Yoshitaka Kuno
Department of Physics,
Osaka University, Japan

December 26, 2016
Mini Workshop on
“Quarks, Lepton and Family Gauge Bosons”




muon 1o electron conversion In a mMuonic atom
uw +N —e + N

(charged lepton flavor violation)

 Flavour Physics in Particle Physics
» Physics Motivation of Charged Lepton Flavour Violation

» Muon to electron conversion

« COMET at J-PARC

» Highly intense muon beam sources

« COMET Phase-| (under experimental preparation)
« Summary
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The Standard Model is
considered to be
iIncomplete.

New Physics is needed.

The Standard Model of
Particle Interactions
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Leptons Quarks
Force Carriers




To explore new physics at high energy scale

\

The Intensity
Frontier

use intense beams to
observe rare processes
and study the particle
properties to probe
physics beyond the SM.
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Rare Decays
Flavour Physics
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/\ IS the energy scale of new
physics (~mnp)

Cnp is the coupling constant.

dimension 6

New Physics could be....

very high energy scale /A with Cnp~1

olf

very small Cne with not-high energy /\




/\ IS the energy scale of new
physics (~mnp)

Cnp is the coupling constant.
dimension 6

ex: Charged lepton flavour violation (CLFV),
u—ey (B<4.2x1013 from MEG(2016))

A\ > O(10°) TeV with Cue~O(1)

olf

Cue~0(1079) with A < O(1) TeV.




Energy reach of New
Physics by rare decays
such as CLFV

N> 0(10°)TeV

(Indirect search)

It would be strategic to
pursue rare decays
before high energy
machines (100 TeV).



Why Leptons 7




Uncertainty of
the SM prediction
imits the sensitivity.

Quark Sector

(SM suppressed)

SM contribution has to be subtracted.

ex. B

Clear signature

L epton Sector - without an
(SM forbidden) NP /

subtractions

No SM contribution be subtracted.

ex.




B(p— ey) =

GIM suppression

|Z (VMNs) (VNS el

V
327 M I%V




Quark (SM suppressed) amplitude
>~ |Asm|? + 2Re(Agmene) + len|?

| Asn + enp

subject to uncertainty of SM prediction

rate

Lepton (SM forbidden)

| Asm + exp|? N\}@M/\‘Z + 2Re(ASmenp) + |ex|?

could go higher energy scale

N =x10 —> R=10"

NP contribution
~ O(e)

NP contribution
~ O(g?)




Sensitivity to Different Muon Conversion Mechanisms //{2

Supersymmetry M Compositeness
Predictions at 10> [ -] '
ol A, = 3000 TeV

Second Higgs
doublet

Heavy Neutrinos
|U*uN Uele =

8 x 1013 GHue = 104 x IHuu

Heavy Z',
Leptoquarks Anomalous Z

M, = 3000 TeV/c?
B(Z — ue) < 1017

M, =
3000 (A, 4heg) "2 TeV/c?

After W. Marciano

W. Molzon, UC Irvine The MECO Experiment to Search for Coherent Conversion of Muons to Electrons September 27, 2002 3



For loop diagrams,

Physics at about 10'® GeV

+
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87‘(’2 MRS

slepton mixing
(from RGE) (s 3mi + A2 ol e ey SUSY neutrino
L)21 gr2 OSSR seesaw model




SUSY model extra dimension model

B(uTi — eTi) x 1012 fitle10
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low-energy seesaw model little Higgs model

Little Higgs




Why Muons 7




# of taus

~ O(10%/year

# of muons # of muons
~ O(10")/year ~ O(10"9)/year




Muon CLFV



process present limit future
u—ey <4.2 x 1013 ‘ MEG at PSI
u—eee <1.0x 107" ‘ Mu3e at PSI
uN—eN (in Al) none ' Mu2e / COMET
uN—eN (in Ti) | <4.3 x fL- 10 PRISM

—ey <1.1x ' ' superKEKB

T—eee . ‘ <10°-1071° superKEKB
T—uy . ' <10°-10710 superKEKB
T— LU | . 8 |1 <109-1010 KEKB/LHCb




Why Muon to
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1s state in a muonic atom Neutrino-less muon
nuclear capture

w +(A2)=e +(AZ)
@ coherent process -

¢
S Q
Event Signature :

muon decay in orbit a single mono-energetic

~ C electron of 105 MeV

nuclear muon capture (1) physics backgrounds

_ (2) beam-related backgrounds
u +(A,2) =v, +(AZ-1) (3) cosmic rays, false tracking







Beam

background

challenge

beam
Intensity

p—ey

continuous
beam

accidentals

detector
resolution

limited

u—eee

continuos
beam

accidentals

detector
resolution

limited

L-€e
conversion

pulsed
beam

beam-related

beam
background

no limitation




R. Kitano, M. Koike and Y.
Okada, Phys. Rev. D66, 096002
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Intrinsic physics
backgrounds

beam-related
backgrounds

cosmic-ray and other

backgrounds

Muon decay in orbit (DIO)

Radiative muon capture (RMC)
neutrons from muon nuclear capture
Protons from muon nuclear capture

Radiative pion capture (RPC)
Beam electrons

Muon decay In flights
Neutron background

Antiproton induced background

Cosmic-ray induced background
False tracking




normal muon decay

U-e conversion and
muon Michel decays
are well separated.

U—eee LU-& conversion

e

52.8 I\/IeV 105 MeV
electron momentum spectrum
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In order to make a new-ger

eration experiment to

search for y-e co

Nversion ...

B(uN — eN) < 107 1°




muon stopping target

A total number of muons is the key for success.

COMET : 10" muons (past exp. 10' muons)
(note: 10"° sec=1000 years needed at PSI.)




MuSIC at RCNP, Osaka University
- Highly Intense Muon Source -

3.51 and graphite target Muon Science Intense Channel (>2011)

p* : 3x108/s for 400W
|y 1x108/s for 400W £

i)




Production and Collection of
Pions and Muons

Conventional muon beam line More efficient

proton beam proton beam

MuSIC
J-PARC MUSE proton beam
proton beam -0.4kW
-1000kW target
target graphite
graphite t200mm
20mm Capture magnets HA0mm

$d70mm

Transport solenoid

——y

Capture solenoid

SuperOmega
proton beam loss 0Q:400mSr

<5%

Collect pions and muons by
3.5T solenoidal field

to a beam dump

Large solid angle & thick target




Beam-related measured
between beam
backgrounds Sulses

proton extinction = #protons between pulses/#protons in a pulse < 109

Muon DIO mprove
electron energy
backg round resolution
Muon DIF eliminate
energetic muons
background (>75 MeV/c)

based on the MELC proposal at Moscow Meson Factory
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Cosmic Ray Veto not shown

Detector Solenoid

\“.“

Calorimeter
Tracker

Single-event sensitivity : (2.5%£0.3)x10/
Total background : (0.36%0.10) events
Expected limits : < 6x10'" @90%C.L.
Running time: 3 years (2x10/sec/year)




COMET=COherent Muon to Electron Transition

Physics sensitivity : (1.0-2.6)x10-1/
Total background : 0.32 events
Expected limits : < 6x1017@90%CL
Running time: 1 years (2x107sec)




COMET Collaboration

182 collaborators
37 institutes, 15 countries

Pl: Y. Kuno

The COMET Collaboration
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COMET Proton Beamline




A lifetime of a
MUONIC atom In
aluminium
~ 8380 sec



high muon yield

proton target in a
solenoidal field (~5 T)

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

C)(‘I 01 1) StOpped IJ_/SGC note: dependent on
for 50 kW prOtOﬂS solenoid field and aperture,

proton target material.




vertical shifting keep particular momentum
on bending plane

dipole magnetic fielc

}aral to drift direction)

T

Electric field Electric field
(centrifugal force) (centrifugal force)

B (perpendicular to screen) B (perpendicular to screen)




MuZ2e

Select low
momentum
MuonNS

J

muon
beam line

2x 90[bends

(opposite direction)

2x 90[bend
(same direction)

electron
spectrometer

straight solenoid

curved solenoid

\.
(

N

eliminate
muon decay
in flight

4 )
Selection of

100 MeV

electrons
\_ y,

4 )
eliminate protons

from nuclear muon
capture.

WV
N

eliminate low
energy events to
make the detector
quiet.




Muon Target Disks

Beam Collimator
/ Beam Blocker
— _Z DIO Blocker

uon-Target Solenoid \TT““

Tracker

ot s .




 Single event sensitivity

* Ny Is a number of stopping
muons in the muon stopping total protons

target. It is 2x10'® muons. muon transport efficiency
» fcap is a fraction of muon muon stopping efficiency
capture, which is 0.6 for # of stopped muons
aluminium.
* Ac Is the detector acceptance,
which is 0.04~0.08.

By~ +Al — e +Al) =26x10""Y
Bpy~+Al —e” + Al) <6 x 107" (90%C.L.)




Radiative Pion Capture

Beam Electrons

Muon Decay in Flight

Pion Decay in Flight

Neutron Induced

Delayed-Pion Radiative Capture
Anti-proton Induced

Muon Decay in Orbit

Radiative Muon Capture

p~ Capt. w/ n Emission

pn~ Capt. w/ Charged Part. Emission
Cosmic Ray Muons

Electrons from Cosmic Ray Muons

0.05

< 0.1%

< 0.0002
< 0.0001
0.024
0.002
0.007
0.15

< 0.001
< 0.001
< 0.001
0.002
0.002

Total

0.34

! Monte Carlo statistics limited.

beam-related prompt
backgrounds

beam-related delayed
backgrounds

INntrinsic physics
backgrounds

cosmic-ray and other
backgrounds

Expected background events are about 0.34.




COMET Phase-ll Ph.D.
SES sensitivity / 2x107 sec = %_6 X1 (2"17 thesis by B.

“- _T"=

7 Wyl Krikler (Imperial)
Ki d and a work by

\) \  N.Tran (PD,
COMET Phase-ll Osaka)
SES sensitivity / 2x107 sec = 1.0 x1 O“D

\

\

o Mu2e
SES sensitivity / 2x107 sec = 7.5 x10°"/




Pion production target Radiation shield
Proton beam

Late-arriving particle tagger

Electromagnetic l / Transport Solenoid

Calorimeter
Tracker Stopping

Target ) Beam collimator ~ Muon stopping target  Beam blocker
: oo o

. . P ; . DIO blocke
/ Production Solenoid e y , oo

Collimators

\>

Proton /
Beam
Production

Target

Calorimeter Tracker

Sensitivity / 2x10” sec | Sensitivity / 2x107 sec
=7.5x101 =1.0x10"/

oroton beam ~ 8kW proton beam ~ 56kW




COM
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COMET Phase-| COMET Phase-lI

PM&H""W ””W Pion Capture Section

\\ A A section to capture pions with a large
A

\\\ ekt L \ solid angle under a high solenoidal

CIC L
%\\ | T magnetic field by superconducting
% Production Production ~Maget

— Target
—y
[ S——

HMMMMMHUN

T

Detector Section

A detector to search for
muon-to-electron conver-
sion processes.

/Target NMwHMMH””'uuuﬂDDDDﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂmﬂeﬂtwiﬂﬁmw

Pion-Decay and
Muon-Transport Section — =
R

A section to collect muons from AAEEAAARAEE %
decay of pions under a solenoi- MM N MM\\\\

6x10° stopped muon/sec
with 3.2 KW » « o




detector system muon transport system  pion production system

Single-event sensitivity : 3x10-1°
Total background : 0.2 events
Expected limits : < 6x10'° @90%CL

Running time: 150 days




COMET Building at J-PARC

000 0 0 0 m o oo

mmmmmmmmm
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March, 2015



Cylindrical Drift Chamber Muon Stopping Target

Straw Tube Tracker

//1\




CyDet (Cylindrical Detector)

Superconducting coils CDC inner wall CDC outer wall

CDC endplate \ // Proton absorber
\ / / Stopping target
® ./

Beam duct

Collimator / Trigger hodoscope

. \ o 3210 ~N
Vacuum window Shielding Cryostat unit:mm Return yoke




CDC wire stringing CDC readout electronics
completed in Decemlber completed in August
2015, 2015,




COMET Phase-| Technical
Design Report (TDR) version
July 2016) has been
submitted in July 22nd.

?| [7P] PIPI3PI?

July, 2016
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stage 2 approveo
at J-PARC PAC




JFY 2015

2016

2017

2018

2019

2020 | 2021 | 2022

2023

construction

COMET
Phase-| data
taking
construction
COMET
Phase-ll
P data taking I
T I I
COMET Phase-| : COMET Phase-ll :
2018 ~ 2022 ~
S.E.S. ~ 3x10°1° S.E.S. ~ (1.0-2.6)x10°17

(for 150 days

with 3.2 kW proton beam)

(for 2x107 sec

with 56 kW proton beam)




Other CLFV
at COME




uw +N —e +N

"+ N et + N

n +e —e +e
Majoron emission in muon DIO

QED corrections in muon DIO



U+ N(Z) —2et + N*(Z-2)

Lepton number violation (LNV)

signal signature

backgrounds

positrons from photon conversion
after radiative muon/pion nuclear

capture uw” +Ti—e’ + Ca(gs)

uw~ +Ti—e" + Ca(ex)




U+ €& —e + e

* y'e"—e"e has two-body final
state, although pt—efete is a 3-
body decay.

e * A muonium CLFV decay such as

ute-—ete’ is a 2-body decay

having a larger phase space, but
the overwrap of y*t and e is small.

The overwrap between u- and e is proportional to Z3. For Z=82 (Pb), the
overwrap increases by a factor of 5x10° over the muonium. The rate is

-1 0_1 7 t -1 0_1 8 week ending
O . PRL 105, 121601 (2010) PHYSICAL REVIEW LETTERS 17 SEPTEMBER 2010

New Process for Charged Lepton Flavor Violation Searches: 4 ¢~ — e e~ in a Muonic Atom
Masafumi Koike,""* Yoshitaka Kuno,*" Joe Sato,'* and Masato Yamanaka®*
no-Okubo, Sakura-ku, Saitama, Saitama 338-8570, Japan
versity, Toyonaka, Osaka 560-0043, Japan

esearch, University of Tokyo, Kashiwa 277-8582, Japan
arch 2010; published 15 September 2010)




... In the future

B(uN — eN) < 10718



PRIME

P
detector

momentum slit J
p
PRISM-FFAG
extract kickers muon storage ring

J

/ |
[matching sectionJ

PRISM
beamline

(short)

— L curved solenoidJ

SC solenoid /
Injection kickers pulsed horns




* Flavor Physics at Intensity Frontier, in
particular CLFV, would give the best
opportunity to search for BSM.
* Muon to electron conversion could be one
of the important CLFV processes.
« COMET Phase-l is aiming at S.E.
sensitivity of 3x10-°,
» The construction of the beam line
started at KEK in 2013.
* The measurement will start in early
2018-2019.
« COMET (Phase-ll) at J-PARC is aiming at
S.E. sensitivity of (1.0-2.6)x10-". It will
follow immediately after Phase-l.

my dog, IKU



