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将来電子・陽電子コライダーの物理と技術

素粒子物理とコライダー



Why accelerators?



Ancient Greeks: 
Elements



Periodic Table

So many flavors of atoms?
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element names in blue are liquids at room temperature
element names in red are gases at room temperature
element names in black are solids at room temperature

Periodic Table of the Elements
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Rutherford

all chemical elements



resolution=energy
• Quantum Mechanics: 

particle=wave

• higher energy 
= shorter wavelength
= better resolution

• Rutherford scattering:

low energy

high energy

�x ⇡ � =
h

p

<latexit sha1_base64="jk1TzoBTrPpbagk4zzwjcR+Gd6I=">AAACBXicdVBLSwMxGMzWV62vVY9egkXxtOzWQtuDUNSDxwr2Ad1SstlsG5rdDUlWLMuevfhXvIh4UfDqX/DfmD481McHIcPMfCQzHmdUKtv+NHJLyyura/n1wsbm1vaOubvXknEiMGnimMWi4yFJGI1IU1HFSIcLgkKPkbY3upjo7VsiJI2jGzXmpBeiQUQDipHSVN88di8JUwjeQRdxLmJ9M73tI3gG3UAgnA6zlGd9s2hbtWrltFqCv4Fj2dMpgvk0+uaH68c4CUmkMENSdh2bq16KhKKYkazgJpJwhEdoQNJpigweacqHQSz0iRScsgs+FEo5Dj3tDJEayp/ahPxL6yYqqPZSGvFEkQjPHgoSBlUMJ5VAnwqCFRtrgLCg+ocQD5HOrnRxBR39Ox/8H7RKllO2atflYv18XkIeHIBDcAIcUAF1cAUaoAkweABP4BW8GffGo/FsvMysOWO+sw8Wxnj/AlmrmFs=</latexit>

E = cp

<latexit sha1_base64="rMzwXffTK2zD5Y0V77af576qxLQ=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHwNExiIMlBCIrgMYKTBJIQenp6kiY9C91vhBDyA15EvCj4Qf6Cf2Nn8RCXgoaiqpr36nmJFBod59PKrK1vbG5lt3M7u3v7B/nDo6aOU8W4y2IZq7ZHNZci4i4KlLydKE5DT/KWN7qe+a0HrrSIo3scJ7wX0kEkAsEoGsm9uWQk6ecLjl2rVi6qJfKbFG1njgIs0ejnP7p+zNKQR8gk1bpTdBLsTahCwSSf5rqp5gllIzrgk/mKU3JmJJ8EsTIvQjJXV3I01HoceiYZUhzqn95M/MvrpBhUexMRJSnyiC0GBakkGJNZX+ILxRnKsSGUKWE2JGxIFWVorpIz1b/7kf9Js2QXy3btrlyoXy2PkIUTOIVzKEIF6nALDXCBgYAneIU3y7cerWfrZRHNWMs/x7AC6/0Lh5KKRw==</latexit>

<latexit sha1_base64="aRepuw0rwfwmCozg3t9Rf6G5INM="></latexit>

E = 8.3 MeV

m = 3.7 GeV

� =
hc

E
= 5.0 fm



deeper into the heart 
of the matter (literally)

My son on Halloween!Einstein?

increase resolution



Fermi’s dream era

• Fermi formulated the 
first theory of the weak 
force (1932)

• The required energy scale 
to study the problem 
known since then: ~TeV

• We are finally got there 
with LHC!



Ernest 
Orlando 

Lawrence

early cyclotron



Why colliders?



fixed target

• fixed target experiment:

• need R~400,000km
• collider: R=27km

Globatron 
40000km
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challenges
• unitarity: σ∝E–2

• higher current = 
higher power

• beam is a “gas” of 
particles
• pretty sparse
• need to squeeze the 

beam to tiny size
• need to avoid 

synchrotron radiation
• energy loss per time
• can’t scale LEP

L =
N1N2

4⇡�x�y
fcollision
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Japan is a leader
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nano beam

ILC beam is only 7nm high



Japan is a leader

beam 
power



Redo the Big Bang!

LHC

E

B





RF cavity





Multiple Wavebands 
in Astronomy



Telescopes vs Accelerators
aim necessity telescopes accelerators

better image better 
resolution

bigger mirrors, 
site,  AO

higher energy
better detector

probe deeper better 
exposure

larger 
telescopes, 
more time

more powerful 
beams 

(luminosity)

full 
understanding multiple probes

OIR, radio, 
X-ray, UV, γ, 

GW, CR

protons, 
electrons, 
neutrinos

PI mode different 
science

time share
instruments

facility share
detectors

survey mode large statistics dedicated 
survey collider



It’s A Small World?

1995top

electron down up

muon

1975tau

strange

1978bottom

1974charm

All you need
to build atoms

Messy
had predicted

three for each type



What next?



Standard Model
• triumph of 20th century physics 
• most successful physical theory ever

• describes three forces: 

• electromagnetism

• strong

• weak


• Particle Data Group complies more 
than 24,000 measurements, all agree 
with the SM except for a few


• some predictions (electron magnetic 
moment) are test at the level of 10–12!


• but we see problems in the 21st 
century

Let there be light

High resolution channel despite the small branching ratio (0.23% @ 125.09 GeV). 
Diphoton events fall in exclusive ttH, VH, VBF and untagged categories, and 
an unbinned combined maximum likelihood fit is applied on mγγ
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What is my

production mode?

H → ZZ has high resolution and large S/B. An 
event categorization is performed based on the 
different production modes (number of leptons, 
jets, b-jets and MET) and ME based discriminants 
sensitive to signal and background kinematics

5

7 exclusive categories

for the main Higgs production modes

CMS-HIG-16-041
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Pressing

• Higgs boson is the only spin 0 particle in the 
standard model
• it is faceless
• one of its kind, no context
• but does the most important job

• looks very artificial
• we still don’t know dynamics behind the 

Higgs condensate
• Higgsless theories: now dead

What is Higgs?
Is it alone?

Any siblings?
Any relatives?
Why frozen?



Context for 
Scalar Bosons?

Supersymmetry
• Higgs just one of many scalar bosons
• SUSY loops make mh2 negative
• superpartners

composite
• spins cancel among constituents
• condensate by a strong attractive force, 

holography
• top partner, pNGBs, vector-like quarks

Extra dimension
• Higgs spinning in extra dimensions
• new forces from particles running in extra D
• KK particles

a different “naturalness” argument



Nima’s anguish

mH=125 GeV seems almost maliciously designed 
to prolong the agony of BSM theorists….



By A Pomarol

preferred

preferred

Supersymmetry



dream case 
for experiments

can measure them all!



Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.

3

Five evidences 
for physics beyond SM
• Since 1998, it became clear that there are 

at least five missing pieces in the SM

• dark matter (2003)

• neutrino mass (1998)

• dark energy (1998)

• acausal density fluctuations (2003)

• baryon asymmetry (2003)

Early Universe = laboratory of particle physics



Mystery

• Weak force is basically 
the same kind as the 
electromagnetism

• But then why is its range 
much shorter than the 
size of nuclei?

• the range 10–16 cm is  
just right!



Universe got colder

disorder　　　　 ⇒ 　　　　order

4×1015 ºK

symmetry gets broken
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宇宙のあらゆる場所，あなたの眼の前
にすら，「ヒッグス粒子」が満ちている
　素粒子物理学の標準モデルでは，もう一つ未発見の素粒子
の存在が予言されています。それが「ヒッグス粒子」です。

　標準モデルによると，宇宙空間のあらゆる場所，真空や物
質の内部にさえ，ヒッグス粒子が満ちていると言います＊。
魚が周囲に満ちている水の存在に気づかないであろうよう
に，ヒッグス粒子はあらゆる場所に満ちているため，私たち
はその存在に気づいていないのです。

　ヒッグス粒子は，あらゆる素粒子の「重さ（質量）」を生
みだす源だと考えられています。標準モデルによると，本来，
あらゆる素粒子は質量がゼロだと考えられているのです。質
量とは，「物体の動かしにくさ」（より正確には「加速のしに
くさ」）を意味します。質量の小さな（軽い）ピンポン球は，
小さな力でも，いきおいよく動かすことができます。しかし
質量の大きな（重い）砲丸は，大きな力を加えないと，いき
おいよく投げることはできません。

　ヒッグス粒子が空間に満ちているため，素粒子が動こうと
すると，ヒッグス粒子と衝突してしまうことがあります。こ
れを素粒子の質量，すなわち，動かしにくさの起源だと考え
るわけです。質量が大きい（重い）素粒子ほど，ヒッグス粒
子と頻

ひん
繁
ぱん
にぶつかることになります。

ヒッグス粒子がなかったら，私たちは存在できない
　一方，光子のような質量ゼロの素粒子は，ヒッグス粒子と
衝突しません。光が自然界の最高速度（光速，秒速約 30万
キロメートル）で進めるのは，このためです。

　逆にいえば，光子は真空中を光速以下で進むことはできま
せん。光子は，生まれた瞬間から光速で動きつづける運命な
のだといえます。ヒッグス粒子がなければ，私たちの体をつ
くっている電子などの素粒子も，光速で進んでしまい，その
場に留まっていられなくなります。物体の構造が保たれてい
るのは，真空にヒッグス粒子が満ちているおかげなのです。
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Part 2 素粒子論入門
ヒッグス粒子①

＊： 真空に満ちているのは「ヒッグス場」で，加速器を使ってヒッグス場から
たたき出される（次ページ参照）のが「ヒッグス粒子」と使い分ける方が，
より正確ですが，この記事では「ヒッグス粒子」で統一することにします。
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Photon

electron

Higgs boson frozen in the Universe

Weak 
boson

Just the right amount of Higgs boson for us to exist!
Credit: Newton Japan





Who is he? 
Why is he frozen? 
Why do we exist?



telescopes

Credit: Particle Data Group

Higgs



Cold Atom Laboratory (CAL) on ISS



https://en.wikipedia.org/wiki/File:Bose-Einstein_Condensation.ogv



Why e+e–?

• Democratic


• Clear


• Holistic
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Clean





Holistic
• simple kinematics


• no loss of the longitudinal 
momentum (modulo photon 
emission)


• can make use of all final states


• not just easily identifiable 
particles (i.e. leptons@LHC)


• capture all information for a 
given event

Volume 1: Physics 2.4. Higgs measurements at ILC at 250 GeV
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Figure 2.4.8: Higgs recoil mass distribution in the Higgs-strahlung process e+e�
!

Zh, with (a) Z ! µ+µ� and (b) Z ! e+e�(n�). The results are shown for
P (e+, e�) = (+30%, �80%) beam polarization. These distributions give the Higgs
boson mass with no assumptions required concerning the Higgs decay modes.
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ILC

• e–, e+ are elementary

• collision energy is fixed 
and known

• entire CM energy can be 
used for producing 
particles

• can make particles 
democratically

• can capture whole 
information

LHC

ILC

p
p

e+ e-

Huge efforts over last months to prepare for high lumi and pile-up expected in 2012: 
 optimized trigger and offline algorithms (tracking, calo noise treatment, physics objects)  
     mitigate impact of pile-up on CPU, rates, efficiency, identification, resolution  
 in spite of x2 larger CPU/event and event size  we do not request additional computing  
     resources (optimized computing model, increased fraction of fast simulation, etc.) 

The BIG  
challenge  
in 2012:  
PILE-UP 

Z μμ 

Z μμ event from 2012 data with 25 reconstructed vertices 

2012: ~30 events/xing  
at beginning of fill  
with tails up to ~ 40.  

37 

2011: average  
12 events/xing,  
with tails up to ~20 

precision Higgs measurements
phenomena not seen at LHC



History of Colliders
1. precision measurements of neutral current 

(i.e. polarized e+d) predicted mW, mZ

2. UA1/UA2 discovered W/Z particles
3. LEP nailed the gauge sector
1. precision measurements of W and Z (i.e. 

LEP + Tevatron) predicted mH

2. LHC discovered a Higgs particle 
3. LC nails the Higgs sector?
1. precision measurements at LC predict ???



LEP
√s=mZ
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“New particle” has 
spin 1/2
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“New particle” has 
spin 1

Corrected Data 1992

Vector Gluon, LO
Vector Gluon, LO + Fragment.
Scalar Gluon, LO
Scalar Gluon, LO + Fragment.

Z=(x2-x3)/√3
0 0.1 0.2 0.3 0.4 0.5

N
/N

3j
et
s

0.2

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

0

ALEPH

gluon





0

0.2

0.4

0.6

0.8

1

1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25

ALEPH

CA/CF

T R
/C
F

SU(4)

This analysis, 68% CL contour

 ALEPH-1997 OPAL-2001

Figure 8: 68% confidence level contour in the (x = CA
CF

,y = TR
CF

) plane, calculated from statistical plus systematic
uncertainties (shaded region). For comparison also the results from previous measurements are given, as well as
predictions for simple Lie groups.

The results are

x = 2.27± 0.09(stat)± 0.08(sys)
y = 0.38± 0.05(stat)± 0.07(sys)

(⇢xy)total = �0.15

for the pure QCD case, and

x = 2.26± 0.08(stat)± 0.07(sys)
y = 0.15± 0.06(stat)± 0.06(sys)

(⇢xy)total = �0.19

for the QCD+gluino hypothesis.

Figure 10 shows that these results exclude the existence of a massless gluino at more than
95% confidence level, since the measured colour factor ratios do not agree with the expectation of
SU(3) anymore.

In a previous publication by ALEPH [33] a similar analysis allowed to set a limit on the light
gluino mass. At that time only LO predictions existed for the four-jet angular correlations, both
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LEP-II
√s=200GeV
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Why 250 GeV?
• 1980’s: 1.5 TeV minimum

• we didn’t know whether 

EWSB was strongly or 
weakly coupled


• 2000’s: 500 GeV

• LEP told us it is likely to 

have a Higgs boson <250 
GeV


• 2012: 250 GeV

• mH=125 GeV, ZH production 

possible at 250 GeV

• 350 GeV also allows for       

t tbar production

Let there be light

High resolution channel despite the small branching ratio (0.23% @ 125.09 GeV). 
Diphoton events fall in exclusive ttH, VH, VBF and untagged categories, and 
an unbinned combined maximum likelihood fit is applied on mγγ
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Z) from Reference 60. The dotted curve corresponds to a
fit including also the low-Q2 data.
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Future of colliders
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New enabling technologies

91km

~100 TeV p p

LHC 
27km 

13 TeV pp

NbSn3 16T 
High Tc 20T 

superconducting magnets

Energy 10xLHC 
Size 1/3 x LHC 

Fits inside the Fermilab site
5% measurement of 
Higgs self coupling

Muon production and cooling
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J. Gonski

USLUA meeting

10km
10 TeV µ+ µ–
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