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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, fi , K and p) in the TPC of the large ILD detector model. The particles were simulated with a logarithmic

momentum distribution and isotropic direction. Spurious entries in the bands for more massive particles, such as the

deuteron, as well as entries from low momentum particles, below the TPC acceptance, are due to secondaries created

in the events.
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Figure 8.6. (a) particle separation power (eq. 8.3) for fi/K and K/p based on the dE/dx measurement in the TPC.

(b) improvement of the same separation power if combined with a tim
e-of-flight (TOF) estimator from the first ten

Ecal layers, where ÷dE/dx,T OF
= ÷dE/dx

ü ÷T OF
. The curves are shown to guide the eye.
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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 10

7 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 di�erent particle types populate di�erent 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
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• 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%/
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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
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3

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 CLICp
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 sxy, IP nm/nm 516/7.7 516/7.7 474/5.9 149/2.9 ⇠60/1.5 ⇠40/1
Beam sz, 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

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

I Very small beams and high beam energy ! beamstrahlung

gg ! hadrons
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February 17, 2020 Eva Sicking: Detector requirements for future colliders 22

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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4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 (

p
s = 91.2GeV)

is expected to be up to two orders of magnitude higher than at ZH threshold (
p
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 � � � ⇡0 discrimination to identify ⌧ 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
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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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5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ー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
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6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
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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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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� ! ⌫⌫h, h !
bb and the SM background at 250 GeV [26,27].

All the other couplings (A) or partial decay widths (�AA), e.g. A = b, c, g, ⌧, µ, �,
are then determined as

2
A
/ �AA = �h · 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 Z) 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  formalism the measurement of the
WW fusion cross section �⌫⌫h along with BRWW (using the second half of (8)) is
crucial for measurement of �h and of all A with A 6= Z. The expected precisions
for Higgs boson couplings in the  formalism are given in Table 1. We see that,
at

p
s = 250 GeV, Z is determined very precisely, with accuracy of 0.38%, but

most other A are determined to no better than ⇠ 2% (limited by �⌫⌫h and BRZZ

measurements). An exception is �, which is helped significantly by the fact that the
fit makes use of the expected measurement of BRZZ/BR�� 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 ⇣Z
terms. Thus, the  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
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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

既知

測定
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7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
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8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
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9カロリメータ
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 (

p
s = 91.2GeV)

is expected to be up to two orders of magnitude higher than at ZH threshold (
p
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 � � � ⇡0 discrimination to identify ⌧ 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
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● ILC → CLIC → CLD
● Full Si vtx + tracker; 

CALICE-like calorimetry; 
large coil, muon system
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PID, compact light coil, 
monolithic dual readout 
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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

Baseline

PFA PFA PFA

PFA

PFA PFA

PFA
Dual Reaout

Dual Reaout
PFA

主要なカロリメータ技術: ParJcle Flow Approach (PFA) & Dual-readout

CLICdp
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10カロリメータ：Particle Flow Approach (PFA)
ConvenJonal calorimetry ParJcle flow calorimetry 

MC

Particle Flow Calorimetry Felix Sefkow     Tokyo, March 11, 2016 

MC

Detectors for the ILC Felix Sefkow     Fukuoka, 6.11.2013 

MC

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

ARTICLE IN PRESS

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
EðGeVÞ

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

using a traditional calorimetric approach.

M.A. Thomson / Nuclear Instruments and Methods in Physics Research A 611 (2009) 25–4034
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29M.Thomson, Nucl.Instrum.Meth. A611 (2009) 25-40

Jet energy resoluJon

•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
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CALICE-PFAカロリメータ 11

• 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(昨年から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 di�erent 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 (�I ) 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

Scinillator+SiPM

GRPC

ASIC (SKIROC chip)
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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(e) ＋ ハドロン成分(h) 

•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 (DRD6に移行) 

•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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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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14新しい技術の導入
•ヒッグスファクトリーは計画毎に異なるタイムライン(CEPC ⇒ ILC ⇒ FCC-ee?)


•測定器建設開始は最速シナリオでは数年後、場合によっては10年以上後の場合も 

•ILC測定器は既に高い完成度。工学設計に入っていた 

•円形ヒッグスファクトリーでは複数測定器。最近では線形でも衝突点2つの議論も (LCF＠CERN) 

⇒新しい技術による測定器コンセプトの改良、新しい測定器コンセプト導入の可能性も 

•さまざまな新しい技術の導入が検討されている

•時間分解能 

•量子技術 (量子センサー、量子マテリアルなど) 

•MAPS 

•解析技術 (ML/AI) 

•新しいカロリメータ技術 

•… 
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• 3つの技術を統合した新しいカロリメータ技
術の開発


•PFAカロリメータ 

•Dual readoutカロリメータ 

•高時間分解能 

•東大・信州大・KEK・Fermilab・NIUの共同
開発

15新しいカロリメータ技術の開発
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•コンセプト


•チェレンコフ放射体 ＋ GasPM (フォトカソード＋RPC増幅層) 

•DLC-RPCは神戸大と共同開発 

•優位性


•優れた時間分解能(目標 ) 

•一様かつ効率的なチェレンコフ光検出器 

•大面積化が容易 

•読み出しセグメント化 

•プロトタイプビーム試験＠KEKテストビームライン 2024年12月


•チェレンコフ放射体：MgF2 (10mm厚) 

•フォトカソード：DLC (3nm) 

•アノード電極：0.5mm厚ソーダガラス 

•ギャップ：190μm 

•ガス混合比： R134a:SF6:C4H10=20:0:20 [mL/min] 

⇒ 検出効率 99％, 時間分解能 37ps

𝒪(10 ps)

16新しいカロリメータ技術の開発：チェレンコフ検出器

Cherenkov radiator

UV-photocathode

RPC

Readout pad

Anode electrode

Charged particle

+HV

Cherenkov light

Avalanche

Cherenkov detector (gasPM)
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•究極粒度(granularity)のECAL


•シャワーエネルギーを粒子数で測る 

•アナログエネルギー測定におけるLandau揺らぎ、角度揺らぎを回避 

•高い粒子分離能力 

• MAPS技術を用いたdigital ECAL


•Pixel size 30x30μm2 

17デジタルカロリメータ

Page 27

Digital Pixel Calorimeter

ALICE FoCal-E (Forward EM-Calorimeter) 
• W absorber  + Si-sensors 
• Low-granularity layers Si-pads (~1x1 cm2) 

energy measurement
• High-granularity layers CMOS MAPS 

(~30x30 μm2) two-shower separation

Digital Pixel Calorimeter prototype
• All layers consist of high-granularity MAPS 

sensors: ALPIDE
• 3x3 cm2 cross section
• 24 layers 
• Tested with electron beam

Highly Granular Calorimeters for PF |  TIPP 2021  |  Katja Krüger  |  28 May 2021

Ultimate granularity ECAL

EPICAL-2

Digital Calorimetry: The Concept 
 

AECAL 

DECAL Npixels=Nparticles DECAL Npixels<Nparticles 
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Digital ECAL based on MAPS
▷Primary experimental context:  ALICE FOCAL, Higgs Factories

▷A MAPS-based digital Silicon-Tungsten ECAL,

● EPICAL: building on current DECAL and EPICAL projects, partially integrated in CALICE in the past

● NAPA-p1 at SLAC – (cooperation with CERN) sensor development

24 layers with each
- 3 mm W absorber
- 2 ALPIDE CMOS sensors 
(NIM A, 845:583–587, 2017)

29.24 x 26.88 µm² pixel size

active cross section 3 x 3 cm²

compact design: expect R
M
 ≈ 11 mm

At an advanced phase of 
proof-of-principle: small prototypes 

EPICAL-2
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18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, fi , K and p) in the TPC of the large ILD detector model. The particles were simulated with a logarithmic
momentum distribution and isotropic direction. Spurious entries in the bands for more massive particles, such as the
deuteron, as well as entries from low momentum particles, below the TPC acceptance, are due to secondaries created
in the events.
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Figure 8.6. (a) particle separation power (eq. 8.3) for fi/K and K/p based on the dE/dx measurement in the TPC.
(b) improvement of the same separation power if combined with a time-of-flight (TOF) estimator from the first ten
Ecal layers, where ÷dE/dx,T OF = ÷dE/dx ü ÷T OF . The curves are shown to guide the eye.

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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19時間分解能

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 Meeing, Dec.20, 2023
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量子技術 20

•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(ペロブスカイト量子ドット)

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

E. Auffray, ECFA Detector R&D Roadmap Symposium 12/4/2021
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量子シンチレータを用いたdual-readoutカロリメータ 21

•量子シンチレータ 
•量子ドットを混ぜたプラスチックシンチレータ 

•大きい波長シフト(ストークスシフト)を持つ量子ドットを用いてシン
チレーション光を長波長光に変換 

•量子ドットの発光時定数は一般的に長くなる 

•量子シンチレータをもちいたdual-reaoutカロリメータ 

•同じシンチレータでチェレンコフ光とシンチ光の同時測定 

•シンチレータタイルに二つのSiPMを搭載 (blue-sensitve + red-

sensitive) 
•波長フィルターや発光時定数の違いによりチェレンコフ光とシンチレ
ーション光の分離を高めることも 

•High-granularityの導入でPFAカロリメータとしても動作可能

Courtesy of J. Freeman (Fermilab)
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22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) 

• FCC-ee, CEPCの測定器コンセプトも大きく進展している


•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, 新しいカロリメータ技術.... 

•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！ 

• ILC-Japanでは6月2日にヒッグスファクトリー測定器開発に関する日本の取り組みを議論するワークショップを開催予定 


