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Who am I?

• 1995:   Ph.D. 
• 1995-1997:  JSPS Fellow at Fermilab, US 

• working for the Kaon experiments. 
• 1997-1999:  Fermi Fellow at U. Chicago, US. 

• working for the Collider experiment at 
Fermilab (CDF) 

• 1999-now:  Faculty members in Kyoto U. 
• working for neutrino experiments: K2K, 

Super-K, SciBooNE, T2K, NINJA, 
Hyper-K, AXEL

Professor in Kyoto University, Japan
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High Energy Physics
• Study the ultimate building blocks of the universe and matter. 
• What is matter made of? What exists in the universe? What are the properties of those 

components? How do they interact? 
• Standard Model of Particle Physics: quarks, leptons, gauge particles, Higgs boson. 
• Unknown entities: dark matter, dark energy, other unknown particles, unexpected 

phenomena. 
• Theoretical guidance: supersymmetric particles, extra dimensions 

• Studies that question the meaning of time and even space (spacetime). 
• Origin of mass, space-reversal symmetry, time-reversal symmetry breaking. 

• (Personal view) Differences with other disciplines and fields 
• Eliminates the complexity (diversity) of many-body systems and explores the 

underlying physical laws and views of physics. 

Explore frontiers!
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After the birth of the universe (after the Big Bang),  
to a world of 10-10 (0.1 nano) seconds.
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Super-Kamiokande 
（2015 Nobel Prize）
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LHC/ATLAS Experiment 
Discovery of Higgs particle 
（2013 Nobel Prize）
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Particle Physics
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Standard model: success and shortcomings

➢ The standard model (SM) of particle physics has been 
extremely successful over its ~five decades:
○ With the discovery of the Higgs boson in 2012 by CMS and 

ATLAS, all predicted particles have been observed!

➢ Not a complete theory though!
○ No gravity, dark matter, or dark energy
○ Somewhat inelegant

■ Electroweak hierarchy problem
■ Strong CP problem
■ 19 ad hoc constants that have to be measured 

experimentally
○ Some tensions with experiments

■ Anomalous magnetic dipole moment of the muon
■ W boson mass
■ …
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Fundamental Questions!

• What is dark matter? 

• Where are antimatter? How did they disappear? 

• The accelerating universe? 

• Why is neutrino mass so small? 

• How are the forces are unified? 

• Generation structure.  Why are the masses of particles are so different?

not solved yet
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High Energy Physics and Experiments

• Energy Frontier 

• Study particles at high energy (~TeV) 

• Intensity Frontier 

• Study particles with high precision and look for rare processes 

• Cosmic Frontier 

• Observe our universe and look for footprints made by past particles.

Three categories
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Energy	Fron>er

Intensity	Fron>er
Cosmic	Fron/er

LHC/ATLAS	and	CMS	
(ILC)

　　B-Factory	
Neutrino（T2K,	SK,	KamLAND,	etc.）	

Ｋaon（K0TO,	etc.）	

　　μ,	neutron,	proton	decay,	・・・		

　　　　τ・charm	Factory	

　　　　　　　　　　：

Neutrino	
Dark	MaIer	
Dark	Energy	
CMB

High Energy Experiments



What experiments are there?
• CERN (Europe) 

• LHC/ATLAS, CMS, LHCb, FASAR, milliQan, NA62, DsTau, (CEPE) 
• PSI (Switzerland) 

• MEG II 
• Fermilab (US) 

• Muon g-2, Mu2e, Neutrino experiments: DUNE, NOvA, SBN, ICARUS, etc. 
• KEK/J-PARC (Japan) 

• Super-KEKB/Belle II, J-PARC/T2K, K0TO, COMET, muon g-2, JSNS2, Super-K, Hyper-K, KAGLA, 
KamLAND, (ILC) 

• IHEP (China) 
• BESSIII, JUNO, (CEPC) 

• Cosmology and Astro-particle experiments
14



1. Energy Frontier
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LHC
Large Hadron Collider

（Superconducting Accelerator）
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CERN and LHC

Circumference 27km 
（Why does it require  27km？ 
Magnetic field：8T）



Circular�accelerator
• Proton Synchrotron 

• Protons go round and round 
• Inject proton beam periodically 

• Acceleration mode：　Increasing energy with every lap 

• LHC:  450 GeV → 6,800 GeV (6.8 TeV) 
• Increasing magnetic field synchronized with energy 

• Colliding mode：　constant energy 

• How many turns per second? 
• Circumference 27km
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Collider experiment
• Collider experiment 

• Effective use of beam energy 

• Fixed target experiment 

• Effective use of beam flux
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How heavy subatomic particles can be made?



16 years ago
（2008/9/10）



21

9 days after  
(2008/9/19)

Restart in 2010

Short circuit → superconducting collapse  
                                → liquid helium boiling and explosion
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• 2

地下100m 
周長27km

2010-2012年　 
←ヒッグス粒子を発見

ジュネーブ

LHC/ATLAS 陽子・陽子衝突 実験

ビームを曲げるための
超伝導電磁石

7

欧州原子核研究機関 
（CERN）

LHC/ATLAS/CMS Proton-Proton Collider experiments

　Geneva　

Superconducting 
magnet

100m underground 
27km circumference

Discovery of  
Higgs particle

CERN 
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• 14 TeV proton-proton collider 
• 27 km circumference 
• 14 years construction 
• US 5B dollar for construction

• 1.9 K cooling by Helium 
• 8.3 T magnetic field with 1232  magnets
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LHC/ATLAS experiments 
Search for Higgs particle



ATLAS detector
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ATLAS detector
• Multi-purpose detector
– Hight 25 m, Length 44m, Weight 7,000 ton
– 1M signal channels

26H à ＺＺ*→4ｌ events
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Why is multi-purpose detector?

• Particles observed 
‒ Electron 
‒ Photon 
‒ Proton (uud)、π+(ud)、 K+(us) 
‒ Neutron（udd） 
‒ Muon 
‒ ?? Neutrino ??
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Principle of Particle measurements

• Tracking the particle trajectories under a magnetic field, and 
measuring their position and momentum. 

• Next, photons and electrons are stopped and their energy and position 
are measured. 

• Hadrons (mainly protons and pions) are then stopped and their energy 
and position measured. 

• Finally, charged particles not stopped are muons. 

• Non-observed particles are neutrinos, which are identified by missing 
energy.

28



Pippa	Wells,	ATLAS17	Nov	2010 29

Candidate for ZZ→µµνν 
• mµµ	94	GeV,	ETmiss	=	161	GeV
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Physics by LHC at the TeV energy region

• Discovering the Higgs boson to understand the origin of mass due to 
spontaneous symmetry breaking. 

• Search for supersymmetry particles 

• Linking space-time symmetry and internal symmetry of particles. 

• Look for any new phenomena. 

31



Higgs boson
• Particles (Higgs field condensate) as the source of the phase transition in the 
vacuum 
• Phase transition: the energy of the vacuum changes. 
• Particle is given (inertial) mass. 
• Coupling with the Higgs boson is related to the mass of the coupling particle

32

3(6)THE NOBEL PRIZE IN PHYSICS 2013 � THE ROYAL SWEDISH ACADEMY OF SCIENCES � HTTP://KVA.SE

So what makes the Higgs field so special? It breaks the intrinsic symmetry of the world. In nature, 
symmetry abounds; faces are regularly shaped, flowers and snowflakes exhibit various kinds of geo-
metric symmetries. Physics unveils other kinds of symmetries that describe our world, albeit on a 
deeper level. One such, relatively simple, symmetry stipulates that it does not matter for the results if a 
laboratory experiment is carried out in Stockholm or in Paris. Neither does it matter at what time the 
experiment is carried out. Einstein’s special theory of relativity deals with symmetries in space and time, 
and has become a model for many other theories, such as the Standard Model of particle physics. The 
equations of the Standard Model are symmetric; in the same way that a ball looks the same from what-
ever angle you look at it, the equations of the Standard Model remain unchanged even if the perspective 
that defines them is changed.

The principles of symmetry also yield other, somewhat unexpected, results. Already in 1918, the 
German mathematician Emmy Noether could show that the conservation laws of physics, such as 
the laws of conservation of energy and conservation of electrical charge, also originate in symmetry. 

Symmetry, however, dictates certain requirements to be fulfilled. A ball has to be perfectly round; the 
tiniest hump will break the symmetry. For equations other criteria apply. And one of the symmetries 
of the Standard Model prohibits particles from having mass. Now, this is apparently not the case in our 
world, so the particles must have acquired their mass from somewhere. This is where the now-awarded 
mechanism provided a way for symmetry to both exist and simultaneously be hidden from view.

The symmetry is hidden but is still there
Our universe was probably born symmetrical. At the time of the Big Bang, all particles were massless 
and all forces were united in a single primordial force. This original order does not exist anymore — its 
symmetry has been hidden from us. Something happened just 10–11 seconds after the Big Bang. The 
Higgs field lost its original equilibrium. How did that happen?

It all began symmetrically. This state can be described as the position of a ball in the middle of a round 
bowl, in its lowest energy state. With a push the ball starts rolling, but after a while it returns down 
to the lowest point.

However, if a hump arises at the 
centre of the bowl, which now 
looks more like a Mexican hat, the 
position at the middle will still be 
symmetrical but has also become 
unstable. The ball rolls downhill 
in any direction. The hat is still 
symmetrical, but once the ball has 
rolled down, its position away from 
the centre hides the symmetry. In 
a similar manner the Higgs field 
broke its symmetry and found a 
stable energy level in vacuum away 
from the symmetrical zero posi-
tion. This spontaneous symmetry 
breaking is also referred to as the 
Higgs field’s phase transition; it is 
like when water freezes to ice.

The universe was probably created symmetric, and the invisible Higgs 
field had a symmetry that corresponds to the stable position of a ball in 
the middle of a round bowl. But already 10–11 seconds after the Big Bang, 
the Higgs field broke the symmetry when it moved its lowest level of 
energy away from the symmetrical centre-point.

Time

10 seconds-11Big Bang

http://www.nobelprize.org/nobel_prizes/physics/
laureates/2013/popular-physicsprize2013.pdf

http://www.nobelprize.org/nobel_prizes/physics/laureates/2013/popular-physicsprize2013.pdf
http://www.nobelprize.org/nobel_prizes/physics/laureates/2013/popular-physicsprize2013.pdf


Coupling�with�the�Higgs�boson�with�the�mass�of�the�coupling�particle
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How to detect Higgs bosons

34
https://atlas.cern/updates/atlas-feature/higgs-boson
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Detecting Higgs bosons

36

Higgs boson measurements

Precise mass measurement using H→4l

Event-by-event resolution,  DNN for S/B separation, 
precise muon and electron momentum calibration


!" =124.94±0.17(stat.)±0.03(syst. )GeV 
(combined with run 1 data) 

H→γγ Full run 2 dataset

Comparison with discovery dataset in 2012
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What next with Higgs bosons
• Higgs potential  
• detecting a pair production of two Higgs bosons
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Beyond Higgs bosons
• Supersymmetry (SUSY) 

• Symmetry between Bose particles (spin integers) and Fermi 
particles (spin half-integers) 

• Example of Bose particle: photon 

• Fermi particles e.g. electrons 

• Are dark matter particles SUSY particles? 

• New Physics 

• Extra dimensions (>4) 

• How many dimensions is space, are dimensions beyond 4 
compactified? 

• Leptoquarks, Heavy majorana neutrinos, etc..
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SUPERSYMMETRY (SUSY) 
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SUSY
• SUSY searches covering vast regions of SUSY phase space 

• Typical main signals in final states are 

• Strong SUSY: 2 same-sign or 3 Leptons 

• Electroweakino: with taus  

• Higgsinos: with b-jets and photons 

39

Introduction
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• Wide range of ATLAS SUSY searches 
covering vast regions of SUSY phase 
space

• Comprehensive program covering: 
strong production (squarks, gluinos), 
dedicated 3rd generation searches 
(stops, sbottoms), Electoweakinos 
and sleptons

• Depending upon the scenario, 
R-parity conserving (RPC) and 
violating (RPV) cases are considered

• This talk will cover three of our most recent (Run 2) results:
• Search for Strong SUSY in final states with 2 same-sign or 3 Leptons  
• An electroweakino search in final states with taus
• A search for higgsinos in final states with b-jets and photons 
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 • For all regions, the effective mass (meff) is found to be a key discriminating variable 
• Otherwise, the SRs can be split into those targeting RPC models, and those 

targeting RPV models.
• The SRs focusing on the RPC models generally all contain relatively high 

requirements on the missing transverse momentum, with differing selections 
on the jet multiplicities 

• The SRs focusing on RPV models have no explicit requirement on the missing 
transverse momentum, and instead require high jet multiplicities and high jet 
momenta 

Search for Strong SUSY in final states with 2 same-sign or 3 Leptons  arxiv:2307:01094

 

• No significant deviations from the 
post-fit expectations

• 1 SR with a ~2σ excess
• 95% CL Limits placed in all 

of the SUSY signal scenarios 
considered

Search for Strong SUSY in final states with 2 same-sign or 3 Leptons  ATLAS-CONF-2023-017

6

Missing energy with 2 same-sign or 3 leptons
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Outlook

16

 

• Comprehensive SUSY search program 
undertaken by ATLAS during Run 2 

• Many simplified model scenarios 
excluded to relatively high 
masses

• Ongoing work to finish the Run 2 
program

• Run 3 data-taking is proceeding very 
well, with ~60fb-1 of data already 
collected and ready to be analysed!

• We will expand our coverage, 
considering more complex 
scenarios, semi-simplified 
models, and parameter scans
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CMS



2. Intensity Frontier

43



What experiments are there?
• CERN (Europe) 

• LHC/ATLAS, CMS, LHCb, FASAR, milliQan, NA62, DsTau, (CEPE) 
• PSI (Switzerland) 

• MEG II 
• Fermilab (US) 

• Muon g-2, Mu2e, Neutrino experiments: DUNE, NOvA, SBN, ICARUS, etc. 
• KEK/J-PARC (Japan) 

• Super-KEKB/Belle II, J-PARC/T2K, K0TO, COMET, muon g-2, JSNS2, Super-K, Hyper-K, KAGLA, 
KamLAND, (ILC) 

• IHEP (China) 
• BESSIII, JUNO, (CEPC) 

• Cosmology and Astro-particle experiments
44



Leo Piilonen  ||  Lepton-Photon 2023  Melbourne 2

4 GeV e+
7 GeV e–

Animation © KEK

SuperKEKB and Belle II: 2nd generation B Factory

Leo Piilonen  ||  Lepton-Photon 2023  Melbourne

✓ Phase 1 (2016):
๏ no detector, no beam collisions
๏ test ring operation with single beams
๏ bake (3 km)⋅2 of accelerator vacuum chambers

✓ Phase 2 (2018):
๏ first collisions with complete accelerator
๏ incomplete detector: vertex detector replaced by 

background-characterization detector

✓ Phase 3 (2019 ⋯):
๏ luminosity run with mostly complete detector
๏ partial pixel detector (layer 1 + partial layer 2)

+ full 4-layer strip detector for B vertexing
๏ first physics paper in January 2020
๏ challenging operations throughout pandemic

✓ Novel and complex accelerator:
๏ record peak luminosity of 4.7 × 1034 cm–2 s–1

๏ path to reach 2 × 1035 cm–2 s–1 identified
๏ long march to reach target of 6 × 1035 cm–2 s–1

VSON2024

B-factory
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Basic ideas
• Quantum effects generate high-energy 

phenomena with a certain probability as 
intermediate states 

• The intermediate state is indirectly 
probed by precise measurements because 
the probability including high-energy 
phenomena is rare.
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高いエネルギーの再現

ത𝑏
ҧ𝑐𝑑
𝑑

?
𝜇+
𝜈𝜇

時間軸

高いエネルギーの粒子を衝突させる

• 衝突エネルギーの分だけ
別の粒子が生成される。

• 未知の粒子ができているか調べる。
• 衝突エネルギー＜ 粒子の質量
のときはその粒子は作れない。

𝐷−中間子

𝐵0中間子

粒子の崩壊の様子を詳しく調べる

• 量子効果により、高いエネルギーの
物理事象が中間状態としてある確率
で起こり、崩壊後の粒子に影響を及
ぼす。

• 崩壊後の粒子を精密に測定し、
中間状態を間接的に調べる。

• 高いエネルギーの物理事象ほどより
稀な確率で起こる。

6

Time
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Belle II 検出器
KL and m detector
• Resistive plate chamber (outer barrel)

• Scintillator + MPPC 
 (inner 2 barrel layers, end-caps)

Electromagnetic calorimeter
CsI(Tl), waveform sampling

Superconducting solenoid (1.5 T)

Particle ID detectors
• TOP (Time-of-Propagation) counter (barrel)
• Aerogel RICH (forward end-cap)

Tracking detector
Drift chamber (He + C2H6)
of small cell, longer lever arm
with fast readout electronics

Silicon vertex detector
• 1→2 layers DEPFET (pixel)

• 4 outer layers DSSD

Trigger and DAQ
Max L1 rate: 0.5→30 kHz

Pipeline readout

Better performance even at the 
higher trigger rate and beam 
background

GRID computing
CPU 1 MHEPSpec (105 core; ~ATLAS run1)
and 100 PB storage at 50 ab–1  

15

by�K.�Matsuoka@Kyoto�seminar

Detector
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The same event with simulated 
background at 8 x 1035 cm–2s–1 48
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Belle II の特徴
✓ 𝑒+𝑒− collistions at (or around) Υ(4𝑆)

– Well-known initial state kinematics
– 𝐵 ത𝐵 production from Υ(4𝑆) without extra energy
– No event pile-up

✓ Hermetic Belle II detector capable of detecting charged particles 
and reconstructing neutrals (𝛾, 𝜋0, 𝐾𝐿0, etc) with high efficiencies.

➢ Tagging one of the 𝐵’s to infer the other 𝐵 flavor and momentum.
– Powerful S/N separation

– 𝑚miss
2 = 𝑝e+e− − 𝑝tag − 𝑝sigdetected

2

12

Υ(4𝑆)e−
7 GeV

ഥB0

B0
ഥD0

νμ

π−
K+
π−

μ+ Flavor tagDz ~ 130 mm

μ+

μ−
J/Ψ

KS
π−
π+e+

4 GeV
Boost factor 𝛽𝛾 = 0.28
(cf. 0.425 at Belle)

Super-KEKB/Belle II Basic

by�K.�Matsuoka@Kyoto�seminar



𝜙1測定における新物理の探索
25

ത𝐵0 → 𝐾𝑆
0𝜋0

𝐵0 → 𝐾𝑆
0𝜋0

Belleの約60%のデータで凌駕する精度
Belle II: 𝑆 = 0.75 −0.23

+0.20  ± 0.04 
Belle:    𝑆 = 0.67 ± 0.31 ± 0.08 

arXiv:2305.07555arXiv:2302.12898

ത𝐵0 → 𝐽/𝜓𝐾𝑆
0

𝐵0 → 𝐽/𝜓𝐾𝑆
0

Belle II: 𝑆 = 0.720 ± 0.062 ± 0.016
Belle:    𝑆 = 0.667 ± 0.023 ± 0.012 
(𝑆 ≈ sin 2𝜙1 in this mode)

VSON2024 50

CP Violation in B decays

by�K.�Matsuoka@Kyoto�seminar



Belle IIの物理
10

(2) 精密測定

Access higher energy scales via quantum effects than are
directly reachable at current or future colliders.
e.g. Λ < ~1000 TeV in B0 mixing (ℒ = ℒSM +

1
Λ2
𝒪Δ𝐹=2) [arXiv:1302.0661]

Belle II 50 ab–1 + LHCb 23 fb–1 + LQCDBefore Belle II (2018)

The Standard Model has been tested with ~10% precision.

→ Search for non-standard effects that can only appear 
as small corrections to the Standard Model.

Fig. 226 of Prog. Theor. Exp. Phys. 2019, 123C01

51

Precision measurements
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軽いダークセクタの探索

𝑒+

𝑒− 𝛾

𝜇

𝜇
𝜈, 𝜒
𝜈, 𝜒

𝑍′

• 𝑍′ or LFV 𝑍′ to invisible

PRL 124, 141801 (2020) 
… 1st Belle II physics paper

arXiv:2212.03066 … update, 2022

• Axion Like Particle

𝑒+

𝑒− 𝛾∗
𝑎

𝛾
𝛾

𝛾

• Dark higgstrahlung
    PRL 130, 071804 (2023)

• Invisible dark photon

𝑒+

𝑒− 𝛾 ℎ′𝐴′∗
𝐴′ 𝜇+

𝜇−

𝑒+

𝑒− 𝛾 ҧ𝜒𝐴′
𝜒𝛾

31

Fully invisible 𝐿𝜇 − 𝐿𝜏 model

PRL 125, 161806 (2020) 
… 2nd Belle II physics paper

• Visible dark photon
• 𝑍′ → 𝜇𝜇
• Inelastic dark matter
• Dark scalar

D. 独自の切り口

Search for Dark particles

by�K.�Matsuoka@Kyoto�seminar
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Belle IIの物理
11

Υ(5𝑆, 6𝑆)

New hadrons, QCD

Dark sector

t physics

Electroweak physics
with e– polarization

B physics

Charm physics

(3) 幅広い物理プログラム
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