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Muon-to-Electron Conversion

The COMET Experiment
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Charged Lepton Flavour 

Violation
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Muon Decay

ConservationiofiLeptoniFlavour:
1imuonii1imuon-neutrinoi→

0ielectronsiii1ielectroni+i1iantiielectron-neutrino→
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Muon Decay + Neutrino Oscillations

1imuonii1ielectron→

Noioutgoingineutrinos

BUT:iwouldinoticonserveienergyiandi

momentum
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i

Noioutgoingineutrinos

Atomicinucleus:iconserveienergyiandimomentum

ViolatesiconservationiofiChargediLeptoniFlavouri

Muon-to-Electron Conversion 
via Neutrino Oscillations
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Muon-to-Electron Conversion 
via Neutrino Oscillations

GIMiSuppressed
Conversion 
Rate:

Heavily suppressed in the SM:

Neutrinoimass-mixingiiGIMi→

suppression

Low-momentumitransferi
compareditoimassiofiWiboson
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PredictediinimanyiBeyondithei

StandardiModelitheories

Rateiisimodelidependentibutionlyi

constrainedibyidirectiCLFVi

searches

Muon to Electron Conversion 
Beyond the Standard Model

Currenti
limits:
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PredictediinimanyiBeyondithei

StandardiModelitheories

Rateiisimodelidependentibutionlyi

constrainedibyidirectiCLFVi

searches

Muon to Electron Conversion 
Beyond the Standard Model

Newiphysicsicouplesitoi

quarksiviainewiheavyi

exchangeiparticlei

4-Fermi Contact term

Newiphysicsicouplesitoi

quarksiviaiaiphoton:

Photonic term

Currenti
limits:
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Relativeisensitivityiini-eiconversioniandi eigammaiisiveryimodelidependentμ μ→

Highlyicomplementaryisearchesibetweeni eigammaiandi-eiconversionμ→ μ

μ→e gamma vs μ-e conversion

Four-Fermi Contact Photonic

What is the new physics like?
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Relativeisensitivityiini-eiconversioniandi eigammaiisiveryimodelidependentμ μ→

Highlyicomplementaryisearchesibetweeni eigammaiandi-eiconversionμ→ μ

μ→e gamma vs μ-e conversion

Four-Fermi Contact Photonic

What is the new physics like?

What is 
being 
measured?

μ e gamma →

μ-e conversion



TheiCOMETiExperiment,i24iMayi'17 BeniKrikler:ib.krikler@bristol.ac.uk12

Relativeisensitivityiini-eiconversioniandi eigammaiisiveryimodelidependentμ μ→

Highlyicomplementaryisearchesibetweeni eigammaiandi-eiconversionμ→ μ

μ→e gamma vs μ-e conversion

Four-Fermi Contact Photonic

What is the new physics like?

What is 
being 
measured?

μ e gamma →

μ-e conversion
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Relativeisensitivityiini-eiconversioniandi eigammaiisiveryimodelidependentμ μ→

Highlyicomplementaryisearchesibetweeni eigammaiandi-eiconversionμ→ μ

μ→e gamma vs μ-e conversion

Four-Fermi Contact Photonic

What is the new physics like?

What is 
being 
measured?

μ e gamma →

μ-e conversion

      =1/137
Fine 

structure 
constant, 
extra  
vertex 
needed
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μ e gamma vs → μ-e conversion
InirealityiNewiPhysicsiwillinotibei

oneioritheiotheributisomewhereiini

between.

Useiaitoyilagrangianitoistudyi

sensitivity:

Sensitiveitoienergyiscalesiaifewi

ordersiofimagnitudeiaboveidirecti

searches
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CLFV: Beyond mu-e conversion
Currentisearchesirelateditoimuon-to-electroniconversion:

Someitentativeisignsiofinewiphysicsiamongstichargedileptons:

SeveralianomaliesiatiLHCbiandiB-factories

Muonig-2ianomaly

Protoniradiusipuzzle

ChargediLeptoniFlavouriViolationiexperimentsihelpitoiunderstand:
Theineutrinoimassigenerationimechanism,itheiscaleiofitheiactivei

neutrinoimassesianditheipossibilityiofiheavyisterileineutrinosi

Baryoniassymmetryiinitheiuniversei[Deppischietial.iPRDi92,i036005]

LeptoniuniversalityiinitheiSMi[Glashowietial.iPRLi114i(2015)i091801]

TheivalidityiofiMinimaliFlavouriViolationiiniBSMimodels?

MuoniumioscillationMuonitoielectroni
+igamma

Muonitoithreei
electrons
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The Muon-to-electron 

Conversion Process
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Muon to Electron Conversion

ChargediLeptoniFlavouri
Violation:

Onialuminium,iusedibyiCOMET:

 

Requireithatinucleusiisi

unchanged:
coherent terms dominate
conversion rate grows with number of nucleons
fixes the kinematics:

Underlying process

Ground state muonic atom

Beam stopped in a target
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Bound Muons

MuoniNucleariCapture

Electromagneticicascadeitoithei
groundistateiorbital

BoundiMuoniDecay

MuonitoiElectroniConversion

 

Standard 
Model 

Processes

inialuminium

in aluminium

iiii=i864insi
inialuminium

Typicallyidefineitheiconversionirateias:

CurrentilimitifromiSINDRUM-II

i(90%iC.L)ioniGold:

90%iC.Liinigold
(SINDRUM-II,i2006)
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Bound Muon Decay

Maximumienergyiforielectronsifromifreei

muonidecayi=iHalfiofimuonimassi=i55iMeV

Boundidecayiaroundinucleus:
End-pointicloseitoimuonimass

Veryisteeplyifallingispectrumiabovei55iMeV

Theoreticaliuncertaintyionispectrumifromi

initialimuoniwavefunction

Noiaccurateimeasurementiatitheiendi

point

Czarneckiietial.i2011iDOI:i10.1103/PhysRevD.84.013006

HighiEnergyitailiupitoi

μ-eiconversionisignali
energyi(105iMeV)

BoundimuonidecayFreeimuonidecay

1

Freeimuonidecayi

endipoint

Boundimuoni
decayiendipoint

0 20 40 60 80 100
Electron energy (MeV)

0 20 40 60 80 100
Electronienergyi(MeV)

Maximum electron energy configurations:
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Muon to Electron Conversion

Bound Decay Background

Signal (for                              )

Signal and bound decay 

spectra as seen at the 

detector

Low-energyitailiforisignalielectronsiappearsidueitoiscatteringiandienergyilossiini
targetiandidetector

Needitoibeiveryicarefuliwithienergyiresolutioniofiexperiment

AtitheisensitivityiweiwantiforiCOMETitheiend-pointiregioniofiboundimuoni
decayicouldiprovideiaicomparableiratei

Freeimuonidecayi
endipoint

Boundimuoni
decayiendipoint

0 20 40 60 80 100
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Muon Nuclear Capture
Nuclearicaptureidumpsiabouti50iMeViintoi

nucleus

Oftenifollowedibyiparticleiemission:
Photons,ineutrons

Protons,ideuterons,ialphas

ProductsiofimuonicaptureioniAluminiumiareinoti

welliknown

Haditoimeasureithisi(AlCapiexperiment)

Protoniemissionispectrumi
abovei40iMeV

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

InclusiveiEmissioniofichargedi
particlesifromicaptureionisilicon

Sobottka, Wills, PRL 1967

Protoniandialphaiemissioni
perimuonicapture

Wyttenbachietial.iNuc.iPhys.i1978
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AlCap: Aluminium Capture of Muons
A. Edmonds

JointieffortibetweeniMu2eiandiCOMET

3irunsiatiPauliScherreriInstituteifromi2013itoi2015

Studyingichargediandineutraliparticlesiemittedifollowingi

muonicaptureionialuminium

PRELIMINARY
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The COMET Experiment
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COMET:

Muon Beam

Electron 
Spectrometer

Aluminium 
Stopping 
Target

Detector

Phase-II

COherent Muon to Electron Transitions

COMETiSingle-Event-
Sensitivity:
Phase-Iii(2018)i=

Phase-IIi(2021)i=

Presentilimitsibyi
SINDRUM-IIi(2006):ii
ii i
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Signal vs. Background Rates

Single-event-sensitivity:

Wantitoiseeimu-eiconversioniwithisensitivityiaround:i
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Signal vs. Background Rates

Typicalitotalisignaliacceptanceiisiabout:

Single-event-sensitivity:

Wantitoiseeimu-eiconversioniwithisensitivityiaround:i
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Signal vs. Background Rates

Typicalitotalisignaliacceptanceiisiabout:

Toiseeiaisingleisignalielectronineeditoistopiaround:

Single-event-sensitivity:

muonsistopped

Wantitoiseeimu-eiconversioniwithisensitivityiaround:i
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Signal vs. Background Rates

Typicalitotalisignaliacceptanceiisiabout:

Toiseeiaisingleisignalielectronineeditoistopiaround:

Muonsistoppediperiproton-on-targeti(POT):

Single-event-sensitivity:

muonsistopped

muonsistopiperiPOT

Wantitoiseeimu-eiconversioniwithisensitivityiaround:i
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Signal vs. Background Rates

Typicalitotalisignaliacceptanceiisiabout:

Toiseeiaisingleisignalielectronineeditoistopiaround:

Muonsistoppediperiproton-on-targeti(POT):

Necessaryiprotons-on-targetiduringiPhase-II:

Single-event-sensitivity:

muonsistopped

muonsistopiperiPOT

POT

Wantitoiseeimu-eiconversioniwithisensitivityiaround:i
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Signal vs. Background Rates

Typicalitotalisignaliacceptanceiisiabout:

Toiseeiaisingleisignalielectronineeditoistopiaround:

Muonsistoppediperiproton-on-targeti(POT):

Necessaryiprotons-on-targetiduringiPhase-II:

Toibeiconfidentianiobservedieventiisisignalithei
backgroundirateimustibeimuchilower

Single-event-sensitivity:

muonsistopped

muonsistopiperiPOT

POT

Wantitoiseeimu-eiconversioniwithisensitivityiaround:i
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… which is like trying to find 
a single grain of sand 

amongst all grains on earth
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The COMET ExperimentPhase-II

Stopping

Target

ElectronsMuons



TheiCOMETiExperiment,i24iMayi'17 BeniKrikler:ib.krikler@bristol.ac.uk34

The COMET ExperimentPhase-II

Stopping

Target
Protons

Production 

Target

ElectronsMuons

Pions

Generate muon beam:
Protonibeamihittingiaitarget

Producesipions,iwhichidecayitoimuons

Detector around the stopping target
Largeisignaliacceptance
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The COMET ExperimentPhase-II

SINDRUM-II Experiment
Currentilimitioni
mu-eiconversion:
Usediaileaditarget

Backgrounds dominated by pions in the beam 
and cosmic rays

DOI:ii10.1140/epjc/s2006-02582-x

Stopping

Target
Protons

Production 

Target

ElectronsMuons

Pions
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The COMET ExperimentPhase-II

Detector  

Section

Electron  

Spectrometer

Stopping  

Target
Protons

Electrons

Muons

Pions

Production 

Target

Bent solenoid between stopping target and 
detector
Removeiline-of-sight
Reduceitheihitirateifromilow-energyielectrons
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The COMET ExperimentPhase-II

Detector  

Section

Electron  

Spectrometer

Stopping  

Target
Protons

Electrons

Muons

Pions

Production 

Target

M
a
g
n
it
u
d
e
 o
f 
m
a
g
n
e
ti
c 
f
e
ld
 (
T
)

Bent solenoid between stopping target and 
detector
Removeiline-of-sight
Reduceitheihitirateifromilow-energyielectrons
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● Radialigradientiini
magneticifield

● Cylindricalifieldilines

● Linear feld lines
● Uniform B feld

Circular motion 

about feld lines

Circularimotioni

aboutiaidriftingi

centre:

Bent Solenoid Drifts

● UniformiBifield
● Linearifieldilines

Circularimotioni

parallelito

fieldilines

View from above 
solenoid:

Looking into the 
solenoid:

Which both cause particles 
to drift out of the plane that 
the solenoid is bent in.
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Bent solenoids + Dipole
Aicorrectingidipoleifieldiallowsiusitoiselectithei

momentumithatiremainsioniaxis.iiEg.i105iMeV/c:

Noi

Dipole

Y

Z X

SimulationiofiSignaliElectronsi(105iMeV/c)icomingifromitheistoppingitarget.ii

Noidipole:iSignalielectronsidriftiupwardsiandihititheibeamipipe.iiVeryilowienergyi
secondaryielectronsiremainioniaxisihowever.
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Bent solenoids + Dipole
Aicorrectingidipoleifieldiallowsiusitoiselectithei

momentumithatiremainsioniaxis.iiEg.i105iMeV/c:

Noi

Dipole

-0.22iTi

Dipole

Y

Z X

SimulationiofiSignaliElectronsi(105iMeV/c)icomingifromitheistoppingitarget.ii

Noidipole:iSignalielectronsidriftiupwardsiandihititheibeamipipe.iiVeryilowienergyi
secondaryielectronsiremainioniaxisihowever.

Optimisedidipole:iSignalielectronsiremainioniaxis,ilowienergyielectronsiremoved

Stopping Target Electron Spectrometer Detector
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Removing Low-energy 
Electrons

Electron 
Spectrometer

Stopping Target 
Section

Detector 
Solenoid

Bent solenoidal field separates electrons 
depending on their momentum

Each line shows envelope for electrons of 
different momenta

Mean height of electrons drift 
proportional to momentum

C
za
rn
e
c
k
i 
e
t 
a
l.
 P
R
D
 8
4
 2
0
1
1

Energy of 
electrons 
from Bound 
Muon Decay

0 20 40 60 80 100
Electron energy (MeV)
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Detector  

Section

Electron  

Spectrometer

Stopping  

Target
Protons

Electrons

Muons

Pions

Production 

Target

The COMET ExperimentPhase-II

Bent solenoid between stopping target and 
detector
Removeiline-of-sight
Reduceitheihitirateifromilow-energyielectrons
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The COMET ExperimentPhase-II

Detector  

Section

Electron  

Spectrometer

Stopping  

Target
Protons

Production 

Target

Electrons

Muons

Pions

Put the production target in a 
(superconducting) solenoidal field
Captureimoreipions
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The COMET ExperimentPhase-II

Detector  

Section

Electron  

Spectrometer

Stopping  

Target

Electrons

Muons

Protons

Production  

Target

Pions

Bend the muon beam transport 
solenoids
Removeihigh-momentumi
contaminants
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Bent Solenoid Drifts

Highimomentumiparticlesidriftidownimoreithanilowi

momentumiparticles

Additionalitunableidipoleifield

Caniselectiwhichimomentairemainion-axis

At Entrance Bent Solenoid At Exit of Bent Solenoid

(Geant4 Simulation)

mm
mm
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Bent Muon Transport
Removeihighimomentumimuonsiandipions

Maintainilowimomentumimuons

High Momentum Muons

Collimators Not Included

Y

Z
X

Muons Stopping 
in the Target
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Y

Z
X

Bent Muon Transport
Removeihighimomentumimuonsiandipions

Maintainilowimomentumimuons

Muons Stopping 
in the Target

High Momentum Muons

Collimators Not Included
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The COMET ExperimentPhase-II

Detector  

Section

Electron  

Spectrometer

Stopping  

Target

Electrons

Muons

Protons

Production  

Target

Pions

Bend the muon beam transport 
solenoids
Removeihigh-momentumi
contaminants
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The COMET ExperimentPhase-II

Detector  

Section

Electron  

Spectrometer

Stopping  

Target

Electrons

Muons

Protons

Production 

Target

Pions

Use the backwards-going pions
Reducesitheihigh-momentumi
pioniyield



TheiCOMETiExperiment,i24iMayi'17 BeniKrikler:ib.krikler@bristol.ac.uk50

Backwards Going Pions

Diff.iCrossisectioni
fori-veipioni
productioniwithi10i
GeViprotonsioni
Tantalum

Backwardsigoingi
pionsihaveimuchi
lowerimomentum

D. Artmutliski et al., Sov. J. Nucl. Phys. 48, 161 

(1988), Prep. JINR P1-91-191 (1991).
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The COMET ExperimentPhase-II

Bent solenoids 

+ compensating 

dipole fields 

+ collimators 

= Momentum and 

charge selection

5 T Superconducting 

Solenoidal Field 

Around Target

Capture backwards going pions 

Bent solenoids 

+ compensating 

dipole fields 

+ collimators 

= Momentum and 

charge selection

Straw Tracker + Crystal ECAL 

 Detector:  0.2%  mom. 

resolution at 105 MeV/c

Magnetic mirror to catch 

backwards going signal

8 GeV proton 

beam at 56 kW
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COMET at J-PARC in Japan

COMET
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Stopping Target Choice

B
a
se
d
 o
n
 p
a
ra
m
e
trisa
tio
n
 in
 G
e
a
n
t4
 v
1
0
.2

Coherentiμ-eiconversioniprocessifavoursihigh-Zitarget

Longisignalilifetimeifavoursilow-Zitarget

COMET SINDRUM-II



TheiCOMETiExperiment,i24iMayi'17 BeniKrikler:ib.krikler@bristol.ac.uk54

MuonilifetimeioniAluminium:i864ins

Pulsedibeamiremovesibeam-relatedibackgrounds,itypicallyiupitoi200ins

Fewiprotonsibetweenipulsesiasipossible:
Extinctionifactor:i

Originallyiaimingifori10-9

Diamondidetectoritoimeasureiextinctioniduringirunning

Protons bunch 
arrives

Beam flash in 
detector

Pulsed Beam and Timing Information
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Pulsed Beam and Timing Information

Haveiachievedi10-12

Measurediextinctionifactorifori
8iGeViprotonsivs.ikickeriRFivoltage Diamond-based 

extinction monitor

MuonilifetimeioniAluminium:i864ins

Pulsedibeamiremovesibeam-relatedibackgrounds,itypicallyiupitoi200ins

Fewiprotonsibetweenipulsesiasipossible:
Extinctionifactor:i

Originallyiaimingifori10-9

Diamondidetectoritoimeasureiextinctioniduringirunning
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Predicted Backgrounds

Extinction factor: 10-11 

Resolution: 200 keV/c

Phase-I: 150 days

Phase-II: 1 year
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Phase-I Status and 

Schedule
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Pion Capture  
Section

Detector  
Section

Pions
Production 

Target

Protons

Muons

CyDetStrECAL

Goals of Phase-I
Understandiproductionisystem

Understandibentisolenoididynamics

Prototypeitheidetector

Measurementiofibackgroundisources

μ-eiconversionisearchiat:i

COMET: Phase-I



TheiCOMETiExperiment,i24iMayi'17 BeniKrikler:ib.krikler@bristol.ac.uk59

CDC Resolution plots

Cylindrical Detector (CyDet)

CylindricaliDriftiChamberi(CDC)itriggeredifromihodoscopesi

madeiofiCherenkovicountersiandiplasticiscintillators

60icmiinneriradius
Onlyiacceptiparticlesiwithimomentumigreaterithani60iMeV/c

Avoidsibeamiflashiandimostielectronsifromiboundimuoni

decay

Momentumimeasurementiusingidriftichamber
Lowimaterialibudgetiimprovesiresolution

AllistereoiwiresitoirecoveriZiinformation
Electrons from Bound Muon Decay

Phase-I Physics Measurement 

Stopping 

Target

Trigger

hodoscopes

C
za
rn
e
c
k
i 
e
t 
a
l.
 P
R
D
 8
4
 2
0
1
1

0 20 40 60 80 100
Electron energy (MeV)

Drift 
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Cylindrical Drift Chamber (CDC)

20ilayersiwithialternatingistereoianglesiofi±4°

20,000iwiresitotal
Abouti5000isenseiwires

FullyistrungiasiofiNovemberi2015
Wireitensionsitestediwithiresonance-basediwireitensioni

checkingi

CDCicompletediiniJulyi2016iwithiinstallationiofiinneriwall

Reconstructionisoftwareibeingifinalised

Cosmiciandibeamitestsitoioptimiseigasichoiceiandistudyi

resolutioniandidriftitime
Achievedithei200ikeV/ciresolution

Wire Stringing

Wire 

Tension 

Quality 

Control

Inner Wall 

Installed, CDC 

Complete
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Tracking with Machine Learning
Ewen Gillies, Imperial College

GBDT with 

Local  features 

& hough transform 

output: Final Hit 

Selection

Reweight 

Track Centres, 

inverse Hough 

transform

GBDT with 

local features: 

Hit classification

Hough 

Transform: Find 

track centres
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Tracking with Machine Learning

Keepi98.5%iofihitsidueitoisignal,iwhileiremovingi98%iofibackgroundihits

Typicalieventsihavei15%ioccupancyibuticanibeiupitoi30%

Feedsiinitoimulti-turnitrackifittingibasedioniGenfit2

Onlineitrack-triggeriinidevelopment,ibasedionithis

Coarseienergyi(wirei+iL/Rineighbours),iboardiIDiiLook-upitable→
BonsaiiDecisionitreei(ie.iailook-upitable)
Eventiclassifieriusingiweightedisumsiofiallihiticlassifierioutputs

EOC curve for offline track finding

Ewen Gillies, 

Imperial College
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StrECAL Detector
Straw Tracker + ECAL

Phase-IIiDetectoriprototype

UseditoicharacteriseibeamiiniPhase-I

Joint StrECAL 
prototype beam test
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Straw Tracker
Phase-IiStrawiDesign

BasedioniNA62iStrawsi

withisingleiseamiweld

20imicronialuminisedimylar

9.8immidiameteritubes

Phase-IIipossibilities:

5immidiameter

12imicroniAl-mylar

Status

Phase-Iiproductioni

finishedi(2500istraws)

Agingiandivacuumi

testsiatiKEK

Resolutionistudiesifromi

beamitestsibetterithani200imicroni

resolutioniacrossistraw
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LYSO Crystal Calorimeter

2272iLYSOiCrystals
Dimensions:i2x2x12icm

Status:
Crystalipurchasingion-going

Testibenchibeingibuilt

Beamitestsiforiresolutioni

studies,iPIDiandiDAQiunderway

Calibrationisystemibeingi

designed

Beam test setup 

for resolution 

study



TheiCOMETiExperiment,i24iMayi'17 BeniKrikler:ib.krikler@bristol.ac.uk66

Facility Status and Beamline

October 

2014

March 

2015

January 2015

March 

2016

March 

2016

Building and hall completed
Phase-I bent solenoid built and installed, remaining solenoids nearly finished
Proton beamline being commissioned

November 2016
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Schedule and Collaboration
Japanese Fiscal

Year
2015 2016 2017 2018 2019 2020 2021

COMET Proton Beamline

Phase-I
Construction

Data

Phase-II
Construction

Data

15iCountries,i33iinstitutes
180iparticipants
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Summary 

 

Muon-to-electroniconversioniisi
aistrongiprobeiofinewiphysics

(1 of 3)
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Summary

3m

Pion Capture  

Section

Detector  

Section

Pion Decay and  

Muon Transport Section

Stopping 

Target
Muons

Pions

Production 

Target

Protons

Electrons

Pion Capture  
Section

Detector  
Section

Pions
Production 

Target

Protons

Muons

Muon-to-electroniconversioniisi
aistrongiprobeiofinewiphysics

COMET'sistagediapproachiandi
uniqueidesignimakesiitihighlyi
sensitiveitoithisiprocess

COMET Phase-I
2018,ifori150idays

Sensitivityi<i

COMET Phase-II
2021,ifori1iyear

Sensitivityi<i

(2 of 3)
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Summary
Muon-to-electroniconversioniisi
aistrongiprobeiofinewiphysics

COMET'sistagediapproachiandi
uniqueidesignimakesiitihighlyi
sensitiveitoithisiprocess

Developmentiandiconstructioni
areiwelliunderiway

COMET Phase-I
2018,ifori150idays

Sensitivityi<i

COMET Phase-II
2021,ifori1iyear

Sensitivityi<i
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