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Charged Lepton Flavour Violation

® Probes the lepton sector, where neutrinos have given us direct
evidence that the SM Is incomplete, and that cLFV must happen

® [heoretically clean processes
® Complementary to the LHC

® next generation can probe EW and TeV mass scales and
beyond

® sensitive to flavour physics at GUT and Seesaw scales
® Need to measure multiple channels, multiple observables
® to disentangle flavour sector of BSM physics models

® ...but we are In the discovery phase

® first observed cLFV lays down a marker for all other
processes

® muon-to-electron conversion is an excellent channel
® 4 to 6 orders of magnitude improvement feasible
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Coherent Muon-to-Electron Conversion

® Muon-to-Electron Conversion

iU +N(A,Z) —e +N(A,Z)

MuUonic E. ~ 105MeV

atom

® The present limit Is about

< 7x10719
for the branching ratio on Gold (Sindrum |l)

e COMET aims to improve sensitivity to 1016

° is a COMET prototype
(and a muon physics facility in its own right)

® PRISM extends this to a sensitivity of 10-18
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Use of a Pulsed Primary Beam

® | arge backgrounds occur promptly with incoming muons
® Signal events occur with a delay
= Pulse primary beam to separate prompt backgrounds

from signal
® Use energy and
time to separate Primary Pulses
signal from
backgrounds - Prompt Particles
® Muonic atom Background
lifetimes vary due to Electrons wiming
nuclear muon / Signal (near
capture 105 MeV)
® Al: 880 ns
® [1: 330 ns
® Au: 73 ns

Time (microseconds)
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Search tor Lepton-Flavor-Violating Rare Muon Processes

R. M. Djilkibaev” and V. M. Lobashev™" o
Institute for Nuclear Research, Russian Academy of Sciences, Egi‘\c1c9<)8ngcept

pr. Shestidesyatiletiya Oktyabrya 7a, Moscow, 117312 Russia
Received March 26, 2010; in final form, July 12,2010

Abstract—A new approach to seeking three lepton-ilavor-violating rare muon processes (p — e conver-
sion, . — e+, and p — 3e) on the basis of a single experimental facility is proposed. This approach

makes it possible to improve the sensitivity level of relevant experiments by factors of 10°, 600, and 300 for,
respectively, the first, the second, and the third of the above processesin relation to the existing experimental
level. The approach is based on employing a pulsed proton beam and on combining a muon source and
the detector part of the facility into a unified magnetic system featuring a nonuniform field. A new detector
design involving separate units and making it possible to study all three muonic processes at a single facility
that admits a simple rearrangement of the detectors used is discussed.
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Fig. 1. Central horizontal cut of the MELC facility: (/) proton target, (2) superconductor solenoid, () shield of the solenoid, ()
steel yoke, (5) transport solenoid and collimator, (6) detector target, (7) coordinate detector, (&) calorimeter, and (9) detector
shield and beam trap.
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Design Considerations
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Background Event Categories

® [ntrinsic physics backgrounds

® clectrons from muons stopped in the target

® Beam-related prompt backgrounds

® due to protons which arrive outside of their-beam buckets

® Beam-related delayed backgrounds

® from on-time protons, but producing delayed events

® Cosmics and other backgrounds
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Intrinsic Physics Backgrounds

® Muon Decay in Orbit (DIO)

® L +N>N+v,+ Ve+e€

® Radiative Muon Capture

® U+ N—->N" VILL=>N’—)N v = vy et4 e
® Muon Capture with Neutron Emission
® u+N—->N"+v, = N =N+ n= neutrons produce e-

® Muon Capture with Charged Particle Emission

® u+N->N"+v, = N - N+ X = X (protons, deuterons,
alphas etc) produces e-
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Background Event Categories

® [ntrinsic physics backgrounds

® clectrons from muons stopped in the target

® Beam-related prompt backgrounds

® due to protons which arrive outside of their beam buckets

® Beam-related delayed backgrounds

® from on-time protons, but producing delayed events

® Cosmics and other backgrounds
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Prompt Backgrounds

® Radiative pion capture

@O 1T +t N>+ N 4 ... = vydet+ e
® Beam electrons

® ¢~ scattering off a muon stopping target
® Muon decay in tlight

® ;. decays in flight producing e-
® Pion decay in flight

® 7 decays in flight producing e-
® Neutron induced backgrounds

® ncutrons hit material producing e-
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Background Event Categories

® [ntrinsic physics backgrounds

® clectrons from muons stopped in the target

® Beam-related prompt backgrounds

® due to protons which arrive outside of their-beam buckets

® Beam-related delayed backgrounds

® from on-time protons, but producing delayed events

® Cosmics and other backgrounds
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Beam-Related Delayed Backgrounds

® Antiproton interactions

® interactions of p, which travel slowly, producing e-

® Radiative capture of pions

® very large number of pions produced — some may result in
late radiative captures

Beamline design critical
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Background Event Categories

® [ntrinsic physics backgrounds

® clectrons from muons stopped in the target

® Beam-related prompt backgrounds

® due to protons which arrive outside of their-beam buckets

® Beam-related delayed backgrounds

® from on-time protons, but producing delayed events

® Cosmics and other backgrounds
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Backgrounds Strategy

® Discriminate using energy and timing, but...

® Dependent on talls of distributions of ~1018 particles
® |Influence experiment design and eventual analysis

® Modelling / Simulations critical
® proton beam / target interactions

® MARS, Geant4 QGSP, etc, external experiments
® beamline optics (solenoidal channels)

® experimental geometries (cosmics and neutrons etc)

® But ultimately, the measurement ot backgrounds will be
critical

Yoshi.Uchida@imperial.ac.uk 67 COMET—PASI Fermilab January 2012



6.4x10]13

8 GeV

protons

per beam o

spill, in /& Torget

5.3x105 [ 7 several x10° pions per bunch
bunches |

Pions . . .
~ Curved solenoids + dipole field
select momentum as pions

LT
TUNU G o U QUL

| decay Into muons
Muons
\ Stopping
Target VQ\\//!'?V

AL

J"’ /’
/ y 7
YT " H

U’;/Z/‘“’;H |

ULD00L

JIRNRlINL Y




6.4x1013 Vertical Drift due to solenoidal field:
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6.4x1013 Vertical Drift due to solenoidal field:

8 GeV 2 2
protgns D — 1 (i) pL_I_pT/z
per beam "

spill, in /e, e - g5 \ R PL
5.3x105 [ 7 several x10 pions per bunch

bunches |

Pions : : :
e Curved solenoids + dipole field
select momentum as pions
decay Into muons

R,
Ty

Stopping

Compensation field to
keep particle on-axis
(0 :original pitch angle)

1 p 1
Bdipole = R 2 (COSG | COSQ)




Ben Krikler
Fluxes at Entrance to Curved Solenoid
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Ben Krikler

After 90 Degrees of Curved Solenoid

3 T solenoid
field,

0.018 T
dipole field
(tunable)
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Ben Krikler

Before Stopping Target

after
collimation of
high-
momentum
MUONS
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B )

Particles seen after the curved solenoid

Timing | Tracker | Calorimeter | Energy
(kHz) (kHz) (MeV)

DIO electrons Delayed | 10 10 50-60
Back-scattering electrons Delayed | 15 200 < 40
Beam flash muons Prompt | < 150% | < 150¢ 15-35
Muon decay in calorimeter Delayed | — < 150% < 5H
DIO from outside of target Delayed | < 300 < 300 < 50
Proton from muon capture Delayed | — — —
Neutron from muon capture Delayed | — 10 ~ 1
Photons from DIO e~ scattering | Delayed | 150 9000 (E) =

AV "o

S a1 0000000

AT

Momentum and charge
selection for signal electrons,
to reduce background

H




Relative signal and background
spectra for branching ratio of 107
statistics x100 (including energy
loss and tracker resolution)

Muon—t_o-elec

104 105 [MeV/c]

Tracking detector for
momentum measurement,

calorimeter for energa/ and
triggering redundancy
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Pacific Ocean

3 GeV Synchrotron
(circumference: 350 m)

Transmutation ‘i k i

Experimental
Facility (Phase II)

Yoshi.Uchida@imperial.ac.uk

J-PARC

79

Nuclear and Particle Physics Facility
(Hadron Experimental Facility)

50 GeV Synchrotron
(circumference:; 1600m)
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J-PARC

Pacific Ocean

3 GeV Proton Synchrotron
(1MW, 25Hz)

Transmutation Expermentaqgl Facility

Linac Aﬂ—l

50 GeV Proton Synchrotron
(15 u A
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Possible
Acceleration Rl
Schemes

4 batch injection h=8 (h=9)
4 bunches

. I
v
oo

4 batch injection H h=4
4 bunches

T2K operates at h=9, e
with 8 bunches filled
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KEK & Osaka
K. Yoshimura

Beam Extinction

® \ery high beam .

extinction performance é
necessary between g~
proton pulses 4
® 102 extinction needed
® Methods undergoing )
R&D l
> e JHCJ[IOH Beam Monitor for Beam Extinction
® remove off-pulse Tests and Measurements at J-PARC
protons during
e aton (2010 preliminary result 10-7 =
~ ___ 10-2 goal or better achievable with
® xternal extinction internal and external extinction)
® AC dipole on proton beamline to experiment
® joint Mu2E / COMET R&D
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COMET Detector Section

Crystal Calorimeter Straw-Tube Tracker
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COMET Detector Section

IDetector Solenoid NG

Crystal € alorimeter Straw-Tube Tracker

® Straw-tube electron tracker in 1 Tesla field

® 800 kHz charged particle and 8 MHz gamma rates

® 0.4% momentum and 700 micron spatial resolution required
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Straw Tube Tracker R&D

Prototype at KEK (7 straw tubes)

Front-end
electronics R&D,

leak, deformation,
gain and timing

".~-HiTmﬂWWWH
i (1
- T

I 'CoMET SREAD V1RSI e SR R
U. OSAKA KEK & §
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COMET Detector Section

N Detector Solen01 Y|

Crystal Calorimeter Straw-Tube Tracker

® Crystal calorimeter

® for energy and position measurement, PID, trigger signal
® 5% energy and 1cm spatial resolution at 100 MeV
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Calorimeter R&D

® GSO / LYSO crystals with APDs tested 2011
® Vertical slice tests this year

® Design being finalised for 50-
crystal / APD prototype
® beam tests later this year at
BINP Novisibirsk
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Superconducting Solenoid R&D

Neutron irradiation tests performed at KURRI reactor, Kyoto University

ALY :
o Al-Y?Z | | : ' :
|
- + Cu
JODELDS --—- 14 .00
' — AuFe [K]
[ |—cxIK _ .

BODEDE Fmmmmmmmm oo e oo e e o e o - Lol : 12.00
E‘ I I : I : : = I I I‘i-p, &
R T R L i S S 000 T
g - I I | I I I E_
i : : | : | I E
: a .. a :

2 Days

Demonstrated that Al stabiliser tolerates COMET E& - =
radiation environment &8
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Industrial De3|gn
Studies

H_ . -

== T 11—

Iron return yoke Concrete Shield SV/h

-' '7_" Radiation shield
I.&.{Mﬁﬁ for the solengld Beam dump

Realistic solenoidal
field map implemented . ok |
in simulations el
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40

800 1000 1200 | 1400 1606 1800
(cm)
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PRISM
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The PRISM FFAG Ring for Prototype ring at
Muon-to-Electron Conversion Osaka University
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PRISM FFAG-based S
Second Phase

Experiment

(FFAG storage ring provides a
further two orders of magnitude

sensitivity) Muons

f
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i
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ST i s

A seclion 1o caplure pions with a
large solid angle under a high
solanoidal magnatic field by super-
conducting magnet.

-

A

=
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Rotation Section

A section to make high lumi-
nosity and  high purity of a
muon beam, based on the
phase rotation method in a
fixed field alternating gradient
(FFAG) ring with large acce-



PRISM/FFAG
Muon Storage Ring

See Jaroslaw Pasternak’s talk later this morning
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MUSIC
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MUSIC

On Science Innova tive Commissio

at RCNP, Ogaka University

muon particle

ExXpenments

MUCn nuclear expernments
and other applications

e o8
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o
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Accelerator R&D

with muons

Muon transport
system

|

(‘.. Proton beam

“ Fion capture system
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MUCn nuclear expernments
and other applications
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Accelerator R&D

with muons

Commissioned April 2010—

The world’s first superconducting
pion capture solenoid




The MUSIC ® |dentical physics principles

as upstream parts of

Project at COMET
Osaka ® Much lower power

® High muon intensity

® Prototype studies
for COMET

® Pion-capture
solenoid/muon
transport line
studies

® Muon physics

® UK on-site activity
at MUSIC since
2009
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CDR submitted to
J-PARC PAC in June 2009

Stage-1 Approval (of two
stages) granted July 2009
as a potential flagship
experiment at J-PARC

Collaboration in process of
%rowing (Imperial, UCL and
lasgow in the UK, China,

India, Vietnam etc)

TDR studies in progress to
satisty PAC requests
towards Stage-2 Approval

The COMET Collaboration

Y.G. Cui, R. Palmer

Department of Physics, Brookhaven National Laboratory, USA

Y. Arimoto, Y. Igarashi, S. Ishimoto, S. Mihara, T. Nakamoto, H. Nishiguchi, T. Ogitsu,
C. Omori, N. Saito, M. Tomizawa, A. Yamamoto, K. Yoshimura
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

P. Dornan, P. Dauncey, U. Egede, A. Kurup, J. Pasternak, Y. Uchida,
Imperial College London, UK

Y. Iwashita
Institute for Chemical Research, Kyoto University, Kyoto, Japan

V. Kalinnikov, A. Moiseenko, D. Mzhavia, J. Pontecorvo, B. Sabirov, Z. Tsamaiaidze, and
P. Evtukhouvich
Joint Institute for Nuclear Research (JINR), Dubna, Russia

M. Aoki, Md.I. Hossain, T. Itahashi, Y. Kuno®, E. Matsushita, N. Nakadozono, A. Sato,
S. Takahashi, T. Tachimoto, M. Yoshida.,

Department of Physics, Osaka University, Osaka, Japan

M. Koike, J. Sato. M. Yamanaka

Department of Physics, Saitama University, Japan

Y. Takubo

Department of Physics, Tohoku University, Japan

D. Bryman
Department of Physics and Astronomy, University of British Columbia, Vancouver,
Canada

R. D’Arcy, M. Lancaster, M. Wing

Department of Physics and Astronomy, University College London, UK

E. Hungerford
Department of Physics, University of Houston, USA

T. Numao
TRIUMF, Canada

Available at http://www.hep.ph.ic.ac.uk/muec
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Further recent parhupahon by institutes from China and India
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Staging Plan
® Construction start in April 2013

® as KEK facility construction (experimental hall,
proton beamline + upstream parts of COMET)

® apbout 1/3 of COMET (in cost terms)

® 5-year plan
® Data-taking in 2017 (COMET Phase-l)
® first 90 degrees of the muon transport curved solenoid

® rich programme of study

® particle production and transport and secondary particle
production, optics and field tuning, neutron production etc

® [epton flavour violating processes

® A fast reliable path towards Phase-ll (full experiment)
® Plan being presented to J-PARC PAC 14 January 2012
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UK / US Synergies
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UK / US Synergies

o COMET/PRISM programme & Mu2E programme
® see talks by J. Pasternak, and E. Prebys and V. Lebedev

® Pursuing physics at the 10-16, 10-18 |evel using novel
methods (in terms of implementation)
® highly non-trivial measurements (not turn-on-and-wait!)

® Complimentary near-term programmes
® highly valuable to have multiple independent efforts

® allows both groups to find solutions and gain expertise

® | onger-term programme Involves further advances In
accelerator technologies
® cooperation in R&D and design studies

® aided by experience from the near-term programme
® technologies applicable to other muon-related activities
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Conclusions

® COMET to probe muon-to-electron conversion at the
10-16 |evel

® Staged construction: data-taking for Phase-| physics by
2017

® detailed particle flux studies for Phase-ll
® |epton flavour violation physics

® Strong synergies with US programme
® [ong-term muon-to-electron conversion physics

® PRISM, Project-X
® \ntense muon beam technologies

® targetry, pion capture solenoids, muon transport
channels etc
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