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Outline

•Introduction 
•Motivation in Particle Physics 
•Charged Lepton Flavour Violation (CLFV) 
•Lepton Number Violation (LNV) 
•Muon g-2 
•Muonium 
•Highly Intense Muon Sources 
•Summary
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Sensitivity of New Physics 
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [257]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [258–261]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

http://cds.cern.ch/record/2691414/files/Briefing_Book_Final.pdf
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Note:   LFV in SM with massive neutrinos

µ e
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The SM with neutrino masses predicts small event rates for the LFV.

W

The observation of the LFV will be clearly a discovery of 
physics beyond the SM with non-zero neutrino masses.

BR(µ� e�) ⇥ (⇥m2
�)2 < 10�54
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SM with massive neutrinos (Dirac) BSM

B(µ+ ! e+�) ⇡ 10�54 B(µ+ ! e+�)� 10�54

too small to access experimentally an experimental evidence:  
a clear signature of New Physics NP  

(SM background FREE)

�7

 oscillations
⌫

Charged lepton flavour violation search: Motivation

Bi =
�i

�tot

10-1010-2010-3010-4010-50

New PhysicsSM

Current upper limits on Bi

10-130 100

New particles

 Large window for BSM search without SM backgrounds

Neutral lepton flavour 
violation has been observed. 
Lepton mixing in the SM has 
been known.
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KL
0 → µe

K+ →πµe

µA→eA

µ→ eee

µ→ eγ

Pontecorvo  
in 1947

First CLFV search

Meson Factory Era

100 improvements 
over decade

Muon Michel decay 
(1948)

Feinberg’s µ→eγ 
crisis (1955)

Accelerators 
producing muons
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LFV,Why ?
LFV,Why ?

µ→eγ 
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CLFV Decay of Muons : μ+→e+γ 

• Event Signature

• Ee = mμ/2, Eγ = mμ/2     

(=52.8 MeV) 
• angle θμe=180 degrees 

(back-to-back) 
• time coincidence 

• Backgrounds

• prompt physics backgrounds 

• radiative muon decay 
μ→eννγ 

• accidental backgrounds 
• positron in μ→eνν 
• photon in μ→eννγ or 

photon from e+e- 
annihilation in flight. 

• Current Limits

•BR<4.2x10-13  

•MEG at PSI 
•a factor 30 improvement 
from MEGA

e +

γ

µ

12



CLFV Decay of Muons : μ+→e+γ
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CLFV Decay of Muons : μ+→e+γ

MEG @PSI

drift chamber for positrons 
liquid Xe detector for gammas 
DC muon beam at PSI

a factor of 30 improvement

MEG: Signature and experimental setup
• The MEG experiment aims to search for μ+ → e+ γ with a sensitivity of ~10-13  (previous 

upper limit BR(μ+ → e+ γ) ≤ 1.2 x 10-11 @90 C.L. by MEGA experiment) 
• Five observables (Eg, Ee, teg, ϑeg, ϕeg) to characterize μ→ eγ events

�
µ+e+

�
µ+e+

�

�

�

µ+e+

�

�

Signature

Backgrounds

�10

A.M. Baldini et al. (MEG Collaboration), 
Eur. Phys. J. C73 (2013) 2365(2016)
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CLFV Decay of Muons : μ+→e+γ

MEG II

Pisa,	12-04-2016 L.	Galli,	INFN	Pisa

MEG	II	at	a	glance

38

L.	Galli	Pisa	Seminar	24/04/2013

all detectors upgraded 
full muon beam intensity 
Goal ~ 6x10-14  (2019-2021)

MEG @PSI

drift chamber for positrons 
liquid Xe detector for gammas 
DC muon beam at PSI

a factor of 30 improvement

MEG: Signature and experimental setup
• The MEG experiment aims to search for μ+ → e+ γ with a sensitivity of ~10-13  (previous 

upper limit BR(μ+ → e+ γ) ≤ 1.2 x 10-11 @90 C.L. by MEGA experiment) 
• Five observables (Eg, Ee, teg, ϑeg, ϕeg) to characterize μ→ eγ events
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Eur. Phys. J. C73 (2013) 2365(2016)
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µ→eee
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CLFV Three-body Decay : μ+→e+e+e- 
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• Event Signature

•  ΣEe = mμ 
•  ΣPe = 0 (vector sum) 
•  common vertex 
•  time coincidence 

• Backgrounds

• physics backgrounds 

• μ→eννee decay 
(B=3.4x10-5)  

• accidental backgrounds 
• 2 positrons in two μ→eνν 
• 1 electrons in μ→eeeνν, or 
μ→eννγ (B=1.2x10-2) with 
photon conversion, or 
Bhabha scattering 

• Current Limit

•BR<1.0x10-12  

•with constant matrix 
element. 
•SINDRUM (1988)

CLFV Three-body Decay : μ+→e+e+e- 

15
 

A. Schöning on behalf of Mu3e                                      6   PhiPsi’19 Workshop

Irreducible BackgroundIrreducible Background

radiative decay with internal conversion

e+

e+e-

ν

ν

missing energy 
from two neutrinos

steeply falling!
R.M.Djilkibaev,
R.V.Konoplich 
PRD79 (2009)

B(μ+ $ e+e+e- νν) = 3.4 ·10- 5

very good momentum + 
total energy resolution required!

missing energy taken
by neutrinos



Mu3e at PSI

 

A. Schöning on behalf of Mu3e                                      1   PhiPsi’19 Workshop

Mu3e Experiment

PhiPsi 2019 Workshop 

Budker Institute

25.2-1.3. 2019, Novosibirsk

https://www.psi.ch/mu3e/

Search for µ+ → e+ e+ e-

16



Mu3e at PSI

Pixel Tracker
Scintillating 

Fibers
Scintillating Tiles

BR(μ → e e e ) < 2·10-15 (phase I) → 108 muons/s (PiE5)
BR(μ → e e e ) < 10-16 (phase II) → >109 muons/s (HiMB)

Features: 
● surface muons (p=29 MeV/c, DC) stopped on target at high rate:  108 - 109 /s  
● ultra thin silicon pixel detector (HV-MAPS) with 1 per mill radiation length / layer 
● high precision tracking using recurling tracks in strong magnetic field 
● fast timing detectors (scintillating fibers & tiles) 
● helium gas cooling

 

A. Schöning on behalf of Mu3e                                      1   PhiPsi’19 Workshop

Mu3e Experiment

PhiPsi 2019 Workshop 

Budker Institute

25.2-1.3. 2019, Novosibirsk

https://www.psi.ch/mu3e/

Search for µ+ → e+ e+ e-
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LFV,Why ?
LFV,Why ?

µ→e conve
rsion

in 

a muonic 
atom 
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μ→e Conversion in a muonic atom
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μ→e Conversion in a muonic atom

1s state in a muonic atom

�������

µ−
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µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

nucleus
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μ→e Conversion in a muonic atom

1s state in a muonic atom

�������

µ−

�
	��������	�
����

������
��������	��
�

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

nucleus

CR(μ−N → e−N) ≡
Γ(μ−N → e−N)
Γ(μ−N → all)

18

µ− + (A, Z)→ e− + (A,Z )
Event Signature : 
a single mono-energetic 
electron of 105 MeV
Backgrounds:
(1) physics backgrounds
(2) beam-related backgrounds 
(3) cosmic rays, false tracking

Z CR limit
sulfur 16 <7 x 10-11

titanium 22 <4.3 x 10-12

copper 39 <1.6 x 10-8

gold 79 <7 x 10-13

lead 82 <4.6 x 10-11



Mu2e at Fermilab

The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov

• A	search	for	Charged	Lepton	
Flavor	Violation:	!N→eN
– Expected	sensitivity	of	6x10-17	@	

90%	CL,	x10,000	better	than	
SINDRUM-II

– Probes	effective	new	physics
mass	scales	up	to	104	 TeV/c2

– Discovery sensitivity	to	broad	
swath	of	NP	parameter	space

The Mu2e Experiment - using muons to advance the search for New Physics

http://mu2e.fnal.gov1

• Experiment	scope	includes
– Proton	Beam	line
– Solenoid	systems
– Detector	elements

(tracker,	calorimeter,	cosmic	veto,	DAQ,	beam	
monitoring)

– Experimental	hall
– Commissioning	begins	in	2022

µ e
4.6T

2.5T
2.0T

1.0T

Transport	Solenoid	(TS) Detector	Solenoid	(DS)

A	System	of	superconducting	solenoids	and	an	intense	muon	beam

Production	Solenoid	(PS)

~25	meters

protons

19



Mu2e-II - a next generation 

µ→e conversion experiment at FNAL

The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov

Mu2e-II is an upgrade that will:
• Use ~100 kW of PIP-II protons 

@800 MeV
• Achieve an order of magnitude 

improvement in sensitivity 
– probe Rµe ~ 10-18 level,
– extend LNP reach by x2

Mu2e-II – A next generation µàe conversion experiment

http://mu2e.fnal.gov5

• EOI Submitted to Fermilab PAC in 2018
• arXiv:1802.02599, Fermilab-FN-1052
• 130 Signatories, 36 Institutions

PAC:		“physics	case	is	compelling”		“endorse	request	for	R&D	funding”
Status:	Pursuing	high	priority	R&D.	Data	taking	~2030	timescale. 20



COMET Phase-I  : J-PARC E21
COMET = COherent Muon to Electron Transition

cylindrical  
drift chamber

21



COMET Phase-I  : J-PARC E21
COMET = COherent Muon to Electron Transition

cylindrical  
drift chamber

proton beam power = 3.2 kW
Single event sensitivity : 2x10-15

Running time: 0.4 years (1.2x107s)
a factor of 100 improvement

Phase-I

proton 
beam

21

2a.		Cabling		(HV	side)

7



COMET Phase-II : J-PARC E21

straw chamber 
LYSO calorimeter
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COMET Phase-II : J-PARC E21

straw chamber 
LYSO calorimeter

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

proton beam power = 56 kW

Single event sensitivity : 2.6x10-17

Running time: 1 years (2x107sec)
a factor of 10,000 improvementPhase-II

proton 
beam

22
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a factor of 10,000 improvementPhase-II

proton 
beam

22

Running time: 1 years (2x107sec)

Single event sensitivity : O(10-18)
a factor of 100,000 improvement

Running time: 1 years (3x107sec)



COMET Collaboration

23

S.Mihara, J-PARC PAC Meeting, 16/Mar/2012

COMET Phase-I
Proto-collaboration

• 107 collaborators
• 25 institutes
• 11 countries

2
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Osaka University, Osaka, Japan

M. Koike, J. Sato
Saitama University, Japan

D. Bryman
University of British Columbia, Vancouver, Canada

S. Cook, R. D’Arcy, A. Edmonds, M. Lancaster, M. Wing
University College London, UK
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University of Houston, USA
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F. Azfar
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University Technology Malaysia
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* Contact Person

COMET Collaboration Increasing...
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Current discrepancy with SM
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3.7σ 
deviation 
from the SM 
expectation
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ωS =
eB
mμγ

[1 +
(g − 2)

2
γ]

Spin vector precession Momentum vector motion

Under a magnetic field

ωC =
eB
mμγ
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_04/08/2014 First CERN Muon g-2 Experiment.doc 35

Francis Farley, Hans Sens, Georges Charpak, Theo Muller, Antonino Zichichi
with the 6-meter g-2 magnet

Mark%Lancaster%:%Lepton%Moments%:%Jul%2014%FNAL%g;2%Experiment%%

FNAL g-2 Experimental Technique!
Inject%3.09%GeV%muons%into%%
a%storage%ring%(B%=%1.45%T)%

Exploit%property%that%direcHon%
of%e+%from%μ+%decay%is%strongly%
correlated%with%μ+%%spin%%
for%highest%energy%e+%

:%6%

In%g;2%experiment%:%cyclotron%period%is%149%ns%
%

Spin%precesses%around%momentum%direcHon%once%every%30%turns%(4.3%us)%

ωS − ωC = ωa =
aμeB

mμ

Spin precession with respect to 
the momentum vector

aμ =
1
2

(g − 2)

At the BNL experiment, 
spin precesses around 
momentum once every 

30 turns. 
ωS =

eB
mμγ

[1 +
(g − 2)

2
γ]

Spin vector precession Momentum vector motion

Under a magnetic field

ωC =
eB
mμγ
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aim at 0.14 ppm (x4 improvement) 
significant improvements over BNL 
E821 
run 1 data (2018) ~ 1.4xBNL 
run 2 data (2019) ~ 1.8xBNL 
run 1 result by the end of this year
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muon g-2

@FNAL

aim at 0.14 ppm (x4 improvement) 
significant improvements over BNL 
E821 
run 1 data (2018) ~ 1.4xBNL 
run 2 data (2019) ~ 1.8xBNL 
run 1 result by the end of this year

Muon g-2 Beam

• 8 GeV p batch into 
Recycler 4� 1012 p

• Split into 4 bunches

• Extract each bunch to 
strike target

• Long FODO channel to 
collect p → µ n

• p/p/µ beam enters DR; 
protons kicked out; p
decay away        pure 
muon beam 

• ~6,000 µ stored in ring 
per pulse

Lee Roberts-18-June-2019-CLFV Fukuoka 226/7/17
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new technique : slow muons from laser ionization of muonium. 
aim at 0.45 ppm 
different systematics

Soohyung Lee (IBS/CAPP) on behalf of the J-PARC muon g-2/EDM collaborationAug 27 2019, The 21st International Workshop on Neutrinos from Accelerators
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Experiment Overview
• Muon g-2/EDM experiment at J-PARC (Japan)

!9

3 GeV proton beam (1 MW, double pulse, 25 Hz)

Surface muon beam 
(27 MeV/c, ε ~ 1000 π mm·mrad)

Muonium Production 
(300 K ~ 2.3 keV/c)

Thermal muon production by resonant 
laser ionization of muonium (~106 µ+/s)

Silicon 
Tracker

66 cm

Muon storage magnet (3 T, ~1ppm local precision)

Muon reacceleration  
(300 MeV/c, ε ~ 1 π mm·mrad)

3D spiral injection

3 T storage magnetJ-PARC g-2/edm
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Spectroscopy of Muon-Bound States

Muonium spectroscopy 
Hyperfine splitting at 1s state 

Museum at J-PARC 
1s-2s transition splitting  

Mu-MASS (MuoniuM lAser 
SpectroScopy) at PSI 

Muonic Hydrogen spectroscopy 
Lamb shift  

CREMA at PSI 
Proton charge radius 

Hyperfine splitting at 1s state 
proton Zemach radius

Energy Levels

Eides, Osaka, Physics of muonium Muonium December 10, 2018 3 / 49

muonium  
energy level

mμ/me μμ/μp

30

νHFS = νHFS(QED) + νHFS(had) + νHFS(weak) + νHFS(BSM)



Muonium to Antimuonium Conversion

Mu (µ+e-) →anti-Mu (µ-e+)

data

μ+ + e− → μ− + e+
simulation

GMuMu < 3 × 10−3GF

an average kinetic energy of 13.5 eV. This corresponds
to the binding energy of the 1s state of a muonium
atom.

The sensitivity to Mu!Mu conversion is known to be
suppressed when the muonium atom is in matter. This
occurs because a negative muon in antimuonium is eas-
ily captured by surrounding atoms. Therefore recent ex-
periments have been performed by using muonium at-
oms in a vacuum.

There are two major backgrounds. One is the coinci-
dence of a low-energy e" and an energetic e! which are
produced by Bhabha scattering of e" from !" decay in
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oped at the previous experiment at LANL (Matthias
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tion of both particles in the antimuonium decay. Its ex-
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were produced by stopping surface muons in a
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through the target surface with thermal energy in a
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• Two scintillating detector systems for sub-nanosecond timing, based on scintillating fibers
and tiles.

• Trigger-less data acquisition system with continuous readout.

• Filter farm based on graphical processing units.

The European groups also play a significant role in all aspects of the experiment including
leadership, operations, analysis and publication activities.

Most groups of the Mu3e collaboration Phase-I have expressed interest to contribute to
Phase-II. Also new groups are invited to contribute to the planned Mu3e Phase-II upgrade,
and to investigate further extensions of the Mu3e physics programme, for example a search
for µ+

! e+� with a photon conversion layer or muonium-antimuonium oscillations with an
upgraded Mu3e detector.

Computing Requirements

The computing system and needs will be similar to those of the MEG experiment. Expenses
for computing will be shared among the contributing institutes. Additional GRID computing
resources will be required to fully exploit the physics potential of the experiment.

Figure 3: The new proposed solenoidal beamline for HiMB (right) compared to the current
hybrid µE4 beamline (left).

5

HiMB
2025~

>1010 (surface) muons/s
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✤ MUSE (MUon Science Establishment)

✤ Four Secondary Beam-Lines
1) D-Line : Decay Surface Muon Beam Line
2) U-Line : Ultra Slow Muon Beam Line
3) S-Line : Surface Muon Beam Line
4) H-Line : High Momentum Muon Beam Line

✤ D, U and S are in operation
✤ H-Line is under construction and dedicated for High

Energy Physics Experiment
✤ Decay !/e (<120MeV/c) and surface ! (30MeV/c)
✤ H1 area for DeeMe & MuSEUM
✤ H2 area for g-2/EDM and transmission muon

microscopy
✤ H2 needs extra-building to re-accelerate ultra 

slow muons up to 300 MeV/c

Hajime NISHIGUCHI (KEK) ”Facility/Accelerator/Beam-line for J-PARC Muon Programs”   

H-Line(Shields Installed)
Surface µµ+ For Mu-HF, g-2/EDM and 
also for transmission Muon
Microscopy,
e- up to 120 MeV/c For DeeMe
µµ- up to 120 MeV/c For µµCF

S-Line (µµSR is ready at S1 !)
Surface µµ+(30 MeV/c), for materials science)

U-Line (Successful generation!)
Ultra Slow µµ+ (0.05-60keV), expected to be explored
for nano-science or multilayer thin film

D-Line (A New Solenoid)
Surface µµ+(30 MeV/c) 
Decay µµ+/µµ-(3.7-120 MeV/c) 

108 muons/s
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Science
素粒子の一つであるミューオンを世
界最高の効率で生成する装置
「MuSIC」。宇宙の始まりに何が起
こったのか、宇宙はどのような法則で
成り立っているのかを、大量のミュー
オンと最新技術を駆使して研究する

062 063

Osaka University

理学部は医学部とともに1931（昭和6）
年、大阪大学発足と同時に創設された最も
伝統ある学部です。当時、日本の産業の中
枢であった大阪の地には、模倣的な工業か
ら脱皮するには「基礎的純正理化学」の力
によらなければならない、という先見性と危
機感がありました。そうした時代と地域の要
請から大阪大学理学部が設立されたので
す。創設に際しては、政府の援助は受け
ず、設立基金や寄付金などすべて地元の
負担によって誕生に至ったとされています。
数学、物理、化学の3学科からなる理学

自然の中には不思議がいっぱいあります。その不思議に魅せ
られ、不思議を解き明かそうとする人たちが数学や物理､化
学、生物など自然科学の基礎となる自然法則を見つけ出して
きました。その自然法則を基本としながら、新たな不思議の扉
を開いていくのが理学部の目指すところです。
科学技術の進歩によって、人類の生活は豊かになってきまし

た。インターネットの普及によって情報の国境が消え、生命科
学の進展によって、これまで不治といわれた病気が治療できる
ようにもなってきました。このようなハイテク、バイオ、情報社
会を支えているのは直接的には技術ですが、その技術は理学
部領域の研究成果である基礎科学の力がなければ成り立たな
いものなのです。
具体的な例を挙げましょう。火星上の探査機に指令を正確に

理学部の歩みと概要

◉世界的で独創性豊かな
　研究者集団

自然の法則から
新たな不思議の扉を開く

●数学科 ●物理学科
●化学科 ●生物科学科

未
知
の
法
則
に

迫
る

理学部

部は当時、世界的に著名な物理学者だっ
た初代総長、長岡半太郎博士の創設の理
念によって発展の基礎が築かれました。権
威にとらわれない実力第一主義の教員選
考は今も受け継がれ、出身大学も多様なこ
とから、学閥意識のない自由で活力ある雰
囲気を作り出す基になっています。
理学部はノーベル賞受賞者の湯川秀樹

博士、「八木アンテナ」の発明で有名な八
木秀次博士ら多くの優れた研究者の手に
よって広い視野での基礎科学の発展に貢
献してきましたが、1949年に生物学科、
59年に高分子学科、91年には宇宙・地球
科学科が新設されました。その後、大学院
重点化への動きから理学研究科の専攻が
整理統合され、大学院の入学定員が大幅

送ることができる技術は150年以上も前に天才数学者、ガロ
アが考え出した理論（有限体）が応用されています。情報社会
を支える各種素子の開発には、アインシュタインの光量子仮説
やプランクのエネルギー量子論が大きく貢献しています。さら
には、遺伝子治療やゲノム創薬はワトソンとクリックのDNAの
構造解明がなければ、できなかったことです。
しかし、ガロアやアインシュタイン、ワトソンとクリックらは彼
らの研究成果が21世紀の科学技術をこれほどまでに発展させ
る原動力になると、当時は想像したでしょうか。いわんや、
ニュートンやメンデルら現代科学の基礎を築いた人たちは考
え及ばなかったでしょう。
現在の社会はこれまでの基礎科学の成果の上にのって発展

してきた先端の技術に目を奪われがちです。基礎となる理論
はすでにすべて解明されていると思われている人も多いので
はないでしょうか。
しかし、自然はそれほど簡単ではありません。細胞１つとって
みても、そのメカニズムのほんの一部がわかっているに過ぎま
せん。数学の分野でも解決されていない定理があり、素粒子論
も課題が山ほどあります。宇宙の成り立ちも未知の部分が限り
なくあります。理学部が挑まなければならない分野はまだまだ
無限にあるのです。
そして、これまでの成果をもとに新たな自然科学の法則を見

つけ出すことによって、地球環境問題の解決につながるなど人類
の未来に貢献することができるのではないかと考えています。

に増加。その際、理学部の学科も現在の4
学科になりました。96年度からの新体制は
国際的にも誇れる高度で、真に独創性豊か
な理学研究者集団として、世界的にも独自
な個性を持つ教育研究を目指すものです。
理学部関連の附属施設としては、構造

熱科学研究センター、原子核実験施設が
あり、国際的に高く評価される特色ある研
究活動を行っています。このほか産業科学
研究所、蛋白質研究所、核物理研究セン
ターなど学内の研究所等で、その設立に理
学部が重要な役割を果たしたものも少なく
ありません。そうした研究所やセンターに属
する多くの教員は理学部と密接な協力関
係を保っています。

◉
理
学
部

Science
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す。創設に際しては、政府の援助は受け
ず、設立基金や寄付金などすべて地元の
負担によって誕生に至ったとされています。
数学、物理、化学の3学科からなる理学

自然の中には不思議がいっぱいあります。その不思議に魅せ
られ、不思議を解き明かそうとする人たちが数学や物理､化
学、生物など自然科学の基礎となる自然法則を見つけ出して
きました。その自然法則を基本としながら、新たな不思議の扉
を開いていくのが理学部の目指すところです。
科学技術の進歩によって、人類の生活は豊かになってきまし

た。インターネットの普及によって情報の国境が消え、生命科
学の進展によって、これまで不治といわれた病気が治療できる
ようにもなってきました。このようなハイテク、バイオ、情報社
会を支えているのは直接的には技術ですが、その技術は理学
部領域の研究成果である基礎科学の力がなければ成り立たな
いものなのです。
具体的な例を挙げましょう。火星上の探査機に指令を正確に

理学部の歩みと概要

◉世界的で独創性豊かな
　研究者集団

自然の法則から
新たな不思議の扉を開く

●数学科 ●物理学科
●化学科 ●生物科学科

未
知
の
法
則
に

迫
る

理学部

部は当時、世界的に著名な物理学者だっ
た初代総長、長岡半太郎博士の創設の理
念によって発展の基礎が築かれました。権
威にとらわれない実力第一主義の教員選
考は今も受け継がれ、出身大学も多様なこ
とから、学閥意識のない自由で活力ある雰
囲気を作り出す基になっています。
理学部はノーベル賞受賞者の湯川秀樹

博士、「八木アンテナ」の発明で有名な八
木秀次博士ら多くの優れた研究者の手に
よって広い視野での基礎科学の発展に貢
献してきましたが、1949年に生物学科、
59年に高分子学科、91年には宇宙・地球
科学科が新設されました。その後、大学院
重点化への動きから理学研究科の専攻が
整理統合され、大学院の入学定員が大幅

送ることができる技術は150年以上も前に天才数学者、ガロ
アが考え出した理論（有限体）が応用されています。情報社会
を支える各種素子の開発には、アインシュタインの光量子仮説
やプランクのエネルギー量子論が大きく貢献しています。さら
には、遺伝子治療やゲノム創薬はワトソンとクリックのDNAの
構造解明がなければ、できなかったことです。
しかし、ガロアやアインシュタイン、ワトソンとクリックらは彼
らの研究成果が21世紀の科学技術をこれほどまでに発展させ
る原動力になると、当時は想像したでしょうか。いわんや、
ニュートンやメンデルら現代科学の基礎を築いた人たちは考
え及ばなかったでしょう。
現在の社会はこれまでの基礎科学の成果の上にのって発展

してきた先端の技術に目を奪われがちです。基礎となる理論
はすでにすべて解明されていると思われている人も多いので
はないでしょうか。
しかし、自然はそれほど簡単ではありません。細胞１つとって
みても、そのメカニズムのほんの一部がわかっているに過ぎま
せん。数学の分野でも解決されていない定理があり、素粒子論
も課題が山ほどあります。宇宙の成り立ちも未知の部分が限り
なくあります。理学部が挑まなければならない分野はまだまだ
無限にあるのです。
そして、これまでの成果をもとに新たな自然科学の法則を見

つけ出すことによって、地球環境問題の解決につながるなど人類
の未来に貢献することができるのではないかと考えています。

に増加。その際、理学部の学科も現在の4
学科になりました。96年度からの新体制は
国際的にも誇れる高度で、真に独創性豊か
な理学研究者集団として、世界的にも独自
な個性を持つ教育研究を目指すものです。
理学部関連の附属施設としては、構造

熱科学研究センター、原子核実験施設が
あり、国際的に高く評価される特色ある研
究活動を行っています。このほか産業科学
研究所、蛋白質研究所、核物理研究セン
ターなど学内の研究所等で、その設立に理
学部が重要な役割を果たしたものも少なく
ありません。そうした研究所やセンターに属
する多くの教員は理学部と密接な協力関
係を保っています。

◉
理
学
部
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The current situation

Proton beam line
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Muon lifetime measurement
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Slide courtesy of Tran Hoai Nam, Osaka University 
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X-ray spectrum (Mg target)
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e+/e- Annihilation 

Muonic Mg decay

Slide courtesy of Tran Hoai Nam, Osaka University 

µ+ : 3x108/s for 400W
µ- : 1x108/s for 400W

MuSIC muon yields

3.5T and graphite target

muon/proton~x1000
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More efficient
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Delivering the world’s most intense muon beam
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A new muon beam line, the muon science innovative channel, was set up at the Research Center for
Nuclear Physics, Osaka University, in Osaka, Japan, using the 392 MeV proton beam impinging on a
target. The production of an intense muon beam relies on the efficient capture of pions, which subsequently
decay to muons, using a novel superconducting solenoid magnet system. After the pion-capture solenoid,
the first 36° of the curved muon transport line was commissioned and the muon flux was measured. In order
to detect muons, a target of either copper or magnesium was placed to stop muons at the end of the muon
beam line. Two stations of plastic scintillators located upstream and downstream from the muon target were
used to reconstruct the decay spectrum of muons. In a complementary method to detect negatively charged
muons, the x-ray spectrum yielded by muonic atoms in the target was measured in a germanium detector.
Measurements, at a proton beam current of 6 pA, yielded ð10.4" 2.7Þ × 105 muons per watt of proton
beam power (μþ and μ−), far in excess of other facilities. At full beam power (400 W), this implies a rate of
muons of ð4.2" 1.1Þ × 108 muons s−1, among the highest in the world. The number of μ− measured was
about a factor of 10 lower, again by far the most efficient muon beam produced. The setup is a prototype for
future experiments requiring a high-intensity muon beam, such as a muon collider or neutrino factory, or
the search for rare muon decays which would be a signature for phenomena beyond the Standard Model of
particle physics. Such a muon beam can also be used in other branches of physics, nuclear and condensed
matter, as well as other areas of scientific research.

DOI: 10.1103/PhysRevAccelBeams.20.030101

I. INTRODUCTION

High-intensity muon beams have applications in many
areas of science, spanning high-energy particle physics to
condensed matter physics and even areas of chemistry and
biology.Many results are limited by statistics, and, depending
on the experiment, up to and above 1018 muons per year are
required,whereas only1015 muons per year are available now.
In particle physics, intense muon beams are needed for

the following experiments and areas of investigation. Rare
muon decays such as charged lepton flavor violation
(CLFV) have attracted much attention theoretically and
experimentally [1,2]. As the Standard Model (SM) expect-
ation for such processes is so small [∼Oð10−54Þ], higher-
intensity muon beams could lead to the unequivocal

discovery of physics beyond the SM. There are several
current and planned experiments searching for CLFV with
muons. They are, for example, μ → eγ [3], μ − e con-
version in a muonic atom [4,5], and μ → eee [6]. In
particular, planned experiments of COMET [4] in Japan
and Mu2e [5] in the United States, which will search for
μ − e conversion with anticipated improvement of physics
sensitivity of 104, need high-intensity muon beams of 1018

muons per year. The properties of the muon such as its
mean lifetime, which gives a direct determination of the
Fermi constant, or anomalous magnetic moment have both
been measured to a precision of about one part per million
[7–9]. Given the approximate 3σ difference between the
theory and data in the measurement [8] of the anomalous
magnetic moment, new experiments to measure with a
factor of 4 better precision are currently under construction
[10,11]. Highly intense muon beams of 1021 muons per
year are needed for a muon collider, a machine that can
investigate the energy frontier, i.e. the TeV scale. A muon
collider has a number of advantages such as compactness
and lower synchrotron radiation compared to an eþe−

collider but also has a number of technical challenges [12].

*Corresponding author.
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MECO was part of a suite of rare process search experiments 
proposed at Brookhaven that was not funded

MECO BNL E940 (1997) 
one of the RSVP (rare 
symmetry violating 
processes with KOPIO) 

terminated in 2005



Fermilab Muon Campus

Mu2e Detector 

Lindgren – Fermilab Snowmass PAC, June 21-25, 2011 15 

Proton beam hits production target in 
Production Solenoid. 
Pions captured and accelerated towards 
Transport Solenoid by graded field. 
Pions decay to muons. 

Transport solenoid performs sign and momentum 
selection. 
Eliminates high energy negative particles, positive 
particles and line-of-site neutrals. 

Muons captured in stopping target. 
Conversion electron trajectory measured 
in tracker, validated in calorimeter. 
Cosmic Ray Veto surrounds Detector 
Solenoid. 

with PIP-II (0.8 GeV)
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Fermilab Muon Campus

>1010 muons/s from 8 kW

Mu2e Detector 

Lindgren – Fermilab Snowmass PAC, June 21-25, 2011 15 

Proton beam hits production target in 
Production Solenoid. 
Pions captured and accelerated towards 
Transport Solenoid by graded field. 
Pions decay to muons. 

Transport solenoid performs sign and momentum 
selection. 
Eliminates high energy negative particles, positive 
particles and line-of-site neutrals. 

Muons captured in stopping target. 
Conversion electron trajectory measured 
in tracker, validated in calorimeter. 
Cosmic Ray Veto surrounds Detector 
Solenoid. 

>1011 muons/s from 100 kW
with PIP-II (0.8 GeV)
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Improvement of Signal Sensitivity

- More Muons

43

O(>1011) stopped 
µ-/sec   

for 56 kW protons  

a long proton target 
(1.5~2 interaction 
length) of heavy 
material)

proton target in a 
solenoidal field (~5 T)



Momentum Selection of Muons and 

Signal Electrons
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The COMET Experiment, 4 August 2016 Ben Krikler: bek07@imperial.ac.uk31

● Radial gradient in 

magnetic field
● Cylindrical field lines

● Linear field lines
● Uniform B field

Circular motion 
about field lines

Circular motion 

about a drifting 

centre:

Bent Solenoid Drifts

●Uniform B field
●Linear field lines

Circular motion 

about field lines

curved solenoid and drifts

dipole field perpendicular 
to the solenoid field



Particle Trajectories 

in Curved Solenoid
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Curved Solenoid + 

Dipole Magnetic Field
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The COMET Experiment, 4 August 2016 Ben Krikler: bek07@imperial.ac.uk33

Bent solenoids + Dipole
A correcting dipole field allows us to select the 

momentum that remains on axis.  Eg. 105 MeV/c:

Stopping Target Electron Spectrometer Detector

No 

Dipole

-0.08 T 
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-0.22 T 
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Y
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no 
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Curved Solenoid for COMET 
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PRISM/PRIME : Future Search 

with Sensitivity of O(10-19) 

48
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beamline

PRISM-FFAG 
muon storage ring

momentum slit

extract kickers

injection kickers

matching section

 curved solenoid 
(short)
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pulsed horns

PRIME 
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PRISM-FFAG (6 sectors) in RCNP, Osaka

Ready to demo. phase rotation

R&D on the PRISM-FFAG

Ring at Osaka University
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 demonstration of phase rotation has been done.
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Summary

• Interdisciplinary physics prospects with 
muons are broad and rich. 

• Particle physics programs with muons are 
promising to search for new physics beyond 
the Standard Model, covering CLFV, LNV, 
muon g-2, muonium. 

• Significant progress would be expected by 
high intensity muon sources in the current 
and future.
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