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Motivation — Lepton Flavour Violation

o Lepton flavour conservation is a fundamental
property of the Standard Model (SM).

o LFV of neutrinos has been confirmed.
o LFV of charged leptons is unobserved.
o The SM predicts a branching ratio for LFV

processes of O(10°). An example of such a
process is:

v, v, Vv,
<+—> <+—>
e ? ? T

o New Physics models (SUSY, GUTs, etc.)
increase this BR dramatically to =10-1>.

o LFV experiments may therefore
provide a complimentary probe to
beyond SM physics at the LHC, having
reach beyond the TeV scale.
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process present limit | near future comments
u—ey 1.2 x 10" 10713 MEG at PSI
u—eee 1.0x10"? | 104 -10" | PSI and MUSIC ?
UN—eN (inTi) | 7x 108 1018 PRISM
uN—eN (in Al) none 10716 COMET and Mu2e
T—ey 1.1 x107 108-10° super B factory
T—eee 2.7 x107 108-10° super B factory
T—uy 6.8x 108 108-10° super B factory
T—UU 2x107 108 - 109 super B factory

o u->ey and p->eee processes suffer heavily from
accidental backgrounds of daughter particles and are
thus limited to O(1013).

Motivation — Charged Lepton Flavour Violation

o The large number of muons
available (= 108 p/yr) results in a
‘high’ sensitivity to LFV.

B(uAl—eAl) / B(u—ey)

LR R R R RN LR R R N LR LRl AR AR LR

My=10"" GeV
tang =60
4 0 0 M>0

10 .
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New Physics search rating

AC RVV2 [ AKM oLL | FBMSSM [ LHT RS
Db — DO *kk | Kk * * * * %k ?
€K * * ok k | koo * * *k | kokok
Sy Kok k| kokok | kokok * * * ok k | kkok
Soks *okk | Kk * % %k % %k * ?
Acp (B = Xv) * * * % %k * %k * ?
Arg(B= K*utp™) | % * * [ kkk| khkk | Kk ?
Ag(B—= K u™p™) * * * * * * ?
B = K"up * * * * * * *
By — p~pu~ dkok [ okok | kokok | kokok % %k * *
K™ = aTvp * * * * * * ok k | ok
K; = 7%p * * * * * * kx| kK
L= en ok | okok | kokok | kokok %* %k * ok k | kokok
T = 1y * ok ok | kKK * * %k % % %k * ok k | kkk

Ce—

,,+_\'_>e+.\' Khk | kkk | kkk | kkk | khkk | kkk ***

d, ok | kkk | hkk | kk | kkk * | kK
de *hk | khk | *k | * K Kk * | kK
(9-2), ok | dkk | khk [ khkk | hkk * ?

Table 8: “DNA™ of flavour physics effects for the most interesting observables in a selection of SUSY
and non-SUSY models s % % signals large effects, s visible but small effects and s implies thatp|tmannshofer, Buras. Gori. Paradisi. Straub
the given model does not predict sizable effects in that observable. ' ’ ’ ’

Different SUSY_
and non-SUSY
new physics
models.

All three stars for
muon-to-electron
conversion in an
atom.

0909.1333v2 [hep-ph] 26 Jan 2010
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What is muon-to-electron conversion?

Muon decay in orbit (DIO)

Muon coherent capture (MC)

»u 4+ (A 72) - v+ (A, Z - 1)

1s state in a muonic atom

Standard Model Processes

Muon-to-electron conversion
Other backgrounds:

:u— _|_ (A7 Z) — € _|_ (A7 Z) o Prompt background
o Muon decay in flight (DIF)

Beyond Standard Model Process o Beam electrons

Signal:

A single mono-energetic [ — m,, — BM(Al) ~ 105MeV
electron with energy >
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Current status of cLFV

Class 1 events: prompt forward removed
SINDRUM-II at PSI (target — Au) e = :
Muon beam intensity ~ 107-8/sec . j"mm +=, © measurement
Upper limit of 7 x 1013 10°- s “Hy. e measurement

v' published result 2004

i 1, MIO simulation
10%. el

pe simulation

. —-:l:_:l‘_.
. -
MEG at PSI (LT — e ) 10 - T tﬁ‘tﬁ o
3 ! ’ H .

Q
Upper limit of 2.4 x 1012 § T ' ! [F ’
v' published result 2011 § . N Tm'l"u’éf Lv“
g % Mo
COMET at J-PARC (target—Al)
Muon beam intensity ~ 10'!/sec
Proposed sensitivity of < 10-1° (SINDRUM results published in 2004)
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Improvements (background rejection)

Beam-related backgrounds !

Beam pulsing with
> separation of 1lusec

proton extinction = #protons between pulses/#protons in a pulse < 107

Muon DIO background

Curved solenoids and DIO
> beam scrapers

> Curved solenoids for
momentum selection

Muon DIF background

vastly
decreases
prompt
background

improve
electron
energy
resolution

eliminate
energetic muons
(>75 MeV/c)
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The COMET (J-PARC - E21) Experiment

o COherent Muon-to-Electron BR(M— + Al - e + Al) < 10716

Transition experiment.
Pion Capture Section

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

o COMET / PRISM is a two

stage experiment with a S Production Maget
ere = Target

proposed sensitivity to cLFV of

108 times better than current 1=] |

. . —== 2lons

limits. = |
== Detector Section
%I A detector to search for

. . —— muon-to-electron conver-
o Unique curved solenoidal E3 Muons sion processes.

beamline design for
momentum selection.

@, RV
N2

g I oeheebeEtEeBen000000d0na00n et ]
o Pion capture and muon E .
Pion-Decay and
transport by novel Muon-Transport Section : :
. . A section to collect muons from ARRRAAARAAAN
superconducting solenoid decay of pions under a solenol- HHHH]
dal magnetic field.
system. LT
Sm
i [ ]
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COMET Collaboratlon

COMET Collaboration List _
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A e and Technology

ovenruan Tt | |7 e 51
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3 Department of Physics, Osaka University, Japan
Thilisi State g M. Aoki, T. Hiasa, T. Hayashi, S. Hikida, Y. Hino, T. ltahashi, S. Ito,
University ST 7o Y. Kuno, H. Nakai, H. Sakamoto, A. Sato
M. Nioradze, € — Department of Physics, Saitama University, Japan
sl.TTS\/erjl;/a M. Koike, and J. Sato
ERPE0I0 _— - High Energy Accelerator Research Organization (KEK), Japan
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University Technology Malaysia | | A vYamamoto, M. Yamanaka, M. Yoshida, M. Yoshii,
Md. Imam Hossain K. Yoshimura
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MuZ2e at Fermilab

Detector Solenoid

Electromagnetic

, 1ransport Solenoid
Calorimeter )

Tracker Stopping
Target

Production Solenoid
Collimators

Proton

Beam @ w0
Production “

Target

o Similar sensitivity to COMET with similar ideas (curved solenoids yet with slightly
different geometry).

o Built on the ideas and groundwork of the MECO experiment.

o Collaborations between COMET and Mu?2e are prosperous (e.g. radiation damage to
superconductors R&D) 10
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Design Differences between Mu2e and

—— i
A "i',ﬁ A section to capture pions with a larg;
PA i E an; der a high solenoidal
/ X\ g magnetic field by superconducting
:%’/ Production Maget
Detector Solenoid =/ Target
—/
1=
E Pior
E, Detector Section
- . %I A detector to search for
Electromagnetic , Transport Solenoid = muon-to-electro
Calorimeter . Stopping “‘%h Muons - sion processes.
Target :(7:’)‘ Stopping
\ ‘?/\ Target
Production Solenoid %
i "'1 Ahan
Colimators Eﬁ AN //u
-:.‘

Production
Target

Pion-Decay and
Muon-Transport Section

A section to llect muons from
decay of pions under a solenoi-
dal magnetic f Id

S

TR %

1 I

COMET

.:: —
———

ARARRAAAAA

LLLECEELLEL

Proton beam Fermilab (pulsed)

Muon beamline S-shape

Electron Spectrometer | Straight solenoid

J-PARC (pulsed)
C-shape

Curved solenoid
11
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Proton Beam (pulsed)

o A pulsed proton beam is
needed to reject beam-related
prompt background. |

. Bucket A /U\f
o Requirements:
= pulse separation > 1 psec
(muon lifetime in Al is 880ns)
= pulse width < 100 nsec

MR

h=9
o Beam parameters: 3 filled and 4 empty j
= beam power — 56 kW | /
= beam energy — 8 GeV \ / N
= avg. current—7 pA

o Beam extinction:

REx: = number of protons be‘Fween pulse <109
number of protons in a pulse

12
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Proton Beam (extinction)

o Muonic lifetime is dependent on e
target material (Z number). For Al A — Main Proton Pulse

the lifetime is 880ns. R/ 10 p/pulse \h

o Bunch structure:
= separation—1.3 us
= [ength — 100 ns
= protons/bunch — 1.2x108
= extinction — 107

Prompt Background

Stopped Muon Decay

Arbitrary Unit

. Timing Window |

Signal
o Without extinction we would

encounter problems with prompt
background from proton

interactions. This problem is (')
reduced with bunching. l

Time (us) 1

o0 = 30-40ns

13
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Proton Beam (extinction measurement)

Fast extraction

MR

Bunched slow

h=9 extraction
3 filled and 4 empty

)
.

0 Entrl.shmcs311059
Bunched slow extraction: -
o Measurements taken from the J-PARC e
secondary beamline — K1.1BR
o Extinction: © L
(5.4 + 0.6) X 10'7 1o Hoo“ommmn[zlono"l' 'I'st,llﬂgm ' %ow -

Time[nsec]

14
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Proton Beam (extinction measurements)

4 N -
Abort beamline
measurements
(%/ - Consistent with O(1077) in the J-PARC
Secondary MR
beamline
| measurements )
)
Double injection x additional factor of 0(10°°)
L kicking )
2 N
External e.Xthtlon x additional factor of O(103)
_ device )
i The COMET collaboration is confident of achieving
. proton extinction of < O(107) 15
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Curved solenoids

o In a curved solenoid the centre of the helical
trajectory of a charged particle drifts towards the
perpendicular direction to the curved solenoid plane.

P 1 1
D = —0Opend= 0
qB bend o (COS T CcOS 0)

Production maget
Target

D : drift distance
B : Solenoid field
Obena : Bending angle of the solenoid channel

Pion Capture Section

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

Detector Section

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

Stopping
Target

g : Charge of the particle T

p : Momentum of the particle Eﬁ?‘%//}/ o M

0 N atan(PT/PL) Pion-Decay and _
Muon-Transport Section
A section to collect muons from

o A compensating magnetic field is introduced, docay o s e  slro
according to: o

1 1 -
Bcomp — £§ (COSH + )

qr cos 6

p : Momentum of the particle >
q : Charge of the particle

r : Major radius of the solenoid

0 : atan(P1/Pr)

ARAAAAAAAA

LLLLLE

This can be used for charge and
momentum selection.

16
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Curved solenoids (muon transport)

et
Uuuly

i

Protons

T
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Produfition Maget
Target

Pions

Muong

Y

Pion Capture Section

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

Detector Section

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

*%L’.":Jﬂ::‘:::::tttnuumuunum

Pion-Decay and
Muon-Transport Section

A section to collect muons from
decay of pions under a solenoi-
dal magnetic field.

ARARARARAN

bbby

I

o Muon transport consists of two

90° bent solenoids:
=" magnetic field -3 T

= total bend — 180°
= radius of curvature—3 m

o Designed to eliminate muons with

high momentum.

o Momentum selection
proportional to bending angle.

12000

10000

8000

6000

4000

2000

—— pion ca
—— beamline transfer

—— beamline solenoid

pture

0 L L L L L L L L
0 20 40 60 80 100 120 140 160 180 200 717/

p (MeV/c)
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Curved solenoids (muon transport)

5 L[] initial muons
21200 [ [ stopped muons |
S [
31000 | .
< ! o COMET simulation method:
800 | g " protons incident on a
i ] graphite target (MARS)
600 | 5 = subsequent particle
i i distribution tracked through a
400 7 model of the experiment
[ ] (Geant4)
200 | .
0 .
90
p (MeV/c)

No high energy muons after 180° bend selection
18
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Curved solenoids (electron transport)

Protons

o\

\\,/

/

/
‘40

- Z//’
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<
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\\\\‘m

Production Mmaget

Target

Pions

Muons

Pion Capture Section

\ 1 A section to capture pions with a large
solid angle under a high solenoidal
magnetic field by superconducting

Detector Section

A detector to search for
muon-to-electron conver-

sion processes.

/}/“" 1 M

/..u[]GDEEEEEEEEUHHHHHHMJJJ

0000

Pion-Decay and
Muon-Transport Section

A section to collect muons from
decay of pions under a solenoi-
dal magnetic field.

ARAAAAAAAR

PN

o Electron transport consists of one
180° bent solenoid:

" magneticfield—1T

= total bend — 180°

= radius of curvature—2 m

o Designed to eliminate:
= positively charged particles
(e.g. protons from muon

capture)
= negatively charged particles

p <60 MeV/c

o And select signal electrons of
p > 60 MeV/c.

o Detector rates are drastically
reduced as a result of this.

19
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A
—
—_—

Curved solenoids (electron transport
efficiency)

o Prompt background is small due to

105-MeV/c p-e electron

o The plot of transmission efficiency is
produced with the DIO blockers placed 20cm
below the beamline axis.

o The collimators and blockers require
optimisation to achieve a detector rate of
1-10 kHz within the timing window.

exti

nction, therefore other backgrounds

dominate (DIO, DIF, etc.).

o The electron spectrometer provides huge

sup

pression of DIO electrons (augmented

by a series of DIO blockers).

> 0.3 : : - :

g T |Traqsmission :Efficiencyzl
0 S S AR E S — -
) R S — ...................................................... .......................... ’
T EE S— _______________________________________________________ _______________ |

) N S— — — m
i
] iy
| L L S 1
% 20 40 60 80 100

Momentum (MeV/c)
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Sensitivity and Background

Sensitivity:

Single event sensitivity = (IN, + N stop | feap * Ap-e) ™t

©/p
90% confidence level upper limit

Events per 1x107!® BR

2.6 x10~17

6.0 x10~17
3.8

Background:

Radiative Pion Capture 0.05
Beam Electrons < 0.1%
Muon Decay in Flight < 0.0002
Pion Decay in Flight < 0.0001
Neutron Induced 0.024
Delayed-Pion Radiative Capture 0.002
Anti-proton Induced 0.007
Muon Decay in Orbit 0.15
Radiative Muon Capture < 0.001
p~ Capt. w/ n Emission < 0.001
pu~ Capt. w/ Charged Part. Emission | < 0.001
Cosmic Ray Muons 0.002
Electrons from Cosmic Ray Muons 0.002
Total 0.34

21
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Status

o Proton extinction in the secondary beamline at J-PARC has been measured.

o Design of superconducting solenoid cavities has been realised.

o A prototype of the first ever superconducting pion capture solenoid has
been built at Osaka University. Experiments (MuSIC, etc.) are currently in

progress, utilising this and the first 36° of muon transport solenoids.

o Conceptual design report (CDR) submitted, receiving Stage-1 approval as E21
at J-PARC PAC, 2009 - vindication of physics motivation and feasibility.

o Stage-2 approval will be assessed in the coming months following
submission of a technical design report (TDR) to J-PARC PAC.

22
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Summary

o Physics motivation for cLFV is robust, allowing a probe of beyond-LHC energy
scales.

o Muon-to-electron conversion provides the current best chance of observing
cLFV with > 1018 p/yr.

o COMET/conversion experiments can achieve sensitivity beyond 1013

because:
= Pulsed proton beam for background rejection
= Curved solenoid magnets for momentum rejection and signal selection

o New collaborators are welcome!

23



