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LINAC at Troitsk, Moscow Belle detector at KEK, Tsukuba



Frontiers of the Physics
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Superconducting magnet Laser optics
at J-PARC, Tokai at RAL, Oxford



Particle Beams for Physics
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Particle Beams for Physics
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Discovery of Muon

New Evidence for the Existence of a Particle of Mass Intermediate

Note on the Nature of Cosmic-Ray Particles N B ,
Between the Proton and Electron
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Particle tracks (energy
and energy deposit)
were measured by
using a cloud chamber

Incident particles
trigger an ionization in
supersaturated water

Anderson with a cloud chamber Muon track measured by Street and Stevenson



Muon Production H

® Proton driver

e
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proton graphite @ negative pion

positive pion

® Parity violating pion decay

neutrino pion muon
4 MeV at pion rest frame
spin polarized




® Pulsed beam : J-PARC, RAL

Higher event rate
Higher S/N —
Limited timing resolution
Pulse synchronized trigger 600ns time
Ensemble average periodic timing

® Continuous (DC) beam : PSI, TRIUMF, MuSIC

Less event rate

Less S/N

High timing resolution
Necessity of trigger counter time
Event-by-event analysis random timing




Muon Beam Faciities

J-PARC MLF
MUSE
Pulse

§ R EE

RAL " TRIUMF
Pulse DC
TEHH FESE & (LR

ftlC & PSI, FNAL, SPS%EHH B



Muon Physics

® Measured muon properties

Method

Beam Precision

Stat.

Syst.

Muonium HFS DC Liu
Mass spectroscopy | (Chopped) 120 ppb | 117 ppb [EEEEE 1999
Mean Decay DC Tishchenko
lifetime positron | imuiatey| | PP™ | 0-96 ppm| 0.32 ppm | 0 4
counting
Decay
positron Bennet
g-2 tracking in Pulse 540 ppb | 463 ppb | 283 ppb 2007

storage ring




Muon Physics

® Muon as a probe for new physics search

Method Beam Limit Exp.
s 52.8 MeV e* and y 13 PSI MEG
H=>€7Y back to back 22 Br<4.2x10 2016
PSI
-N-se- : -13
U'N->e'N 105 MeV e DC Br<7x10 SINDRUM_-I]
: PSI
- ) 12
U->eee e tracking DC Br<1.0x10 SINDRUM-I
g-2 p* in storage ring Pulse | Aa,(Exp.-Th.)=289(80)x10-1 BN2L05221
EDM p* in storage ring Pulse dp<1.9x10% e cm BN2L05321
Lorentz pte 93 LAMPF
Violation spectroscopy 2e 2x10 GeV 1999
"€ ~We” | o+ e annihilation DC P<8.3x10"1 P
conversion 1999




Mubn Lifetine

= MuLAN Experiment at PSI
® V. Tishchenko et al., PRD87, 052003 (201 3).

Accumulation Period

Measurement Period
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Muon magnetic moment

m E821 Experiment at BNL

® G.W. Bennet et al., PRD 80, 052008 (2009).
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Muonic Systems 16

Muon is the 2nd generation
particle of charged leptons.

It is 200 times heavier than Hydrogen
electron and decays in 2.2 us (pe)
of the mean lifetime. Muon

forms a bound-state as well Proton

as hydrogen.

Electron
Muonium
(M7e)
Muon (u) Muon (i)

Muonic hydrogen
(P 1)

Electron



Muonium and Muonic Hydrogen

B Muonium: consisting a positive muon and an electron

Leptonic two-body system
Bound state QED validation
Muon mass measurement
Lorentz violation search
J-PARC CxXiEH

B Muonic hydrogen: consisting a nhegative muon and a proton

Small Bohr radius (1/200 of H)
Sensitive to the proton structure
Proton radius measurement

® “Proton radius puzzle”
IEFRAL TR ERZEfm




® 13884: Hydrogen spectrum

B Bohr Model
F—1 ® 1916: Fine structure
1812 —C 1S-HFg | Dractheory
® 1935: Hyperfine structure
F=0 ® Nucl. guad. moment
" 1947: Lamb shift
= QED




Muonium Energy Levels

-
o
I

"

no £ 2] o
TTJ T T T T T T[T T ]

o
I

Energy Level/HFS

H
I muon electron

| | | |
o o I na
TTT T T T T T[TTT[T1

V1o + V34 = Oy

V12 — V34 X Mu/ﬂp
E
3

-10L

Magnetic field (T)

or 4, =( O‘QRoocgeg//J,)(l + me/m,u)_g(l + 0QED)

 TAOISICHE TS EIEIE ESRISICHE T ARENED AIEE
s OIS Tl34463.3 MHzD = EIE=—EHDER ZEIEE



Hydrogen-like atoms HFS
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H 0.2 ppt 1.2 ppm

" 300 ppb (IE#EI7E) 52 ool
U
12 ppb (HEHIE) PP

Ps 10 ppm 1.2 ppm




Principle of Spectroscopy

B Muonium HFS transition is induced by a microwave magnetic field

f RF electron

muon ()

Transition

® The emission angle of decay positron is correlated to the muon spin

positron o y 't
ore positrons
—@ ‘ ’ o in parallel

muon ‘\

Less positrons
iIn anti-parallel
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Muonium Spectroscopy
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The fiber beam profile monitor and the positron detector
were placed at front and behind of the gas chamber,

respectively. The gas chamber was filled with Kr gas at 1.0
atm of the pressure. The entire setup was enclosed by the
three-layers of permalloy magnetic shield.




Key technologies

® High-rate capable positron detector

Fast front-end
A electronics with
ISR - = ASIC and FPGA

Segmented scintillation counter with SiPM readout (1cm? x576¢h X2iayer)
B Three-layers of permalloy magnetic shield

Magnetic field
IS suppressed

to 1/1000, less
than 100 nT



Result of Muonium Spectroscopy

§ Uncertainty
Té Statistics 4 kHz
ol
« Atomic
é}" collisional shift 66 Hz
g RF power drift 26 Hz
m ! i

Lt oo | Gas impurity 12 Hz

Frequency detuning (kHz
T (2 | Beam profile 9.8 Hz

Muonium hyperfine structure was
observed with the high-intensity G;S I:fej?'ure 6 Hz
pulsed muon beam. Measurement vetuation
precision was mostly limited by Detector pileup 2 Hz
statistical uncertainty. Significant
iImprovement of statistics is Beam intensity 0 Hz
expected at new muon beam line
which is under construction. Magnetic field 0 Hz




Muonium and Muonic Hydrogen

® Muonium: consisting a positive muon and an electron

Leptonic two-body system
Bound state QED validation
Muon mass measurement
Lorentz violation search
J-PARC CxXiEH

B Muonic hydrogen: consisting a hegative muon and a proton

Small Bohr radius (1/200 of H)
Sensitive to the proton structure
Proton radius measurement

® “Proton radius puzzle”
IEFRAL TR ERZEfm
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Principle of Spectroscopy

B MuP HFS transition is induced by a circular polarized laser light

jJ Laser muon (u)
>

proton

Transition

B The emission angle of decay electron is correlated to the muon spin

e

electron
Less electrons

in parallel

More electrons
iIn anti-parallel

/Q muon



Muonic Hydrogen Spectroscopy

Electron ¢

Laser Shot

" Forward Signal

Electron counts

Bacé:kward Signal

>

Time from muon pulse arrival

Key technologies:
High-intensity pulsed mid-infrared laser (6.778 um, 50 MHz width, 10 mJ)
Non-resonant laser cavity (99.95% reflection)
Nuclear spin polarized proton target (Static, DNP, Optical pumping...)



Development of Laser System

Development of high-intensity pulsed mid-infrared laser
Designing of a laser cavity

Basic study about the polarized proton target

Two years for development, one year for physics measurement



Summary and Outlook
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Standard Model of Particle Physics
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Particle Interaction
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Vi Ve Fermi’s Golden Rule

//e‘ Tosp = S (FIHi)P

oV

H- f : final state, i : initial state
H’ : Hamiltonian perturbation
Muon weak decay p : density of final state

Diagram represents calculation of transition amplitude

1. Consider Lagrangian or action
2. Write an equation of motion by least action principle
3. Solve an equation of motion



Discovery of Muon

MAY 15, 1937 PHYSICAL REVIEW VOLUME 51

Note on the Nature of Cosmic-Ray Particles

SETH H. NEDDERMEYER AND CARL D. ANDERSON
California Institute of Technology, Pasadena, California

(Received March 30, 1937)
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Discovery of Muon

MAY 15, 1937 PHYSICAL REVIEW VOLUME 51
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