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Charged Lepton Flavour
Violation
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Muon Decay

1 muon = 1 muon-neutrino
O electrons — 1 electron + 1 anti electron-neutrino
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Muon Decay + Neutrino Oscillations
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Muon to Electron Conversion

via Neutrino Oscillation

°© pu~ +N(A,Z) » e +N(4, Z)
O
O

O
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Muon to Electron Conversion

via Neutrino Oscillation

Conversion
Rate:

R — 0(%) ~ 1054
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Muon to Electron Conversion
Beyond the Standard Model

ﬂ Predicted in many Beyond \
the Standard Model theories

® Rate is model dependent
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Complementarity with Other Muon LFV Channels

OEmission of a photon

OMEG experiment at PSI

OLast published 2013

OUpgrade to begin running shortly

O Mu3e experiment at PSI

OReplace quark in nucleus with atomic
electron (at COMET ?)
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p—e gamma vs jl—e conversion

O Relative sensitivity in p-e conversion
and yu-e gamma is model dependent

O Highly complementary searches

Photonic
k — 0

q q S

Four-fermi contact
K — OO

The COMET Experiment, 9 Mar. 2016 10 Ben Krikler: bekO7@imperial.ac.uk



p—e gamma vs jl—e conversion

O Relative sensitivity in p-e conversion
and J-e gamma is model dependent

O Highly complementary searches

1 m,UJ — 1%
L= K+ 1 A2 (:uRO—'u GLF,LW)
|

| e (B er)(@ryuqr)
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Bound Muon Physics and
the py-e Conversion
Process
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Bound Muons

(o

Bound Muon Decay

Electromagnetic cascade to the
ground state orbital
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Muon Lifetime

(@) Lifetime of Muonic Atom for Different Materials
Olncreases with Z

OBound muon
momentum increases
= Time dilation

Olncoherent = Grows
linearly with Z
OEventually muon N Approx. COMET
] Beam Flash Duration
completely contained
In nucleus = levels
out
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Bound Muon Decay

0.035 P~
S ¢ iFree muon decay
[} .

3 : H
0.030 ° end point
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ol 0.015

. —P
: Bound muon decay :

0.010

end point i
0.005 :
Bound muon decay Free muon decay o 10 0 86 —
Electron energy (MeV)
O
o
OEnd-point close to muon mass
OVery steeply falling spectrum above 60 MeV [KIERUS High Energy tail up to p-e
o . conversion signal energy
(105 MeV)
(o) 40 60 80 102)

Electron energy (MeV)
Czarnecki et al. 2011 DOI: 10.1103/PhysRevD.84.013006
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Muon Nuclear Capture

O

(o)
OPhotons, neutrons

OProtons, deuterons, alphas

o

"I, 'Sobottka, Wills, PRL' 1967

' :'-:_n.'_-_i
i

Inclusive Emission of charged
particles from capture on silicon
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Tm A—Z,Z—Z A—4,Z-—-3
(", pn) (T ))

AZ - (g3 (10-%)

1Al 28 +4

76 111

Proton and alpha emission

per muon capture
Wyttenbach et al. Nuc. Phys. 1978

16

Phy.Rev.C 20(1979) 1873-1877

Al Target

« present results

o Budyashov ef g/ (Si)
& Balandin efa/ (Mg)

Particles per MeV per Captured Muon

g
60 70 80 90
Energy {MeV)

Proton emission spectrum
above 40 MeV
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AlCap: Aluminium Capture of Muons

A. Edmonds

x10°®
\\Ana\|yse|:2\\\\\\\\\
~Unfelding-Preblems

Proton Emission Spectrum

AlCap (Thick Al - Left Arm - Analyser 1)
All AlCap Rates Match Rate (0 - 10 MeV) = 0.031
(0.0195 protons per cap.)

AICap (Thin Al - Left Arm - Analyser 2)
Rate (0 - 10 MeV) = 0.036

TWIST (A. Gaponenko)
Rate (3.4 - 28 MeV) = 0.031

TDR (Normalised to AlCap 4 - 8 MeV)
Rate (0 - 30 MeV) = 0.04995
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Muon to Electron Conversion
u- +N(A,Z) = e +N(A,Z)
Ee = my, — B,u — Brecoil

Ee =104.9 MeV

['(u-e conversion )

R —

['(p capture)

0 ‘ ‘ ‘ L,
1015 102 1025 103 1035 104 1045 105 1055 106

(90% C.L) on Gold: R < 7 x 10713 Momentum [MeV/c]
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Designing the COMET
Experiment



COMET:

COherent Muon to Electron Transitions

Present limits by
SINDRUM-I| (2006):

~13
R <7x10 Aluminium

COMET Single-Event- - B Stopping
Sensitivity: _— Target

Phase-l = 3 x 107 %°
Phase-Il = 3 « 10 !

“Electron
Detector Spectrometer
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COMET at J-PARC

- -

: : : Hadron Beam Facility
Materials and Life Science P '

Experimental Facility

Nuclear )
Transmutation

(Phase 2)

L
- ———
S

TR\ Neutrino to
: & Kamiokande %

3 GeV Rapid Cycle

Synch. (25 Hz, 1Mw) W 50 GeV Main Ring

(0.75 MW)

J-PARC = Japan Proton Accelerator Research Complex

Joint Project between KEK and JAEA |
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Achieving High Sensitivity

Overall ©

Goals

Signal (C.R.=3e-15) vs. Bound Muon Decay

Stopping

Target
Muon beam ~  Signal Electrons

0 | | -
101.5 102 1025 103 103.5 105.5 106
Momentum [MeV/c]

o

Design °

Considerations
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COMET: Phase-lIl

Protons Pion Capture
Section

Production
Target

| E—

ISI Pion Decay and
== Muon Transport Section

Stopping

Target —§ Electrons

T

]

=

v I
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The COMET Beamline

Production Torus 1 Torus 2 Stopping Electron
Target Target  Spectrometer

Detector

Height Above
Beamline (mm)
o

1 ]
[oolNe) -1
o O O
OO o

10000 15000 20000 30000
Distance Along Beamline (mm)

(o

oDistance along beamline
o Curved sections appear straight
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An Intense Muon Beam but Few Backgrounds

Actively Cooled Tungsten
8 GeV proton Target in 5 T Superconducting
beam at 56 kW Solenoidal Field

Protons RAAAR PiOI‘I capture
& \\ “%“ Section

o -
Production

D
§ bions Target Ca.pture. backwards
going pions

Bent solenoid field

+ compensating I Pion Decay and

dipole fields + Muon Transport
collimators

Stopping
Target _
Signal Electrons
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An Intense Muon Beam but Few Backgrounds

Actively Cooled Tungsten
8 GeV proton Target in 5 T Superconducting
beam at 56 kW Solenoidal Field

o

Bent solenoid field B/
+ compensating

dipole fields +
collimators
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Bent Solenoid Drifts

-
J

 Uniform B field

e Linear field lines

Qﬁ * Cylindrical field lines
@ f

~ * Radial gradient in
magnetic field
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‘ - Circular motion
| ' about field lines

Circular motion about
a drifting centre:
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Bent Solenoid Drifts

o
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Bent SO'_en()ld D|"|fts (Geant4 Simulation)

< 300 . R

[

At Entran_cc_e Be_nt _Solenoid At Exit of Bent Solenoid
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OCan select which momenta remain on-axis
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(o

Muons Stopping
in the Target
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Pulsed Proton Beam Reduces Backgrounds

Il Profon Pulse

Il Beam Flash
Background Electrons

[ Signal Electrons

(7p)
O
9O
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D)
Z

O Muon lifetime on Aluminium: 864 ns
O Pulsed beam removes beam-related
backgrounds, typically up to 200 ns

O Few protons between pulses as possible:
O Extinction factor:

Measured Extinction

N(Protons between pulse)
N(Protons in bunch)

Extinction =

260

OAlmlng for 10-° K RF voltage (KV)
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Phase-Ill Detection

Detector
Section




Phase-Ill Detection

Stopping
Target

o T

Detector
Section

l_
N
9
Q
=
Y
)
Q
o
(@))]
(q0]
=
Y
o
()
©
-
=
o
(@))]
(qv]
>

ONo line of sight between detector and target

OSelect for high momentum electrons using bent solenoid and
tuneable dipole field

OStraw Tracker and ECAL detector
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Bent solenoids + Dipole

O A correcting dipole field allows us to select the
momentum that remains on axis. Eg. 105 MeV/c:

No Dipole

-1000

-0.08 T
Dipole

26000 321
Beamling Posibon (mn

-0.22 T
Dipole

Electron Spect]*bmeter
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| Energy of
electrons

[ from Bound
- Muon Decay

Czarnecki et al. PRD 84 2011

20 40 6o 8o 100
Electron energy (MeV)

Electron Detector
ectromet Solenoid

Section

L . 105 M

ey
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Phase-Ill Detector

O Straw Tracker =
Momentum measurement

OECAL = Energy
measurement

O Combination = PID

O About 200 KeV/c at
105 MeV/c
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COMET: Phase-lIl

Protons Pion Capture
Section

Production
Target

| E—

ISI Pion Decay and
== Muon Transport Section

Stopping

Target —§ Electrons
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Achieving High Sensitivity

Overall ©

Goals

Signal (C.R.=3e-15) vs. Bound Muon Decay

Stopping

Target
Muon beam ~  Signal Electrons

0 | | -
101.5 102 1025 103 103.5 105.5 106
Momentum [MeV/c]

o

Design °

Considerations
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COMET: Phase-l

Section

ﬂ Pion Capture

Goals of Phase-I|

¢ Understand production system

¢ Understand bent solenoid dynamics
® Prototype the detector

® Measurement of background sources
e u-e conversion search at: 3 x 107*°

StrECAL

ahlilililililikil
o o o o o o o o

[

Detector
Section
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BaCI(g rOU ndS From Phase-| From Phase-l|

TDR (2014) CDR (2009)

Type  Background Predicted number of events per run
Phase-I [5] Phase-II [3]

Intrinsic Muon Decay-in-Orbit 0.01 0.15
Radiative Muon Capture 0.00056 < 0.001
pu~ Capture w/ n Emission < 0.001 < 0.001
pu~ Capture w/ Charged Part. Emission < 0.001 < 0.001
Prompt Radiative Pion Capture 0.00023 0.05
Beam Electrons 0.00083 <0.1*
Muon Decay in Flight < 0.0002 < 0.0002
Pion Decay in Flight < 0.00023 < 0.0001
Neutron Induced — 0.024
Other beam induced B.G. <28x107® —
Delayed Delayed Radiative Pion Capture 0.002
Anti-proton Induced . 0.007
Other delayed B.G. -
Cosmic Cosmic Ray Muons — 0.002
Electrons from Cosmic Ray Muons < 0.0001 0.002

Total background 0.019 0.34
Signal (Assuming B = 1 x 10~%) 0.31 3.8

Assumed extinction factors: Run times:
Phase-|: 1011 Phase-I: 110 days

Phase-Il: 10 (to be updated) Phase-ll: 1 year
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COMET Phase-I, Status
and R&D
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StrECAL Detector

Straw Tracker + ECAL

o Phase-I| Detector prototype

oUsed to characterise beam in Phase-|
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Straw Tracker

O Phase-| Straw Design
oBased on NA62 Straws
with single seam weld
oUsing same production
technique _.
© 20 micron aluminised mylar /A
09.8 mm diameter tubes '

o Phase-ll possibilities:
05 mm diameter
012 micron Al-mylar

o Status
o Phase-| production finished (2500 straws)

0 Aging tests, resolution studies underway
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E C A L StrECAL Trigger and Energy Measurement for PID

Event Sample (105 MeV/c runs)
GSO . _LYso

sl gion i ) 1 | - | | | | | —— == e e

LYSO is clearer than GSO.
Amp. gain 1/4 in LY SO runs to compensate light yield difference.)

02272 LYSO Crystals
OoDimensions: 2x2x12 cm

oStatus:
oCrystal purchasing on-going
O Test bench being built
OBeam tests for resolution studies,
PID and DAQ underway
oCalibration system being designed |
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Cylindrical Detector (CyDet)

Phase-I Physics Measurement

Drift
chamber

Trigger
hodoscopes

O
i
—l
o
(3]
%
0 2
O Only accept particles with momentum greater than 60 MeV/c w
O Avoids beam flash and most electrons from bound muon g
decay E
° S
ectron ener e
O Low material budget improves resolution 4
O All stereo wires to recover Z information Electrons from Bound Muon Decay
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Cylindrical Drift Chamber (CDC)

The COMET Experiment, 9 Mar. 2016

020 layers with
alternating stereo
angles of *4°

020,000 wires total

OFully strung as of
November 2015

OoWire tension checking

46
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s

Facility Status and Beamline

o1l

!/

i S

O Building and hall completed

O Phase-| bent solenoid built and installed

? Wi ol < L dpm
" :1“: | -’% ; o ‘A\ h“- ee A ?’ QA i
[ .4 * .;’ Rl ™ % ‘% Y 'o: e T -‘1‘\ =
X A SIS December
January 2015 |

2015
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Schedule and Collaboration

Japanese Fiscal 54,5 5016 2017 2018 2019 2020 2021

Year
COMET Beamline _
Construction
Phase-I
Data
Construction
Phase-lI|

Data

14 Countries
32 institutes
177 participants
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Summary

Muon-to—-electron
conversion is a strong probe
of new physics

COMET's staged approach and
unique design makes it highly
sensitive to this process

Development and construction
are well under way

The COMET Experiment, 9 Mar. 2016

COMET Phase-l|

2018

Sensitivity < 3 X 1071
110 days

3.2 kW proton beam

COMET Phase-ll

2021

Sensitivity < 3 X 10_17
1 Year

56 kW proton beam
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Back-ups
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Muon to Electron Conversion

via Neutrino Oscillation

All diagrams involving Neutrino Oscillations

o Cancellations, coherences, form factors
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Why an Aluminium Target?

Lifetime of Muonic Atom for Different Materials Branching Fraction for Muon Decay and Capture as a Function of Z
1.0p%s

=
o
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= Capture
x—x  Decay

Lifetimes (us)
=
O»—-
Branching Fraction

Approx. COMET
Beam Flash Duration

40 50 60 o 60 70 80
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E binding
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Based at Fermilab, Chicago

Similar production system

S-shaped bent solenoids

Cylindrically arranged straw tracker + ECAL
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Mu2e vs COMET

OCOMET has tunable dipole fields
OCan select during running which momenta are accepted

OCOMET has a staged approach
OWill understand beamline and detector systems at Phase-Il thanks to Phase-
| knowledge
OUncertainty on Pion yield at production target
OMu2e will also be able to use COMET Phase-| knowledge

ONo line-of-sight between COMET Phase-Il detector and stopping target
ONeutral particles are much less of a concern
OSeparation of low to high momentum electrons

OCOMET runs at a higher beam power
O 1 year to achieve same sensitivity

OMu2e can run simultaneously to g-2 and other experiments
OCOMET uses dedicated accelerator mode so other experiments (eg. T2K /
T2HK) wouldn't run
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Production Target
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Muon Beam: Bent Solenoid Drifts

2 1,2
D L /p; + 5D;
* Helical centres follow cylindrical fieldlines O qB n
= Pseudo-electric field radially = ExB drift
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Muon Beam Height

For Three Different Dipole 1 & Dipole 2 Values

No Dipole

No Dipoles

L _1
2200
Beamling Posibon {mm}

I |
14000

0.11T Dipole

L 1 L L L -1
20000 2200
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Muon Beam Dipole Optimsation
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Signal Acceptance Along Beam Axis for Different Dipole Field Strengths
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Energy Losses Before The Detector
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Simulating COMET
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Backgrounds at Phase-l|

Looking for a rare process:
O A single event if conversion per capture at least: 10_17

Need many muons:
oStopped muons: 1 x 10'° muons
oProtons needed: 2 « 1(?? protons

And fewer than 1 background event

= Want to understand behaviour of 1 electron coming
from 20 quintillion protons

= What things can fake that signal?
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Accurate and Efficient Simulation

o
oGeometry

OMagnetic Field

OPhysics models
OHadron production with 8 GeV in backwards direction from Tungsten (and
Graphite)
OPhysics of stopped muons

O

OResampling algorithms
o
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Geometry

oDetailed detector and beamline description

oFull experimental hall design for Cosmic Ray studies
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Fieldmap
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Custom Physics Models

—4—— Input Digitised Czarnecki Spectrum
SimG4 Qutput

Original SimG4 Qutput

Geant4

—4—— Input Digitised Czarnecki Spectrum

Czarnecki et SimG4 Output

Original SimG4 Output
a0l e
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al. 2011
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AlCap data

x10
0

Kinetic Energy (MeV)

| |
n L 0 % KineticEnergy (MeV)

The COMET Experiment, 9 Mar. 2016 Ben Krikler: bekO7@imperial.ac.uk




Fieldmap (G4Beamline)

Magnitude of field through (5500, 0, 2000)

ONo field in
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ICEDUST SimG4 Idealised (2015) Phase-I|
Toshiba Opera (2011) Phase-Il
Mixed Toshiba, COMET Coll. Tosca (2015) Phase-|
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Custom Muon Physics Implementation

G4HadronicStoppingProcess G4HadronicInteraction (EM-Cascade)

A

G4HadronicInteraction
(Nuclear Capture Models)

G4Cascadelnterface (Bertini Cascade)

G4Hadroniclnteraction (Bound Decay)

i

COMETStoppedMuonProcesses COMETMuonMinusBoundDecayOrConversion COMETMuonMinusCapture

COMETVSpectrum

DigitisedPDF

i

Czarnecki et al. 2011 AlCap Proton Spectrum
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Decay-in—-Orbit Spectrum

Overlay of the Czarnecki spectrum and the spectrum repraduced in SimG4 Overlay of the Czarnecki spectrum and the spectrum reproduced in SimG4

—#—— Input Digitised Czarnecki Spectrum
SimG4 Output

Original SimG4 Output

Linear

Input Digitised Czarnecki Spectrum
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Original SimG4 Output
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Proton Emission Following Muon Capture
AlLCap Result

Sampling of spectrum: MuCaptureAlCap2013Protons Sampling of spectrum: MuCaptureAlCap2013Protons

&

—— Spectrum From Alcap R13
—— SimG4 Spectrum
—— Geant4 v10.0.p2
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The AlCap Measurement

Right Silicon
Detector Target Muon

Vacuum Pump : i\ " ' /| Triggers:
. g ’ i - J/ MuSc, MuPC
- v i ! . . N

Muon Veto

Scintillator
30 MeV/c,

3-6 KHz

Ll e » 1y
" = A\
: T 3 Collimator
Germanium

Neutron Detector Left Silicon Detector
(Out-of-image) Detector

O 3 Runs at PSI:

O COMET: O Mu2e

O Osaka University O Argonne NL 02013 for charged particles
O IHEP China =) Eesion Uity 0 2015a for neutral particles
O Imperial College London O BNL .
O University College London @ INFN 02015b for charged particles
O Fermilab
O Univ. of Houston
O Univ. of Washington
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AlCap Work Packages

o\WP1: Charged Particle emission after Muon Capture
O Rate and spectrum with precision 5-10% down to 2.5 MeV
o Dominant rate in tracker for Mu2e and COMET Phase-|

oWP2: X-ray and Gamma Emission after Muon Capture
o X-ray and gamma ray for normalization (by Ge detector),
radiative muon decay (by Nal detector)

o\WP3: Neutron Emission after Muon Capture
oRate and spectrum from 1 MeV up to 10 MeV
OBG for calorimeters and cosmic-ray veto, damage to electronics

Run1(2013) Run2(2015) Run 3 (2015)

WP1 and WP2 WP2 and WP3 WP1 and WP2
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Run-1: Setup

Vacuum Pump N ,\
: N AR

Right Silicon
Detector Target Muon

/| Triggers:
MuSc, MuPC

Lead Shielding ®

Muon Veto
Scintillator

v

30 MeV/c,

3-6 KHz
s - Collimator
o - Germanium
Neutron Detector Left Silicon Detector
(Out-of-image) Detector
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Run-1: Setup

Right Silicon
Detector Target Muon
Vacuum Pump Triggers:
MuSc, MuPC

Lead Shielding

Muon Veto

Scintillator
30 MeV/c,

o=

3-6 KHz

J i\ Collimator
__ Germanium

Neutron Detector Left Silicon Detector

(Out-of-image) Detector
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Run-1: Setyq

>

Punch-through
Scintillator veto

Vacuum Pump , .- e | NiCK Silicon (1.5 mm)
Thin Silicon (58 um) &
Lead Shielding

Muon Veto

Scintillator
30 MeV/c,

3-6 KHz

J i\ Collimator
Germanium

Neutron Detector Left Silicon Detector

(Out-of-image) Detector
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Run-1: Datasets

Beam Momentum Number of Muons

Target (x28 MeV/c) (x107) Comments

1.32 2.78 Active Target
Si (1500 pm) 1.30 28.9 Cross check with

1.10 13.7 existing Si data

Si (62 Jum) 1.06 1.72 Passive Target
1.09 29.4

Al (100 m)

1.07 4.99

Al (50 um) 1.07 88.1
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Number of Stopped Muons

— Prompt (|At| < 500ns)

O Germanium detector Outof Time (500ns < a1 < 51s)

—— Far Out of Time (|At| > 5us)

O X-rays from muon electromagnetic
cascade to 1s orbital

O Muon selection criteria
O Incoming muon cuts
O Muon scintillator energy
O Muon pile-up protection SmE
O Prompt X-rays (<500ns)

OFit 2p-1s peak at 347 KeV
O Gaussian
O Background:
O Linear baseline
O Second Gaussian for nearby Pb/Tl

capture peak = Fit: Double Gaussian +
linear baseline
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Charged Particle Measurement

|dentification of Stopped
Particle Species using Thin
and Thick energy deposits:

dE
Ethin = —— Az
4000 8000 12000 16000 20000 1
Ernin + EThick (KeV) EThin + EThick = ETotal
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Charged Particle Measurement

O Hit selection criteria:

O Time of hit > 100 ns since muon (removes
scattered muons, lead capture products)

O PID cut
O Geometric

O Probability based on Monte Carlo

Raw observed spectra (Al50)

— SIR
— SiL

[
}D 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Energy [lkeV]
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First Tentative Signs?

oHiggs to Tau-mu

ol epton non-universality:
oMuon G-2
oLamb shift in muonic hydrogen

oRatio of BR(Bs — pp)/BR(Bs — ee)

oAngular distribution in  B® — K*uu
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