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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

2



VSON2024  - T. Nakaya -

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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Quark and Lepton
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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
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1. Energy Frontier 

→ Lecture by Prof. Albert de Roeck 
“Overview of Hadron Collider Experiments"
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LHC
Large Hadron Collider

（Superconducting Accelerator）



2. Intensity Frontier
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Energy.gov/science

Intensity Frontier Experiments

ICARUS at Fermilab

Belle II at KEK, Japan COHERENT at ORNLMuon g-2 at Fermilab

NOvA :  Fermilab & Ash River, MN

NOvA at Fermilab and Ash River

Mu2E at Fermilab

DUNE at Fermilab and Lead, SD

19 05/22/2023 DOE-HEP Report

by H. Murayama @ 13th ICFA seminar
US



What experiments are there?
• CERN (Europe) 

• LHC/ATLAS, CMS, LHCb, FASAR, SND, 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
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B (and charm)
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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 24
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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 26

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

27

Precision measurements

by K. Matsuoka@Kyoto seminar



1. 素粒子物理学の概要 28

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

by K. Matsuoka@Kyoto seminar



LHCb

30

The LHCb experiment

• Forward detector specialised in measuring properties of b and c
hadrons

• Run 1 [2011-2012]: 7-8 TeV and 3 fb�1

• Run 2 [2015-2018]: 13 TeV and 6 fb�1 JINST 3 (2008) S08005
,Biljana Mitreska 19 July 2023 LFU and LFV at LHCb 5

Mixing and CPV in charm decays 

Tom Hadavizadeh 
On behalf of the LHCb collaboration


 Lepton Photon conference 

Melbourne 


18th July 2023

1
ICFA Seminar, DESY, Hamburg, 28 Nov - 1 Dec 2023 4

Different experimental environments

Belle-2 @ !(4S) 

Very different environments ⇒ complementarity !  

Access to tiny BRs
All b-hadrons types
LHC complex environment  

Trigger fully efficient on B events 
Modes with neutrals
Inclusive measurements
Statistical limitation

LHCb 

but also CMS and 
ATLAS for specific 
modes (B(s)→" ")
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• Flavour tagging: info from other 𝐵
& fragmentation particles 
𝜖tag 1 − 2𝜔 2 ∼ 5%

• Large boost from 𝑝𝑝 collision 
𝛽𝛾 ∼ 10, 𝐿 ∼ 1 cm

• Silicon vertex system  
𝜎𝑡 ∼ 45 fs

LHCb method for TD study

𝑩𝒅
𝟎 → 𝑫(∗)−𝝁+𝝂

𝛥𝑚𝑠 = 17.7656 ± 0.0057(comb) ps−1

EPJC 76 (2016) 412

𝛥𝑚𝑑 = 0.5050 ± 0.0021(stat) ± 0.0010(syst) ps−1 15

𝑩𝒔
𝟎 → 𝑫𝒔

−𝝅+ Nature Physics 18 (2022) 1-5

𝑡 [ps]

Int. J. Mod. Phys. A30 (2015) 1530022

by Y. Xie @31st Lepton Photon Conf.
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Xu-Dong Yu (Peking University) Charm physics at BESIII 2023.7.18

Lepton Photon 2023 Charm physics at BESIII

BEPCII & BESIII

4

s = 2.0 − 4.95 GeV



33

Measurements of the 𝑹 value at BESIII
Hao Zhang (on behalf of the BESIII collaboration)

zh4710jj@mail.ustc.edu.cn, University of Science and Technology of China

Definition of 𝑹 value

The 𝑹 value is defined as the leading-order production cross section ratio of hadronic events
and muon pairs in the 𝑒+𝑒− annihilation:

𝑹 ≡ 𝜎0(𝑒+𝑒− → hadrons)𝜎0(𝑒+𝑒− → 𝜇+𝜇−) ≡ 𝜎0had𝜎0𝜇𝜇
𝜎0𝜇𝜇(𝑠) = 4𝜋𝛼23𝑠 𝛽𝜇(3 − 𝛽2𝜇))2 , with 𝛽𝜇 = √1 − 4𝑚2𝜇/𝑠

Measurement of 𝑹 value ⟺ Measurement of total cross section of hadron production

BEijing Spectrometer III (BESIII) at BEPCII

MDC Main Drift Chamber
TOF Time of Flight
EMC ElectroMagnetic Calorimeter
SC SuperConducting Magnet
RPC Muon Counter: Resistive Plate Chambers

Importance of 𝑹 value

Anomalous magnetic moment of
muon 𝑔𝜇 − 2

𝑎SM𝑙 = 𝑎QED𝑙 + 𝑎weak𝑙 + 𝑎had𝑙
𝑎had, LO v.p.𝜇 = (𝛼𝑚𝜇3𝜋 )2∫∞

4𝑚2𝜋
d𝑠𝐾(𝑠)𝑠2 𝑅(𝑠)

Determination of running
coupling constant of QED

Δ𝛼(𝑠) = Δ𝛼lepton(𝑠) + Δ𝛼top(𝑠) + Δ𝛼(5)had(𝑠)
Δ𝛼(5)had(𝑠) = −𝛼𝑠3𝜋𝑅𝑒∫∞

4𝑚2𝜋
d𝑠′ 𝑅(𝑠′)𝑠′(𝑠′ − 𝑠 − 𝑖𝜖)

Source (𝛼𝜇) Contribution (×10−11)
QED 116584718.931± 0.104
Weak 153.6± 1.0

had,LO, (𝑹-ratio)1 6931± 40
had,LO, (lattice)2 7075± 55

had,NLO -98.3± 0.7
had,NNLO 12.4± 0.1

had,l-l 92± 18
1 [Phys. Rep. 887, 1 (2020)]
2 [Nature (London) 593, 51 (2021)]

Source (Δ𝛼(𝑀2𝑍)) Contribution (×10−4)
Lepton 314.979± 0.002

Top -0.7180± 0.0054
had(5)1 276.1± 1.1

1 [Phys. Rep. 887, 1 (2020)]

Signal Estimation

Selection of inclusive hadronic events

𝑅 scan data

Reject BhaBha and
Di-gamma events

Select good charged
and neutral tracks

3-prong
events

2-prong
events

≥ 4-prong
events

≥ 4-prong
events

1-prong
events

1-prong
hadronic
events

2-prong
hadronic
events

3-prong
hadronic
events

3-prong
hadronic
events

Hadronic events

Determination of R value in experiment

𝑅 = 𝑁obs
had − 𝑁bkg𝜎0𝜇𝜇ℒint.𝜀trig𝜀had(1 + 𝛿)

Ñ 𝑁obs
had: Numbers of observed hadronic events

Ñ 𝑁bkg: Number of the residual background events
Ñ 𝜎0𝜇𝜇(𝑠): Leading order QED cross section for 𝑒+𝑒− → 𝜇+𝜇−
Ñ ℒint: Integrated luminosity measured by analyzing Bhabha

events
Ñ 𝜀trig: Trigger efficiency ~ 100%
Ñ 𝜀had: Detection efficiency of the hadronic events
Ñ 1 + 𝛿: ISR correction factor
Systematic Uncertainty
Ñ Uncertainty like Event selection, Background

estimation, Signal simulation also included

(Δ𝑅𝑅 )2
sys
= (Δ𝑁̃̃𝑁 )2+(Δℒint.ℒint.

)2+(Δ𝜀had𝜀had
)2+(Δ𝜀trig𝜀trig )2+(Δ(1 + 𝛿)(1 + 𝛿) )2

Main background process to the signal
Ñ Bhabha 𝑒+𝑒− → (𝛾)𝑒+𝑒−

É Two back-to-back charged tracks and energetic
associated showers

É No or less than one isolated photon
Ñ Di-gamma 𝑒+𝑒− → 𝛾𝛾

É Two back-to-back energetic showers
É No charged tracks

Ñ Di-muon 𝑒+𝑒− → 𝜇+𝜇−
É Two back-to-back charged tracks with high momentum
É No isolated photon

Ñ Di-tau 𝑒+𝑒− → 𝜏+𝜏−
É Emerging only above √𝑠 = 3.554 GeV
É Difficult rejected but accurately simulated

Ñ Two-photon processes 𝑒+𝑒− → 𝑒+𝑒− + 𝑋
É 𝑋 = 𝑒+𝑒−, 𝜇+𝜇−, 𝜋+𝜋−, 𝐾+𝐾−, 𝜂, 𝜂′
É Low acceptance in the BESIII detector
É No isolated photon for the first four channels

Ñ Beam-associated process
É Vertices of charged trks away from the interaction point
É No or less than one isolated photon

Monte Carlo Simulation

Signal simulation: LUARLW model
[arXiv:hep-ph/9910285]

Ñ Kinematic quantities of initial hadrons sampled by the Lund
area law

Ñ Initial-state radiation (ISR) implemented from 2𝑚𝜋 to √𝑠

HYBRID model as an alternative generator
[Phys. Rev. D 97, 114025 (2018)]

Ñ Hybrid with combination: CONEXEC, PHOKHARA, and LUARLW
Ñ As much as experimental knowledges used in CONEXEC
Ñ Different ISR and VP correction schemes

Monte Carlo vs Data @ 3.4 GeV

Ñ Both LUARLW and HYBRID give good consistency
É 𝑁prg: number of good charged tracks (prong)
É cos 𝜃: polar angle of each prong

Summary

𝑹 value measurement at BESIII
Ñ Precision better than 2.6% below 3.1 GeV and 3.0%

above [Phys. Rev. Lett. 128, 062004 (2022)]

Outlook

Large statistics available

Ñ BESIII has collected data from 2.00 to
4.95 GeV for 𝑅 measurement

Exploring different methods

 1.8
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KEDR (2016)

Transition point at 1.937 GeV

[Phys. Rev. D 97, 114025 (2018)] Effective energy spectrum after ISR at 3.773 GeV

Ñ 𝑹 measurement via exclusive method gives a check on the tension between
inclusive 𝑅 and exclusive 𝑅 measurement at or below 2.0 GeV

Ñ 𝑹 measurement via ISR technique exploits large 𝜓(3770) data and allows
measurement from 𝜋+𝜋− threshold to continuum region

31st International Symposium on Lepton Photon Interactions at High Energies, Melbourne, 17-21 July, 2023
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2 [Nature (London) 593, 51 (2021)]

Source (Δ𝛼(𝑀2𝑍)) Contribution (×10−4)
Lepton 314.979± 0.002

Top -0.7180± 0.0054
had(5)1 276.1± 1.1

1 [Phys. Rep. 887, 1 (2020)]

Signal Estimation

Selection of inclusive hadronic events

𝑅 scan data

Reject BhaBha and
Di-gamma events

Select good charged
and neutral tracks

3-prong
events

2-prong
events

≥ 4-prong
events

≥ 4-prong
events

1-prong
events

1-prong
hadronic
events

2-prong
hadronic
events

3-prong
hadronic
events

3-prong
hadronic
events

Hadronic events

Determination of R value in experiment

𝑅 = 𝑁obs
had − 𝑁bkg𝜎0𝜇𝜇ℒint.𝜀trig𝜀had(1 + 𝛿)

Ñ 𝑁obs
had: Numbers of observed hadronic events

Ñ 𝑁bkg: Number of the residual background events
Ñ 𝜎0𝜇𝜇(𝑠): Leading order QED cross section for 𝑒+𝑒− → 𝜇+𝜇−
Ñ ℒint: Integrated luminosity measured by analyzing Bhabha

events
Ñ 𝜀trig: Trigger efficiency ~ 100%
Ñ 𝜀had: Detection efficiency of the hadronic events
Ñ 1 + 𝛿: ISR correction factor
Systematic Uncertainty
Ñ Uncertainty like Event selection, Background

estimation, Signal simulation also included

(Δ𝑅𝑅 )2
sys
= (Δ𝑁̃̃𝑁 )2+(Δℒint.ℒint.

)2+(Δ𝜀had𝜀had
)2+(Δ𝜀trig𝜀trig )2+(Δ(1 + 𝛿)(1 + 𝛿) )2

Main background process to the signal
Ñ Bhabha 𝑒+𝑒− → (𝛾)𝑒+𝑒−

É Two back-to-back charged tracks and energetic
associated showers

É No or less than one isolated photon
Ñ Di-gamma 𝑒+𝑒− → 𝛾𝛾

É Two back-to-back energetic showers
É No charged tracks

Ñ Di-muon 𝑒+𝑒− → 𝜇+𝜇−
É Two back-to-back charged tracks with high momentum
É No isolated photon

Ñ Di-tau 𝑒+𝑒− → 𝜏+𝜏−
É Emerging only above √𝑠 = 3.554 GeV
É Difficult rejected but accurately simulated

Ñ Two-photon processes 𝑒+𝑒− → 𝑒+𝑒− + 𝑋
É 𝑋 = 𝑒+𝑒−, 𝜇+𝜇−, 𝜋+𝜋−, 𝐾+𝐾−, 𝜂, 𝜂′
É Low acceptance in the BESIII detector
É No isolated photon for the first four channels

Ñ Beam-associated process
É Vertices of charged trks away from the interaction point
É No or less than one isolated photon

Monte Carlo Simulation

Signal simulation: LUARLW model
[arXiv:hep-ph/9910285]

Ñ Kinematic quantities of initial hadrons sampled by the Lund
area law

Ñ Initial-state radiation (ISR) implemented from 2𝑚𝜋 to √𝑠

HYBRID model as an alternative generator
[Phys. Rev. D 97, 114025 (2018)]

Ñ Hybrid with combination: CONEXEC, PHOKHARA, and LUARLW
Ñ As much as experimental knowledges used in CONEXEC
Ñ Different ISR and VP correction schemes

Monte Carlo vs Data @ 3.4 GeV

Ñ Both LUARLW and HYBRID give good consistency
É 𝑁prg: number of good charged tracks (prong)
É cos 𝜃: polar angle of each prong

Summary

𝑹 value measurement at BESIII
Ñ Precision better than 2.6% below 3.1 GeV and 3.0%

above [Phys. Rev. Lett. 128, 062004 (2022)]

Outlook

Large statistics available

Ñ BESIII has collected data from 2.00 to
4.95 GeV for 𝑅 measurement

Exploring different methods
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[Phys. Rev. D 97, 114025 (2018)] Effective energy spectrum after ISR at 3.773 GeV

Ñ 𝑹 measurement via exclusive method gives a check on the tension between
inclusive 𝑅 and exclusive 𝑅 measurement at or below 2.0 GeV

Ñ 𝑹 measurement via ISR technique exploits large 𝜓(3770) data and allows
measurement from 𝜋+𝜋− threshold to continuum region

31st International Symposium on Lepton Photon Interactions at High Energies, Melbourne, 17-21 July, 2023

Measurements of the 𝑹 value at BESIII
Hao Zhang (on behalf of the BESIII collaboration)

zh4710jj@mail.ustc.edu.cn, University of Science and Technology of China

Definition of 𝑹 value

The 𝑹 value is defined as the leading-order production cross section ratio of hadronic events
and muon pairs in the 𝑒+𝑒− annihilation:

𝑹 ≡ 𝜎0(𝑒+𝑒− → hadrons)𝜎0(𝑒+𝑒− → 𝜇+𝜇−) ≡ 𝜎0had𝜎0𝜇𝜇
𝜎0𝜇𝜇(𝑠) = 4𝜋𝛼23𝑠 𝛽𝜇(3 − 𝛽2𝜇))2 , with 𝛽𝜇 = √1 − 4𝑚2𝜇/𝑠

Measurement of 𝑹 value ⟺ Measurement of total cross section of hadron production

BEijing Spectrometer III (BESIII) at BEPCII

MDC Main Drift Chamber
TOF Time of Flight
EMC ElectroMagnetic Calorimeter
SC SuperConducting Magnet
RPC Muon Counter: Resistive Plate Chambers

Importance of 𝑹 value

Anomalous magnetic moment of
muon 𝑔𝜇 − 2

𝑎SM𝑙 = 𝑎QED𝑙 + 𝑎weak𝑙 + 𝑎had𝑙
𝑎had, LO v.p.𝜇 = (𝛼𝑚𝜇3𝜋 )2∫∞

4𝑚2𝜋
d𝑠𝐾(𝑠)𝑠2 𝑅(𝑠)

Determination of running
coupling constant of QED

Δ𝛼(𝑠) = Δ𝛼lepton(𝑠) + Δ𝛼top(𝑠) + Δ𝛼(5)had(𝑠)
Δ𝛼(5)had(𝑠) = −𝛼𝑠3𝜋𝑅𝑒∫∞

4𝑚2𝜋
d𝑠′ 𝑅(𝑠′)𝑠′(𝑠′ − 𝑠 − 𝑖𝜖)

Source (𝛼𝜇) Contribution (×10−11)
QED 116584718.931± 0.104
Weak 153.6± 1.0

had,LO, (𝑹-ratio)1 6931± 40
had,LO, (lattice)2 7075± 55

had,NLO -98.3± 0.7
had,NNLO 12.4± 0.1

had,l-l 92± 18
1 [Phys. Rep. 887, 1 (2020)]
2 [Nature (London) 593, 51 (2021)]

Source (Δ𝛼(𝑀2𝑍)) Contribution (×10−4)
Lepton 314.979± 0.002

Top -0.7180± 0.0054
had(5)1 276.1± 1.1

1 [Phys. Rep. 887, 1 (2020)]

Signal Estimation

Selection of inclusive hadronic events

𝑅 scan data

Reject BhaBha and
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Hadronic events

Determination of R value in experiment

𝑅 = 𝑁obs
had − 𝑁bkg𝜎0𝜇𝜇ℒint.𝜀trig𝜀had(1 + 𝛿)

Ñ 𝑁obs
had: Numbers of observed hadronic events

Ñ 𝑁bkg: Number of the residual background events
Ñ 𝜎0𝜇𝜇(𝑠): Leading order QED cross section for 𝑒+𝑒− → 𝜇+𝜇−
Ñ ℒint: Integrated luminosity measured by analyzing Bhabha

events
Ñ 𝜀trig: Trigger efficiency ~ 100%
Ñ 𝜀had: Detection efficiency of the hadronic events
Ñ 1 + 𝛿: ISR correction factor
Systematic Uncertainty
Ñ Uncertainty like Event selection, Background

estimation, Signal simulation also included

(Δ𝑅𝑅 )2
sys
= (Δ𝑁̃̃𝑁 )2+(Δℒint.ℒint.

)2+(Δ𝜀had𝜀had
)2+(Δ𝜀trig𝜀trig )2+(Δ(1 + 𝛿)(1 + 𝛿) )2

Main background process to the signal
Ñ Bhabha 𝑒+𝑒− → (𝛾)𝑒+𝑒−

É Two back-to-back charged tracks and energetic
associated showers

É No or less than one isolated photon
Ñ Di-gamma 𝑒+𝑒− → 𝛾𝛾

É Two back-to-back energetic showers
É No charged tracks

Ñ Di-muon 𝑒+𝑒− → 𝜇+𝜇−
É Two back-to-back charged tracks with high momentum
É No isolated photon

Ñ Di-tau 𝑒+𝑒− → 𝜏+𝜏−
É Emerging only above √𝑠 = 3.554 GeV
É Difficult rejected but accurately simulated

Ñ Two-photon processes 𝑒+𝑒− → 𝑒+𝑒− + 𝑋
É 𝑋 = 𝑒+𝑒−, 𝜇+𝜇−, 𝜋+𝜋−, 𝐾+𝐾−, 𝜂, 𝜂′
É Low acceptance in the BESIII detector
É No isolated photon for the first four channels

Ñ Beam-associated process
É Vertices of charged trks away from the interaction point
É No or less than one isolated photon

Monte Carlo Simulation

Signal simulation: LUARLW model
[arXiv:hep-ph/9910285]

Ñ Kinematic quantities of initial hadrons sampled by the Lund
area law

Ñ Initial-state radiation (ISR) implemented from 2𝑚𝜋 to √𝑠

HYBRID model as an alternative generator
[Phys. Rev. D 97, 114025 (2018)]

Ñ Hybrid with combination: CONEXEC, PHOKHARA, and LUARLW
Ñ As much as experimental knowledges used in CONEXEC
Ñ Different ISR and VP correction schemes

Monte Carlo vs Data @ 3.4 GeV

Ñ Both LUARLW and HYBRID give good consistency
É 𝑁prg: number of good charged tracks (prong)
É cos 𝜃: polar angle of each prong

Summary

𝑹 value measurement at BESIII
Ñ Precision better than 2.6% below 3.1 GeV and 3.0%

above [Phys. Rev. Lett. 128, 062004 (2022)]

Outlook

Large statistics available

Ñ BESIII has collected data from 2.00 to
4.95 GeV for 𝑅 measurement

Exploring different methods
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Ñ 𝑹 measurement via exclusive method gives a check on the tension between
inclusive 𝑅 and exclusive 𝑅 measurement at or below 2.0 GeV

Ñ 𝑹 measurement via ISR technique exploits large 𝜓(3770) data and allows
measurement from 𝜋+𝜋− threshold to continuum region
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Muon experiments

•µ→eγ search 
•µ-e conversion search 
•g-2  

•µ-EDM

35

…−LFVg-2 EDM

Real Imaginary
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MEG II at PSI

by H. Nishiguchi @13th ICFA seminar

Latest Update — MEG II, Status —
8

✤ MEG II finally resumed the physics-run after a 10-year upgrade period.

Hajime NISHIGUCHI (KEK)                                              ”Lepton Flavour Experiments”                                                                    13th ICFA Seminar
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Latest Update — MEG II, First Result —
9

✤ MEG II is running from 2021 
✤ The 1st result have been published just last month !▎Beamtime 

1 2 3 4 5 6 7 8 9 10 11 12

Accel. shutdown MEG II beamtime (6.5 mon)
Other exp.

MPPC annealing Detector/beam 
commissioning

Physics run
（４ mon）

Calib. run

Accel. shutdown MEG II beam time (4.5 mon)Other exp.

Elec.
installation

Detector/elec.
commissioning

Physics run
（1.5 mon）

Calib. runDetector
installation

Beam
tuning

Engineering run

Detector
maint.

2021

2022

Accel. shutdown
(longer to save electricity)

MEG II beamtime (6.5 mon) Other
exp.

MPPC annealing
completed

Detector/beam 
commissioning

Physics run
（~5 mon）

Calib. run

2023
5/16 11/29

2023

2022

2021

2012 (MEG best)

Unblinded 2021 Data

✤ Only 7 weeks of physics run in 2021 = Almost equivalent to MEG data 
✤ No excess of events over the expected background is observed 

✤ Upper Limit (90CL), B(µ+→e+γ) < 7.5 x 10-13 , c.f. MEG result : < 4.2 x 10-13  

✤ Combined (MEG II 2021 + MEG): B(µ+→e+γ) < 3.1 x 10-13 (90% C.L.)

The most stringent limit to date !
Hajime NISHIGUCHI (KEK)                                              ”Lepton Flavour Experiments”                                                                    13th ICFA Seminar



COMET
• High intensity pulsed muon beam (1011/sec) 
• Large solid angle curve solenoidal electron 

spectrometer 
• Experimental sensitivity: BR = 10-17 

• 100,000 times better than current limits 
• Energy scale comparable to LHC

μ-e conversion

38

J-PARC

μ- (1S orbit)

Nucleus

μ-e conversion

μ-+N(A,Z)→e-+N(A,Z)

COMET at J-PARC

21

• (1) Proton target under 5 T solenoid 
field to collect many pions. 

• (2) Muon transport : µ-s are 
momentum and charge selected by 
curved solenoids. 

• (3) Muon target: 17 aluminium disks. 
• (4) Electron spectrometer : Electrons 

of 105 MeV/c are selected by curved 
solenoid. 

• (5) Detector : straw chambers and 
an electron calorimeter (StrECAL).

COMET Phase-II

Decisions and
COMET

Ewen Gillies

New Physics
& CLFV

COMET
Design
Principles

New Tracking
Techniques
Neighbour-Level
GBDT
Hough
Transform
Track-Level
GBDT

Backup

Phase II Geometry

46 6

(5) straw chamber

(5) electron calorimeter

(3) muon target

(1) proton target

(2) muon transport 

(4) electron spectrometer 

• COMET= COherent Muon to Electron Transition

Proton beam, 8 GeV, 56 kW 
x10000 from SINDRUM-II 
<4.6x10-17 90% C.L. 
5x1010 stopped muons/s

muon transport electron transport 

Mu2e s-shape curve straight

COMET c-shape curve c-shape curve
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Immediate Outlook (3) — Mu2e / COMET / Mu3e —
12

✤ Preparations for 3 experiments (Mu2e, COMET, Mu3e) are in the final stage

✤ Two detectors, for physics and BG, Ongoing and will be ready in 2025 
✤ Beam-line commissioning w/ low-intensity proton beam, completed 
✤ Pion Capture and Detector Solenoids, will be installed in 2026 
✤ Engineering/Physics Runs are expected to start in 2025-2026, after radiation 

shield construction which leaves uncertainty in schedule.

CDC under Cosmic-ray Tests

Cylindrical drift chamber (CDC) 
takes more data 

at the Fuji experimental hall

2a.		Cabling		(HV	side)

7

HV: 1850 V 
Gas mixture: He/i-C4H10=90/10 
flow rate: 100 ccm

JFY2023 JFY2024 JFY2025 JFY2026 JFY2027
Detector for mu-e Search
Detector for beam measurement
Beam line construction
Engineering & Physics Runs

Ready

Ready

Magnet Installation Shield 

Eng Physics Run

Hajime NISHIGUCHI (KEK)                                              ”Lepton Flavour Experiments”                                                                    13th ICFA Seminar
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Esra Barlas-Yucel 
on behalf of the Muon g-2 Collaboration

Lepton Photon 2023  
Melbourne
20 July 2023

Muon g-2 Experiment and SM 

FERMILAB-SLIDES-23-172-PPD

Muon Magnetic Moment and Defining the Anomaly 

Magnetic Moment of Muon 

g: Proportionality constant 
between spin and magnetic 
moment

⃗μ = gμ
e

2m
⃗s

2

Anomalous Magnetic Moment of Muon 

 ,       aμ =
gμ − 2

2
⃗μ = (1 + aμ) e

m
⃗s

Shows how much g differs fractionally from 2!

Measuring this anomaly could tell us
if there are new particles or even forces that 
contribute to aμ

Dirac: g=2 Quantum effects : g>2

Standard Model Contribution:  Calculating the Anomaly

3

Well-known

Non-perturbative
(Data-driven & lattice QCD)

aμ = aμ(QED) + aμ(EW ) + aμ(hadronic)

• QED and EW contributions are very well-known with small uncertainties
• Hadronic contribution error dominates the uncertainty budget
• HVP needs to be on the 0.5% precision to keep up with the experiment uncertainties 
• HLBL precision demand is less thank HVP,  only 10% would be good enough
• Refining the SM calculations means refining the HVP calculation
• Muon g-2 Theory Initiative was formed to determine SM value of . Produce a single consensus theoretical value 

which is comparable to the experimental value.
aμ
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Detectors : Calorimeters • Calorimeters
- 24 segmented PbF2 crystal calorimeters 

stationed around the ring
- Detects energy and arrival time of  

decayed from muons:   
e+

μ+ → e+ν̄μνe

14

N(t) = N0e−t/τ[1 + Acos(ωat + ϕ)]

ωa

Fermilab Muon g-2 Experiment Result:  Run-1 Analysis

18

✓FNAL determined anomaly with 460 ppb precision 
(statistical 434 ppb, systematics 159 ppb)
✓Nothing was found that indicated contradiction with 

BNL results
✓Run-1 result represents only 5% of Fermilab Muon 

g-2 data
✓15% smaller error

Theory Initiative

6

Run !a/2⇡ [Hz] !̃
0
p/2⇡ [Hz] R0

µ ⇥ 1000
Run-1 3.7073004(17)
Run-2 229077.408(79) 61790875.0(3.3) 3.7073016(13)
Run-3a 229077.591(68) 61790957.5(3.3) 3.7072996(11)
Run-3b 229077.81(11) 61790962.3(3.3) 3.7073029(18)
Run-2/3 3.70730088(79)
Run-1/2/3 3.70730082(75)

TABLE II. Measurements of !a, !̃
0
p, and their ratios R0

µ mul-
tiplied by 1000. The Run-1 value has been updated from [1]
as described in the text.

FIG. 3. Experimental values of aµ from BNL E821 [8], our
Run-1 result [1], this measurement, the combined Fermilab re-
sult, and the new experimental average. The inner tick marks
indicate the statistical contribution to the total uncertainties.
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Ultra Cold µ  Beam

New g-2
80 cm

(3 GeV, 1MW )

Laser 

Muon accelerator (300 MeV/c)
 Surface Muon	
(~30 MeV, 4x108/s)

Ultra cold	
muon beam	
(µ+  106/sec)

Muonium

Proton beam
Surface muon Muonium

J-PARC Muon g-2 experiment.

• New technology improves both statistical and systematic 
errors 

• Use ultra-slow muon sources 
• Storage rings about 1/20th of conventional ones 
• Ultra-precise electromagnets based on MRI technology
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43



K rare decay at J-PARC
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KOTO: KL→π0νν study at J-PARC

• Rare decay mode: KL→π0νν  
• CP violating process 
• Suppressed in Standard 

Model; BR(SM)=3×10-11 

• ~2% theoretical uncertainty 

  

 2

10-8

10-9

10-10

10-11

SM (3×10-11)

KOTO 2015 
(<3×10-9)
Grossman-Nir 
bound (<6.4×10-10)

Grossman-Nir bound: indirect limit 
 from relation to BR(K+→π+νν); 

Calc’d from NA62 results (2021) 
with 1σ region

Branching ratio (BR)

KOTO 
sensitivity

2015
2016-18

Search down 
to <10-10, 

approaching 
SM 

prediction

September 4-7, 2013 T. Nomura (KEK),  PIC 2013 - IHEP, Beijing

K→πνν in the Standard Model

Process via loop diagrams
KL case:

• Top quark dominates
– K0-anti-K0 superposition extracts

imaginary part of  the amplitude

• CP violating

K+ case:
• Top and charm contribute

– Absolute value of  s→d amplitude

Theoretically clean

6

+ New Physics?

Standard Model

➔ Good probe to search for 
New Physics beyond SM

Introduction
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KOTO detector

 3

NCC

Front Barrel (FB) Main Barrel (MB)

Inner Barrel (IB)

Charged Veto (CV)KOTO detector 
Detector

2/22/2018 7Myron Campbell and Yau Wah

Front barrel (FB)

Neutron collar counter (NCC) Main barrel (MB) Charged veto (CV) Calorimeter

CsI	calorimeter	+	Herme2c	veto	system

γ
γ

KL
ν ν

 8

Calorimeter (CSI)

Introduction

Signal definition

 5

•   in the calorimeter + nothing else 

• Calculate the  decay vertex and transverse momentum (PT) 
with   energies and positions measured by CSI calorimeter

2γ
π0

2γ

OK T
�

�s

d

KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam 
• 2γ + nothing

• Calorimeter + Hermetic veto

• Signal reconstruction
• Assume 2 gammas come from π0

• Require large transverse momentum
• z vertex - Pt distribution

4

2.3 バックグラウンド 11

という関係が得られる。E1、E2 は入射 γ のエネルギーである。Eqs.(2.3-2.6)を用いると、π0 の
崩壊位置 Zvtx が求まる。
得られた Zvtx を使うと 2つの γ の運動量ベクトルを得ることができ、その和が π0 の運動量ベ
クトルになる。したがって π0 のビーム軸に垂直な運動量成分 Pt も求めることが出来る。この 2
つのパラメータ Zvtx と Pt をシグナルとバックグラウンドの識別に利用する。この部分について
は参考文献 [21]に詳しく記述されている。またこの 2つのパラメータ平面上でシグナルイベント
は Fig.2.3のように分布する。図の赤枠で囲まれる部分を signal boxと呼ぶ。

Fig. 2.2 K0
L → π0νν からの π0 の再構成。
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Fig. 2.3 K0
L → π0νν 分布。赤枠で囲ま

れた部分を信号事象と同定する。横軸の 0
は Front Barrel( 2.6.1)の上流端。

2.3 バックグラウンド
KOTO実験のバックグラウンド事象 (以下 B.G.)は次の２つに分類することが出来る。
1つは K0

L 自身が B.G.の源となるものである。代表的な例としては、K0
L → 2π0 の崩壊で生成

された４つの γ のうち 2 つを検出できなかった (miss veto) 場合が挙げられる。もう１つはビー
ムコア周りに存在するハロー中性子が源となるものである。この場合，ハロー中性子は検出器中の
物質と相互作用し、π0 を生成し、その信号をシグナルと見誤る事に起因する。ここではこれらの
B.G.について簡単にまとめる。

2.3.1 K中間子 B.G.

Table2.1に K0
L の主な崩壊モードと分岐比をまとめておく。これらは K中間子 B.G.の元にな

り得る。以下、各モードについて簡単にまとめておく。
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The signal region is defined 
on PT vs Z plane

Introduction

KOTO 2021 data analysis: 

Unblinded the hidden region, and the result was…

 17

KOTO 2021 Data• No signal candidates 
were observed in the signal 
region. 

• Set the upper limit to be 
BR(KL→π0νν) < 2.0×10-9 
 at 90% confidence level. 

- Corresponding to SES×2.3 
based on Poisson statistics.Prel

imin
ary

This result was firstly presented at IPNS and J-PARC Joint seminar on 
September 6, 2023

We are preparing the paper of the 2021 data analysis.

by T. Nomura @37th J-PARC PAC



CERN NA62:  Search for K+→π+νν
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FASER experiment

FASER is a new forward experiment of LHC, located 480 m downstream from the ATLAS IP. 
Successfully started data taking in Run 3 from July 2022 for:
• Search for new weakly-coupled particles in the MeV-GeV range

• proposed to CERN in 2018, approved by CERN in 2019

• Study of all flavors of neutrinos at the TeV-energy frontier
• proposed to CERN in 2019, approved by CERN in 2020

Favorable location, except that refurbishment is needed to be an experimental site.
• Background from collision point is only high-energy muon at about 1 /cm2/sec, thanks to ~100-m rock
• Radiation level from LHC is quite low, around 4 × 10−3 Gy/year (= 4 × 107 1-MeV neutron/cm2/year) 5

TI12 tunnel

A’, a, mCPs, DM, …

!! , !" , !#, 
A’, a, mCPs, DM, …

!! , !" , !#, 

by H. Otono @ Kyoto seminar 2023
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For new particle search:
Installation completed 2021 March

For neutrino physics:
Installation completed 2022 March

FASER detector
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Result

No events seen in unblinded signal region 
• Total background: 0.0020±0.0024 evts,

28

Searching for new particles in MeV-GeV range 

Motivated by dark matter
• Example is a dark photon (A’) – vector portal to dark sector
• Could be produced very rarely in decay of a π0

• Could be long-lived due to small coupling constant

Huge flux of π0 produced in LHC collision provides strong opptunity
• O(1015) of π0 in FASER acceptance (r = 10 cm) in Run 3

• corresponding to 10-8 solid angle 

• Very energetic - typically E > 1 TeV

colliDark photon (A’) decays into a collimated pair of charged paritcle
• mA’ = 200 MeV and E = 2 TeV, the separation is O(200) um at the first tracker
• e+ e- for most of the mA’ range relevant for FASER

7
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3. Cosmic Frontier

51



Dark Energy

52

Energy.gov/science
2

• Partnerships w/NSF (PHY, AST, OPP) NASA (AST, ISS, CLPS) are essential

Cosmic Frontier Experiments 
• Cosmic Frontier experiments address four of five science drivers
• They use naturally occurring sources to determine the fundamental nature of matter, 

energy, space and time.

21 05/22/2023 DOE-HEP Report

LZ at SURF Legacy Survey of Space and Time at
Vera Rubin Observatory

DESI at Kitt PeakAMS at ISSSouth Pole Telescope

by H. Murayama @ 13th ICFA seminar



Evidence of Dark Matter

53

What is the Universe made of?

• Rotation Curves

• Clusters of galaxies

•Type Ia Supernovae

•CMB

O
BS

ER
VA

T
IO

N
S

…

8

[statement valid now, and on very large scales]

by G. Bertone @ICHEP2022



Where are the dark matters?

54

by G. Bertone @ICHEP2022

9

What is the Universe made of?
2

Posti & Helmi,  A&A 621, A56 (2019)



What are the dark matters?

• Primordial Black Holes 
• Weakly Interacting Massive Particles（WIMP） 
• Sterile Neutrinos 
• Axions 
• others

55

• No shortage of ideas.. 

• Tens of dark matter models, each with its own phenomenology 

• Models span 90 orders of magnitude in DM candidate mass!
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See  
“Dark Matter” 
parallel session 

talks

by G. Bertone @ICHEP2022



WIMPs searches

19

How to find dark matters

• produce them by accelerators 
• look for them by underground experiments 
• search for their annihilation signal by satellite and observatory

56

by G. Bertone @ICHEP2022



How to find dark matters

• produce them by accelerators 
• look for them by underground experiments 
• search for their annihilation signal by satellite and observatory

57
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CMB

It may be an 
interesting dark-horse.

2018/4/5 58



Message to you
• There are many types of high energy experiments with various phases. 

• Large-scale international collaboration to small (medium?) size collaboration 
• Often long term projects with different phases 

• Ideas are generated 
• Construction phase 
• Initial data commissioning 
• Stable data taking 
• Analysis phase 
• Upgrade phase 

• Please consider 
1. What type of physics are you most interested in? 
2. What kind of experiences would you like to havt? 
3. What problem will you want to tackle? 
4. Enjoy the experiment with your friends. 

Trust your own senses as a scientist!
59



VSON2024  - T. Nakaya - 60

Energy Fron>er

Intensity Fron>er
Cosmic Fron/er

LHC/ATLAS and CMS	
(ILC)

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

Ｋaon（K0TO, etc.）, Dark parLcles	

　　μ, neutron, proton decay, ・・・ 	

　　　　τ・charm Factory	

　　　　　　　　　　：

Neutrino	
Dark MaIer	
Dark Energy	
CMB

Summary of High Energy Experiments
I did not cover  
• neutrino experiments 
• future projects 
• Specific Cosmic Frontier experiments 
• new types of experiments using quantum 

technology 

Bias towards experiments involving the 
Japanese HEP community


