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Charged Lepton Flavour Violation

® Beyond-the-Standard Model Physics can cause CL

® cJ. massive neutrinos

x"ﬁ*ve

‘ e
W

-V

® but CLFV GIM-suppressed to less than O(10_5O)

2

3
B(p—e+7) =
3271 Z W

® cssentially background-free fOr further new physics

® No theoretical background uncertainties
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Charged Lepton Flavour Violation
® Beyond-the-Standard Model Physics can cause CLFV

® o J. massive neutrinos

e but CLFV GIM-suppressed to less than O(10-50)
® cssentially background-free for further new physics
e without such cancellations, rates can be much larger

® highly—-sensitive probes to BSM physics
® Multiple, complementary channels

® cJd. for muons.
e p,-l- — e+ 7
® uyt—>e +et +e-

® uy+N—>e + N
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Charged Lepton Flavour Violation
® Beyond-the-Standard Model Physics can cause CLFV

® o J. massive neutrinos

e but CLFV GIM-suppressed to less than O(10-59)
® cssentially background-free for further new physics
® without such cancellations, rates can be much larger

® highly—-sensitive probes to BSM physics
® Multiple, complementary channels

® g for muons.
e p,+ — e+ 7
® uyt—>e +et +e

® i1~ + N — e + N (muon-to-electron conversion)
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Muon-to-Electron Conversion
® Scarch for the process

n- +N(A,Z) — e +N(A Z)
muonic atom mono-energetic electron

(E., <105 MeV )

® [ime available after formation of muonic atom:
up to about 1 microsecond (Z-dependent)

— Ebind — Erecoil
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Muon-to-Electron Conversion

® Scarch for the process
p- + N(A, Z)

muonic atom

® [ime available after for
up to abou

— Ebind — Erecoil

® observed signal is not a

delta-function, because
of detector effects
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— e +N(A,Z2)

mono-energetic electron
(E., <105 MeV )

Mation of muonic atom:

. 1 microsecond (Z-dependent)

o6~ S— — U WS ea——

105
Electron Energy [MeV]




Muon-to-

Electron
ConverSIon e Al Al < 710
u S
e Complementary to conversmlr
pL— e+
® sensitive to different
BSM physics
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The Previous Generation: SINDRUM-I1

® Data taking at PSI in 2000

® Continuous beam (107 to 108 muons per second)

® Muon-by-muon measurement

® [arget material: Gold (upper limit 7X10-13 at 90% C.L)

B dipole magnet
71 quadrupole magnet
.| sextupole magnet
.| concrete block

proton beam

SINDRUM Il
1m

.

—ur. Phys. J. C 47, 337-346 (2006)
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The Next Generation

® | arge prompt background when pions and muons are produced

® Signal muon-to-electron conversion occurs with a delay

= Pulse primary beam
® O(1 us) between pulses
® Muonic atom

L e

fetimes vary due to
NuClear muon
capture

e Al: 880 ns

e [ 330 nNs

® AU /3ns

® New designs contain
built-in background
rejection
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to separate prompt backgrounds

Primary Pulses

Prompt Particles
N
- Background

Electrons Timing
Window __
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Muon-to-Electron ;,—27A]1 - e +27Al
Conversion on R, A= -

=1 - Single monoenergetic electron
Aluminium with Ee = 104.97 MeV

. 104 105
Electron Energy [MeV]
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Relative
dependences of
the muon-to-
electron
conversion
branching ratio
on the target
nucleus

for different
mModels of New
PhysSics
INteractions

Cirigliano, Kitano,
Okada, and
Tuzon,
arXiv:0904.0957/
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Relative
dependences of
the muon-to-
electron
conversion
branching ratio

on the target 3l

nucleus

for different
Models of New

PhysSics

INteractions
Cirigliano, Kitano, |
Okada, and I

Tuzon,
arXiv:0904.095/

(u=re7y is sensitive |

to the Dipole
iNnteraction)

Z of Target Nucleus

Dipole
\ / Scalar
N Vector®)
Al Vector(4)
20 40 60 80




The Next Generation

COMET [
at J-PARC R

Original concept:
R. Djilkibaev &
V. Lobashev (1989)

at Fermilab '
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Pion Production Target and

8 GeV ; %ﬂ Superconducting Pion

Proton % Capture Solenoid
Beam /& Production
Target

COMET Experimental Layout

(Coherent Muon to Electron Transition)

Pion
decay I=
section |=

Muon stopping targe

SIoPPing ) A _>|2_m|<_
Muon
section

. Ty
Detector section for
signal electrons




Charge and momentum
selection for muons and signal
| electrons:
Production - -
Target uses curved solenoids with
superimposed dipole fields to

i guide desired charge and
T momentum along beam centre
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The Effect of Solenoid

T and Dipole Fields
" Vertical Drift due to solenoidal field:
E : 7 _Pions o 1 ( 5 ) p% _I_ p%/z
= m R qB R pL
Muons
H Stopping
Target

:dt:::::-&%ﬁﬁﬂﬂJucuuucuzunmunuuza&@ﬁﬂﬂﬂlﬂ

Compensation field to keep particle m— —————
on-axis (0: original pitch angle) TWM”M"
T

L p 1
Bioe: 0
apole T IR 2 (COS cos@)




Charge and momentum

selection for muons and signal
| electrons:

Production - -

Target uses curved solenoids with

superimposed dipole fields to

guide desired charge and

i momentum along beam centre
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Charge and momentum
selection for muons and signal
electrons:

uses curved solenoids with
superimposed dipole fields to
guide desired charge and
momentum along beam centre

e~ wWith
momentum
~ 105 MeV/c
Stopping
PVYE AV
— 2

]

MERTLELT
T

©- with
momentum
<75 MeV/c
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<75 MeV/c

Charge and momentum
selection for muons and signal
electrons:
uses curved solenoids with
superimposed dipole fields to
guide desired charge and
momentum along beam centre
e~ with
momentum
~ 105 MeV/c

Stopping
Target

P

e TR T SR

Detectors for
e- identification:
Straw Tracker
and Crystal EM
Calorimeter

TRy,
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3 GaV Proton Synchrotron
(1MW, 25H2z)

Transmutation Exper mentaal F:_acﬂ'rl:r

Linac

e

30 GeV Synchrotron
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Beam Extinction

® [nter-bunch beam extinction critical to suppress
prompt backgrounds

® rclative extinction factor of 3x 10~ required

® Mmeasurements with existing 30 GeV
synchrotron indicate that this is achievable

® nust be verified for 8 GeV slow extraction
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J-PARC Hadron Hall Beam Lines
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%ﬂ 6.4 x 103 8 GeV protons per beam

spill, in 5.3x 10° 100 ns bunches
production  OVer Q./ seconds

Target

several x10° pions produced per bunch

- &, -
= 4? ff___.--"f F’IOFIS

about 10° muons arrive at
stopping target per bunch

Muons
Stopping ’
T )
\\\ ‘% é’ I_ arget \\\\‘&r + 3:(#?

L LLL

i SRR O TGN

& 7/
f{; 45
E o
———
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Over 2 x 107 seconds, this THMHHM"H[HWHMN@?&&

gives COMET a single-event
sensitivity of 2.6 x 10_17

TR




Production
Target

However, after 90 degrees
(about 5 metres)

we already have about the
same number of muons per
proton as with the full
COMET experiment (with
higher backgrounds)




Production
Target

However, after 90 degrees
(about 5 metres)

we already have about the
same number of muons per
proton as with the full
COMET experiment (with
higher backgrounds)

This gives us an opportunity
to study the pion production
system and muon transport
channel and beam
backgrounds in-situ, and
make CLFV physics
measurements



COMET Phase-1

7350 mm 4350 mm 750.5 mm 0

Pion Production Region

3000 mm

Collimator

Approved for
construction in
Detector Region January 2013

30




COMET Phase-1

® Muon-to-electron conversion at 100 times the sensitivity of
SINDRUM-II Geant4

model

® Can also search for:
® -+ N(A, Z)
—et+ N’ (A, Z-2)
® i~—+e +N
—e +e +N
etc
® Running at about

5% of the intensity of
Phase-11

® Allows us to study
the beam line and
backgrounds in-situ

to prepare for Phase-11 | :
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COMET Phase-1 Detector Systems

StrEcal (Straw-Tracker & ECAL)
® for beam line studies and
particle flux measurements

e "COMET Phase-II-style” detector
e Comprehensive PID and
momentum & energy
measurements

] CyDet (Cylindrlcal Drift Chamber &
Triggering Hodoscopes)

e for lepton flavour violation
measurements

e "SINDRUM II-style"” detector
® Geometric acceptance only for

particles from p-stopping target
with p > 75 MeV/c
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The StrECAL

e An important goal of Phase-I is to study the pion &
muon production beam line’'s performance so we can learn
from this as we continue to Phase-11

® |arge uncertainties in
® l[ow-momentum pion production in the backwards
direction
® particle interactions that cause backgrounds
® [he Straw Tracker + ECAL combination will measure
particle fluxes at the 90-degree point
® to be fed back into beam line models and Geant4
simulations
® Also important to use Phase-1 as a test bed for Phase-11
detectors

® similar detector technologies used to help make design
decisions
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= 5 OLtlet

StrECAL: T === L
Straw

2nd straw plane (x;)

I k i 3rd straw plane (y;)
ra c e r dth straw plane (i)

Beam

-

a
gas manifold optical fibre-link feadthrough
feedthrough

front-and boards

ALL LX)

ALL AL AL L AL L]

e Five modules

e Situated in B "
vacuum ool Wl Barad gy [FASS

e Positioning e B o T
(distance =
between each module)
undergoing optimisation

e Straight-adhesion
seam construction
method from NAGZ2
design

e Same 9.7/5 mm

diameter as
NAG6Z2

S0 00S000 0005090000000 0RO RD
LA L R L L L)
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0.5 mm
SEAM WIDTH

Straw R&D

® Design based on NAGZ straws

® to take advantage of existing
expertise & tooling

® Ultrasonic welding

® 500 pm seam
® O./5 mm diameter | .
® 30 un Mylar, 50 nm Al [ TRRRRNIAGD Straw-tube lab
coating - Sl JINR
e Diameter larger than T o LTI
originally envisaged:
® Need to reduce straw
Mass
e R&D ongoing
e 20 um Mylar, 70 nm Al
® 12 um Mylar, 70 nm Al

................
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KEK

(these photos from tests for previous design of tube)
36




Straw

Tracker: B
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StrECAL: Crystal Calorimeter

® Reqguirements:
® clectron energy resolution at 100 MeV: <5 %
® cluster postion resolution: <1 cm
® {iming response: <100 ns
® operationinl Tesla field

® Solution
® highly-segmented scintillating
crystal calorimeter

® high light vield and fast
response

e APD read-out
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Crystal ECAL

® Undergoing beam tests to
decide crystal type
e APD readout
e R&D ongoing at groups
iNncluding
Kyushu,
KEK, Osaka
Q& BINP

< v
S
"

¥

i ’f
&
"'I-

GSO(Ce)

LYSO PWO Csl(pure)

6.71
1.33
2.29

Density (g/cm?)
Radiation length (cm)
Moliere radius (cm)
Decay constant (ns)
Wave length (nm)
Refraction index

Light yield (Nal(T1)=100)

430
1.85

600%, 567

3%, 307

7.40
1.14
2.07
40
420
1.82
83

8.3
0.89
2.00

30%, 107
4255 4207
2.20
0.083%, 0.297

4.51
1.86
3.57
355,67
420%, 3107
1.95
3.65,1.17
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CyDet: Requirements

® Observes particles emitted from muons stopped in
Aluminium target

® Needs to identify 105 MeV/c e~ and reject most

background (mainly lower energy e~ from muon decay-
iNn—orbit )

® good momentum resolution to maintain signal peak
® |ow detector mass
e Must avoid intense prompt beam flash
® Should suppress false trigger rates:. e.q.

® integrated proton absorber (largest source of
background from muon captures)

® {rigger should incorporate electron PID
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olenoid yoke CyllndrlCa/
CVDEt - @ Drift Chamber

® Cylindrical
Drift Chamber

inal lesla - )

-
solenoidal — -
S y

SU[ggelUigleiiglels
target made
of several thin s
Aluminium

& [rigger
Hodoscope

disks, in which the beam muons stop and form muonic atoms

® geometric pr cut-off for background rejection

® prompt beam pulse avoids active detector components
e Scintillator & Cherenkov Hodoscope to allow triggering on
electrons above the transverse momentum threshold
® Makes use of Belle II Central Drift Chamber experience &
construction facilities at KEK

® Undergoing detailed design optimisation
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Cvlindrical Drift Chamber

DIO Hit Probability at Innermost Layer of CDC

III|||1 lIIIfq [T
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1 |

60 80 100
Initial P (MeV/c)
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Cylindrical Drift P
C a m b e r Al t10.0m m _—
Current design (being optimised):

® all-stereo wire configuration .
(based on KLOE CDC) 1662,@1“ {0
® 20 sense layers N

® about 20,000 wires in total
® at 50 g tension

® Square cells
® 168 mm (w)x 16.0 mm (h) -
® Anode wires -
® »30 micron Gold-plated Tungsten =
e H\V at +1./ kV 1

® Field wires: §

® »30 micron Aluminium :

® at ground ' .
® He : Isobutane (90 :10) R e e

1333
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CyDet: Triggering Hodoscope

® Cherenkov counters 45mm / Plastic Scintillator 5mm
- : for 64 s
® Acryllc radiator L eg) Acryl radiator 30mm
® N=149 (or 15mm)
® Hamamatsu MPPCs Sty
® 12 %12 mms? 300mm e e
e Scintillators T Outer Wall@R=83cm
e Ultra-fast plastic ODC (HeiCAH10-S0" ARy
- . p S ner Wall@R=50cm -
scintillator ' _—
e Nn=158

® Hamamatsu MPPCs
® 3 x3MmMm?2
® Reflectors
e 3M ESR (Vikuiti
enhanced specular
reflector)
® [cflor
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CyDet Resolution (Simulated/Preliminary)

Total Momentum Resolution

Entries 28906
Mean -0.04395
RMS 0.4648
Underflow 46
Overflow 0
Integral 2.886e+04
¥ / ndf 118.4/26
Prob 9.925e-14
Norm 2013 £ 40.6
Mean 0.03438 + 0.00186
SigH 0.1945 + 0.0024
SiglL 0.2255 + 0.0043
TFH 0.3919 £ 0.0276
TSigH 0.3647 + 0.0063
TSigL 0.6417 £ 0.0198

Counts/0.1 MeVic
<

2

-4 -3 -2 -1 0 1 3 4 3
Pfit - 104.5 (MeV/c)

o of the core Gaussian at the high momentum side Sigh 195 keV /e
o of the core Gaussian at the high momentum side Sigl. 226 keV /e
Fraction in the tail distribution TFH 39%

o of the tail Gaussian at the high momentum side TSigH 365 keV /e
o of the tail Gaussian at the low momentum side TSigl. 642 keV /e
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CyDet: 1 — e Conversion Performance

® Signal electron efficiency

Event selection Value Comments
Geometrical acceptance and 0.29

tracking cuts
Momentum selection 097 103.6 MeV/c < P, <106.0 MeV /c

Timing window 0.3 700 ns <t < 1100 ns

Trigeger efficiency 0.8
DAQ efficiency
Irack reconstruction efficiency

Total

® [his gives a single—event-sensitivity of 31 x 10—1> with the CyDet
after 90 days of Phase-1 running
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CyDet: 1 — e Conversion Performance
® Expected backgrounds for 90 days of Phase-1 running

Type Background Estimated events

Physics Muon decay 1n orbit 0.01
Physics Radiative muon capture 5.6 x 10~
Physics Neutron emission after muon capture < 0.001
Physics Charged particle emission after muon capture < 0.001
Prompt Beam  Beam electrons (prompt) 7.1 % 10~
Prompt Beam  Muon decay in flight (prompt) < 1.7 % 10
Prompt Beam Pion decay in flight (prompt) <2.0x107°
Prompt Beam  Other beam particles < Bl

Prompt Beam Radiative pion capture(prompt) 4 Do T0FE
Delayed Beamm Beam electrons (delayed) ~ (
Delayed Beam Muon decay in flight (delayed) ~ ()
Delayed Beam Pion decay in flight (delayed) ~ ()

Delayed Beam Radiative pion capture (delayed) ~ ()
Delayed Beam Anti-proton induced backgrounds 0.007
Others Electrons from cosmic ray muons < 0.0001
Total 0.019
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AlCap Experiment at PSI
A Fa -i

L

g . = [ '-l
e e
A '
!i{&-_ﬁ' . |
-'!_':.'.-:'1-; s %‘
oy

or Ge detector
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AlCap Experiment PSI (Preliminary)

dE/dx, 0-6000 ns from muon hit, all particles, Left hEvdE Left

= 0.05 protons per ' _ -
S muon capture - : e E

s000k= fOr p > 67 IV!e\'//c

protons

2500

2000

1500

1000

500

OO 2000 4000 6000 8000 10000 9

E + dE (keV)
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Cosmic Ray Veto

~ 3000 strips in all modules of the Veto Counter

Scintillator light to a photodetector

Studies at ITEP, based on Belle 11 KLM
detector endcap construction experience
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Cosmic Ray Veto

Four layers of scintillator strip bars

4400 Mmm

scintillator @%%

optical gel

to provide rejection of cosmic rays at the 104 level
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The COMET Collaboration
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France Laboratory of Nuclear and High Energy Physics (LPNHE), CNRS-IN2P3
and University Pierre and Marie Curie (UPMC), Paris
Georgia Ilia State University (ISU), Tbilisi, Institute of High Energy Physics of
L. Javakhishvili State University (HEPI TSU), Thilisi
India Indian Institute of Technology, Bombay
Japan High Energy Accelerator Research Organization (KEK), Tsukuba,
Institute for Chemical Research, Kyoto University, Kyoto University Research Reactor
Institute, Kyushu University, Fukuoka, Nagoya University, Nagoya,
Osaka University, Saitama University, Utsunomiya University
Malaysia University Technology Malaysia, Johor, University of Malaya, Kuala Lumpur
Russia Budker Institute of Nuclear Physics (BINP), Novosibirsk,
Institute for Theoretical and Experimental Physics (ITEP), Moscow,
Joint Institute for Nuclear Research (JINR), Dubna, Moscow Physical
—Ngineering Institute, National University, Novosibirsk State Technical
University, Novosibirsk State University
Saudi Arabia King Abdulaziz University
United Kingdom Imperial College London, University College London,
University of Manchester, STFC Rutherford Appleton Laboratory
Vietnam College of Natural Science, National Vietham University, Ho Chi Minh City,
Institute for Nuclear Science and Technology, Hanoi




Conclusions

® Charged Lepton Flavour Violation is one of the most
sensitive probes to physics beyond the Standard Model
® Muon-to—electron conversion offers a huge potential
INcrease In sensitivity
e COMET is a next-generation muon-to-electron
conversion experiment being built at J-PARC
® A staged construction scenario is being implemented,
iNn which Phase-1 allows us to study the novel pion
production and muon transport system and make
CLFV measurements
® [he instrumentation concepts are fixed:
o StrECAL.: straw-tracker and crystal ECAL for
beam and background measurements
e CyDet: drift chamber and triggering hodoscope for
CLFV measurements
® Design optimisations are ongoing
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I could not find CLFV in Northern California...




Summary of Backgrounds

Intrinsic physics backgrounds
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Muon decay in orbit (DIO)
Radiative muon capture (external)

Radiative muon capture (internal)
Neutron emission after

after muon capture

Charged particle emission

after muon capture

Bound muons decay in a muonic atom
p~+ A=y, + A 41,

followed by v — e~ +e*

Lt A—py,+ et +e + A
w-+A—->v,+ A +n,

and neutrons produce e™
u~+A—->v,+A +p(ordor a),
followed by charged particles produce e~

Beam related prompt/delayed backgrounds
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Radiative pion capture (external)
Radiative pion capture (internal)
Beam electrons

Muon decay in flight

Pion decay in flight

11 Neutron induced backgrounds
12 P induced backgrounds

Other backgrounds

T4+ A—-y+A, yoe +et

T~ +A—>et+e + A

e~ scattering off a muon stopping target
11~ decays in flight to produce e

7~ decays in flight to produce e~
neutrons hit material to produce e~

p hits material to produce e~

14 Cosmic-ray induced backgrounds
15 Room neutron induced backgrounds
16 False tracking



http://www.cpfc.co.uk/
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Pion Production Target and
Superconducting Pion
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MuSIC Facility at RCNP, Osaka

] H

. | Pion capture solenoid
Max. Bsol: 3.5T
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PRISM FFAG-based =
Second Phase

Experiment

(FFAG storage ring provides a
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Muon Phase

Rotation Section
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(FFAG) ring with large acce-
plance.



PRISM/FFAG
Muon Storage Ring
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PRISM/FFAG Phase rotation
Muon Storage Ring
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PRISM/FFAG  Berefts

Muon Storage Ring ® narrow momentum spread allows
for thinner, optimised stopping target
e high acceptance long path length makes residual
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The Previous

Generation:
SINDRUM-II

on Gold
(binding energy 10
MeV)

Eur. Phys. J. C47, 337-346 (20006)
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Class 1 events: prompt forward removed

e measurement
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Fig. 11. Momentum distributions of electrons and positrons
for the two event classes. Measured distributions are compared
with the results of simulations of muon decay in orbit and y—e
conversion
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Proton Beam Acceleration Scheme
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Pion Capture Solenoid

Muon Transport Solenoid




StrECAL: Straw Tracker
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Straw
Tracker
Garfield
Simula-
tions

E.=100 MeV
Gas: CoH240%
Ar 60%
T=300K
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