum as reconstructed from a full simulation of single particle

events (e, µ, π , 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 π/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 ηdE/dx,T OF
= ηdE/dx

⊕ ηT OF
. The curves are shown to guide the eye.
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5.2. Subdetector Technology Status

data-taking windows closer to the bunch train structure of linear colliders, sub-ns time resolution is
achieved.

The prototype uses Hamamatsu MPPC S13360-1325PE photon sensors and injection-moulded
polystyrene scintillator tiles with a central dimple [89] for optimal light collection, as shown in
Figure 5.34. Spot-samples of all SiPM lots, and each individual ASIC, had undergone semi-automatic

Figure 5.34. The AHCAL technological prototype. Left: Read-out board (HBU) with SiPMs and (un-)wrapped tiles.
Right: Prototype installed in the H2 beam line at the CERN SPS.

testing procedures before soldering the HBUs [92]. The gain of the SiPMs was found to be uniform
within 2.4% when operated at a common over-voltage. Without any further surface treatment, the
scintillator tiles are wrapped in laser-cut reflective foil by a robotic procedure and mounted on the
HBUs using a pick-and-place machine, after glue dispensing with a screen printer. The HBUs have
been integrated into cassettes with interfaces for DAQ [93], LED pulsing and power distribution. The
latter provides active compensation of temperature variations by automatic adjustments of the common
bias voltage of the photon sensors in each layer. This was routinely used in test beam operation and
stabilises the gain within ±1%. Data concentration, power distribution and cooling service systems of
the prototype are also scalable to the full ILD detector.

The AHCAL technological prototype was installed in the test beam for data taking at the CERN
SPS, see Figure 5.34. During two periods in May and in June 2018, several 107 events with muon
tracks, as well as electron and pion showers in the energy ranges 10 – 100 GeV and 10 – 200 GeV,
respectively, have been recorded. Figure 5.35 left, from the quasi-instantaneous data quality monitoring,
shows the distribution of the number of hits vs. the hit-energy weighted centre-of-gravity (cog) along
the beam axis z for an electron run with a beam momentum of 100 GeV/c and admixtures of muons
and hadrons. The different particle types populate different regions of the plot. While electron showers
are characterised by a relatively narrow distribution of number of hits and a cog near the front face of
the detector, hadrons exhibit a wider distribution of the cog, and a larger number of hits, decreasing
as the cog moves towards the rear of the detector, and leakage increases. Muons appear as a narrow
band with ∼ 38 hits and a cog on z at about half the depth of the detector.

The rich data sample collected in the two test beam periods in 2018 is being used for shower
separation studies based on 5-dimensional reconstruction algorithms exploiting the high spatial, energy
and time resolution of the prototype. While this is in progress, it can already be noted that in several
aspects the performance exceeds that of the physics prototype: the noise is a factor 100 lower, the
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2測定器の役割

•測定器で出来ること 

•見たい現象そのものを直接観測することはできない 

•生成された安定な粒子のみ検出することができる 

→生成された粒子の特性を出来るだけ正確に測定し、起こった現象を再構成する 

•測定する粒子の特性 

•エネルギー： 物質中でのエネルギー付与, 物質中での飛程 (カロリメータ) 

•運動量、電荷：磁場中での飛跡の曲率 (飛跡検出器) 

•質量：測定したエネルギーと運動量から 

•速度：飛行時間 

•スピン：崩壊角度分布 

•粒子種 

•寿命 

•消失したエネルギー・運動量

の測定器提案：ILD と SiD（図 13）は、これらの長所
を最大限に活かす設計となっている。これらの測定器

図 13: ILC 実験のための２つの測定器提案：ILD (左)

と SiD (右)。

は、全ての事象をクォーク、レプトン、ゲージボソン、
ヒッグスボソン等、基本粒子のレベルで再構成し、あ
たかもファイマン図を見るがごとくに反応を調べると
いう、さらに野心的な目標を掲げている。そのため、
これらの測定器は、ともに一次反応点、二次および三
次反応点を検出する事で b-クォーク、c-クォークの同
定を可能とする高性能反応点検出器、それに高分解能
荷電粒子飛跡検出器、高細密度カロリメータを組み合
わせた粒子流解析（Particle Flow Analysis：PFA）に
最適化されている。PFA を用いたジェット不変質量測
定により、W、Z、t、そして H を弁別する（図 14）。
さらに立体角をビーム軸に向かい O (10mrad) あるい
はそれ以下の角度まで隙間なくカバーする事でニュー
トリノなど不可視粒子を運動量欠損として間接的に検
出する。ILD も SiD も全てのカロリメータを測定器
ソレノイドの内側に格納している点に注意してもらい
たい。これは、PFA 性能を悪化させる物質量を最小
化するだけでなく、隙間なく立体角をカバーするため
にも必要なのである。
ビーム偏極の重要性を強調しておく事も重要である。
例えば、e+e− → W+W− 反応を考えてみよう。ILC

で実験するような高いエネルギーでは，電弱対称性：
SU(2)L ⊗U(1)Y が近似的に回復する。その結果、こ
の反応は、s-チャンネルW3 交換と t-チャンネル νe 交
換の２つのダイアグラムを通じて起こると見なせる。
ところが、W3 も νe も左巻き電子にのみ結合する。そ
こで、ビームに含まれる右巻き電子はこの反応に寄与
しなくなる。これは、ILC における最も重要なヒッグ
ス粒子生成反応の１つ：e+e− → νeν̄eH（WW -融合
１ヒッグス生成過程）の場合にも言える。電子ビーム
が 80% 左巻きに編曲しており、また、陽電子ビーム
が 30% 右巻きに偏極していれば、この WW -融合過
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図 14: ジェットモードでの基本粒子の検出

程の断面積は、無偏極の場合の 2.34 倍になる。よう
にビーム偏極は極めて重要な役割を果たす。

4.2 何故 250 から 500GeV なのか?

第一期 ILC は、重心系エネルギー 250GeV から
500GeV をカバーする電子・陽電子コライダーであ
る。このエネルギー領域を選択する理由は、そこに以
下に述べる３つの重要なエネルギーしきい値が含まれ
るためである。第１のしきい値は √
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3コライダー実験測定器
•コライダー実験測定器のコンセプト 

•多目的測定器 

•さまざまな測定器の多層構造 

•崩壊点検出器→飛跡検出器→カロリメータ(電磁＋ハドロン)→ミューオン検出器 

•立体角 ( ) をフルカバー  

•バレル＋エンドキャップで衝突点を囲む 

•詳細なデザインは目的・測定条件に依存 

•物理 

•必要精度 

•センサー技術 

•加速器やビーム構造との整合性 

•レート耐性 

•放射線耐性 

•…

4π
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4さまざまな測定器テクノロジー

h"p://upload.wikimedia.org/wikipedia/commons/c/c0/Detectors_summary_3.png 
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5レプトンコライダー vs. ハドロンコライダー

レプトンコライダー

•素粒子同士の衝突 

•初期状態が既知  

•測定器精度に対する要求が高い 

•背景事象が少ない 

•トリガー不要 

•高い放射線耐性は不要 

•低パイルアップ 

•時間分解能  𝒪(1 ns)

ハドロンコライダー

•複合粒子の衝突 

•初期状態に不定性 

•測定器精度に対する要求はそれほど高くない 

•高い背景事象(QCD) 

•トリガーが必要 

•高い放射線耐性が必要 

•高パイルアップ 

•高い時間分解能が必要 𝒪(10 ps)

2.3 The detector performance requirements
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Figure 2.1: Production cross-sections for several representative processes at hadron colliders
(left) and e+e− colliders (right), as a function of the machine center-of-mass energy.

• Excellent energy and momentum resolution. At the LHC, a mass resolution of
∼ 1% for particles of masses up to a few hundreds GeV decaying into photons,
electrons or muons is needed, for instance to extract a possible H → γγ signal
on top of the irreducible γγ background.

At a LC, an excellent track momentum resolution is required in particular to
measure the di-lepton mass, and hence the mass of the recoiling system, in the
HZ process with Z → ℓℓ. This should give access to the detection and study of
Higgs production independently of the Higgs decay modes. The goal momen-
tum resolution of σ(1/pT ) ≤ 5 ·10−5 (GeV/c)−1, which is needed to suppress the
combinatorial background, calls for large tracking volumes and high magnetic
fields (∼4 T).

Accurate energy flow measurements is also a must at a LC. Indeed, most sig-
natures from new physics involve final states with many jets, coming e.g. from
top-quark or multiple W and Z production and decays. These jets must be effi-
ciently and precisely reconstructed in order to reduce the backgrounds. In addi-
tion, enhanced beamstrahlung, as compared to previous e+e− colliders, render
the kinematic constraints from the knowledge of the initial state weaker than
in the past, which puts more weight on energy measurements provided by the
detector. The goal energy-flow resolution for hadronic event is σ/E ∼ 30%/

√
E,

which is necessary e.g. to separate hadronic W and Z decays. This in turn
requires a fine 3-dimensional detector granularity, a coil located outside the

35
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HZ process with Z → ℓℓ. This should give access to the detection and study of
Higgs production independently of the Higgs decay modes. The goal momen-
tum resolution of σ(1/pT ) ≤ 5 ·10−5 (GeV/c)−1, which is needed to suppress the
combinatorial background, calls for large tracking volumes and high magnetic
fields (∼4 T).

Accurate energy flow measurements is also a must at a LC. Indeed, most sig-
natures from new physics involve final states with many jets, coming e.g. from
top-quark or multiple W and Z production and decays. These jets must be effi-
ciently and precisely reconstructed in order to reduce the backgrounds. In addi-
tion, enhanced beamstrahlung, as compared to previous e+e− colliders, render
the kinematic constraints from the knowledge of the initial state weaker than
in the past, which puts more weight on energy measurements provided by the
detector. The goal energy-flow resolution for hadronic event is σ/E ∼ 30%/

√
E,

which is necessary e.g. to separate hadronic W and Z decays. This in turn
requires a fine 3-dimensional detector granularity, a coil located outside the

35
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6

線形電子陽電子コライダー (ILC)


•衝突エネルギー ≳1TeV 

•1衝突点 (検出器 x2 プッシュプル@ILC) 

•パルス運転 (5Hz, 0.7ms) 

•事象頻度~1Hz ＠ ≳250GeV 

•シンクロトロン放射無し 

•ビーム起源バックグラウンド 

•制動放射 →  paire+e−

円形電子陽電子コライダー (FCC-ee, CEPC)


•衝突エネルギー ≲350GeV 

•≲4衝突点 (≲4検出器) 

•連続運転 

•事象頻度~100kHz ＠90GeV 

•高いシンクロトロン放射 

•ビーム起源バックグラウンド 

•シンクロトロン放射, 制動放射

Linear e+e− colliders: Beam parameters (2)

Property Unit ILC CLIC√
s GeV 250 250(Upg.) 500 380(Upg.) 1500 3000

Site length km 20.5 20.5/31 31 11.4 29.0 50.1

Luminosity 1034/cm2s 1.35 2.7/5.4 1.8/3.6 1.5/3 3.7 5.9
Bunch sep. ns 554 272 544/272 0.5 0.5 0.5
Beam σxy, IP nm/nm 516/7.7 516/7.7 474/5.9 149/2.9 ∼60/1.5 ∼40/1
Beam σz, IP µm 300 300 300 70 44 44

ILC: Crossing angle 14 mrad, electron polarization ±80%, positron polarization ±30%,
CLIC: Crossing angle 20 mrad, electron polarization ±80%, upgrade positron polarization

! Bunch separation → Impact on detector design (timing, granularity)

! Very small beams and high beam energy → beamstrahlung

γγ → hadrons

P
h
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s
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n
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測定器設計の違い

線形電子陽電子コライダー vs. 円形電子陽電子コライダー
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7ILC ビーム構造
•パルス運転


•バンチトレイン ~0.7ms 

•繰り返し 5Hz 

•測定器設計への影響

•パワーパルシング 

•バンチトレインの衝突だけ測定器パワーオン 

→消費電力の抑制 

•バンチトレイン間での信号読み出し 

•測定器のアクティブな冷却不要 

•トリガー不要

Power ON Power OFF
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8ヒッグスファクトリー測定器
ILC

ILD SiD

CLIC
DETECTOR CONCEPTS 133

Figure 3.9: The cutaway view of the full silicon tracker proposed as an option for the CEPC baseline
detector concept.

3.3.2 ALTERNATIVE DETECTOR CONCEPT

An alternative detector concept, Innovative Detector for Electron-positron Accelerator
(IDEA), has been designed for a circular electron-positron collider and it is also being
adopted as a reference detector for FCC-ee studies. The concept design attempts to econ-
omize on the overall cost of the detector and proposes different technologies than the
baseline concept for some of the main detector subsystems. It provides therefore an op-
portunities to leverage challenges and advances in detector development prior to the CEPC
detector constructions.

The detector requirements at CEPC are tied to the operational parameters of the storage
ring at each energy point. For example, the typical luminosity at the Z pole (

√
s = 91.2GeV)

is expected to be up to two orders of magnitude higher than at ZH threshold (
√
s =

240GeV). Bunch spacing will be significantly smaller. One would therefore prefer an
intrinsically fast main tracker to fully exploit the cleanliness of the e+e− environment
while integrating as little background as possible. Additional issues of emittance preser-
vation, typical of circular machines, set limits on the maximum magnetic field usable for
the tracker solenoid, especially when running at lower center-of-mass energies.

Additional specific requirements on a detector for CEPC come from precision physics
at the Z pole, where the statistical accuracy on various electroweak parameters is expected
to be over an order of magnitude better than at LEP. This calls for a very tight control of
the systematic error on the acceptance, with a definition of the acceptance boundaries at
the level of a few µm, and a very good e − γ − π0 discrimination to identify τ leptons

CEPC Detector Conceptual Designs

10

FCC-ee detector concepts under study 

4

● Well established design
● ILC → CLIC → CLD
● Full Si vtx + tracker; 

CALICE-like calorimetry; 
large coil, muon system

● Less established design, but 
still ~15y history

● Si vtx detector, ultra light 
drift chamber w powerful 
PID, compact light coil, 
monolithic dual readout 
calorimeter, muon system

● New kid on the block
● Drift chamber, high 

granularity Noble Liquid 
ECal, TileCal-like or 
CALICE-like HCal, muon 
system

CEPC

FCC-ee detector concepts under study 

4

● Well established design
● ILC → CLIC → CLD
● Full Si vtx + tracker; 

CALICE-like calorimetry; 
large coil, muon system

● Less established design, but 
still ~15y history

● Si vtx detector, ultra light 
drift chamber w powerful 
PID, compact light coil, 
monolithic dual readout 
calorimeter, muon system

● New kid on the block
● Drift chamber, high 

granularity Noble Liquid 
ECal, TileCal-like or 
CALICE-like HCal, muon 
system

FCC-ee detector concepts under study 

4

● Well established design
● ILC → CLIC → CLD
● Full Si vtx + tracker; 

CALICE-like calorimetry; 
large coil, muon system

● Less established design, but 
still ~15y history

● Si vtx detector, ultra light 
drift chamber w powerful 
PID, compact light coil, 
monolithic dual readout 
calorimeter, muon system

● New kid on the block
● Drift chamber, high 

granularity Noble Liquid 
ECal, TileCal-like or 
CALICE-like HCal, muon 
system

ALLEGRO detector concept and its calorimeters 

● Highly-granular noble liquid ECal 
inside solenoid

○ Pb/W+LAr (or denser W+LKr)
○ Coil inside same cryostat as LAr

● TileCal-like or CALICE-like HCal 
outside solenoid

○ Light coil (0.76 X0) + low-material 
cryostat < 0.1X0

○ WS fibres+SiPMs outside or SiPMs 
directly on scintillators

● Detector design optimisation not complete → 
presenting preliminary results that will likely 
change over time  

5

● A Lepton coLlider Experiment with Granular Read-Out

FCC-ee

CLD IDEA ALLEGRO

FST

IDEA 4th Concept

BaselineCLICdp

多数の測定器コンセプト。ただし、使用する検出器技術のオーバーラップは大きい
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9ILC測定器
ILD

HCAL 

ECAL 

TPC 

tth @ 500 GeV 

©Rey.Hori-KEK
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9ILC測定器
ILD

HCAL 

ECAL 

TPC 

tth @ 500 GeV 

ILD
HCAL 

ECAL 

TPC 

tth @ 500 GeV 

これまでの5倍の精度で粒子の反応場所を測定
崩壊点検出器

©Rey.Hori-KEK
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9ILC測定器
ILD

HCAL 

ECAL 

TPC 

tth @ 500 GeV 

ILD
HCAL 

ECAL 

TPC 

tth @ 500 GeV 

これまでの5倍の精度で粒子の反応場所を測定
崩壊点検出器

ILD
HCAL 

ECAL 

TPC 

tth @ 500 GeV 

これまでの10倍の精度で粒子の運動量を測定
中央飛跡検出器

©Rey.Hori-KEK
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9ILC測定器
ILD

HCAL 

ECAL 

TPC 

tth @ 500 GeV 

ILD
HCAL 

ECAL 

TPC 

tth @ 500 GeV 

これまでの100-1000倍の解像度で個々の粒子を識別
カロリメータ

ILD
HCAL 

ECAL 

TPC 

tth @ 500 GeV 

これまでの5倍の精度で粒子の反応場所を測定
崩壊点検出器

ILD
HCAL 

ECAL 

TPC 

tth @ 500 GeV 

これまでの10倍の精度で粒子の運動量を測定
中央飛跡検出器

©Rey.Hori-KEK
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10ヒッグスファクトリー測定器の必要性能
•ヒッグスファクトリにおける高精度測定にこれまでにない高性能な測定器が必要 

•運動量分解能 

•物理：ヒッグス反跳質量測定 ( ) 

•測定器：飛跡検出器 

•衝突径数分解能 

•物理: クォークジェットのフレーバー識別 ( ) 

•測定器：崩壊点検出器 

•ジェットエネルギー分解能 

•物理： W/Z 不変質量分離,  

•測定器：カロリメータ 

•Hermeticity ~5mrad 

•物理: W/Z 不変質量分離, 

e+e− → ZH → μμH

H → bb, cc, ττ

Z/W/H → jj, H → invisible

H → invisible, BSM

σ IP ≤ 5⊕ 10
pβ sin3/2θ

 [µm]

σ 1/PT
≤ 2×10−5  [(GeV/c)−1]

Nmax = 2
tmax =

E0
EC

tmax = ln
E0
EC

!

"
#

$

%
&+C

C = −0.5(γ )

L(95%) = tmax +0.08Z +9.6![X0 ]
R(95%)= 2RM

RM =
21MeV
EC

X0 = 7
A
Z
gcm-2

λint = 35A
1/3gcm-2

dE
dt

∝E0t
αeβt

σ (E)
E

∝
1
fsE

σ (E)
E

∝
ECtabsorber
fsE

σ (E)
E

~ (1− 3)%
E[GeV]

σ (E)
E

~ (10 −20)%
E[GeV]

σ (E)
E

>
(20 − 40)%
E[GeV]

σ (E)
E

>
(50 −100)%
E[GeV]

tmax[λint ]= 0.2 ln E0[GeV]( )+0.7
t95%[λint ]= a ln E0[GeV]( )+b

σ (E)
E

~ 30%
E[GeV]

σ (E)
E

=
a
E
⊕
b
E
⊕ c

~LHC/2, ~LEP/5

~LHC/2, ~LEP/2

~LHC/10, ~LEP/25

~LHC/3
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11ヒッグス反跳質量測定

•ヒッグス反跳質量測定 (ILC@250GeVのフラッグシップ測定) 

• 四元運動量保存:  

•   を再構成 

⇒ ヒッグス粒子が(見えない)未知粒子に崩壊したとしても、ヒッ
グス粒子を再構成できる！ 

•反応の総断面積を測定可能  

→モデルに依存しないヒッグス粒子の結合定数測定が可能 

•ヒッグス未知の素粒子への崩壊 

•ヒッグス粒子の高精度測定 (δmh=14MeV↔250MeV@LHC) 

•高精度なレプトン運動量測定が必要 

pe+e− = pH + pZ

Z → μ+μ−

の測定器提案：ILD と SiD（図 13）は、これらの長所
を最大限に活かす設計となっている。これらの測定器

図 13: ILC 実験のための２つの測定器提案：ILD (左)

と SiD (右)。

は、全ての事象をクォーク、レプトン、ゲージボソン、
ヒッグスボソン等、基本粒子のレベルで再構成し、あ
たかもファイマン図を見るがごとくに反応を調べると
いう、さらに野心的な目標を掲げている。そのため、
これらの測定器は、ともに一次反応点、二次および三
次反応点を検出する事で b-クォーク、c-クォークの同
定を可能とする高性能反応点検出器、それに高分解能
荷電粒子飛跡検出器、高細密度カロリメータを組み合
わせた粒子流解析（Particle Flow Analysis：PFA）に
最適化されている。PFA を用いたジェット不変質量測
定により、W、Z、t、そして H を弁別する（図 14）。
さらに立体角をビーム軸に向かい O (10mrad) あるい
はそれ以下の角度まで隙間なくカバーする事でニュー
トリノなど不可視粒子を運動量欠損として間接的に検
出する。ILD も SiD も全てのカロリメータを測定器
ソレノイドの内側に格納している点に注意してもらい
たい。これは、PFA 性能を悪化させる物質量を最小
化するだけでなく、隙間なく立体角をカバーするため
にも必要なのである。
ビーム偏極の重要性を強調しておく事も重要である。
例えば、e+e− → W+W− 反応を考えてみよう。ILC

で実験するような高いエネルギーでは，電弱対称性：
SU(2)L ⊗U(1)Y が近似的に回復する。その結果、こ
の反応は、s-チャンネルW3 交換と t-チャンネル νe 交
換の２つのダイアグラムを通じて起こると見なせる。
ところが、W3 も νe も左巻き電子にのみ結合する。そ
こで、ビームに含まれる右巻き電子はこの反応に寄与
しなくなる。これは、ILC における最も重要なヒッグ
ス粒子生成反応の１つ：e+e− → νeν̄eH（WW -融合
１ヒッグス生成過程）の場合にも言える。電子ビーム
が 80% 左巻きに編曲しており、また、陽電子ビーム
が 30% 右巻きに偏極していれば、この WW -融合過

トップクオークの崩壊
ファイマン図では

W粒子

時間

クオーク

反クオーク
実際に見えるジェットの形は

反クオーク
ジェット

クオーク
ジェット

bクオーク
ジェット

bクオーク

tクオーク

反クオーク
ジェット

W粒子, Z粒子の崩壊
ファイマン図では

W粒子
Z粒子

時間
クオーク

反クオーク

クオーク
ジェット

実際に見えるジェットの形は

ヒッグス粒子の崩壊

ファイマン図では

H粒子

時間
bクオーク

反bクオーク
実際に見えるジェットの形は

反bクオーク
ジェット

bクオーク
ジェット

図 14: ジェットモードでの基本粒子の検出

程の断面積は、無偏極の場合の 2.34 倍になる。よう
にビーム偏極は極めて重要な役割を果たす。

4.2 何故 250 から 500GeV なのか?

第一期 ILC は、重心系エネルギー 250GeV から
500GeV をカバーする電子・陽電子コライダーであ
る。このエネルギー領域を選択する理由は、そこに以
下に述べる３つの重要なエネルギーしきい値が含まれ
るためである。第１のしきい値は √

s = 250GeV近辺

H
t

t
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H
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t
-
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図 15: 何故 250-500GeV？ ３つのエネルギーしき
い値。

にある。ここでは、e+e− → Zh 反応がその断面積の
最大値に達する。この反応は、ヒッグス粒子の質量、

㸯㸫 ��

μ+

X
X̄

μ−

Figure 4: (left) recoil mass spectrum against Z → µ+µ− for signal e+e− → Zh and SM
background at 250 GeV [25]; (right) missing mass spectrum for the signal e+e− → ννh, h →
bb and the SM background at 250 GeV [26,27].

All the other couplings (κA) or partial decay widths (ΓAA), e.g. A = b, c, g, τ, µ, γ,
are then determined as

κ2
A ∝ ΓAA = Γh · BRAA. (10)

As seen above, BRZZ is only measured to 6.7%, so if only the first half of (8) is used,
all Higgs boson couplings (except κZ) would have an uncertainty greater than 3%.
BRWW is 10 times larger than BRZZ and so can be measured much more precisely.
For this reason, it is well recognized that in the κ formalism the measurement of the
WW fusion cross section σννh along with BRWW (using the second half of (8)) is
crucial for measurement of Γh and of all κA with A ̸= Z. The expected precisions
for Higgs boson couplings in the κ formalism are given in Table 1. We see that,
at

√
s = 250 GeV, κZ is determined very precisely, with accuracy of 0.38%, but

most other κA are determined to no better than ∼ 2% (limited by σννh and BRZZ

measurements). An exception is κγ, which is helped significantly by the fact that the
fit makes use of the expected measurement of BRZZ/BRγγ at the HL-LHC.

4.3 Expected precisions for Higgs boson couplings in the EFT formalism

In the EFT formalism, Higgs-Z interaction consists of two distinct Lorentz struc-
tures, shown in (4). As explained in the previous section, (9) is violated by the ζZ
terms. Thus, the κ formalism is not model-independent, and it is not as general as
the EFT formalism.

However, the EFT formalism allows Higgs boson couplings to be extracted via
a much larger global fit. This fit includes not only the basic observables above but
also additional observables of the reaction e+e− → Zh, as well as observables of
electroweak precision physics and e+e− → W+W−. These latter measurements can

15

m2
recoil = ( s − Eμ+μ−)2 − | ⃗pμ+μ− |2

σ 1/PT
≤ 2×10−5  [(GeV/c)−1]
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Roman Pöschl ICEPP Seminar – Dec. 2023

Track Momentum Resolution - Comparison

ILD with gaseous Tracking SiD with “All Silicon Tracking”

Momentum resolution:

Both approaches achieve desired asymptotic momentum resolution a = 2x10-5 GeV-1

~LHC/10, ~LEP/25

既知

測定
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12フレーバー同定
•重要なプロセスの多くは終状態に重いクォークのジェット 

•Higgs decay branching ratio BR(H→bb, cc, gg) 

•Higgs self coupling  ZHH→qqbbbb 

•Top Yukawa coupling  ttH→bWbWbb 

•二次崩壊点を見つけて重いクォークのジェットのフレーバー(世代)を同定 

•u, d, s-quark jet, gluon jet: single vertex 

•b-quark jet: three vertices 

•c-quark jet: two vertices 

•高精度な崩壊点測定が必要 

σ ≤ 5⊕ 10
pβ sin3/2θ

 [µm]

Decay Chain
! Ideally want to reconstruct the entire decay chain in a jet:

15

PV: Primary Vertex
SV: Secondary Vertex

PV SV SV
SV

b c
s Primary Tracks

Secondary Tracks

Vertex reconstruction is key to flavor tagging
! Require at least two reconstructed tracks 
! Use track impact parameter if vertex reco. not possible

##

PV

クーロン多重散乱位置分解能

~LHC/2, ~LEP/5
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13崩壊点検出器＆飛跡検出器

•崩壊点検出器：シリコンピクセルセンサー 

•飛跡検出器：ガス検出器(TPC/DC), シリコンピクセル/シリコンストリップ

D. Dannheim, BTTB11, Apr. 17, 2023

April 17, 2023 Silicon sensor technologies for vertex and tracking detectors at future e+e- colliders 12

Vertex/tracking detector concepts
Collider ILC CLIC FCC-ee CEPC

Detector 
Concept

SiD ILD CLICdet CLD FCC-ee
IDEA

Noble 
LAr/LKr

CEPC
baseline

CEPC 
IDEA

B-field [T] 5 4 4 2 2 2 3 2

Vertex inner 
radius [mm]

14 14 31 17 
à 12

17 
à 12

17 
à 12

16 16

Tracker out. 
radius [m]

1.25 1.8 1.5 2.2 2.0 2.0 1.81 2.05

Vertex Si-pixel Si-pixel Si-pixel Si-pixel Si-pixel Si-pixel Si-pixel Si-pixel

Tracker Si-strips TPC/
Si-strips

Si-pixel Si-pixel DC/
Si-strips

DC/Si-strips
or Si-pixel

TPC/Si-strips
or Si-strips

DC/
Si-strips

SiD ILD

CLICdet

IDEA

CLD

Noble LAr/LCr CEPC baseline
FST

arXiv:1306.6329 arXiv:1812.07337 arXiv:1911.12230 arXiv:1811.10545doi.org/10.1140/epjst/e2019-900045-4



大谷航  “ヒッグスファクトリーの測定器”, LCWSプリスクール, 2024年7月7日

14崩壊点検出器 (ILD)
•6層 ( ダブルサイド)＠R=1.6-6.0cm 

•目標性能 

•位置分解能:  

•物質量: -  

•ピクセル占有率: < a few % 

•放射線耐性 ( ) 

•センサー技術候補 

•CMOS, DEPFET, FPCCD, SOFIST 

•ピクセル占有率の抑制 

•CMOS, DEPFET: ピクセルサイズが大きめ(~20μm),  バンチトレイン中に読

み出し → パワーパルシングが可能 

•FPCCD, SOFIST: ピクセルサイズ小(<10μm), バンチトレイン間にゆっくり
読み出す

3 ×

< 3 μm

< 0.2 0.3 % X0/layer

1kGy/yr, 1011neq/cm2/yr

1

■ 研究紹介

ILCの検出器
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1 はじめに
ᨥȪȋǢǳȩǤȀȸᚘဒ (International Linear Col-

lider: ILC)Ʒ౨Ј֥ᛇኬᚨᚘ (Detailed Baseline Doc-

ument: DBD)[1] ƕьᡮ֥Ʒ২ᘐᚨᚘƱƱǋƴ 2012

ƠᲦ2013ܦƴ࠰ ࠰ 6 உƴπƞǕƨŵILC Ʒཋྸ

ƴƭƍƯƸЭӭƷ᭗ǨȍȫǮȸȋȥȸǹƴᄂᆮኰʼᚡʙ

[2]ƕਫ਼᠍ƞǕƯƍǔƷưᲦஜᆜưƸ ILCƷ౨Ј֥ƴƭ

ƍƯᚐᛟƢǔŵ2004 ƴȪȋǢǳȩǤȀȸьᡮ֥Ʒؕ࠰

ஜ২ᘐƕឬˡݰьᡮᆰƴൿܭƞǕƯƔǒᲦILCᚘဒƸ

࣯ᡮƴᡶޒƠƯƖƨŵ࢘Ღ౨Ј֥ǳȳǻȗȈƸ 4ƭƋ

ǓᲦ2006࠰ƴƸ౨Ј֥ᭌ܇Ღ2007࠰ƴƸ౨Ј֥ǳȳ

ǻȗȈإԓƕӲ౨Ј֥ǳȳǻȗȈ౨᚛ȁȸȠƴǑǓ˺

ƞǕƨŵྵנƸ ILD[3]ᲦSiDƱƍƏ 2ƭƷ౨Ј֥ǳȳ

ǻȗȈƕ੩కƞǕƯƓǓᲦpush-pull ưɟƭƷᘔᆳࡸ૾

ໜǛσஊƢǔʖܭưƋǔŵƳƓᲦILDƸ Ǣ࢘࠰2007

ǸǢɼݰƷ GLD Ʊ߸ɼݰƷ LDC ƕወӳƠƨǋƷư

ƋǔŵSiDƸɟᝦƠƯ҅ɼݰƷǋƱư౨᚛ǛᘍƬƯƍ

ǔŵILCƴƓƚǔ౨Ј֥ƸᲦьᡮ֥ƷࣱᏡǛஇٻᨂƴႆ

ੱƢǔƨǊƴࢼஹƷᩓ܇ȷᨗᩓ܇ǳȩǤȀȸưဇƍǒǕ

Ưƍƨ౨Јࣱ֥ᏡǛٻƖƘϴƙ࣏ᙲƕƋǔ:

• W Ʊ Z Ʒɧ٭ឋǛЎᩉưƖǔƩƚƷ᭗ƍǸǧȃ

ȈǨȍȫǮȸЎᚐᏡᲴσ/Ejet ≤ 30%/
√

Ejet(GeV)

• ǸǧȃȈƷȕȬȸȐȸǛ᭗ƍјྙưӷܭƢǔƨǊƷ

ΟǕƨ impact parameter ЎᚐᏡᲴ

σ ≤ 5⊕ 10/pβ sin3/2 θ (µm)

• ཎƴȒȃǰǹӒៃឋยܭƷƨǊƴ࣏ᙲƳᒵᩓቩ

Ƣǔ᭗ƍᢃѣЎᚐᏡᲴσ/p2tݣƴ܇ ≤ 5 × 10−5

(GeV/c)−1

ILDᲦSiD ƱǋƴɥᚡࣱᏡǛƨƢƨǊƴέᡶႎƳȆ

ǯȎȭǸȸƷ᭗ችኬǻȳǵȸǛ᠍Ơƨ౨Ј֥ƱƳƬ

ƯƍǔŵଐஜǰȫȸȗƸƓǋƴ ILD ౨Ј֥ǳȳǻȗȈ

ƴ᧙ƢǔႆᄂᆮǛᘍƬƯƍǔƷưᲦˌɦưƸ ILD ౨

Ј֥ƴƭƍƯƷᛇኬǛᡓǂǔŵILD ౨Ј֥Ƹόለ࢟Ʒ

൮ဇ౨Ј֥ƴƳƬƯƍǔŵ 1 ƴ ILD ౨Ј֥ƷܦǤ

ȡȸǸǛᅆƢŵILD౨Ј֥Ʒɼᙲ 3౨Ј֥ƸᲦْߐໜ

౨Ј֥ (VTX) ƱƠƯ᭗ችኬƔƭ˯ཋឋƷȔǯǻȫ౨

Ј֥Ღួ౨Ј֥ƱƠƯ᭗ЎᚐᏡƔƭ˯ཋឋƷ Time

Projection Chamber (TPC)Ღ᭗ችኬǻȳǵȸǛͳƑƨ

ǵȳȗȪȳǰǫȭȪȡȸǿ [ᩓᄬǫȭȪȡȸǿ (ECAL)

ƱȏȉȭȳǫȭȪȡȸǿ (HCAL)] ƕ౨᚛ƞǕƯƍǔŵ

 2 ƔǒƜǕǒɼᙲ౨Ј֥ƷٻǇƔƳٻƖƞƱᣐፗǛ

৭੮ƠƯƍƨƩƖƨƍŵHCAL Ƹ ECAL ƷͨٳƔǒ

1m Ʒҽǈưנ܍ƠᲦƦƷͨٳƴ 3.5 T ǽȬȎǤȉᄬ

ჽᲦȟȥȸǪȳ౨Ј֥ψȪǿȸȳȨȸǯƕƭƮƘŵ᭗ƍ

ǸǧȃȈǨȍȫǮȸЎᚐᏡǛᢋƢǔƨǊᲦʙᝋϐನ

ƴƸ Particle Flow Algorithm (PFA)[4] ƱԠƹǕǔ

ඥǛဇƍǔŵƜǕƸᲦǸǧȃȈɶƷӲቩ܇ƷǨȍȫǮȸ

ǛᲦᒵᩓቩ܇Ƹួ౨Ј֥ưᲦɶࣱቩ܇ƸǫȭȪȡȸǿ

ưžᙐƳƘſยܭƢǔƱƍƏ૾ඥưƋǓᲦƜǕƴǑǓ

2

 1: ILD ౨Ј֥ƷܦǤȡȸǸŵ

1m

ECAL

HCAL

TPC

VTX

 2: (color online) ȢȳȆǫȫȭǷȟȥȬȸǷȧȳƴǑǔǤ

șȳȈȇǣǹȗȬǤŵ

ǸǧȃȈǨȍȫǮȸƷࠢٻƳӼɥƕࢳƞǕǔŵ 2ƴ

ƸȢȳȆǫȫȭǷȟȥȬȸǷȧȳƴǑǔǤșȳȈƕᘙᅆ

ƞǕƯƍǔŵᒵᩓቩ܇Ƹ PFAƴǑǓǫȭȪȡȸǿɶƷ

ǷȣȯȸƱួ౨Ј֥ƷȈȩȃǯƕࣖݣƮƚǒǕ ɶ)

ƷӲᑥƴࣖݣ)ᲦƜƷئӳƸȈȩȃǯƷྙƔǒǨȍȫ

ǮȸƕยܭƞǕǔŵȈȩȃǯƕࣖݣƠƳƍǷȣȯȸƷǨ

ȍȫǮȸƸǫȭȪȡȸǿưยܭƞǕǔŵPFA ƴƓƍƯ

ᙲƳƜƱƸǸǧȃȈɶƷӲቩ܇ƷӷܭȷЎᩉưƋǓᲦ

ƜƷƨǊƴ 3ഏΨႎƴ᭗ችኬƳ౨Ј֥ƕ࣏᪰ƱƳǔŵˌ

ɦƷӲራưƸْߐໜ౨Ј֥Ღួ౨Ј֥ᲦǫȭȪȡȸǿ

Ʒɼᙲ 3౨Ј֥ƷᛇኬƴƭƍƯᲦଐஜǰȫȸȗƷѣǛ

ʩƑƯᡓǂǔŵƳƓᲦƜǕǒƷኵǈӳǘƤƴǑǔ ILD

౨Ј֥ƷࣱᏡƕέƴᡓǂƨவˑǛᢋƠƯƍǔƜƱƸǷ

ȟȥȬȸǷȧȳưᄩᛐƞǕƯƍǔŵ

2 崩壊点検出器
2.1 崩壊点検出器の概要
ILCْߐໜ౨Ј֥ƷɼƳႸႎƸ bǯǩȸǯᲦcǯǩȸǯ

ǛᜤКƠᲦ᠉ƍ u,d,sǯǩȸǯƱǰȫȸǪȳƔǒЎᩉƢ

ǔƜƱưƋǔŵbȏȉȭȳᲦcȏȉȭȳƸƦǕƧǕ 1.5 psᲦ

0.4 psᆉࡇƷݤԡǛਤƭƨǊᲦဃໜ (ɟഏӒࣖໜ)Ɣǒ

ૠႊ µm Ɣǒૠ mm ǜƩࢸƴْߐƢǔŵǇƨᲦْߐ

Ƹ b → c → sƷǑƏƴឪƜǔƨǊᲦbǯǩȸǯǸǧȃȈ

ƸɟഏӒࣖໜᲦʚഏْߐໜ (b → c)Ღɤഏْߐໜ (c → s)

Ʒ 3 ƭƷْߐໜǛਤƪᲦc ǯǩȸǯǸǧȃȈƸʚƭƷߐ

ْໜᲦu,d,sǯǩȸǯǸǧȃȈƱǰȫȸǪȳǸǧȃȈƸɟ

ƭƷْߐໜƠƔਤƨƳƍŵƭǇǓᲦǸǧȃȈɶƷᒵᩓቩ

ْߐƠᲦɟഏȷʚഏȷɤഏٳȷܭƷួǛች݅ƴย܇

ໜǛ౨ЈưƖǕƹǯǩȸǯᜤКƕӧᏡƱƳǔŵཎᇿƢǂ

ƖƸӒࣖໜऴإǛဇƍƨ᭗ԼឋƳ c ǯǩȸǯᜤКƸǯ

ȪȸȳƳؾƷȬȗȈȳǳȩǤȀȸưƷǈӧᏡưƋǓᲦ

cǯǩȸǯƷื߷ኽӳƷยܭǛӧᏡƴƢǔŵǯǩȸǯᜤ

КǛƢǔƨǊƴ ILC ໜ౨Ј֥ƴᙲ൭ƞǕǔɼƳࣱْߐ

ᏡƸ 1⃝ˮፗЎᚐᏡƕ 3 µmˌɦᲦ ǯȸȭȳʏǛٶ2⃝

৮ƑǔƨǊƴ 1 ƋƨǓƷཋឋƕޖ 0.15 X0 ˌɦᲦ 3⃝
இϋޖƷҞࢲƕ 1.6 cmᲦ 4⃝ҩஊྙƕૠ%ˌɦưƋǔŵ˂

Ʒ᬴ܱƱൔ᠋ƠӈƠƍᙲ൭ưƋǔƕᲦILCْߐໜ౨Ј֥

Ʒ્ݧዴؾƸ 1 kGy/yearᲦ1011neq/cm2/yearƱȏȉ

ȭȳǳȩǤȀȸƱൔ᠋ƠǯȪȸȳưƋǔƨǊᲦ્ݧዴ᎑

ࣱǍҩஊྙǛƦǕǄƲൢƴƤƣƴ౨Ј֥ƷЎᚐᏡǛɥƛ

ǔƜƱǛႆႸƴưƖǔŵْߐໜ౨Ј֥ƷನᡯǛ 3

ƴᅆƢŵɟᙸ ǛɟኵƱƠƨޖƷǑƏƴᙸƑǔƕᲦ2ޖ3

ȀȖȬȃȈƕ ƋǔƨǊᲦᚘޖ3 ƷޖƔǒƳǔŵஇϋޖ6

ҞࢲƸ 1.6 cm ưƋǓ | cos θ| < 0.96 ǛǫȐȸƠᲦஇٳ

ƸࢲƷҞޖ 6.0 cmưƋǓ | cos θ| < 0.90ǛǫȐȸƢǔŵ

 3: ໜ౨Ј֥Ʒನᡯŵْߐ
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5.2. Subdetector Technology Status

Table 5.3. Development path of CMOS pixel sensors towards ILD.

DETECTOR: STAR-PXL ALICE-ITS CBM-MVD ILD-VXD
(ULTIMATE) (ALPIDE) (MIMOSIS) (PSIRA)

2014-16 2021-22 2021-22 2030
Technology (AMS): 0.35 µm 0.18 µm 0.18 µm < 0.18 µm
Pixel size (µm2): 20.7 x 20.7 27 x 29 22 x 33 22 x 22 or 18 x 18
Readout mode: rolling shutter data driven data driven data driven
Time resolution (µs): 135 5-10 5 1-4
Power (mW/cm2): 150 35 200 50-100
Material (X0/layer): 0.39% 0.3% - 0.15%

Figure 5.15. The vertex detector of the STAR experiment based on the ULTIMATE CMOS pixel sensor [46].

Figure 5.16. Pixel detectors of the BELLE II experiment. Top: beam commissioning with PLUME CMOS (inclined
sensors) and DEPFET (barrel) ladders. Bottom: the BELLE II DEPFET vertex detector.

in the experiment (Figure 5.16 bottom). Due to a low yield of the module assembly process, the
second layer vertex detector is expected to be completed in 2020. While the experiment is taking data,
studies towards future BELLE II upgrades based on advanced DEPFET technology are starting. The
development of advanced DEPFET solutions for the ILD vertex detector is synergetic with this effort.
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PLUME CMOS (Belle II)

DEPFET (Belle II)

Chapter 5. Detector Layout and Technologies

Figure 5.17. First full size FPCCD ladder on its test bed.

5.2.1.3 FPCCD sensors

The FPCCD technology is not yet used in full size detector applications but a first large prototype has
been built [54] with a sufficient size to cover the inner layer of the ILD vertex detector. The prototype
is currently undergoing detailed characterization with e.g. radioactive source signals (Figure 5.17).
Irradiation tests of FPCCDs are also being performed since radiation hardness is a critical aspect of
this technology.

5.2.2 Silicon Trackers

The silicon sensors surrounding the vertex detector will directly benefit from the pixel detector R&D
reported above as regards their high spatial resolution components. In the past years the specific silicon
R&D has focused around two lines: a generic development of high-resolution timing sensors, and the
prototyping of mechanical support structures of the Forward Tracking Detector.

5.2.2.1 iLGADs for precise tracking and time stamping (4D-tracking)

The Low Gain Avalanche Detector (LGAD) is the baseline sensing technology of the recently proposed
Minimum Ionizing Particle (MIP) end-cap timing detectors (MTD) at the ATLAS and CMS experiments.
LGADs are n-on-p silicon detectors with an internal gain. To obtain this gain, an extra, highly doped,
layer is added just below the p-n junction of a PIN diode. This highly doped region creates a very high
electric field region. This electric field induces an avalanche multiplication of the electrons and thus
create additional electron-hole pairs [55].

The current MTD sensor is designed as a multi-pad matrix detector delivering a poor position
resolution, due to the relatively large pad area, around 1 mm2; and a good timing resolution, around
20-30 ps. In its current technological implementation, the signal of MIP particles hitting the inter-pad
region is visible but collected with a reduced amplification which severely degrades the timing resolution.
This limitation is named as the LGAD fill-factor problem. For ILD, a true 4D tracking must overcome
the poor spatial resolution and fill factor limitations. A new p-in-p LGAD architecture named as inverse
LGAD (iLGAD) tackles both issues [56]. Contrary to the conventional LGAD design, the iLGAD has a
non-segmented multiplication layer, and it should ideally present a constant gain value over all the
sensitive region of the device without gain drops between the signal collecting electrodes, see figure 5.18.
This feature has been experimentally confirmed on a strip-like segmented iLGAD and compared against
a conventional strip-like LGAD and PIN devices [57].

The tracking performances of one LGAD and one iLGAD strip detector were studied in a test
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First full size FPCCD ladder
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15崩壊点検出器
•湾曲シリコンピクセルセンサー 

•ALICE実験内部飛跡検出器のアップグレード (ITS3) 

•極薄MAPSシリコンセンサー(<50μm) → 湾曲可能！ 

•支持構造が不要なので物質量を大幅に削減可能 

•0.3% X0 @ITS2 → 0.05% X0@ITS3 

•ヒッグスファクトリー崩壊点検出器への応用の可能
性も 

ALICE ITS3
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ガス検出器 

•ヒット位置分解能 σ~100μm 

•N>200 

•物質量：5% X0 

•dE/dx, dN/dxによる粒子識別 

•候補技術


•Time Projection Chamber (TPC) @ILD, CEPC baseline 

•Drift chamber @IDEA

飛跡検出器
シリコン検出器 

•ヒット位置分解能 σ~5-10μm 

•N~10 ( 崩壊点検出器＋飛跡検出器) 

•物質量：20% X0 

•全シリコン飛跡検出 (崩壊点+飛跡) 

•候補技術

•シリコンピクセル 

•シリコンストリップ

22

Roman Pöschl ICEPP Seminar – Dec. 2023

Central Tracking 

“Royal” task of central tracking system
Precise measurement of charged particles in e.g. 

Option 1: All silicon tracking

Option 2: Gaseous tracking

Δpt

pt
2
=

σ rϕ

0.3 L
2
B √

720

N+4

Relates track momentum resolution with
single point resolution σ with Number of hits
and track length L and magnetic Field B

Gluckstern Formula:
σ：ヒット位置分解能 

N：ヒット数 

B：磁場 

L：飛跡長

運動量分解能

N. De Filippis

G.F. Tassielli - ICHEP2020 - Virtual (Prague)

wire cage

gas vessel

Based on the MEG-II DCH new construction technique 
the IDEA DCH can meet these goals:

n Gas containment – wire support functions separation: 
allows to reduce material to ≈ 10-3 X0 for the inner 
cylinder and to a few x 10-2 X0 for the end-plates, 
including FEE, HV supply and signal cables 

n Feed-through-less wiring:
allows to increase chamber granularity and field/sense wire ratio to reduce multiple 
scattering and total tension on end plates due to wires by using thinner wires

8/18

Design features: the Drift Chamber
Novel approach at construction technique of high granularity 
and high transparency Drift Chambers

DriR chamber (IDEA)

All silicon tracking (SiD)
ILD-TPC（内部）

10

電場E
電場E

Cathode

End Plate
(Readout Modules)

磁場B

Z from
drift time

End Plate
(Readout Modules)

r

z

荷電
粒子

rΦ
projection

TPC (ILD)
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Time Projection Chamber (TPC)
• Time Projection Chamber (TPC) as central tracker


•3D tracking: -  (track projection) +  (drift time) 

•超低物質量(barrel region):   

•ヒット数が多い (>200) 

•dE/dxによる粒子識別(PID) 

•読み出し技術: Micromegas, GEM, pixel 

•イオンバックフロー抑制 → Gating GEM

r ϕ z
∼ 0.05 X0

ILD-TPC（内部）
10

電場E
電場E

Cathode

End Plate
(Readout Modules)

磁場B

Z from
drift time

End Plate
(Readout Modules)

r

z

荷電
粒子

rΦ
projection

Chapter 8. Detector and Physics Performance

Figure 8.5. dE/dx as a function of particle momentum as reconstructed from a full simulation of single particle
events (e, µ, π , 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 π/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 ηdE/dx,T OF = ηdE/dx ⊕ ηT OF . The curves are shown to guide the eye.
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(a) (b)

Figure 5.23. (a) TPC resolution on the track position in rφ as function of the drift length and (b) resolution on the
ionisation loss dE/dx as function of the track length, for the three readout options under consideration.

Figure 5.24. TPC 2-hit separation as a function of the drift distance from beam test. Red dots are the results for
standard hit reconstruction, blue triangles show the results of the improved algorithm. The data points shown cor-
respond to the point where the separation efficiency has dropped to 50%, the bar describes the width of the error
function, which is used to fit the transition region of the efficiency.

The performance of the three technologies has been measured in beam tests. Figure 5.23 shows
the measured point resolution in 1 T magnetic field for drift distances from 0 to 0.6 m. This can be
safely extrapolated to ∼ 100 µm in a field of 3.5 T at a drift length of 2.3 m: the higher magnetic
field reduces the transverse diffusion constant in the selected gas from 91 µm/

√cm to 30 µm/
√cm,

which compensates for the longer drift length compared to the prototype set-up. The dE/dx resolution
determined by the truncated mean method has been measured to be 4.6%, 4.5% and 4.2%, respectively,
for Micromegas, GEM and GridPix technologies. It improves to 3.8% for GridPix using a cluster counting
method. In conclusion the target requirement of a spatial resolution of 100µm in the transverse plane,
and a dE/dx resolution better than 5% have been reached in all options.

Two-track separation has also been investigated. A 47% X0 steel target was introduced near the
TPC wall to produce multi-track events suitable for this study. From these events a 2-hit separation
distance of 4 to 6 mm was measured depending on the drift distance. An algorithm based on fitting
the double-hit charge deposition with expected pad response function width allowed this separation
distance to be reduced to 2 mm, with 1.3 mm pads (Figure 5.24).

A challenging aspect of the TPC operation is the cooling of the readout end-caps, which must be
realised with minimal dead material. For this a double phase CO2 cooling system with thin low-material
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Figure 5.21. The TPC test setup at DESY. The insert shows the geometrical structure of the TPC end cap which
can host prototypes of detection planes.

Figure 5.22. TPC prototype detection modules for the three baseline technologies under consideration: Micromegas
module (left), GEM module (middle) and GridPix QUAD module (right).

5.2.3 Time Projection Chamber

The ILD TPC R&D is being conducted mainly within the LCTPC Collaboration [43]. The history of
these developments is described in the R&D liaison report of the Linear Collider Collaboration [58]
which contains many references (pp 36-60).

The workhorse for validation of detector prototypes and operational conditions is the TPC test
set-up installed permanently in the DESY test beam [59] (Figure 5.21). The TPC is situated in a
superconducting magnet providing a magnetic field of 1 Tesla, and the beam line is equipped with
precise incident and outgoing particle beam telescopes allowing to quantify the TPC reconstruction
precision as function of the particle parameters. The beam test set up is currently being upgraded
with the high precision LYCORIS silicon telescope [60], and a new TPC field cage with reduced field
distortion is being assembled.

Significant progress has been seen in the manufacturing process of detection modules for each of
the readout options. A new Micromegas layout with resistive anodes has been shown to exhibit reduced
boundary distortions [61]. The flatness of the GEM modules has been improved significantly, increasing
the gain uniformity by a factor 2 [62]. Operational GridPix ”QUAD” modules have been built based on
the TimePix3 pixel chip [63]. Recent prototypes of the three types of detection modules are shown in
Figure 5.22.
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(a)
(b)

Figure 5.25. TPC gating: (a) detail of a GEM gating grid and (b) signal electron transparency with GEM gating as a
function of the voltage difference (in Volts) across the two sides of the GEM plane in gate open mode.

fluid pipes has been developed and is shown to perform adequately in test-beam experiments.
Also critical for ultimate performance is the mitigation of the drift field distortions which may

develop from the accumulation of ions migrating from the amplification region into the drift volume. For
this an ion gating scheme based on a large aperture GEM foil (Figure 5.25 left) has been implemented
and beam tested [64]. To prevent the positive ions created by the avalanches in the amplification
device from flowing back to the drift space, a counter-field is created by applying a polarisation ∆V of
-20 V between the faces of the gating GEM foil in between beam train crossings. During train crossings
the voltage difference is reversed to +3 V, opening the way to the incoming electrons to be multiplied.

Results from test bench measurements show that a good transparency for drift electron signals can
be maintained while reducing the accumulation of ions in the drift volume by one order of magnitude [65]
(Figure 5.25 right).

In conclusion all basic aspects of the TPC operation have shown to meet the requirements for an
experiment at the ILC.

5.2.4 Electromagnetic Calorimeter

The technological status of both the silicon based and the scintillator based option considered for the
highly granular multi-layer sampling electromagnetic calorimeter is described in this secion.

5.2.4.1 Silicon option (SiECAL)

In the past five years the developments of the silicon option of the electromagnetic calorimeter has
mostly focused on the design and construction of technological prototypes of the detector, and on
performing beam tests.

So far square wafers with thicknesses between 325µm and 650µm processed from 6” silicon ingots
have been used. An increased thickness of 725µm, already available from 6” ingots, would be conducive
in case wafers from 8” ingots can be reliably produced. It would allow to reduce the number of ECAL
layers to 26, without significant degradation of the energy resolution compared to the current baseline
design of 30 layers (section 5.1.2). For the final detector, the ongoing technological developments allow
to foresee to use diode matrices with a standard thickness of 725µm produced from 20 cm wafers, but
the final choice of the ingot size will depend on the silicon producers chosen at the time of building the
calorimeter.
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18シリコン飛跡検出器(SiD)
シリコン飛跡検出器@SiD 

•シリコンストリップセンサー  

•センサーサイズ：10cm x 10cm  

•25 μm sense; 50 μm readout pitch 

•ヒット位置分解能 ~5μm 

•5層 (飛跡検出器) ＋ 5層 (崩壊点検出器) 

•物質厚:  (崩壊点＋飛跡検出器) 

•読み出し：KPiX ASIC

∼ 0.2 X0

オーバーラップで
隙間なく囲む

27

Roman Pöschl ICEPP Seminar – Dec. 2023

Track Momentum Resolution - Comparison

ILD with gaseous Tracking SiD with “All Silicon Tracking”

Momentum resolution:

Both approaches achieve desired asymptotic momentum resolution a = 2x10-5 GeV-1

ガス検出器 シリコン検出器

TPC (ILD)
All Silicon (SiD)

どちらも要求性能を満たす運動量分解能
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Figure 3.9: The cutaway view of the full silicon tracker proposed as an option for the CEPC baseline
detector concept.

3.3.2 ALTERNATIVE DETECTOR CONCEPT

An alternative detector concept, Innovative Detector for Electron-positron Accelerator
(IDEA), has been designed for a circular electron-positron collider and it is also being
adopted as a reference detector for FCC-ee studies. The concept design attempts to econ-
omize on the overall cost of the detector and proposes different technologies than the
baseline concept for some of the main detector subsystems. It provides therefore an op-
portunities to leverage challenges and advances in detector development prior to the CEPC
detector constructions.

The detector requirements at CEPC are tied to the operational parameters of the storage
ring at each energy point. For example, the typical luminosity at the Z pole (

√
s = 91.2GeV)

is expected to be up to two orders of magnitude higher than at ZH threshold (
√
s =

240GeV). Bunch spacing will be significantly smaller. One would therefore prefer an
intrinsically fast main tracker to fully exploit the cleanliness of the e+e− environment
while integrating as little background as possible. Additional issues of emittance preser-
vation, typical of circular machines, set limits on the maximum magnetic field usable for
the tracker solenoid, especially when running at lower center-of-mass energies.

Additional specific requirements on a detector for CEPC come from precision physics
at the Z pole, where the statistical accuracy on various electroweak parameters is expected
to be over an order of magnitude better than at LEP. This calls for a very tight control of
the systematic error on the acceptance, with a definition of the acceptance boundaries at
the level of a few µm, and a very good e − γ − π0 discrimination to identify τ leptons

CEPC Detector Conceptual Designs
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Particle Flow Calorimetry Felix Sefkow     Tokyo, March 11, 2016 
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Trends and Perspectives in Calorimetry

Understand particle flow 
performance

• Particle flow is always a gain 
– even at high jet energies 

• Calorimeter resolution does matter 
– dominates up to ~ 100 GeV 
– contributes to resolve confusion 

• Leakage plays a role, too 
– but less than in classic case
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neutral hadrons being lost within charged hadron showers. For all
jet energies considered, fragments from charged hadrons, which
tend to be relatively low in energy, do not contribute significantly
to the jet energy resolution.

The numbers in Table 5 can be used to obtain an semi-
empirical parameterisation of the jet energy resolution:

rms90
E

¼
21ffiffiffi
E

p " 0:7" 0:004E" 2:1
E

100

" #0:3

%

where E is the jet energy in GeV. The four terms in the expression,
respectively, represent: the intrinsic calorimetric resolution;
imperfect tracking; leakage and confusion. This functional form
is shown in Fig. 10. It is worth noting that the predicted jet energy
resolutions for 375 and 500GeV jets are in good agreement with
those found for MC events (see Table 3); these data were not used
in the determination of the parameterisation of the jet energy
resolution.

For a significant range of the jet energies relevant for the ILC,
high granularity PFlow results in a jet energy resolution which is
roughly a factor two better than the best achieved at LEP
(sE=E¼ 6:8% at

ffiffi
s

p
¼MZ). The ILC jet energy goal of sE=Eo3:8%

is reached in the jet energy range 40–420GeV.
Fig. 10 also shows a parameterisation of the jet energy

resolution ðrms90Þ obtained from a simple sum of the total

calorimetric energy deposited in the ILD detector concept. The
degradation in energy resolution for high energy jets is due to
non-containment of hadronic showers. It is worth noting that
even for the highest energies jets considered, PFlow reconstruc-
tion significantly improves the resolution compared to the purely
calorimetric approach. The performance of PFlow calorimetry also
is compared to 50%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
" 3:0% which is intended to give an

indication of the resolution which might be achieved using a
traditional calorimetric approach. This parameterisation effec-
tively assumes an infinitely deep HCAL as it does not correctly
account for the effect of leakage (which is why it deviates
significantly from the ILD Calorimetric only curve at high
energies).

8. Dependence on hadron shower modelling

The results of the above studies rely on the accuracy of the MC
simulation in describing EM and hadronic showers. The Geant4
MC provides a good description of EM showers as has been
demonstrated in a series of test-beam experiments [27] using a
Silicon–Tungsten ECAL of the type assumed for the ILD detector

Table 5
The PFlow jet energy resolution obtained with PandoraPFA broken down into contributions from: intrinsic calorimeter resolution, imperfect tracking, leakage and
confusion.

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

Ej ¼ 45GeV Ej ¼ 100GeV Ej ¼ 180GeV Ej ¼ 250GeV

Total (%) 3.7 2.9 3.0 3.1
Resolution (%) 3.0 2.0 1.6 1.3
Tracking (%) 1.2 0.7 0.8 0.8
Leakage (%) 0.1 0.5 0.8 1.0
Other (%) 0.6 0.5 0.9 1.0
Confusion (%) 1.7 1.8 2.1 2.3
(i) Confusion (photons) (%) 0.8 1.0 1.1 1.3
(ii) Confusion (neutral hadrons) (%) 0.9 1.3 1.7 1.8
(iii) Confusion (charged hadrons) (%) 1.2 0.7 0.5 0.2

The different confusion terms correspond to: (i) hits from photons which are lost in charged hadrons; (ii) hits from neutral hadrons that are lost in charged hadron clusters;
and (iii) hits from charged hadrons that are reconstructed as a neutral hadron cluster.
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Fig. 9. The contributions to the PFlow jet energy resolution obtained with
PandoraPFA as a function of energy. The total is (approximately) the quadrature
sum of the components.
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Fig. 10. The empirical functional form of the jet energy resolution obtained from
PFlow calorimetry (PandoraPFA and the ILD concept). The estimated contribution
from the confusion term only is shown (dotted). The dot-dashed curve shows a
parameterisation of the jet energy resolution obtained from the total calorimetric
energy deposition in the ILD detector. In addition, the dashed curve,
50%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
" 3:0%, is shown to give an indication of the resolution achievable

using a traditional calorimetric approach.
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Jet energy resoluVon

•典型的なジェットの構成 

•荷電ハドロン (64%), フォトン (25%), 中性ハドロン (11%) 

•これまでのカロリメータ 

•ジェットエネルギーの~70%を分解能が良くないHCALで測定 

•Particle Flow Approach (PFA) 
•粒子タイプに応じてベストな測定器でエネルギー測定 

•荷電粒子 → 飛跡検出器, フォトン →  ECAL, 中性ハドロン 

→ HCAL 

•HCALが測るのはジェットエネルギーの10%のみ 

→ ジェットエネルギー分解能の大幅改善 

•広いエネルギー範囲で3-4％のジェットエネルギー分解能を実現
可能 

•カロリメータにおけるそれぞれの粒子の寄与を分離するためこれ
までにない粒度(granularity)を持ったカロリメータが必要

σ(E)
E

∼ 30 %
E[GeV]

Mark Thomson 8

The output… reconstructed particles

100 GeV Jet

neutral hadron
charged hadronphoton

Ø If it all works…
� Reconstruct the individual 

particles in the event.
� Calorimeter energy resolution

not critical: most energy in
form of tracks.

� Level of mistakes in associating 
hits with particles, dominates   
jet energy resolution.

CERN, 17/2/2011

~LHC/2, ~LEP/2



大谷航  “ヒッグスファクトリーの測定器”, LCWSプリスクール, 2024年7月7日

CALICE-PFAカロリメータ 21

• PFAのための高精細カロリメータ開発は国際コラボレ

ーションCALICEで行われてきた(今年からDRDに移行)


•さまざまな技術オプションによるPFAカロリメータが
開発されている


•Silicon sensor for ECAL 
•Cell size 5×5mm2 (even smaller for MAPS option) 

•Scintillator + SiPM for ECAL/HCAL 
•Cell size 5×5mm2 (ECAL), 30×30mm2 (HCAL) 

•Gaseous detector (GRPC, MPGDs) for HCAL 
•Cell size 10×10mm2 

•Front-end ASIC 
•組み込み型読み出しエレキ 

•ASICチップ開発 by Omega group  

•SKIROC(Si), SPIROC(SiPM), HARDROC(GRPC)

2016 JINST 11 P04001

detailed. In section 5, the stability of the Glass Resistive Plate Chambers (GRPC) used as active
medium in the SDHCAL is investigated and a description of a correction method to equalize the
SDHCAL response in time when exposed to high beam intensity is given. In section 6, the linearity
and resolution of different scenarios for the energy reconstruction of hadronic showers is presented
and results discussed.

1.1 Prototype description
The SDHCAL is a sampling hadronic calorimeter. It comprises 48 active layers. Each of these
layers is made of a 1 × 1 m2 GRPC. The GRPC signal is read out through 9216 pick-up pads
of 1 × 1 cm2 each. The pads are located on one face of an electronics board which hosts 144
HARDROC ASICs [8] on the other face. A HARDROC ASIC has 64 channels each providing a
three-threshold readout. One electronic board is built by soldering three slabs each covering a third
of the detector surface. The active layer, made of the GRPC and the electronic board, is put inside
a cassette made of two 2.5 mm thick stainless steel walls. This cassette protects the active layer
and facilitates its handling. It also keeps the pick-up pads of the electronic board in contact with
the GRPC and it constitutes a part of the calorimeter absorber. The total thickness of a cassette is
11 mm of which 6 mm are occupied by the active layer thickness that includes the GRPC (3 mm),
and the readout electronics (3 mm). A cross-section of a SDHCAL active layer is shown in figure 1.

Figure 1. A schematic cross-section of a SDHCAL active layer (not to scale).

One edge of the cassette also hosts three Detector InterFace (DIF) cards which transfer the
acquisition commands received through HDMI cables to the ASICs of each slab and collect the
data received from these ASICs before forwarding them using the USB protocol to the acquisition
stations.

The 48 cassettes are inserted into a self-supporting mechanical structure. The structure is built
using 1.5 cm thick stainless steel plates with a gap of 13 mm between two consecutive plates to allow
easy insertion of the cassettes. A SDHCAL layer made of one cassette and one 1.5 cm thickness
stainless steel plate corresponds to about 0.12 interaction lengths (λI ) or 1.14 radiation lengths (X0)
respectively. A triggerless data acquisition mode was used in the test beam. In this mode, data are

– 2 –

Si-sensor

Scinqllator+SiPM

GRPC

ASIC (SKIROC chip)
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SiW-ECAL 
•Si-sensor (cell size 5×5mm2 ) 

•Analogue readout 

•Tungsten absorber 

•~20 layers

ScW-ECAL 
•Scintillator strips 

(  each)) 

•Analogue readout 

•Tungsten absorber 

•32 layers (24X0, 1λ)

45 × 5 × 2 mm3

SDHCAL 
•GRPC (460k cells (1×1cm2 each)) 

•Semi-digital (2bit, multi-threshold) 
readout 

•Steel or Tungsten absorber 

•Up to 48 layers (~6λ)

AHCAL 
•Scintillator tiles (3×3, 6×6, 

12×12 cm2, 7608 ch) 

•Analogue readout 

•Steel or Tungsten absorber 

•38 layers (5.3λ)

C. Vallée - ALCW2018 Highlights and visions of LC detectors 8

SUBDETECTOR TECHNOLOGIES: ELECTROMAGNETIC CALORIMETRY 
Si-W is the baseline option of all 3 consortia (scintillator also considered             ) 

CALICE (ILD/CLICdp) technological prototype SiD prototype

Very good signal/noise achieved in beam tests, adopted by CMS HGCAL
Technological solutions for large calo (long slabs) under development
Industrial challenge: large arrays of low cost Si sensors (cost driver) 

LLR

5.2. Subdetector Technology Status

data-taking windows closer to the bunch train structure of linear colliders, sub-ns time resolution is
achieved.

The prototype uses Hamamatsu MPPC S13360-1325PE photon sensors and injection-moulded
polystyrene scintillator tiles with a central dimple [89] for optimal light collection, as shown in
Figure 5.34. Spot-samples of all SiPM lots, and each individual ASIC, had undergone semi-automatic

Figure 5.34. The AHCAL technological prototype. Left: Read-out board (HBU) with SiPMs and (un-)wrapped tiles.
Right: Prototype installed in the H2 beam line at the CERN SPS.

testing procedures before soldering the HBUs [92]. The gain of the SiPMs was found to be uniform
within 2.4% when operated at a common over-voltage. Without any further surface treatment, the
scintillator tiles are wrapped in laser-cut reflective foil by a robotic procedure and mounted on the
HBUs using a pick-and-place machine, after glue dispensing with a screen printer. The HBUs have
been integrated into cassettes with interfaces for DAQ [93], LED pulsing and power distribution. The
latter provides active compensation of temperature variations by automatic adjustments of the common
bias voltage of the photon sensors in each layer. This was routinely used in test beam operation and
stabilises the gain within ±1%. Data concentration, power distribution and cooling service systems of
the prototype are also scalable to the full ILD detector.

The AHCAL technological prototype was installed in the test beam for data taking at the CERN
SPS, see Figure 5.34. During two periods in May and in June 2018, several 107 events with muon
tracks, as well as electron and pion showers in the energy ranges 10 – 100 GeV and 10 – 200 GeV,
respectively, have been recorded. Figure 5.35 left, from the quasi-instantaneous data quality monitoring,
shows the distribution of the number of hits vs. the hit-energy weighted centre-of-gravity (cog) along
the beam axis z for an electron run with a beam momentum of 100 GeV/c and admixtures of muons
and hadrons. The different particle types populate different regions of the plot. While electron showers
are characterised by a relatively narrow distribution of number of hits and a cog near the front face of
the detector, hadrons exhibit a wider distribution of the cog, and a larger number of hits, decreasing
as the cog moves towards the rear of the detector, and leakage increases. Muons appear as a narrow
band with ∼ 38 hits and a cog on z at about half the depth of the detector.

The rich data sample collected in the two test beam periods in 2018 is being used for shower
separation studies based on 5-dimensional reconstruction algorithms exploiting the high spatial, energy
and time resolution of the prototype. While this is in progress, it can already be noted that in several
aspects the performance exceeds that of the physics prototype: the noise is a factor 100 lower, the

ILD Interim Design Report 45

•原理実証機：実機相当の奥行き総数の試作機でビーム試験を行い原理実証 

•技術試作機：実機に使用する技術(センサー、組み込み型読み出しエレキ、構造体など)を組み込んだ試作機による性能試験いまここ
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•ハドロンカロリメータの難しさ 

•ハドロンシャワー＝電磁成分 ＋ ハドロン成分 

•電磁成分の比率が事象毎に大きく変動 

•通常のカロリメータは電磁成分とハドロン成分に対する感度が異なる( ) 

→ハドロンカロリメータの分解能を大きく制限 

• Dual readout 
•異なるe/hを持つチェレンコフ検出器とシンチレーション検出器で同時にハドロンシャワ
ーを測定。その信号の比率から電磁成分の比率を事象毎に測定 

•粒子識別にも使える可能性

e/h ≠ 1

カロリメータ：Dual-Readout

Dual-readout calorimetry

5

•Dual-readout 101 
• The major difficulty in measurement of hadronic 
shower comes from EM fraction (f_em) 

• f_em can be precisely measured by implementing 
two channels with different h/e response in a same 
module  

•Can offer high-quality energy resolution 
for both EM and hadrons  

•Demonstrate engineering aspects for full 
geometry detector 

•20+ years R&D: CERN RD52 experiment 

More than 20 years R&D: CERN RD52 experiment

5

More than 20 years R&D: CERN RD52 experiment

5

More than 20 years R&D: CERN RD52 experiment

EM particles

hadronic  
particles

See	R.	Ferrari’s	talk	yesterday	for	detail	

EIC Calorimetry Workshop, 15 March 2021 7

Č (GeV) vs. S (GeV) C/E vs. S/E

Hadronic data points (S, C) located around straight lines

θ, χ independent of both:

i) energy (!)

ii) type of hadron (!!)

(GeV)

GeV

applying the dual-readout formulae

EM  
particles

Hadronic  
particles

Y. Kim, EIC Calorimeter Workshop 2021
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• DREAMコラボレーション/CERN RD52コラボレーションで開発 

•吸収体(Cu or Pb)に埋め込んだシンチレーションファイバー＋クォーツファイバー

EIC Calorimetry Workshop, 15 March 2021 10

Texas Tech Uni

INFN Pavia

INFN Pisa

2003

DREAM

2012

RD52

2012

RD52

Cu: 19 towers, 2 PMT each
2m long, 16.2 cm wide
Sampling fraction: 2%

Cu, 2 modules
Each module: 9.2 × 9.2 × 250 cm3  
Fibers: 1024 S + 1024 C,  8 PMT 
Sampling fraction: ~4.6%
Depth: ~10 λint 

Pb, 9 modules
Each module:  9.2 × 9.2 × 250 cm3  
Fibers: 1024 S + 1024 C,  8 PMT 
Sampling fraction: ~5.3%
Depth: ~10 λint

fibre-sampling dual-readout calorimeters

R. Ferrari, EIC Calorimeter Workshop 2021

カロリメータ：Dual-Readout

NIM A 537 (2005) 537

Hadron and jet detection with a dual-readout calorimeter

corrected jet data gave the following result:

s=E ¼
64%

ffiffiffiffi

E
p þ 0:6%

This illustrates that the effects of non-compensa-
tion on the jet energy resolution have been almost
completely eliminated. At the highest energies
accessible in these tests, we achieved jet resolutions
better than 4%. For comparison, the resolutions
measured with the two types of fibers before the
Q=S correction method was applied are also
shown in this figure.

We want to stress that knowledge of the beam
energy was not used in any stage of the analysis
described in this subsection. Yet, the Q=S method
also brought the ‘‘jet’’ response much closer to
that of electrons, which were used to calibrate the
detector. Moreover, it improved the hadronic
signal linearity. This can be seen from Fig. 31,
which shows the (scintillator) response to ‘‘jets’’
before and after the corrections were applied.

Somewhat surprisingly, the resolution for single
pions did not benefit as much from the Q=S
correction method as the resolution for ‘‘jets’’.

This is illustrated in Fig. 32. Most likely, this is due
to the effects of longitudinal shower leakage. A
detector of this type is extremely sensitive to such
leakage, since the fibers exiting from its rear
represent a region with a sampling fraction of
100%, compared to 2% for the detector itself.
Therefore, any longitudinal leakage is strongly
amplified in the signals [14]. This explanation is
supported by the fact that the asymmetry in the

ARTICLE IN PRESS

Fig. 32. The energy resolution for single pions as a function of energy, measured with the scintillation fibers and the Cherenkov fibers,
and after corrections made on the basis of the measured Q=S signal ratio (a). Comparison of the corrected resolutions for jets and
single pions (b).

Fig. 33. Q=S-corrected scintillator signal distributions for
single pions at 20, 50, 100 and 200GeV. The curves represent
Gaussian fits.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 537 (2005) 537–561558
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to the effects of longitudinal shower leakage. A
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leakage, since the fibers exiting from its rear
represent a region with a sampling fraction of
100%, compared to 2% for the detector itself.
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ARTICLE IN PRESS

Fig. 32. The energy resolution for single pions as a function of energy, measured with the scintillation fibers and the Cherenkov fibers,
and after corrections made on the basis of the measured Q=S signal ratio (a). Comparison of the corrected resolutions for jets and
single pions (b).

Fig. 33. Q=S-corrected scintillator signal distributions for
single pions at 20, 50, 100 and 200GeV. The curves represent
Gaussian fits.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 537 (2005) 537–561558

12

NIM A 537 (2005) 537
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25ヒッグスファクトリー測定器予想タイムライン

5

Timeline for Experiments

Pre-
Preparatory

Phase

Main Preparatory Phase
Construction

Year 1 Year 2 Year 3 Year 4

Establish ILC Committee (ILCC)

Call for Expression of Interest (EoI)
à Call for various ideas for experiments at the entire ILC facility
(Once the establishment of Pre-lab is confirmed)

Call for Letter of Intent (LoI)
à LoIs to advance to the next 
step selected by ILCC Call for Technical Proposal 

/Technical Design Report
à Final project selection by 
ILC Laboratory, proceed to 
construction

Under consideration by ILC-IDT

ILC IDT ILC Pre-Laboratory ILC Laboratory

Figure 1: Timeline for ILC machine construction (top). As of 2021, we are in the “IDT”
phase. “Y1” of the detector timeline corresponds to the fist year of the ILC Lab.

time required to finalise their design and to build these subsystems, their construction
must start very soon after the ILC laboratory is established, and their engineering design
must be very well advanced during the pre-lab phase.

Figure 2: Timeline for ILD assembly and installation. “Y1” of the detector timeline
corresponds to the fist year of the ILC Laboratory.

Working Group 3 (WG3) of the IDT is responsible for ILC physics and detectors.
It has suggested a timeline for ILC detector, subject to change as the ILC organisation
develops further. The process is kicked-off by a clear positive signal from the Japanese
government, for example the inclusion of ILC pre-laboratory funding in the government’s
budget request, which may be known towards the end of 2021. This will be shortly
followed by a call for “Expressions of Interest” (EoI) for experiments at the ILC to be
submitted during 2022, followed by a more detailed “Letter of Intent” in 2023, which is
in turn followed by a review and selection. Selected projects will be invited to prepare
Technical Proposals, to be submitted in 2025. In 2027 the ILC laboratory should approve
one or more experiments which will be invited to prepare a full Technical Design.

3

測定器の建設スケジュール
(ILDの場合）

予備準備 
期間

本準備期間
     建設期間(10年)

1年目 2年目 3年目 4年目

Technical Proposal / Technical Design Report 募集  
→ ILC研究所が採択・測定器建設開始

Letter of Intent (LoI) 募集 
→ 応募LoIの中から次のステップに進む候補をILCCが採択

Expression of Interest (EoI) 募集 
(さまざまな実験アイディア募集)

ILC委員会(ILCC)設置
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26新しい技術の導入：時間分解能
•高時間分解能の導入


•4次元飛跡再構成 

•飛行時間測定により粒子識別能力の向上 

•5次元カロリメータ 

•パイルアップやBGの抑制 

•高時間分解能センサーの開発が進められている


•目標分解能 𝒪(10 ps)

Pileup rejection with timing cut @CLIC  (0.5ns bunch separation)

no time cut time cut (1ns)

Chapter 8. Detector and Physics Performance

Figure 8.5. dE/dx as a function of particle momentum as reconstructed from a full simulation of single particle
events (e, µ, π , 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 π/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 ηdE/dx,T OF = ηdE/dx ⊕ ηT OF . The curves are shown to guide the eye.

108 ILD Interim Design Report

Effect of TOF (res. 100ps) on particle ID performanceApril 17, 2023 Silicon sensor technologies for vertex and tracking detectors at future e+e- colliders 32

Silicon track-timing detectors
• Several (technology-driven) developments targeting ~20-100 ps pixelated timing for MIPs

• Dedicated timing layer or integrated in tracker
• Use cases for precision timing: 

• enhanced background/backscatter rejection
• 4D tracking
• particle ID by Time-of-Flight for heavy-flavour physics

à <30 ps / 2m for K/pi/p separation up to 3 GeV

Bohdan Dudar, ECFA Workshop 2022
https://indico.desy.de/event/33640/contributions/128388/

pi/K separation with timing layer 1.8m from interaction point

Not part of the core Higgs-
Factory requirements

4D tracking

https://agenda.linearcollider.org/event/8217/contributions/44430

CLIC background suppression with nanosecond timing

tt event at 3 TeV 
after timing cuts 

tt event at 3 TeV 
before timing cuts 
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ｍRPC (CALICE SDHCAL)

LGAD sensors

18

• Thin silicon sensors with modest intrinsic 
gain (5-50) provided by a doped p+ 
multiplication layer

o thin: reduces Landau fluctuations
o high S/B from internal gain
o short rise time minimizes jitter
o 30ps resolution sensors used in ATLAS and 

CMS HL-LHC endcap timing layer upgrades
• Standard LGADs require mm-size pads 

and require junction termination 
extensions to interrupt the gain between 
channels introducing inactive regions

• Advanced LGAD designs
o Resistive silicon detector (AC-LGAD), 

Trench-isolated, Deep junction, Buried 
layers, …

AC-LGAD

LGAD

•超高時間分解能の時間測定層の導入 or カロリメータの各層の平均で高時間分解能を実現


•センサー技術の開発

•シリコンセンサー 

•LGAD, monolithic CMOS 

•シンチレーター + SiPM 

•チェレンコフ検出器 

•mRPC

Cherenkov radiator

UV-photocathode

RPC

Readout pad

Anode electrode

Charged particle

+HV

Cherenkov light

Avalanche

Cherenkov detector (gasPM)

Detector Technologies
• Timing layers / 4D tracking:

o (LYSO) Crystals + SiMPS (timing layers)
o Silicon sensors (timing layers / 4D tracking)

• Advanced LGADs with O(10ps) and O(10um) 
resolution
o AC-LGAD, TI-LGAD, DJ-LGAD, Buried LGAD, 

DS-LGAD
• Monolithic CMOS

o LGAD MAPS, miniCACTUS, PicoAD, Monolith, 
HV-CMOS, DMAPS

• Silicon Carbide LGADs
• 3D silicon sensors

• Volume calorimeter timing:
o LGAD or Silicon pads in Si+W calorimeter (CMS 

HGCAL)
o Highly granular crystals
o Plastic scintillator tiles or strips + SiPMs
o RPC can cover large active areas for digital hadronic 

calorimeters (SDHCAL CALICE)
154-Dimensional Trackers [Berry, et. al]

A. Schwartzman, ILC Physics and Detector Meeqng, Dec.20, 2023
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新しい技術の導入：深層学習
深層学習の導入による事象再構成の性能向上

10 τs @10GeV

Real 3D coordinate Output from GNN

28

Graph Neural Network (GNN)を使ったPFA
Transformerを使ったフレーバー識別

Taikan Suehara, ICEPP大学院ガイダンス, 25 May 2024  page 8

小実験への応用・深層学習・物理解析
カロリメータの小実験への応用:
測定器開発に加えて、実際の実験での
運用により運用の経験を積むことが重要
(加えて、物理成果も期待)

KEK Linac ビームダンプ実験 (EBES)

軽い未知粒子 (ALP: Axion-like-particle)の探索
電子ビーム (4GeV)がビームダンプでALPに
変換し、ダンプ後方の空間で2光子に再変換
される事象を探索。カロリメータ前方にシリコン層
を設置することで背景分離、信号の2光子分離
性能を向上。2025-26に物理成果を得る予定。

深層学習による事象再構成 (AIグループと協力)

Particle flowやヒッグスの解析には高度なパターン認識
が必要。最新のTransformerなどを使った再構成アルゴ
リズムを開発中で、成果も出始めている。

Transformerを使って従来より
一桁近くジェット識別性能を向上

Graph neural network
を使ったParticle flow

大幅な性能向上の物理感度に対する影響を
物理解析で調べる。(現在は他大学の学生や
留学生(internship)と協力して推進中)
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新しい技術の導入： 量子技術 29

•量子シンチレータ


•ナノサイズ物質 (quantum dot, nanoplatelet, …) を用いた新しいシンチレー
タ素材の開発 

•波長の制御、時間分解能の向上

Quantum confinement

5E .  A u f f r a y ,  C E R N  E P - C M X ,  1 2 / 0 4 / 2 0 2 1

Exciton energy increases with 
decrease of nanostructure size –
control of emission wavelength

=> Tune the emission properties by changing size of nanodots

from Benoit Dubertret and Hideki Ooba

CRYSTAL

CLEAR

6E .  A u f f r a y ,  C E R N  E P - C M X ,  1 2 / 0 4 / 2 0 2 1

1,2,3D confinement

CdSe quantum well/quantum dot

8E .  A u f f r a y ,  C E R N  E P - C M X ,  1 2 / 0 4 / 2 0 2 1

=> Much Faster than LYSO crystal

Npls: 24ps & 290ps

QD: 263ps & 3.3 ns

LSO: 40ns

CdSe nanoplatelet CdSe/CdS Giant shell Quantum dot

J.Q. Grim et al., Nature Nanotechnol. 9 (2014) 891. Christodoulou et al., J. Mater. Chem. 2014, 2, 3439. 

R. Martinez Turtos et al., 2016  JINST_11 (10) P10015 measured @cern Lab27
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Superfast photon counting
The news that superconducting nanowire detectors can detect single photons with a timing precision of just a few 
picoseconds will benefit applications ranging from sensing to quantum communications.

Robert H. Hadfield

The ability to detect single photons with 
high efficiency, precise timing and low 
noise underpins a host of important 

applications in photonics, including 
single-photon LIDAR, fluorescence 
lifetime measurements, quantum secure 
communications and experiments in 
quantum optics. Over the past 20 years, 
the superconducting nanowire single-
photon detector (SNSPD) has become an 
increasingly popular device for this task.  
A crucial parameter in the above 
applications is the SNSPD’s timing jitter,  
the fluctuation between the true arrival  
time of a photon and the electrically 
registered arrival time recorded by 
the system. For example, in quantum 
communication experiments, the detector 
timing jitter is typically the limiting factor 
determining the clock rate of the system. 
For many years, the minimum timing jitter 
in SNSPDs has remained at the level of 
greater than 10 ps and was believed to be 
limited by the signal-to-noise ratio of the 
amplifier chain. Now, writing in Nature 
Photonics, Boris Korzh of the NASA Jet 
Propulsion Laboratory and co-workers 
report a breakthrough in the area with 
the demonstration of a superconducting 
nanowire detector with a timing jitter of 
below 3 ps full-width at half-maximum1.

The idea of using a superconducting 
nanowire for high-speed infrared 
photon counting dates back almost 20 
years to the pioneering work of Gregory 
Gol’tsman and co-workers at Moscow State 
Pedagogical University and the University 
of Rochester2. The device concept is 
striking in its simplicity: a current-carrying 
superconducting nanowire will temporarily 
switch from zero to high electrical resistance 
following the transient thermal hotspot 
that results from the absorption of a single 
infrared photon. The resulting output 
voltage pulse can be readily amplified 
and registered with room-temperature 
electronics, signalling the arrival of a 
photon. The nanowire then relaxes swiftly 
back into the superconducting state as the 
photon energy is dissipated into the device 
substrate (Fig. 1). Although superconducting 
detectors of various types have long been 

prized by astronomers for their excellent 
sensitivity from X-ray to sub-millimetre 
wavelengths3, the pathway into mainstream 
photonics for SNSPD technology has  
been circuitous.

At the time of this first report in 
2001 (ref. 2), the notion that a nanoscale 
superconducting device that required liquid 
helium to operate could play a useful role in 
photonics applications seemed far-fetched 
to many optoelectronics experts. However, 
just a few years later, in 2007, early-stage 
SNSPDs that were integrated into a closed-
cycle cooling system set a new world record 
in long-distance quantum cryptography 
in optical fibre, matching the 40-dB loss 
threshold required for space-to-ground 
quantum communications4. This feat 
caught the attention of the wider photonics 
community; superconducting nanowires 
began to be considered as a serious 
alternative to established photon-counting 
solutions such as photomultipliers and 
single-photon avalanche diodes at telecom 
wavelengths5.

In 2013, Francesco Marsili and 
co-workers demonstrated near-unity single-
photon detection efficiency with SNSPDs 
at the key telecom wavelength of 1,550 nm 
(ref. 6). This near-ideal detector performance 
enabled a breakthrough loophole-free 
Bell test of the principles of quantum 
physics using photons7. The absorption 
enhancement was achieved by integrating a 
very uniformly fabricated superconducting 
nanowire device with an appropriate 
optical cavity and optimizing fibre coupling 
to the microscopic device area. Similar 
high-efficiency SNSPDs have now been 
commercialized by a growing number of 
successful start-up companies worldwide 
and are now a standard photon-counting 
tool in quantum optics labs across the world. 
Moreover, these detector systems are rugged, 
cost effective and user friendly enough for 
deployment in real-world photon-counting 
applications.

A tantalizing aspect of the first 
superconducting nanowire device2 was the 
projected picosecond timing resolution. 
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Fig. 1 | The SNSPD. a, Schematic showing the generation of a transient hotspot in a nanowire following 
the absorption of a single photon: (1) supercurrent flows in the nanowire; (2) a photon is absorbed 
by a single electron that relaxes, creating a hotspot of excited quasiparticles; (3) vortex motion 
breaks superconductivity across the nanowire; (4) the normal domain grows along the length of the 
nanowire leading to a large resistance; (5) as current is diverted, the nanowire relaxes back into the 
superconducting state. b, Microscope images of Korzh and colleagues’ detector, clearly showing the 
nanowire’s path and geometry. The nanowire is embedded in a coplanar waveguide structure; GND is 
the electrical ground and OUT is the bias and output connection to the nanowire. Figure adapted with 
permission from: a, Jason P. Allmaras, ref. 12, American Chemical Society; b, ref. 1, Springer Nature Ltd.

•超伝導ナノワイヤ単一光子検出器 (SNSPD)  

•量子光学、量子通信分野において急速に開発が進んでいる 

•時間分解能 <10ps 

•高い量子効率~100% 

•高計数率耐性 ~1GHz 

•低いダークカレントレート <10Hz 

•低エネルギー光子検出以外の応用

•原子核、素粒子、天文 

•荷電粒子にも感度 

•強磁場中でも動作可能 

•低温で動作
Nanomaterials 2020, 10, 1198; doi:10.3390/nano10061198 

Nature Photonics | VOL 14 | APriL 2020 | 197–204 

Single Quantum Eos



大谷航  “ヒッグスファクトリーの測定器”, LCWSプリスクール, 2024年7月7日

31まとめ
•ヒッグスファクトリーにおける高精度物理研究にはこれまでになく高性能な測定器が必要


•最先端のセンサー技術を使ってさまざまな測定器開発が行われている


•高い完成度の測定器コンセプト(特にILC測定器)


•高精度崩壊点/飛跡検出器＋高精細カロリメータ(PFA) 

•新しい技術、新しいアイディアの導入でさらなる性能改善を


•高時間分解能(5Dカロリメータ、4Dトラッキング)、深層学習、量子技術,.... 

•さまざまな分野のセンサー技術開発にアンテナを張ることが重要


•新しいアイディアとやる気に溢れた若手の方々の参入を期待！ 


