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Higgs boson discovery
ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 5

Fig. 2. The distribution of the four-lepton invariant mass, m4ℓ , for the selected can-
didates, compared to the background expectation in the 80–250 GeV mass range,
for the combination of the

√
s = 7 TeV and

√
s = 8 TeV data. The signal expectation

for a SM Higgs with mH = 125 GeV is also shown.

Table 3
The numbers of expected signal (mH = 125 GeV) and background events, together
with the numbers of observed events in the data, in a window of size ±5 GeV
around 125 GeV, for the combined

√
s = 7 TeV and

√
s = 8 TeV data.

Signal Z Z (∗) Z + jets, tt̄ Observed

4µ 2.09 ± 0.30 1.12 ± 0.05 0.13 ± 0.04 6
2e2µ/2µ2e 2.29 ± 0.33 0.80 ± 0.05 1.27 ± 0.19 5
4e 0.90 ± 0.14 0.44 ± 0.04 1.09 ± 0.20 2

(±2.3%/±7.6%) for m4ℓ = 115 GeV. The uncertainty on the electron
energy scale results in an uncertainty of ±0.7% (±0.5%/±0.2%) on
the mass scale of the m4ℓ distribution for the 4e (2e2µ/2µ2e)
channel. The impact of the uncertainties on the electron energy
resolution and on the muon momentum resolution and scale are
found to be negligible.

The theoretical uncertainties associated with the signal are de-
scribed in detail in Section 8. For the SM Z Z (∗) background, which
is estimated from MC simulation, the uncertainty on the total yield
due to the QCD scale uncertainty is ±5%, while the effect of the
PDF and αs uncertainties is ±4% (±8%) for processes initiated by
quarks (gluons) [53]. In addition, the dependence of these uncer-
tainties on the four-lepton invariant mass spectrum has been taken
into account as discussed in Ref. [53]. Though a small excess of
events is observed for m4l > 160 GeV, the measured Z Z (∗) → 4ℓ
cross section [93] is consistent with the SM theoretical predic-
tion. The impact of not using the theoretical constraints on the
Z Z (∗) yield on the search for a Higgs boson with mH < 2mZ has
been studied in Ref. [87] and has been found to be negligible. The
impact of the interference between a Higgs signal and the non-
resonant gg → Z Z (∗) background is small and becomes negligible
for mH < 2mZ [94].

4.4. Results

The expected distributions of m4ℓ for the background and for
a Higgs boson signal with mH = 125 GeV are compared to the
data in Fig. 2. The numbers of observed and expected events in
a window of ±5 GeV around mH = 125 GeV are presented for the
combined 7 TeV and 8 TeV data in Table 3. The distribution of the
m34 versus m12 invariant mass is shown in Fig. 3. The statistical
interpretation of the excess of events near m4ℓ = 125 GeV in Fig. 2
is presented in Section 9.

Fig. 3. Distribution of the m34 versus the m12 invariant mass, before the applica-
tion of the Z -mass constrained kinematic fit, for the selected candidates in the m4ℓ

range 120–130 GeV. The expected distributions for a SM Higgs with mH = 125 GeV
(the sizes of the boxes indicate the relative density) and for the total background
(the intensity of the shading indicates the relative density) are also shown.

5. H → γ γ channel

The search for the SM Higgs boson through the decay H → γ γ
is performed in the mass range between 110 GeV and 150 GeV.
The dominant background is SM diphoton production (γ γ ); con-
tributions also come from γ + jet and jet + jet production with
one or two jets mis-identified as photons (γ j and j j) and from
the Drell–Yan process. The 7 TeV data have been re-analysed and
the results combined with those from the 8 TeV data. Among other
changes to the analysis, a new category of events with two jets
is introduced, which enhances the sensitivity to the VBF process.
Higgs boson events produced by the VBF process have two for-
ward jets, originating from the two scattered quarks, and tend to
be devoid of jets in the central region. Overall, the sensitivity of
the analysis has been improved by about 20% with respect to that
described in Ref. [95].

5.1. Event selection

The data used in this channel are selected using a diphoton
trigger [96], which requires two clusters formed from energy de-
positions in the electromagnetic calorimeter. An ET threshold of
20 GeV is applied to each cluster for the 7 TeV data, while for the
8 TeV data the thresholds are increased to 35 GeV on the lead-
ing (the highest ET) cluster and to 25 GeV on the sub-leading (the
next-highest ET) cluster. In addition, loose criteria are applied to
the shapes of the clusters to match the expectations for electro-
magnetic showers initiated by photons. The efficiency of the trigger
is greater than 99% for events passing the final event selection.

Events are required to contain at least one reconstructed ver-
tex with at least two associated tracks with pT > 0.4 GeV, as well
as two photon candidates. Photon candidates are reconstructed in
the fiducial region |η| < 2.37, excluding the calorimeter barrel/end-
cap transition region 1.37 ! |η| < 1.52. Photons that convert to
electron–positron pairs in the ID material can have one or two re-
constructed tracks matched to the clusters in the calorimeter. The
photon reconstruction efficiency is about 97% for ET > 30 GeV.

In order to account for energy losses upstream of the calorime-
ter and energy leakage outside of the cluster, MC simulation re-
sults are used to calibrate the energies of the photon candidates;
there are separate calibrations for unconverted and converted
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mass of Higgs candidate events



Higgs is actually the origin of mass!

subtracted'Hist�

Ĵ(γγ)�

ĝĖĎē� Ĭ«¸¬x¢bùÒÒ�

Gauge'Boson,'Fermion'
�±öHiggsÞ«¸¬x'

Yukawa�(îð�ĳÒÒ�
îð�ĳ�

higgs 
coupling

S.M
.

early LHC 
results



Luminosity



Higgs couplings
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Top quark mass
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An enigmatic couple

 

Higgs Boson

Elementary Scalar? Composite object?

Top quark

Courtesy of S. Rychkov

- Higgs and top quark are intimately coupled!
  Top Yukawa coupling O(1) !
  => Top mass important SM Parameter

- New physics by compositeness?
  Higgs and top composite objects?

- LC perfectly suited to decipher
  both particles

heaviest of the SM particle 
↓ 

the strongest coupling with 
Higgs sector



SUSY search
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ILC



From slides by Prof. Komamiya @ JPS11

ILC$Accelerator$in$TDR$
Damping Rings Polarised electron 

source 

E+ source 

Ring to Main Linac (RTML) 
(including  
 bunch compressors) 

e- Main Linac 

e+ Main Linac 

Parameters � Value �

C.M.$$Energy� 500$GeV �

Peak$luminosity� 1.8$x1034$cm?2s?1�

Beam$Rep.$rate� 5$Hz �

Pulse$duraGon � 0.73$ms �

Average$current$� $5.8$mA$(in$pulse) �

FF$beam$size$(y)$� 5.9$nm �

E$gradient$in$SCRF$
acc.$cavity�

31.5$MV/m$+/?20%$
Q0$=$1E10� ��

	
achieved �



Kitakami site was chosen by the site 
evaluation committee in Aug/2013. 
International detailed design is in progress.
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http://www.mext.go.jp/b_menu/shingi/chousa/shinkou/038/gaiyou/1360593.htm
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possible to put original ILC technologies to normal consumer use and/or use in product 

development4. 

 

It is important to obtain the agreement and support of the public and the scientific community 

when deciding whether to go ahead with the project. 

 

 

 (5) Examples of past large accelerator facilities 

The largest amount of funds was spent for construction of the Japan Proton Accelerator Research 

Complex (J-PARC), which was 150 Billion JPY. Super Photon ring-8GeV (Spring-8) spent 110 Billion 

JPY and Electron-Positron Collier Accelerator (KEK-B) spent 37.8 Billion JPY for their construction. 

In contrast to these construction costs, the ILC project demands more than 1 Trillion JPY for 

construction; a more precise cost estimate and evaluation of corresponding scientific achievements in 

relation to the cost should be made. 

 

The largest accelerator in the world is the CERN LHC. Necessary costs for the LHC accelerator 

are estimated to be 500 Billion JPY. The accelerator was constructed in an existing tunnel, and this 

estimate does not include employment costs. 

 

A project had been planned in the United States during the same period of LHC, 

Superconducting Super Collider (SSC). Researchers participating in the SSC pointed out the 

following as main reasons why the project was terminated. These factors should be considered in a 

large-scale project such as ILC; 

・The US budget policy became austere, 

・Necessary costs increased owing to the design change (from US$4.5 billion to US$11.0 billion,  

・Spin-off effects were overblown and induced negative reactions, and 

・Site selection (construction in a completely vacant green field) triggered various problems later. 

 

 

3. Recommendations 

 

Based on the investigations and reports by the working groups and discussions by the advisory 

panel, the panel recommends the following on the ILC project; 

 

Recommendation 1:  The ILC project requires huge investment that is so huge that a single country 

cannot cover, thus it is indispensable to share the cost internationally. From the viewpoint that the 

huge investments in new science projects must be weighed based upon the scientific merit of the 

project, a clear vision on the discovery potential of new particles as well as that of precision 

measurements of the Higgs boson and the top quark has to be shown so as to bring about novel 

development that goes beyond the Standard Model of the particle physics. 

 

                                                   
4 One example of the unanticipated spin-offs that projects can have is the contribution to the spread 

of the World Wide Web (www) made by the large-scale particle and nuclear physics experiments at 

CERN. 

New particles detectable by ILC only are also important, 
i.e. comprementary to LHC

http://www.mext.go.jp/b_menu/shingi/chousa/shinkou/038/gaiyou/1360593.htm
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The objective of the ILC project is to uncover physics beyond the Standard Model through the 
precision measurements of the Higgs boson and top quark and through searches for new particles. In 
case of new discoveries beyond the Standard Model, its scientific impact on elementary particle 
physics will be significant. 

 
As the ILC project requires huge investment, it is indispensable and essential prerequisite for 

the implementation to have a clear vision of participation and cost sharing by international partners 
including European countries and the United States while taking into account mid-term and 
long-term domestic economic and financial situations. 

 
From the viewpoint the huge investments in new science projects must be weighed based upon 

the scientific merit of the project, it is necessary to have a clear strategy of the discovery potential of 
new particles such as supersymmetry particles which are considered as a candidate of the dark 
matter, in addition to that of precision measurements of the Higgs boson and top quark, has to be 
shown so as to bring about novel development that goes beyond the Standard Model. 

 
It is appropriate to proceed discussion on a possible international cost sharing scheme of the ILC 

project by not only taking into account the scheme used by CERN but also taking into account the 
schemes of existing large scale international projects such as the International Thermonuclear 
Experimental Reactor (ITER) and International Space Station (ISS). 

 

 
Recommendation 2:  Since the specifications of the performance and the scientific achievements of the 

ILC are considered to be designed based on the results of LHC experiments, which are planned to be 
executed through the end of 2017, it is necessary to closely monitor, analyze and examine the 
development of LHC experiments . Furthermore, it is necessary to clarify how to solve technical issues 
and how to mitigate cost risk associated with the project. 

 
The specifications of the performance and the scientific achievements of the ILC project depend 

on the results of LHC experiments in the 13TeV run which is currently going on through the end of 
2017. Especially whether new particle(s) can be found or not, and what their mass value(s) would be 
in case of the discovery, will provide important viewpoint for the judgement. 

 

It is important to show a clear outlook to address technical and cost issues pointed out at the 
working group discussions. 

 
It is recommended to further enhance the maximum efforts to incorporate technology 

development that can improve the accelerator performance. 
 
 

Recommendation 3:  While presenting the total project plan, including not only the plan for the 
accelerator and related facilities but also the plan for other infrastructure as well as efforts pointed out 
in Recommendations 1 & 2, it is important to have general understanding on the project by the public 
and science communities.  

 

LHC Run2 results on new physics are important to ILC

http://www.mext.go.jp/b_menu/shingi/chousa/shinkou/038/gaiyou/1360593.htm
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It is important to show a clear outlook to address technical and cost issues pointed out at the 
working group discussions. 

 
It is recommended to further enhance the maximum efforts to incorporate technology 

development that can improve the accelerator performance. 
 
 

Recommendation 3:  While presenting the total project plan, including not only the plan for the 
accelerator and related facilities but also the plan for other infrastructure as well as efforts pointed out 
in Recommendations 1 & 2, it is important to have general understanding on the project by the public 
and science communities.  

 

http://www.mext.go.jp/b_menu/shingi/chousa/shinkou/038/gaiyou/1360593.htm
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Physics at ILC
• Precise measurement of Higgs 

• Higgs coupling → Sensitivity to new physics 
• Higgs self coupling → E > 500GeV is required 

• Search for new particles 
• Direct search → High energy is required 
• Indirect search → High precision 
• Its nature → High precision & polarized beam 

• Precise measurement of Top 
• Top mass → high precision, E>350GeV 
• Coupling → high precision & polarized beam with >350GeV 

Therefore,

We need e+e- collider 
with energy 350-500GeV (or higher)

Yes, we need ILC!



Comparison btw. LHC and ILC
LHC

proton
BG

BG

BG
BG

Higgs signal

ILC

e- e+

Higgs signal

proton

実験環境の比較

7

u

u d

u

u d

電子 陽電子

素粒子（電子）とその反粒子（陽電子）の純粋な反応

全エネルギーが反応に使われ、エネルギーをコントロールが可能

「エネルギーさえ足りれば」発見能力・情報量をもつ

LHC (Large Hadron Collider)

ILC (International Linear Collider)

陽子・陽子の衝突は複合粒子同士の衝突

一部のエネルギーが反応に関与する。

高いエネルギーに到達して新粒子・新現象を発見する

実験環境の比較
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電子 陽電子

素粒子（電子）とその反粒子（陽電子）の純粋な反応

全エネルギーが反応に使われ、エネルギーをコントロールが可能

「エネルギーさえ足りれば」発見能力・情報量をもつ

LHC (Large Hadron Collider)

ILC (International Linear Collider)

陽子・陽子の衝突は複合粒子同士の衝突

一部のエネルギーが反応に関与する。

高いエネルギーに到達して新粒子・新現象を発見する

• Collision btw composite particles 
• only a part of proton energy contributes 
• energy frontier → new particles, new phenomena

• Collision btw elementary particles → clean signal, suited for precise measurement 
• Collision energy is well controlled. Energy scan is possible. 
• Discovery potential up to Ecm



Merits of the ILC
Clean experiment 

• Low background (S:B=1:102 @ ILC, 1:108~109 @ LHC) 

• Low pileup (0.7 per bunch crossing @ ILC 500GeV) 

• Whole energy is used for collision 
   → 4-momentum conservation can be used 
   → simple mass measurement 

• Low radiation environment allows more idealistic detector design 

Accelerator technology established 

• High gradient Superconducting RF cavities 

• Final beam focusing

18



Merit of the ILC
Low energy loss with less synchrotron radiation 
• Energy loss per cycle at ring accelerator:  

Energy extension 
• Longer accelerator for higher energy 
• Future R&D will further improve gradient of cavity 

Spin polarized beam 
• control of signal-to-background ratio 
• measurement of various (right-handed, left-handed) couplings

�E �
�

E

m

�4 1

Rその他の特徴
• 背景事象が少ない (ILC S:B=1:102 LHC S:B=1:108-109)
• パイルアップが少ない(Bunch crossingあたり0.7@500GeV)
• 全エネルギーが反応で使われる→4元運動量保存が使える

• 質量測定が容易
• e-,e+の偏極をコントロールできる

• 信号事象、背景事象の生成断面積のコントロール
• 種々の結合(右結合、左結合)の測定が可能

8

右巻き電子で標準理論由来の
WW pairを抑制
Suppress standard model WW 
pair by using right-handed 
electron
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Higgs generation at ILC
生成断面積

ILCにおけるヒッグス生成

10

期待されるヒッグスイベント数

√s σ(e+e-→ZH) σ(e+e-→ννH) luminosity # of ZH # of ννH
250GeV 318fb 36.6fb 500fb-1 ~160,000 ~18,000
500GeV 95.5fb 163fb 500fb-1 ~48,000 ~80,000

(～8yrs.)

Figures from slides by M. Kurata @ JPS

√s σ(e+e-→XH) σ(e+e-→vvH) luminosity # of ZH # of vvH
250GeV 318fb 36.6fb 500fb-1 ~160,000 ~18,000
500GeV 95.5fb 163fb 500fb-1 ~48,000 ~80,000

number of expected Higgs events
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Measurement of Higgs production cross section

Figures from slides by M. Kurata @ JPS

ヒッグス生成断面積の絶対値測定

反跳質量測定:
e+e-ÆZHÆl+l−X

ILC Higgs WG Input to Snowmass

崩壊モードに依存しない
ZH全断面積の絶対値測定

Δσ(ZH)/σ(ZH)<2.6%(@250GeV,250fb-1)
測定精度(250+350+500GeV)

gHZZ

ヒッグス測定のためにヒッグス
を“見ない”

11

こちらを使う

ILCでのみ可能！

Runtime ΔmH Γ(inv.) (95%C.L)
8yrs. 25MeV 0.5%
20yrs. 15MeV 0.3%

ヒッグス生成断面積の絶対値測定

反跳質量測定:
e+e-ÆZHÆl+l−X

ILC Higgs WG Input to Snowmass

崩壊モードに依存しない
ZH全断面積の絶対値測定

Δσ(ZH)/σ(ZH)<2.6%(@250GeV,250fb-1)
測定精度(250+350+500GeV)

gHZZ

ヒッグス測定のためにヒッグス
を“見ない”

11

こちらを使う

ILCでのみ可能！

Runtime ΔmH Γ(inv.) (95%C.L)
8yrs. 25MeV 0.5%
20yrs. 15MeV 0.3%

Don’t “see” higgs 
to measure higgs!

measure σ(ZH) independent of decay modes

use 
“recoil” 
mass

Recoil mass measurement: 
e+e- → ZH → l+l-X

m2
recoil = (

�
s � Ell)

2 � |�pll|2

Runtime ΔmH Γ(int.) (95%C.L.)
8yrs. 25MeV 0.5%
20yrs. 15MeV 0.3%

Precision @ (250GeV+350GeV+500GeV)

Possible only at ILC!



22

Measurement of Higgs production cross section

• In LHC, obtained measurements are of 
σ(total cross section) x BR (branching ratio). 

• In ILC, with the recoil mass measurement, total cross section σ 
is obtained → Direct measurements of BR are possible!
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H→ZZ
• Higgs coupling measurements are also important 
• For coupling measurements, total decay width is necessary.  

• Total decay width of Higgs can be obtained at ILC  
if you know Γ and BR for some decay process. 

• For example, H→ZZ. 

• Unfortunately, H→ZZ* is difficult because of low statistics 
(Br(ZZ*)~2%)

�H =
�H�ZZ�

Br(H � ZZ�)

→ZZ*

→WW*

H→WW,(ZZ)
• もちろん、それぞれのヒッグス結合測定も重要
• ヒッグス全幅測定が可能→ヒッグス結合測定のため重要

• ただし、narrow width approximationによる間接測定のみ可能

Γ𝑯 =
Γ𝑯→𝑾𝑾∗

𝑩𝒓(𝑯→𝑾𝑾∗)
∝ 𝒈𝑯𝑾𝑾

𝟐

𝑩𝒓 H→𝑾𝑾∗

• H→ZZ*でも同じことができるが、統計的に厳しい(Br（ZZ*)～2%)

12

Runtime 8yrs. 20yrs.
ΔΓH/ΓH 3.8% 1.8%

全幅測定精度

g2
HAA � �(H � AĀ) = �H · BR(H � AĀ)
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H→WW
• Better way is to use H→WW

Runtime 8yrs. 20yrs.
ΔΓH/ΓH 3.8% 1.8%

Precision of total width measurement

→ZZ*

→WW*

H→WW,(ZZ)
• もちろん、それぞれのヒッグス結合測定も重要
• ヒッグス全幅測定が可能→ヒッグス結合測定のため重要

• ただし、narrow width approximationによる間接測定のみ可能

Γ𝑯 =
Γ𝑯→𝑾𝑾∗

𝑩𝒓(𝑯→𝑾𝑾∗)
∝ 𝒈𝑯𝑾𝑾

𝟐

𝑩𝒓 H→𝑾𝑾∗

• H→ZZ*でも同じことができるが、統計的に厳しい(Br（ZZ*)～2%)

12

Runtime 8yrs. 20yrs.
ΔΓH/ΓH 3.8% 1.8%

全幅測定精度

H→WW*

recoil mass 
measurement 
→ σZH

�ZH � BR(H � WW �)}BR(H � WW �)

→ZZ*

→WW*

H→WW,(ZZ)
• もちろん、それぞれのヒッグス結合測定も重要
• ヒッグス全幅測定が可能→ヒッグス結合測定のため重要

• ただし、narrow width approximationによる間接測定のみ可能

Γ𝑯 =
Γ𝑯→𝑾𝑾∗

𝑩𝒓(𝑯→𝑾𝑾∗)
∝ 𝒈𝑯𝑾𝑾

𝟐

𝑩𝒓 H→𝑾𝑾∗

• H→ZZ*でも同じことができるが、統計的に厳しい(Br（ZZ*)～2%)

12

Runtime 8yrs. 20yrs.
ΔΓH/ΓH 3.8% 1.8%

全幅測定精度

�H =
�H�WW �

Br(H � WW �)

�H�WW �
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Top Yukawa coupling
• HAA coupling is obtained from        by recoil mass measurement 
and (                or                ). 

• However, Higgs cannot decay to top quarks (               ) 
• Use ttH decay mode. 

• Cross section increases at 
√s = 500GeV rapidly.

�ZH

�ZH � BR ���̄H � BR

mH < 2mt

トップ・湯川結合測定

• e+e- Æ ttH
QCD束縛状態効果により生成断面積が増加
@500 GeV

• 終状態:top崩壊で分けて解析
(ヒッグスはH→bb)

• B-tagging, レプトン同定、ジェットのペ
アリング（質量再構成）が解析で重要

14

ttH 8-jet

4j: blνblνbb
6j: bqqblnbb
8j: bqqbqqbb ECM Int. Lumi Δy/y

500 GeV 0.5 ab-1 18%
500 GeV 4 ab-1 6.3%
550 GeV 4 ab-1 3%

A = Zを取った場合は、Γ(h → ZZ∗)を反跳質量分布
測定から、BR(h → ZZ∗)を σZh×BR(h → ZZ∗)測
定と反跳質量分布測定による σZh を組み合わせること
で決める事になる。しかし、この方法では、BR(h →
ZZ∗) = O(1%)と分岐比が小さいため、統計のせいで
良い精度を得るのが難しい。よりよい方法は A = W

を用いる事である。この場合には、BR(h → WW ∗)

は、 σZh×BR(h → WW ∗) 測定と反跳質量分布測定
による σZh を組み合わせて、Γ(h → WW ∗)は、WW -

融合過程：e+e− → νν̄h を使って求める。250GeV で
は、この WW -融合過程の断面積は大きくないが、そ
れでも h → WW ∗ 崩壊が h → bb̄に次ぐ２番目に大
き崩壊分岐比を持つため、A = Z の場合より良い精
度が期待でき、 250 fb−1 の統計で ∆Γh/Γh = 11%の
精度の全崩壊幅測定が可能である。WW -融合過程の
断面積は図 16に見るようにエネルギーとともに増加
し、500GeV では、Zh 生成反応を凌駕する。こうし
て、500GeV で 500 fb−1 の統計を貯めれば、全崩壊
幅が ∆Γh/Γh = 5% の精度で決まる。

トップ湯川結合の測定： σZh×BRあるいは σνν̄h×
BR測定と反跳質量測定による σZh 測定から上記の方
法で hAA 結合を決めるには、h → AĀ 崩壊が可能で
なければならない。しかし、mh < 2mt なので、ヒッ
グスはトップクォーク対には崩壊できず、この方法で
トップ湯川結合を決める事はできない。従って、トップ
湯川結合の直接測定には、e+e− → tt̄h 反応を使う必
要がある。トップクォークが標準理論の中で最大の質
量を持つ基本粒子であり、ヒッグスセクターと最も強
く結合すると期待されるので是非とも測定しておかね
ばならない。既に述べたように、この反応の断面積は
√
s = 800GeV近辺で最大値を取り √

s = 500GeVで
の断面積は小さいが（図 19を見よ）、QCD 補正（束
縛状態効果）によって断面積がほぼ２倍になるため
√
s = 500GeV で測定可能である。tt̄h 生成にはトッ
プ湯川結合を含まないバックグラウンド過程：h-off-Z

ダイアグラムが含まれるが、図 19に示したように、そ
の寄与は無視でき、生成断面積：σtt̄h は、トップ湯川結
合の自乗に比例する。そこで、ヒッグスの主要崩壊モー
ド：h → bb̄を使い σtt̄h×BR(h → bb̄)事象の数を数え
てやれば、BR(h → bb̄) はこの時点で既に分かってい
るので、トップ湯川結合を決定できる。この方法による
トップ湯川結合の決定精度は、mh = 125GeV のヒッ
グス粒子に対し、√s = 500GeVで 1ab−1 を貯めた場

�>*H9@V
��� ��� ��� ��� ��� ����

�>I
E@

σ

����

����

����

�

��

���

���
WW

=��Z��154&'�WW

�E�E→J��J�WW

+��+�RII�=�WW

+��Z��154&'�WW

+��Z�R�154&'�WW

� �±3RO�H

1.2 fb

510 fb

0.45 fb

�>*H9@WWP
��� ��� ��� ��� ��� ��� ��� ��� ����

�����

�����

�����

�����

����

�����

�����

�����

�����

����

:LWK�4&'�&RUUHFWLRQ

1R�4&'�&RUUHFWLRQ

� �����>*H9@WP

� �����>*H9@V
� ��±H3RO

�6�3HDN

図 19: 信号である tt̄h 生成断面積のエネルギー依存
性の QCD (NRQCD) 補正の有無による比較。比較の
ためバックグラウンド過程：tt̄Z、tt̄g(g → bb̄)、およ
び tt̄ の断面積も示した（上）。tt̄ 部分系の不変質量分
布の QCD (NRQCD) 補正の有無による比較（下）。

合、∆gY (t)/gY (t) = 9.9% となる。しきい値の近くな
ので、例えば、20GeVエネルギーを上げれば断面積が
ほぼ倍になり、精度が急激に改善する可能性がある事
を指摘しておきたい。√s = 1TeVでは、断面積はほぼ
最大値に近く、ビーム偏極：(e−, e+) = (−0.8,+0.2)、
統計 1 ab−1 の場合、mh = 125GeV ヒッグス粒子に
対して ∆gY (t)/gY (t) = 3.1% の精度の測定が可能で
ある。

ヒッグス自己結合（３点結合）の測定： ヒッグス
自己結合（３点結合）は、図 20に示したように、４
点自己結合の１つの足を真空期待値で置き換えること
で得られ、ヒッグス・ポテンシャルの形、対称性の破
れの原因と直接的に関係していると考えられる。ヒッ
グス３点結合の測定には、２つの方法がある。１つ

㸯㸫 ��

Figures from Prof. K. Fujii’s  lecture note
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Higgs self coupling
• Important to understand Higgs potential shape and the origin of 
the symmetry breaking.

v H

H

λ

H

H

H

λ

H

H

図 20: ヒッグス４点自己結合と３点自己結合。

目は２重ヒッグス放射過程：e+e− → Zhh を使う方
法、そして２つ目は WW -融合による２ヒッグス生成
過程：e+e− → νν̄hh を使う方法である。最初の反
応の断面積は √

s = 500GeV 近辺で最大値を取る。
２番目の反応の断面積は √

s = 500GeV では小さす
ぎて使い物にならないが、√

s ≃ 1.2TeV 以上では最
初の反応を凌駕する（図 21）。いずれにせよ、断面
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図 21: ２ヒッグス生成過程：e+e− → Zhh および
e+e− → νν̄hhの断面積の√

s依存性。ここではmh =

120GeV。

積は非常に小さく（σZhh < 0.2 fb）) 、また図 22 に
示したような分離不可能なバックグラウンド・ダイア
グラムの存在により信号ダイアグラムの寄与が薄ま
る効果により、仮に e+e− → tt̄、WWZ、ZZ、Zγ、
ZZZ、ZZh などの標準理論バックグラウンドが制御
できたとしても大変難しい測定である。バックグラウ
ンド・ダイアグラムによる薄め効果は、Zhh 過程の
場合により厳しく、√

s = 500GeV dでの測定では、
mh = 125GeV ヒッグスに対して √

s = 500GeV、
500 fb−1 では δλ/λ = 83%、2 ab−1 統計を貯めても
δλ/λ = 41% である。薄め効果は、νν̄hh 過程では
ずっと少なく、√

s = 1TeV、1 ab−1 で δλ/λ = 21%、
2.5 ab−1 統計を貯めれば、δλ/λ = 13% が可能であ
る。精度は、今後の b-同定効率やジェット解析の方法
の改善によりさらに向上すると期待される。
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図 22: (a) e+e− → Zhh、(b) e+e− → νν̄hh に寄与
するファイマン図。網掛けの部分は、ヒッグス３点結
合を含まないバックグラウンド・ダイアグラム。

しかし、こうしたヒッグス結合の精度向上もさるこ
とながら、1TeV での実験の明白な有意性は拡張ヒッ
グス セクター（A、H±、H 等の重いヒッグス粒子）
の直接探索に対する探索領域の拡大にあることを指摘
し、これまで説明した全てのヒッグス関連の測定を総
合したヒッグス結合決定の話に移ろう。

ILC 250+500+1000: 結合定数のグローバル・
フィット これまで説明したヒッグスに関する種々の
測定の精度を表 2 にまとめる。これらの測定を組み
合わせ、グローバル・フィットをする事でヒッグス結
合を引き出せる。独立な測定には 33 の σ × BR 測
定（31 は表 2 に、残り 2 つは √

s = 500GeV およ
び 1TeV における σ(tt̄h) × BR(h → bb̄) 測定）が
含まれる。鍵は、何度も強調したように反跳質量測定
（250GeV と 500GeV の 2つ）であり、これが LHC

では不可能なモデル非依存なヒッグス結合解析への扉
を開く。また、全崩壊幅決定に対して WW -融合反応
が果たす重要な役割についても再度強調しておく（図
23）。独立な測定は全部で 35個：33個の σ×BR測定

図 23: ヒッグス測定による結合定数、全崩壊幅決定の
流れ

（Yi : i = 1 · · · 33）そして 2 個の σ(Zh) 測定（Y34,35）

㸯㸫 ��
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σ peak at 
√s = 500GeV

larger σ at 
√s > 1.2TeV

Hard task because of background. 
1TeV run would be necessary for this.
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Higgs coupling accuracy

Figures from Prof. K. Fujii’s  lecture note
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図 24: 標準理論の場合に期待される質量-結合定数関
係のプロット（基準積分ルミノシティーの場合）。

ておく必要がある。実際、基準積分ルミノシティは、
1年を 1× 107 秒（これは 24時間 100%効率で運転し
たとして約 4ヶ月の運転に相当）とした場合、３つの
エネルギー各々において設計ルミノシティで 3年ずつ
走った場合に対応するが、実際には 1年の実験期間は
1.6 × 107 秒程度になると期待される事、また、加速
器のルミノシティ増強の可能性（バンチ数の倍増、繰
り返し周波数の増強など）を考えれば、ILC が最終的
に到達する積分ルミノシティはこれを遥かに超えると
期待される 6。ここでは、参考文献 [4]に従って、基準
積分ルミノシティを蓄積した後ルミノシティ増強を行
い、再度√

s = 250、500、1000GeVで統計を貯め、最
終的に 1150 fb−1（250GeV）、1600 fb−1（500GeV）、
2500 fb−1（1000GeV）の積分ルミノシティを蓄積す
るとした場合を表 4に示す。
表 5に対応するヒッグス結合の精度をまとめる。ル

ミノシティ増強により、ほとんど全てのヒッグス結合
について%レベルを上回る精度が達成可能である事が
分かる。hγγ 結合、hµµ結合については、LHC での
測定と組み合わせる事で大幅な精度改善が見込める 7。
表 6に示した期待されるズレの最大値（14TeV LHC

（3 ab−1）：HL-LHCで 125GeV以外何も新しい物理の
兆候が見えなかった場合）と比較すると、たとえ LHC

6実際には、設計ルミノシティに達するのに要する時間、また、
段階的にエネルギー増強する場合にはそのための時間が余分にかか
る

7LHCでは、分岐比の比、例えばBR(h → γγ)/BR(h → ZZ∗)
を 1%レベルで決定できる。これを ILC での hZZ 結合測定と組
み合わせる事で大幅な精度改善が可能である。

表 4: 表 2 と同様、ヒッグスに関する独立な測定の
精度をまとめた表、ただしルミノシティ増強した場
合：1150 fb−1（250GeV）、1600 fb−1（500GeV）、
2500 fb−1（1000GeV）。

√
s 250GeV 500GeV 1TeV

lumi. 1150 fb−1 1600 fb−1 2.5 ab−1

process Zh νν̄h Zh νν̄h νν̄h

∆σ/σ

1.2% - 1.7% - -

mode ∆(σ ·BR)/σ ·BR

bb̄ 0.56% 4.9% 1.0% 0.37% 0.3%

cc̄ 3.9% 7.2% 3.5% 2.0%

gg 3.3% 6.0% 2.3% 1.4%

WW ∗ 3.0% 5.1% 1.3% 1.0%

τ+τ− 2.0% 3.0% 5.0% 2.0%

ZZ∗ 8.4% 14% 4.6% 2.6%

γγ 16% 19% 13% 5.4%

µ+µ− 46.6% - - - 20%

で新物理の兆候が見えなかったとしても ILC でヒッ
グス結合のずれを通して拡張ヒッグス セクターの発
見が可能であることが分かる。
ひとたび標準理論からのズレが発見されれば、

１重項混合：
ghV V

ghSMV V
=

ghff
ghSMff

= cos θ ≃ 1− δ2

2

複合ヒッグス：
ghV V

ghSMV V
≃ 1− 3%

(
1 TeV

f

)2

ghff
ghSMff

≃

⎧
⎪⎨

⎪⎩

1− 3%
(

1 TeV
f

)2
(MCHM4)

1− 9%
(

1 TeV
f

)2
(MCHM5)

超対称性：
ghbb

ghSMbb
=

ghττ
ghSMττ

≃ 1 + 1.7%

(
1 TeV

mA

)2

から、１重項混合の場合には混合角が、複合ヒッグス
模型や超対称性の場合には新しい物理のスケールが分
かる。これは、LHC や ILC の後に続く次の世代の加
速器のエネルギーを決める指針となる。ここで、複合
ヒッグスの場合、全てのヒッグス結合が標準模型の場
合に比較して減少するパターンを示すが、超対称性の
場合にはダウン型フェルミオンへの結合の増加が期待

㸯㸫 ��

表 5: 表 3 と同様の表、ただしただしルミノシテ
ィ増強した場合：1150 fb−1（250GeV）、1600 fb−1

（500GeV）、2500 fb−1（1000GeV）。（*）付きの数
値は hh → WW ∗bb̄ 崩壊を含めた場合の期待される
改善を含む。 √

s (GeV)

coupling 250 250+500 250 + 500 + 1000

hZZ 0.6% 0.5% 0.5%

hWW 2.3% 0.6% 0.6%

hbb 2.5% 0.8% 0.7%

hcc 3.2% 1.5% 1.0%

hgg 3.0% 1.2% 0.93%

hττ 2.7% 1.2% 0.9%

hγγ 8.2% 4.5% 2.4%

hµµ 42% 42% 10%

Γ0 5.4% 2.5% 2.3%

htt - 7.8% 1.9%

hhh - 46%(*) 13%(*)

表 6: 14TeV LHC（3 ab−1）で 125GeV以外何も新
しい物理の兆候が見えなかった場合に期待されるヒッ
グス結合の標準理論からのズレの最大値。

∆hV V ∆ht̄t ∆hb̄b

１重項混合 6% 6% 6%

複合ヒッグス 8% 数 10% 数 10%

最小超対称性 < 1% 3% 10%

HL-LHC 8% 10% 15%

される点が重要である。このずれのパターンの違いで、
ヒッグス セクターの構造に関する「ヒッグス粒子は
素粒子か複合粒子か？」という最も重要な分岐枝の選
択が可能となる（図 25）。

図 26 および 27 は κℓ-κd および κℓ(κd)-κu 平面に
おける４つの型の 2HDM のズレのパターンの違いに
よる ILCと LHCのモデル選別能力の比較である。図
28 は同様の比較を κV -κF 平面で別の拡張ヒッグス模
型：２重項-１重項模型、Georgi-Machacek 模型、２
重項-７重項模型について行った場合の例である。 広
いパラメータ領域でズレのパターンから、モデル選別
ができることが分かる。

図 25: ヒッグス粒子は素粒子か複合粒子か？超対称性
と複合ヒッグスの区別。

図 26: κℓ-κd平面における LHCと ILCのモデル選別
能力の比較。ただし、κℓおよび κdは標準理論に規格
化したヒッグスの荷電レプトンおよびダウン型クォー
クへの結合定数。

4.4 ヒッグス物理のまとめ
LHC における 125GeV ヒッグス粒子の発見は、この
ヒッグス粒子をプローブとするヒッグスセクターの構
造解明を高エネルギー物理学の最重要課題に押し上げ
た。ヒッグスの精密測定は、標準理論を超える物理を
望む窓となる。しかし、LHC におけるヒッグス結合
測定の精度は、O(2− 5%)で系統誤差の壁に突き当た
ると考えられる。新しい物理の質量スケールが 1TeV

を超える場合には、この精度は不十分である。しかも、
LHCではモデル非依存なヒッグス結合測定は不可能で
ある。ILC における反跳質量測定は、完全にモデル非
依存なヒッグス結合解析を可能とする。質量-結合定数
関係プロットを完結しヒッグスセクターの構造を解明
するには、少なくとも √

s = 500GeVまでをカバーす
るリニアコライダーが必要である。これは、250GeV

㸯㸫 ��
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Sensitivity to new physics
• Precise measurement of higgs coupling opens window to new physics. 
• From deviation pattern, we can identify which kind of physics is behind.

新物理モデルの同定
• ヒッグス結合の精密測定により、新物理へのアクセスが可能となる

• 様々な新物理のモデルはヒッグス結合の標準理論からのずれをもたらす

• ずれのパターンにより、新物理モデルの同定が可能

• それぞれのモデルの一例:

17

Supersymmetry (MSSM) Composite Higgs (MCHM5)

ILC ~20 years

b,τカップリングに顕著なずれ 一様にずれる

Figures from slides by M. Kurata @ JPS
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ILCの測定器コンセプト

5

ILD (International Large Detector) SiD (Silicon Detector)
Height x Length 16 m x 14 m 14 m x 11 m

Weight 14,000 t 10,100 t

Magnetic field 3.5 T 5 T

ECAL inner radius 1.8 m 1.3 m

Tracker TPC Silicon strip

ILD SiD

Saga U. joins

ILC detectors
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ILC detector (ILD)
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ILC detector (ILD)

Vertex detector
High precision and low material pixel detector
�r� = 5µm � 10

p(GeV) sin3/2 �
µm

Fine Pixel CCDs: Achievements

• SENSOR R&D :
◦ Prototype sensors with 6 µm pitch pixel fabricated

◦ Full size prototypes for inner most layers fabricated

62.4×12 mm2 and 6×6 mm2

• READ-OUT ELECTRONICS :
◦ Front-end ASICs have been developed

◦ 8ch/chip

◦ Preamp-LPF-CDS-ADC(8bit)

◦ Successive approximation register charge sharing ADC

◦ 10 Mpixel/s readout speed (100 MHz clock)

• ENGINEERING :
◦ Circulating 2-phase CO2 cooling (-40◦C) system prototype

(Waiting for safety review before starting operation)

7

Fine Pixel CCDs w/ 6um pixel pitch

space for cooling pipe is limited in ILD 
→ 2-phase CO2 cooling under study.
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ILC detector (ILD)

Tracking ̶ Time-Projection Chamber
High resolution, low material and continuous tracking.
�1/pT

� 2 � 10�5 GeV�1



TPC for the ILD Detector at the ILC
• The ILD Concept: One of two detector concepts validated to 

proceed to the TDR stage for the planned International Linear 
Collider (ILC). 

• Precision physics measurements at the ILC requires:  
・Good Momentum Resolution of 
     δ(1/pt) ~ 9 x 10-5/GeV/c @ 3.5T (TPC only: 1/10 of LEP)  
     δ(1/pt) ~ 2 x 10-5/GeV/c @ 3.5T (complete ILD tracking) 
・Good spatial resolution of σpoint in rφ < 100μm @ 3.5T 

• Why TPC as the ILD central tracker? 
・Good momentum resolution and pattern recognition  
　with ~200 measurement points per track.  
・Low material budget provides good energy resolution 
　in calorimeters. 

• MPGD (GEM or Micromegas) as amplification device.  

Challenges for the Tracking

accuracy with which the beam energy can be measured, the initial beam energy spread, which
at ILC is about 0.1%, and the precision with which the lepton momenta are measured.

It is interesting to see how the precision of the mass measurement depends on the mo-
mentum resolution of the tracker [13, 10, 14]. Figure 2.4 shows the recoil mass distribution
opposite the Z for four different values of tracker momentum resolution, characterized by the
parameters a and b, assuming the Higgs mass is 120 GeV,

√
s = 350 GeV, and the integrated

luminosity is 500 fb−1. Here the momentum resolution is written δpt/p2
t = a ⊕ b/(pt sin θ) .

For example, we find that the Higgs mass can be determined with a precision of 150 MeV
for Z decays to muon pairs assuming a = 4 × 10−5 and b = 1 × 10−3. Accuracy in the mass
measurement improves significantly as the tracker momentum resolution improves.
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FIGURE 2.4. Higgs recoil mass spectra for several values of parameters characterizing the tracker momen-
tum resolution, which is parameterized as δpt/p2

t = a ⊕ b/(pt sin θ).

2.3.2 Slepton Mass Measurement from Lepton Energy Spectrum
Endpoints

The ILC offers the possibility of determining the masses of the sleptons to high precision, if
they are kinematically accessible. Studies of the production of smuon and selectron pairs,
and their subsequent decays to charged leptons and neutralinos [15], provide another example
where the measurement sensitivity can depend on the tracker’s momentum resolution.
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they are kinematically accessible. Studies of the production of smuon and selectron pairs,
and their subsequent decays to charged leptons and neutralinos [15], provide another example
where the measurement sensitivity can depend on the tracker’s momentum resolution.
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Performance Requirements

FIGURE 1.2-1. View of the ILD detector concept.

An iron yoke, instrumented with scintillator strips or RPCs, returns the magnetic flux
of the solenoid, and at the same time, serves as a muon filter, muon detector and tail
catcher.
A sophisticated data acquisition (DAQ) system which operates without an external
trigger, to maximise the physics sensitivity.

Precision physics at the ILC requires that the beam parameters are known with great
accuracy. The beam energy and the beam polarization will be measured in small dedicated
experiments, which are shared by the two detectors present in the interaction region. These
detectors will only be covered briefly in this document, more details may be found in a
dedicated document. The luminosity of the interaction will be measured by the luminometers
integrated in ILD. To enable the operation of the detector in a ”push-pul” scenario, the
complete detector is mounted on a movable platform, which can move sideways out of the
beam to make space for the second detector in the interaction region. The platform ensures
that the integrity and calibration of the detector is minimally disturbed during the moving
process, making the re-commissioning of the detector after the ”push-pull” operation easier.
The ILD detector concept is shown graphically in Figure 1.2-1.

1.3 PERFORMANCE REQUIREMENTS

The requirements and resulting challenges for detectors at the ILC are described in the ILC
RDR [4]. The ILC is designed to investigate in detail the mechanism of the electroweak
symmetry breaking, and to search for and study new physics at energy scales up to 1 TeV. In
addition, the collider will provide a wealth of information on Standard Model (SM) physics,
for example top physics, heavy flavour physics, and physics of the Z and W bosons. The
requirements for a detector are, therefore, that multi-jet final states, typical for many physics
channels, can be reconstructed with high accuracy. The jet energy resolution should be suf-
ficiently good that the hadronic decays of the W and Z can be separated. This translates
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Candidates for endplate readout technology

TPC endplate

Micromegas

CERN GEM 
(by DESY)

pad + ASIC Pixel

Asian GEM

Electron 
Amplification

Groups

Charge Readout

Saclay etc. Bonn etc.

GEM
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Micromegas Modules 

Resistive ink
~2(?) M⇣/□

Resistive Kapton
~5 M⇣/□ Standard

2 Resistive Kapton
~3 M⇣/□

SACLAY

Micromegas give rather thin signals
  → hits are collected by one pad
  → degrades spatial resolution
  => use resistive layer to spread 
       signal over several pads!

Modules have large pads (3×7 mm²)
1728 channels per module
connected to AFTER electronics.
Several resistive layers have been tested
9 modules built in a miniseries.

35
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New Resistive Layer

Black Diamond (BD)/ Diamond like Carbon (DLC)
  often used as a layer on tools to harden surface 
  and as lubricant

Graphite Diamond
Black diamond’ and Carbon-loaded kapton

BD layer was produced 
  in Japan by A. Ochi:
  100 nm on a kapton foil
Two modules with BD were
  tested this year with 5 CLK
  ones (carbon loaded kapton).
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Timepix
Number of pixels:  256 × 256 pixels
Pixel pitch:             55 × 55 µm²
Chip dimensions:   1.4 × 1.4 cm²
ENC:                      ~ 90 e-

Limitations: no multi-hit capability, charge and 
time measurement not possible for one pixel.
Each pixel can be set to one of these 
modes: TOT = time over threshold (charge)
             Time between hit and shutter end.

37
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Online Event Display (I)
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ILC detector (ILD)

Calorimeter
High precision sensors with 5x5mm2 (ECAL), 3x3cm2 (HCAL) 
                         → measurement of mW, mZ (3σ separation)�E/E � 3 � 4%
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ILC detector (ILD)

ILC ATLAS precision ratio

vertex 5x5 um2 400x50 um2 x800

tracker 1x6 mm2 13 mm2 x2.2

ECAL 5x5 mm2 39x39mm2 x61
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Particle Flow Algorithm (PFA)

Slides by F. Sefkow

MC

Particle Flow Calorimetry for Linear Colliders Felix Sefkow     Novosibirsk, February 27, 2014 

MC

The jet energy challenge

• Jet energy performance of existing detectors is 
not sufficient for W Z separation 

• E.g. CMS: ~ 100%/√E, ATLAS ~ 70%/√E  
• Calorimeter resolution for hadrons is intrinsically 

limited  
• Resolution for jets worse than for single hadrons  
• It is not sufficient to have the world best 

calorimeter 

!6

920 ZEUS Collaboration / Physics Letters B 718 (2013) 915–921

Fig. 2. The Mjets distribution of the data (a) after all selection criteria, except for the ηmax cut, (b)–(d) in several ηmax slices.

Fig. 3. The Mjets distribution and the fit result. The data are shown as points, and
the fitting result of signal + background (background component) is shown as solid
(dashed) line. The signal contribution is also indicated by the shaded area and
amounts to a total number of Nobs events. The error bars represent the approximate
Poissonian 68% CL intervals, calculated as ±

√
n + 0.25 + 0.5 for a given entry n.

with

f i =
{

Nref,i − Nobs,i + Nobs,i ln(Nobs,i/Nref,i) (if Nobs,i > 0)
Nref,i (if Nobs,i = 0).

The best combination of (a,b,ϵ) is found by minimising χ̃2. The
value of a after this optimisation gives the ratio between the ob-
served and expected cross section, i.e. σobs = aσSM. The maximum
and minimum values of a in the interval %χ̃2 < 1 define the range
of statistical uncertainty.

7. Systematic uncertainties

Several sources of systematic uncertainties were considered and
their impact on the measurement estimated.

• An uncertainty of 3% was assigned to the energy scale of the
jets and the effect on the acceptance correction was estimated
using the signal MC. The uncertainty on the Z 0 cross-section
measurement was estimated to be +2.1% and −1.7%.

• The uncertainty associated with the elastic and quasi-elastic
selection was considered. In a control sample of diffractive DIS
candidate events, the ηmax distribution of the MC agreed with
the data to within a shift of ηmax of 0.2 units [23]. Thus, the
ηmax threshold was changed in the signal MC by ±0.2, and
variations of the acceptance were calculated accordingly. The
uncertainty on the cross-section measurement was +6.4% and
−5.4%.

• The background shape uncertainty was estimated by using dif-
ferent slices of ηmax in the fit. The background shape was
obtained using only the regions of 4.0 < ηmax < 4.2 or 4.2 <
ηmax. The region of 3.0 < ηmax < 4.0 was not used since

35%√E 
for pions,  

6 GeV for Z

LC goal
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Particle Flow Algorithm (PFA)
Particle flow concept  

and detectors

!5

Separate hit of each particle 
in calorimeter. Then, measure 
the particle energy using the 
detector with the best 
resolution for the particle. 

• charged particles 
   → Tracker 

• photons  
   → ECAL 

• neutral hadrons 
   → HCAL 

For this purpose, there is no 
solenoid inside calorimeters.

Tracker(TPC) ECAL HCAL
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Summary
• LHC run1 gave excellent results. Higgs discovery and 
measurement of its natures. Run2 will be further fruitful with 
possible discoveries. 

• ILC will start after looking at ~3years of LHC run2 results. 
Precise measurements of Higgs and top quarks can open 
windows to new physics. In addition, ILC will have discovery 
potential that is not obtained by LHC. 

• Detector studies for the most precise measurements ever are 
being performed.
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