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Muon to Electron Conversion

We are searching for:
Neutrino-less muon nuclear capture

u +(A2) —e +(AZ)

Charged lepton flavor violation (CLFV)

* Event Signature:

— asingle mono-energetic electron of
105 MeV

% — Free of accidental background.
N s No limit on beam intensity!
l « Backgrounds:

ex. muon decay in orbit (D10),
L D evy radiative muon capture (RMC)
Detector Resolution!

— Beam-related backgrounds,
ex. radiative pion capture, muon
[ (A 78 o, (4% ) decay in flight, large angle
scattering.
Can be suppressed by pulsed beam!

— Cosmic rays, false tracking
2017/7/26 4
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Why CLFV

 Flavor i1s one of the most puzzling aspects of the SM.
— Why 3 generations? Mass? Mixing?

* We have observed quark mixing and neutrino
oscillation, but no sSo far.

— Wil tell us more about the nature of flavor BSM!

090 » Quark flavor violation:

» Characterized by CKM matrix

> Neutral lepton flavor violation:

« Characterized by PMNS matrix
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CLFV as a Probe to New Physics

* |Is CLFV allowed in SM?
— Through loop diagram with neutrino oscillation, yes. But..

Sg\“r\ﬂ“’vgz * Historically we deflne Br = FCLFV /Fcapture
T_._LTFL — Practically negligible.
Vy = Ve Clean probe to NP!

* How about with New Physics?

— Assuming TeV scale new physics, naturally large coupling constant like
SUSY, it may happen just around the corner!

_ — 2leV
/\'\J\J\ Br(ﬁ'_}'eﬁf)_-lo 1 K( f ) (10 2)2
U 10711~10715 Jevel.

Reachable with current technics!
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CLFV candidates
» Studied in B factories:

-8 -9
LHCb, BaBar, Belle T - Uy 4.4 %10 <10 Flavor factory
Will see improvement T - ey 3.3x 1078 <107° Flavor factory
'n_Be”e Il and LHCb T > pUp 21x1078 < 1072 ~1071% Flavor factory
* CLFVIn p sector: —— P —
« Studied at PSI. u— ey T — eee 7 X < = avor tactory
is the best result. T - pee 1.5x 1078 <1072 ~10~1° Flavor factory
* Wil see great w— ey 43 x 10713 4%10"*  MEG Il
improvement in = - =
“N — eN at J-PARC u— eee 1x10 107*>~10 mu3e/MuSIC
~and FermiLab uN = eN (Au) 7 x 10713 < 10718 PRISM/Mu2e I
e T Intensity: e
e Current: 2/sec uN — eN (Al) - — 107*/10 COMET/Mu2e
 Future: 100/sec uN - eN (Ti) 4.3 x 10712 <1078 PRISM/Mu2e I
* uintensity: B —
N - e*tN (Al 4.3 x10 ? COMET
- Current 108/sec : (4D
e Future: 1011~10'?/sec wre” —pTet  83x1071 7 COMET

2017/7/26 7



Model Independent Approach for CLFV

L = (R__Tﬁj\_zﬂRggueLFﬂy_FmﬂL’YHeL qu_L’YMQL
qg=u,

Four-Fermi Process
K> 1

Photonic Process
K <K1

2
MEG  Befy- ey)<5.7x10-13
103 —
u ) e = = ” ) e
Strong Yes No Ves

Excluded

Four-Fermi
102 ¥
0.01 0.1 1 10 100
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Abundant New Physics Models for Mu-e Conversion

Photonic Processes Four-Fermi Processes
Supersymmetry Heavy 2’

x° " ’ e

V2.2
q . q

Compositeness
LL e
q q
Leptoquarks

W ! d

L
d o e
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COherent Muon Electron Transition
(COMET)

J-PARC Facllity

Rapld Cycle Synch rotron

- Engrgy : 3 GeV
Repetition : 25 Hz
Design Power : 1 MW

Max Energy : 30 GeV
Design Power for FX : 0’9’5 MW
Expected Powerfov’gx > 0. 1 MW
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The COMET Collaboration
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33 Institutes, 15 countries
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The COMET Experiment

« Single event senS|t|V|ty (S.E.S)
=2.6x 1071

— 8 GeV, 56 KW pulsed proton beam.

— One year running time: 8.5 x 102%°
POT, 2 x 10*® muon stopped in
the target.

10 muon/sec needed!
(108 @ PSI)

« Most challenging aspects:
— Produce & capture enough muon.

 Target, SC solenoid, cooling, ..

— Get clean muon beam and stop
them.
» Transportation beam line

— Find the signal from 10%° POT

» Background rejection, signal
acceptance, radiation tolerance.

2017/7/26 14



Pion Production & Capture

« To get 1000 times more muons
per second:
— High E proton: 2~8 GeV preferred

— Along target instead with
L — 1~2 X LRadi
« High T! Tungsten (graphite).
— 5T capture solenoid
 Superconducting: cooling!

» Adiabatically decreasing: larger
acceptance.

201717126 15
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Muon Transport

Vertical Field

|
—

_—

L1 11

Yy

.
Yy

|

HBHHEE

High momentum track -

Low momentum track Beam collimator

« To get pure muon beam:
— C shape bending solenoid is used

Charged particle will drift vertically.
Direction decided by charge.
Distance decided by momentum.

Vertical Field will make tracks with
preferred charge & momenta (~40
MeV u™) stay on the beam line.

Collimator in the end will remove
unwanted beam particles.

16



Detector System

» Low energy muons stopped in the stopping
target.
» Beam particle and secondaries from the target
will be selected by another C shape solenoid.
» Adetector system with high resolution &
acceptance is placed after it.
 Straw tracker consists of >5 stations, each
with 4 layers of straw tubes.
» Energy calorimeter is a plane of crystals

;Beam Collimator

/Muon Target Disks
Beam Blocker
7

DIO Blocker

R
T

Ced Slenoid

201717126 17



Background

e
@

Signal and DIO (BR=3 x 10"

e
=)

o
A

nts per 0.1 MeV/c

— muon decay in orbit (DIO)

Detector Resolution shouldbe very — © & ] <——g—t——»

good @ 100 MeV.
Light, precise, large acceptance: Y% S W W

_ S’[I’aW tUbe tracker or drlft Chambel‘ 0.04

° beam'related baCkg rOundS 1815 102 10;.5 1:;3 ' '10;.; 1r;4 ' '1'o:i1_'5' ' 'uis' ' 10:5_5‘ e

Vomentum MeVi)
— High energy particles in the beam simansnsnan:
Very good pulse structure: separation — R
~muon lifetime and much larger than '
prompt peak delay ~100 ns; proton
leakage <10~°.

— All available on proton synchrotron !
« cosmic rays, false tracking

— Cosmic ray veto counter. T
2017/7/26 18
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Prospects of COMET

* |f mu-e conversion signal is found:
» Try with different target to scan [ .
the property of NP! CAfT T e | Vectord
* If mu-e conversion signal is not A I
found: N \ector2
» Exclude a large area of NP! Dipole
* Move towards PRISM! Scalar
 Besides the signal: |
« Beam measurements: i R
+ better understanding of hadron "% T et
physics of backward pion yield. = =4stmoedsl
0 HCurrentapper limit: SIMDRUM-I| row ]

e muon capture measurements: DIO,

Radiative pion/muon capture o
« Better understanding of nuclear - °
structure with Q~100MeV.
* Any interesting topics?
« Background measurements: :
« Other CLFV channels: uy™N — e ww W w mo e

_ _ M j2(GeV)
01776 €N, ufe” - pTe™, etc. P



PRISM/PRIME Experiment

PRIME
detector

MW beam

Detector Solenoid

Spectrometer Solenoid

aiming S.E.S ~ 3 x 10-1?

[ momentum slit

PRISM-FFAG
muon storage ring

[ extract kickers

Muon Storage Ring
(Phase Rotator) matching section
PRISM curved solenoid
beam I Ine Fian Produsiion (Srlﬂrt)
Target
SC solenoid /
[injection kickers pulsed horns

2017/7/26 20



Cooperation With Others

* It’s challenging to achieve the ambitious sensitivity of CLFV search.
But the requirements are common thus the experience can be shared
among a large variety of experiments.

— Intensive & stable proton beam with specified structure.
— Handling thick target with high beam power.

— Obtain intensive and pure muon beam.

— Operation of magnet in high radiation level.

— High precision measurement in high radiation level.

K, m physics
Medical KOTO/mev
Other u physics
Material
1 CLFV
MEG/mu3e/MuSic/DEEMEE/mu2e/COMET
\EIE(EL

.
i u collider

]

Cyclotron

PSI/TRIUMF
CW beam, MW

S e

Synchrotron
J-PARC/FermilLab

v factory
Towards MW level 4 intensity U EDM

Pulsed beam

R Rl

‘108 1011~12 1013~14

2017/7/26 21



Muon Sources Worldwide

RIKEN-RAL

/

PSI

MEG-II
mu3e

RCNP-MuSIC

DC Muon Beam

TRIUMF

\

DeeMe
COMET

suitable for “coincidence” experiments

_ suitable for “u-e conversion” experiments

2017/7/26
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Staged Plan of COMET

Stopping
Target

COMET Phase-I
Start from 2019

2017/7/26

Pion Capture Section

H A section to capture pions with a large
solid angle under a high solenoidal
magnetic field by superconducting

Production maget
Target

Pions .
Detector Section

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

Stopping
M Target

ek uuuuuuuuunuunununuwﬂ@%ﬂﬂﬂﬂﬂﬂHﬂﬂHﬂﬂﬂﬂﬂﬂﬂi//,%/

Pion-Decay and .é'-
Muon-Transport Section E— '§:

A section to collect muons from [HHHHHHHHHHF M

decay of pions under a solenoi-
dal magnetic field.

"EECEECEELL

5m

COMET Phase-Il
Start from 2022

24



COMET Phase-lI

The COMET Phase-I is designed to conduct the following tasks:
« Background study for COMET Phase-lII:

« Adirect measurement of potential background sources for the full COMET
experiment by using the actual COMET beamline is important before we finalize
the COMET Phase-11 design. Will use Phase-11 detectors.

 Search for mu-e conversion:

«  With an intermediate sensitivity 3 x 107>, which is still 100 times better than

current limit. Will use new detector dedicated for Phase-I: Cylindrical Detector.

pion production

detector system

muon transport system

2017/7/26 25



Cylindrical Detector (CyDet) for
COMET Phase-I

Superconducting coils CDC inner wall CDC outer wall CDC

e

CDC endplate Proton absorber

Stopping target

Beam duct

Collimator

Trigger hodoscope

\ 3210 \]

Vacuum window Shielding Cryostat  unit:mm Return yoke

201717126
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Signal Sensitivity and Background In
COMET Phase-|

@ The fact of COMET beam witin about
1.26 x 107 sec (146 days). Expected background events are about 0.032

Type Background Estimated events
Physics Muon decay in orhbit 0.01
19 Radiative muon capture 0.00149
total proto ns 32 pd 1 0 I('*J}L.‘ulrmi t.‘mi:-i:-iiluu after 1111101{1 capture < (.001
_ ‘harged particle emission after muon capture = (.001
muon efflCle ncy 000047 Prompt Beam * Beam electrons
* Nuon deeay in flight
Number of stopped muons | 1.5 x 10'® * Pion decay in fight
* Other beam particles
All (%) Combined = (1.0038
©@ Considering that the capture ratio in Al is Radiative pion capture 0.0028
: Neutrons ~ 1077
061 and the dEteCtor acceptance IS Delayed Beam  Beam electrons ~
0.041, the fraction of .« — e conversion to Muon decay in flight -
: . fon decay in fligh ~
the ground state in the final state of Radiative pion capture T
fgnd — Og’ we can ach|eve — ;‘__‘:uti—]_)rot-on_iudu('(‘d backgrounds U.E{iEJ'lalll
thers AOSImIe rays’ < [
S.E.S. =31 x 101 Total 0.032
B(,LL_ + Al — ™ + A,') < 7 % 10_15(90‘}‘60{_} T This estimate is currently Tnited by computing resonrces.

100 times better than the current limit!

2017/7/26 27
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Status of COMET Beamline

Proton extinction factor measured to be
~ O(1O—11 ):

Extinction @ J-PARC MR Abort

10— extraction timing : P4

Loty
SaRAREY
i,

10" 1 L L s
140 160 180 200 220

Measured Extinction

240 260
RF voltage (kV)

@ Diamond detector has been studied to
measure the beam profile/extinction in
front of the capture solenoid.

Q Prototype of graphite target for Phase-|
has been developed.

2017/7/26

Q The coil winding for capture solenoid is

almost done.

© Muon transportation solenoid has been

constructed.

assembled.

Q 14 coils of the detector solenoid has been

Detector Solenoid



Status of COMET Fiit
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Status of COMET Phase-| Detectors

@ Straw assembly prototype with 20 micron @ GSO and LYSO crystal test has been
straws. i conducted and LYSO was chosen for

higher yield and faster time response.

105 MeV/c runs 7

3o gmmws'm?;‘s‘zs 3 F
+=£GSO we ==l 3ILYSO |
;mc: ANE | 5 P
2wk o Inat 208/215 = woor-
g E Frep 2116027 £k
E Corgart 1353245 § aoo-
G mep Maan 89812008 ol =
wof- Sigma 510820017 &oof
wel 0/Emean = 5.7% 1
OM : S 5

@ Operation in vacuum performed in

© The front end board (ROESTI/EROS) has
success

been developed. ROESTI V3 tests show
e Beam test with 105MeV/c electron was good time resolution (<1ns).

done: oy 150um

B A R
y L - 14 ]
Sigma vs Position for Ar/C2H6=50/50, 2000V ® F or<1nsin common chip 1
300 BE 3
§ b 1= ]
E2s50f o -
1)) L £ e ]
200F K5 ‘ et et
E-—oq\ B P ““E‘ ,f”/ =
150[ . - 025:4/—4//‘:; _f
[ N‘L‘N-n_ e e - o e 0 7 L L | L
L = - = ) 100 W00 300 00 500
1m- Time [ns]
[ "
50 OMET
I TR R T R R R : = = =, E
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Status of COMET Phase-| Detectors

@ Beam tests and cosmic ray tests with

@ Front end boards have been
prototypes have been conducted. Good spatial

produced and mass test finished last
year.
resolution and efficiency (150 um, 99%) have

.........

Cagrny

g T ¥ 5 . DEES oD Do Pness |

oA

@ CDC construction completed in June 2016.
Cosmic ray test is on going.

E
E 800

P T
= =
[RJ-45|

Q Trigger scheme using FC7-FCT with

frontend trigger system has been
studied.

Q Software framework (ICEDUST)

finished last year. Full MC study
indicates that the pre-trigger rate
Q Beam tests for CTH prototype has been

estimated as ~ O(10)kHz, and
momentum resolution is appreciated

(~ 170keV /c). @4

32

conducted. 1ns time resolution obtained
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Contributions from China

* The Chinese group in COMET includes IHEP, PKU and
NJU. Contributions from this group includes:

— The electronics of CyDet were produced and tested group In
2014~2015. Will be mounted this year.

— Leading the tracking development (two independent groups).

— Contributing to the software framework development.

— Took charge of the muon beam optimization, stopping target
optimization, and CyDet parameter optimization.

— Contributing to the design of CRV system.

— Contributing to the calculation of magnetic field.
— Joining the preparation of analysis framework.

— Joined CyDet prototype tests and lead the analysis.
— Participated in the construction of CyDet.

— Participating the cosmic ray test and radiation test for CyDet.

2017/7/26
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Timeline

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Phase-I (3.2kW)

Beamline 1-p/COMET beamline

SC magnet

Detector World best sensitivity

measurement <1014

Phase-Il (56kW)

High Power 2ld, Dump & Magnet
Facility extension Start measurement toward
the target sensitivity <1071®
Detector

2017/7/26 34
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Summary

The CLFV process is a good probe to new phsycis beyond the
Standard Model.

With a new generation of muon beam being available soon, the
prospect of searching for muon to electron conversion is very
attractive.

COMET at J-PARC aims at a search for muon to electron
conversion with signal sensitivity S.E.S = 2.6 x 10717 (10,000
times better than current limit) from 2022 with 1 year beam time.

Staged plan for COMET has been approved and COMET Phase-1 is
expected to take data from 2019 with ~150 days beam time. It will
carry out a background study for Phase-II together with a direct
search for muon to electron conversion with signal sensitivity S.E.S
=3 x 10717 (100 times better than current limit).

R&D and construction are in good shape.
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