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国際リニアコライダーとは 
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国際リニアコライダー	
・International Linear Collider(ILC) 

・全長31kmの電子・陽電子衝突型線形加速器 

・重心エネルギーの範囲は250GeVから500GeV(31km)→1TeV(50km) 

・検出器はILD,SiDを並べ交互に稼働させる　　　　　　　　　　　　　　　　　　　　　　　　　　　　　	

Chapter 3
The International Linear Collider
Accelerator

3.1 The ILC Technical Design
3.1.1 Overview

The International Linear Collider (ILC) is a high-luminosity linear electron-positron collider based on
1.3 GHz superconducting radio-frequency (SCRF) accelerating technology. Its centre-of-mass-energy
range is 200–500 GeV (extendable to 1 TeV). A schematic view of the accelerator complex, indicating
the location of the major sub-systems, is shown in Fig. 3.1:
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Figure 3.1. Schematic layout of the ILC, indicating all the major subsystems (not to scale).

• a polarised electron source based on a photocathode DC gun;

• a polarised positron source in which positrons are obtained from electron-positron pairs by
converting high-energy photons produced by passing the high-energy main electron beam
through an undulator;

• 5 GeV electron and positron damping rings (DR) with a circumference of 3.2 km, housed in a
common tunnel;

• beam transport from the damping rings to the main linacs, followed by a two-stage bunch-
compressor system prior to injection into the main linac;

• two 11 km main linacs, utilising 1.3 GHz SCRF cavities operating at an average gradient of
31.5 MV/m, with a pulse length of 1.6 ms;
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Chapter 4. ILC Detectors

Figure 4.6. Views of the ILD detector concept. The interaction point in the quadrant view (right) is in the lower
right corner of the picture. Dimensions are in mm.

4.7.1 The ILD detector

The vertex detector is realised as a multi-layer pixel vertex detector (VTX), with three superlayers
each comprising two layers, or as a 5 layer geometry. In either case the detector has a pure barrel
geometry. To minimise the occupancy from background hits, the first superlayer is only half as long
as the outer two. Whilst the underlying detector technology has not yet been decided, the VTX is
optimised for point resolution and minimum material thickness.

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

A distinct feature of ILD is a large-volume time-projection chamber (TPC) with up to 224 points
per track. The TPC is optimised for 3-dimensional point resolution and minimum material in the
field cage and in the end-plate. It also allows dE/dx-based particle identification.

Outside the TPC a system of Si-strip detectors, one behind the end-plate of the TPC (ETD)
and one in between the TPC and the ECAL (SET), provide additional high-precision space points
which improve the tracking performance and provide additional redundancy in the regions between
the main tracking volume and the calorimeters.

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

The ECAL is followed by a highly segmented hadronic calorimeter (HCAL) with up to 48
longitudinal samples and small transverse cell sizes. Two options are considered, both based on a
steel-absorber structure. One option uses scintillator tiles of 3◊3 cm2, which are read out with an
analogue system. The second uses a gas-based readout which allows a 1◊1 cm2 cell geometry with a
binary or semi-digital readout of each cell.

At very forward angles, below the coverage provided by the ECAL and the HCAL, a system of
high-precision and radiation-hard calorimetric detectors (LumiCAL, BeamCAL, LHCAL) is foreseen.
These extend the calorimetric solid-angle coverage to almost 4fi, measure the luminosity, and monitor
the quality of the colliding beams.

A large volume superconducting coil surrounds the calorimeters, creating an axial B-field of
nominally 3.5 Tesla. An iron yoke, instrumented with scintillator strips or resistive plate chambers

34 ILC Technical Design Report: Volume 1

ILD検出器	ILCのレイアウト	
4	

31km	



国際リニアコライダーの目的	

標準理論粒子の精密測定 

　　ヒッグス粒子の精密測定 

　　　　重心系エネルギー250GeV,500GeV,(1TeV) 

　　トップクォークの精密測定 

         重心系エネルギー350GeV,500GeV,(1TeV) 

標準理論を超える物理の調査 

　　新物理の探索 
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ILD検出器での粒子の測定	Chapter 4. ILC Detectors

Figure 4.6. Views of the ILD detector concept. The interaction point in the quadrant view (right) is in the lower
right corner of the picture. Dimensions are in mm.

4.7.1 The ILD detector

The vertex detector is realised as a multi-layer pixel vertex detector (VTX), with three superlayers
each comprising two layers, or as a 5 layer geometry. In either case the detector has a pure barrel
geometry. To minimise the occupancy from background hits, the first superlayer is only half as long
as the outer two. Whilst the underlying detector technology has not yet been decided, the VTX is
optimised for point resolution and minimum material thickness.

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

A distinct feature of ILD is a large-volume time-projection chamber (TPC) with up to 224 points
per track. The TPC is optimised for 3-dimensional point resolution and minimum material in the
field cage and in the end-plate. It also allows dE/dx-based particle identification.

Outside the TPC a system of Si-strip detectors, one behind the end-plate of the TPC (ETD)
and one in between the TPC and the ECAL (SET), provide additional high-precision space points
which improve the tracking performance and provide additional redundancy in the regions between
the main tracking volume and the calorimeters.

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

The ECAL is followed by a highly segmented hadronic calorimeter (HCAL) with up to 48
longitudinal samples and small transverse cell sizes. Two options are considered, both based on a
steel-absorber structure. One option uses scintillator tiles of 3◊3 cm2, which are read out with an
analogue system. The second uses a gas-based readout which allows a 1◊1 cm2 cell geometry with a
binary or semi-digital readout of each cell.

At very forward angles, below the coverage provided by the ECAL and the HCAL, a system of
high-precision and radiation-hard calorimetric detectors (LumiCAL, BeamCAL, LHCAL) is foreseen.
These extend the calorimetric solid-angle coverage to almost 4fi, measure the luminosity, and monitor
the quality of the colliding beams.

A large volume superconducting coil surrounds the calorimeters, creating an axial B-field of
nominally 3.5 Tesla. An iron yoke, instrumented with scintillator strips or resistive plate chambers

34 ILC Technical Design Report: Volume 1

Vertex Detector 
　　粒子の崩壊点の測定 
TPC(運動量分解能は5×10–5/GeV) 
　　荷電粒子の飛跡を再構成し運動量を 
　　測定 
ECAL 
　　光子のエネルギーの測定とレプトンの 
　　同定 
HCAL 
　　ハドロンのシャワーを利用しエネルギー 
　　を測定 
コイル 
  　荷電粒子を曲げるための磁場をかける 
　　（3.5T） 
Yoke/Muon 
　　ミューオンは全てを通過し 
　　YokeやMuon detectorで測定される 
	これらのプロセスを経ることで粒子の測定ができる	 6	

(単位はmm)	



EWIMPについて 
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宇宙観測による暗黒物質	

8	

Aの点線は理論的な速度変化 

しかし観測結果はBのように距離 
が離れていても速度が大きい 
 
	

銀河の質量(観測からは銀河全体の質量はほとんど中心にあるとされる)：M、 
中心からの距離：r、回転速度：ω、回転している星やガスなどの質量：m 

標準理論の粒子だけでは説明できない何かがある 
→その説明できないものを暗黒物質と名付けた	

F =mrω 2 =m v2

r

F =G mM
r2

v = GM
r

遠心力 

万有引力 
(Gは万有引力定数)	

とすると、力の釣り合いから	

がわかる	



EWIMP	
EWIMP(ElectroWeak-Interacting Massive Particle)とは	

SU(2)Lに従うシングレットでない暗黒物質で、対消滅して標準理論の
粒子(γやW)になる粒子の総称　 

例 

・ハイパーチャージY=0,SU(2)Lトリプレットのフェルミオン 

　　　　→SUSYモデルのwino　LSPと一致 

・ハイパーチャージY=±1/2,SU(2)Lダブレットのフェルミオン 

　　　　→SUSYモデルのHiggsino LSPと一致 

LSP(the Lightest Supersymmetric Particle、最も軽い超対称性粒子) 
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EWIMP探索	
・2mEWIMP(粒子2個分の質量)<√s(重心系エネルギー)　 

  EWIMPは直接作られる 

・2mEWIMP>√s    (この場合で見積もる) 

  EWIMPは作られないが標準理論の過程に影響を与える 

　 

 
EWIMP

�, Z �, Z

e�

e+

µ�

µ+

Figure 1: Corrections to the di-fermion (di-muon) production process from a fermionic EWIMP.

The operator involving three field strength tensors of W a
µ⌫ induces anomalous triple gauge cou-

plings �WW and ZWW (with �, W and Z being photon, W and Z bosons), which a↵ect e.g. the
process e�e+ ! W�W+. For

p
s = 1 � 5TeV and the integrated luminosity L = 1ab�1, it has

been shown that ⇤3W = 5� 10TeV can be probed through the process [32, 33]. On the other hand,
as the operators involving two field strength tensors of W a

µ⌫ or Bµ⌫ become four Fermi-interactions
via the equations of motions of the gauge fields, the operators also a↵ect the processes e�e+ ! ff̄
(with f being the SM fermion). Through these processes, the suppression scales can be probed up to
⇤2W,2B ⇠ 30(

p
s/1TeV)1/2(L/1 ab�1)1/4TeV, as we will see in the next section. We therefore expect

that these di-fermion production processes will be better to probe the EWIMP indirectly.

2.2 Corrections to di-fermion production processes

According to the argument in the previous subsection, we focus on the SM processes e�e+ ! ff̄ in
this article and investigate the capability of future lepton colliders to probe EWIMPs. They a↵ect
the cross sections of the processes through loop corrections even if the beam energy is smaller than
m. An example of the corrections to the process (di-muon production process) from a fermionic
EWIMP is shown in Fig. 1. Though we have assumed m �

p
s in the previous subsection and used

the e↵ective field theory including dimension six operators, full form factors of the gauge boson
propagators are needed for m & p

s/2. After integrating the EWIMP out at one-loop level, we
obtain the following e↵ective Lagrangian for the e�e+ ! ff̄ processes:

Le↵ = LSM +
g2CWW

8
W a

µ⌫ ⇧(�D2/m2)W aµ⌫ +
g02CBB

8
Bµ⌫ ⇧(�@2/m2)Bµ⌫ + · · · , (5)

where LSM stands for the SM Lagrangian and the coe�cients CWW and CBB are given by

CWW =
n(n� 1)(n+ 1)

6

(
1 (Complex scalar)

8 (Dirac fermion)
, (6)

CBB = 2nY 2

(
1 (Complex scalar)

8 (Dirac fermion)
. (7)

An additional factor 1/2 should be multiplied for a real scalar and a Majorana fermion.#3 The
ellipsis at the end of the Lagrangian includes operators composed of the strength tensors more than

#3If the EWIMP is either a complex scalar or a Dirac fermion with Y 6= 0 and plays the role of dark matter, current
direct detection experiments of dark matter have already ruled out this possibility, since a Z boson mediated process
gives a too large spin-independent scattering cross section of the EWIMP o↵ a nucleon. These constraints can be

3

ビームエネルギーが質量より小さく
てもEWIMPのloopの補正は働く 
 
→EWIMP(この場合フェルミオン)の
レプトン（ミューオン）対生成への 
1–loopの補正を考える	
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本解析のシグナル	



ループがあるプロセスとないプロセスの 
確率振幅の干渉を考える 

 
微分断面積の標準理論からのズレを調べる	

11	

Prof. M.A. Thomson Michaelmas 2011 123

this gives the full perturbation expansion in  
and then square 

• For QED                           the lowest order diagram dominates and 
for most purposes it is sufficient to neglect higher order diagrams. 

! Calculate decay rate/cross section using formulae from handout 1.
•e.g. for a decay

•For scattering in the centre-of-mass frame

e– !–

e+ !"
#

e– !–

e+ !"#

(1)

•For scattering in lab. frame (neglecting mass of scattered particle)

Prof. M.A. Thomson Michaelmas 2011 124

Electron Positron Annihilation

e– e+

!"

!–e+e–! !+!–"Consider the process:
•Work in C.o.M. frame (this is appropriate
for most e+e– colliders).

•Only consider the lowest order Feynman diagram:

e– !–

e+ !"#
# Feynman rules give:

NOTE: •Incoming anti-particle  
•Incoming particle 
•Adjoint spinor written first 

•In the C.o.M. frame have

with

dσ
dΩ

∝|MSM +MBSM |
2

SM BSM

γ,Z	
EWIMP 

微分断面積：	

γ,Z γ,Z 



ILCでの測定 
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標準理論での角度分布と 
EWIMPによる微分断面積への寄与	
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Figure 2: Contributions to the di↵erential cross section of e�e+ ! ff̄(�) from the 700GeV wino, the
600GeV Higgsino and the 1TeV fermionic minimal dark matter. The center of mass energy is fixed to bep
s = 1TeV with polarizations of incoming electron and positron beams being P� = �80% and P+ = 60%,

respectively. The “d�SM/d cos ✓” plots show the one-loop SM di↵erential cross sections.

while cos ✓ 2 [�0.99 : 0.99] for f = e�. We have assumed a simplified setup for detection e�ciency;
100% for leptons, 80% for b-jets and 50% for c-jets. Here, we require at least one heavy flavor quark
identification for b- and c-jets channels. We then define the �2 function as

�2 =
10X

i=1

h
N (BSM+SM)

i �N (SM)
i

i2

N (SM)
i +

h
✏i N

(SM)
i

i2 , (13)

where N (SM+BSM)
i (N (SM)

i ) is the expected value of the number of events with (without) the EWIMP

contribution, while ✏i represents a systematic error in the estimation of N (SM)
i . The denominator

thus represents a quadratic sum of the systematic and statistical errors. We have also assumed that
the correlation between the errors is negligible and treatedF them as independent ones.

We have only considered the irreducible background from the SM di-fermion process to estimate

6

 
 

MDMとはMinimal Dark Matter 
M. Cirelli, N. Fornengo, and A. Strumia, Nucl.Phys. B753, 178  13	

標準理論	

新物理によるズレ	 仮定として 
 
重心系エネルギー√s：1TeV 
e–ビームの偏極P–：–80% 
e+ビームの偏極P+：+60% 
 
(ILCの1TeVベースラインでは 
　P–が–80%,P+が+20%)	
 
	

example	



解析	
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重心系250GeVでのe–e+→μ–μ+の解析	
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○シミュレーションセットアップ条件 
　　モンテカルロサンプル　ee→ll(l=μ,τ)	
　　重心系エネルギー　250GeV 
　　検出器モデル　詳細技術設計書(TDR) 
    ルミノシティスペクトラムの影響 
　　　・ISR 
      ・Beam energy spread 
　　  ・Beamstrahlung	



再構成の手順	
2本の孤立した荷電粒子を組み合わせて事象を再構成する 

1.ミューオンの抽出 

　EECAL/Etotal< ~0.3　（電子との区別） 

  Eyoke> ~1.2GeV　　 （ミューオンの検出） 

  Ptrack> ~5GeV/c　　（低運動量のバックグラウンドの排除） 

2.コーンカットによる孤立ミューオンの抽出 

   ジェット由来の事象を排除(次のスライドで紹介) 

3.孤立レプトン=2の要求   

今後は検出効率を上げるため選別方法を最適化し他のイベントも含める 
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孤立レプトン	

ジェット由来のミューオンを排除するために孤立レプトンを定義する 

  →   e–e+→μ–μ+の孤立しているミューオン	

	

17	

角度θの上の図のような円錐を考える 
cosθcone=0.95、Eμ/Econe~1などの条件で抽出する	

孤立ミューオン ジェット	

μ	
μ	
	

θ	



ミューオンペアの不変質量(mμμ)	

18	

250GeVのテールはγを放出しエネルギーが下がった始状態の粒子が原因 
90GeV付近のピークはZボソンが媒介粒子 
　→ミューオンの角度分布ではオフシェルを見たい(mμμ>150GeV) 

Reconstract	

質量（GeV）	CUT	

オフシェル	オンシェル	



ミューオンの角度分布(カット前)	

19	

ミューオンは電子のビームの運動方向に 
散乱されやすい(θμ–=0、cosθμ–=1) 
しかし、−１にピークがある 
 

MC truth	 Reconstruction	

cosθμ–	 cosθμ–	

e–	 e+	

μ–	

μ+	

θμ–	



90GeVのピークをカット(mμμ＞150GeV)	

20	

−１のピークがなくなった 
　→原因はオンシェルのZボソン	
	

Reconstruct	MC truth	

cosθμ–	cosθμ–	



MC truthと再構成のミューオンの角度分布の
2次元プロットと誤差	

21	

再構成のcosθμ–とMC truthのcosθμ–の相関をチェックして 
線形になった 
誤差が非常に小さいことが確認できた	

M
C

 t
ru

th
	

Reconstruct	

MCt:Rec	 cosθμ–(Rec)–cosθμ–(MCt)	

誤差	



まとめ	
・ILCでは素粒子の精密な測定が可能である 

・EWIMPの直接測定ができない場合のee→μμの
過程への1–loopレベルの影響の感度を見積もる 

・ミューオン対生成の標準理論からのズレを調べるこ
とでEWIMPの寄与がわかる 

・ee→μμのシミュレーションの解析で不変質量の
分布と角度分布を生成し,Zの寄与を排除することで
正しく再構成できることを確認した	

22	



今後	
・孤立レプトンの抽出を改良し検出効率を上げる 

・生成断面積の測定をする 

　　さらにその後・・・ 

・ミューオン以外の粒子への崩壊過程も調べる 

・重心系エネルギーを上げて解析を行う 
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ありがとうございました	
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Back up	

25	



ビーム偏極	
�  偏極とはビームのスピンの向きがどれだけ揃っているかを

示す値 

26	

弱い相互作用は左巻きの粒子としか反応しないため 
断面積が大きくなる	

P± =
N

e±R
− N

e±L

N
e±R
+ N

e±L

偏極の定義式	

 ILCでは、電子の偏極はP–　=–80%、陽電子の偏極はP+=+30% 
Ne±R+Ne±L=100とすると 
 
P–=–80%のとき、Ne–R=10、Ne–L=90 
P+=+30%のとき、Ne+R=65、Ne+L=35　ということを意味する 
	



ミューオンペアの角度分布	

27	

e–	 e+	

μ–	

μ+	

θμμ	

cosθμμ(Rec)	

cosθμμ	
θμμ=180°(cosθμμ=–1)でピークが立つ 
θμμが180°にならないミューオンペアが存在する 
 
ISRでe–e+ビームがエネルギーを失いビームエネルギーに差が生じることで 
エネルギーが相対的に大きいビームの運動方向にブーストされる	



角度分布の再構成	

28	

何も設定せずに再構成すると右の図のようになる 
-1に+1と同じ大きさのピークがあるのは再構成で全てのミューオンを 
選択しているからで電荷が−１のものだけを選択する必要がある 
→(スライドの20ページの右の図)	

→	

cosθμ–	

Reconstruct	MC truth	

cosθμ–	



オンシェルZボソンが媒介するときの 
ミューオンと反ミューオンの角度分布	

29	

どちらかのビーム方向に偏っている	

cosθμ–	 cosθμ+	

反ミューオン(Rec)	ミューオン(Rec)	

(mμμ<150GeV)	



Zボソンが媒介するときのミューオンペアの角度の比較	

30	

back to backにはならず、どちらかにブーストしていることがわかる 
例えば、電子ビームのエネルギーが小さいとミューオンペアは 
どちらも陽電子ビームが走る方向に飛んでいく	

反
ミ

ュ
ー

オ
ン

	
ミューオン：反ミューオン	

ミューオン 



wino mass直接探索の展望	
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(b) The Higgsino LSP

Figure 3: Prospect of LSP dark matter searches: (a) The wino LSP (n = 3 & Y = 0, Majorana fermion)
and (b) The Higgsino (n = 2 & Y = ±1/2, Dirac fermion). The di↵erences between the expected reach of
the EWIMP mass m at 95% C.L. and the beam energy

p
s/2 is shown. Here we assume that the integrated

luminosity of 3 ab�1 and the electron and positron beam polarizations of �80% and 60%. We have shown
the results with the systematic uncertainty of ✏i = 0, 0.1, 0.3, 0.5 and 1%.
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(b) The Higgsino LSP

Figure 3: Prospect of LSP dark matter searches: (a) The wino LSP (n = 3 & Y = 0, Majorana fermion)
and (b) The Higgsino (n = 2 & Y = ±1/2, Dirac fermion). The di↵erences between the expected reach of
the EWIMP mass m at 95% C.L. and the beam energy

p
s/2 is shown. Here we assume that the integrated

luminosity of 3 ab�1 and the electron and positron beam polarizations of �80% and 60%. We have shown
the results with the systematic uncertainty of ✏i = 0, 0.1, 0.3, 0.5 and 1%.
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(b) The Higgsino LSP

Figure 3: Prospect of LSP dark matter searches: (a) The wino LSP (n = 3 & Y = 0, Majorana fermion)
and (b) The Higgsino (n = 2 & Y = ±1/2, Dirac fermion). The di↵erences between the expected reach of
the EWIMP mass m at 95% C.L. and the beam energy

p
s/2 is shown. Here we assume that the integrated

luminosity of 3 ab�1 and the electron and positron beam polarizations of �80% and 60%. We have shown
the results with the systematic uncertainty of ✏i = 0, 0.1, 0.3, 0.5 and 1%.
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wino LSP(n=3&Y=0,Majorana fermion) 
L=3ab−１、Pー=–80%、P＋=+60% 
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(b) The Higgsino LSP

Figure 3: Prospect of LSP dark matter searches: (a) The wino LSP (n = 3 & Y = 0, Majorana fermion)
and (b) The Higgsino (n = 2 & Y = ±1/2, Dirac fermion). The di↵erences between the expected reach of
the EWIMP mass m at 95% C.L. and the beam energy

p
s/2 is shown. Here we assume that the integrated

luminosity of 3 ab�1 and the electron and positron beam polarizations of �80% and 60%. We have shown
the results with the systematic uncertainty of ✏i = 0, 0.1, 0.3, 0.5 and 1%.
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(b) The Higgsino LSP

Figure 3: Prospect of LSP dark matter searches: (a) The wino LSP (n = 3 & Y = 0, Majorana fermion)
and (b) The Higgsino (n = 2 & Y = ±1/2, Dirac fermion). The di↵erences between the expected reach of
the EWIMP mass m at 95% C.L. and the beam energy

p
s/2 is shown. Here we assume that the integrated

luminosity of 3 ab�1 and the electron and positron beam polarizations of �80% and 60%. We have shown
the results with the systematic uncertainty of ✏i = 0, 0.1, 0.3, 0.5 and 1%.
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(b) The Higgsino LSP

Figure 3: Prospect of LSP dark matter searches: (a) The wino LSP (n = 3 & Y = 0, Majorana fermion)
and (b) The Higgsino (n = 2 & Y = ±1/2, Dirac fermion). The di↵erences between the expected reach of
the EWIMP mass m at 95% C.L. and the beam energy

p
s/2 is shown. Here we assume that the integrated

luminosity of 3 ab�1 and the electron and positron beam polarizations of �80% and 60%. We have shown
the results with the systematic uncertainty of ✏i = 0, 0.1, 0.3, 0.5 and 1%.
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Higgsino LSP(n=2&Y=±1/2,Dirac fermion) 
L=3ab–1、P–=–80%、P+=+60% 
	例えば	√s=500GeV	

0.3%の系統誤差 
 

→　　　mH–√s/2=45GeV 
　　mH=45+250=295GeV　 
　 

winoに比べ系統誤差が大きくなると感度が悪い	 32	

~	

~	

質量が295GeVより小さければ直接測定できる可能性がある 
 
	


