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Muon Expts
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Motivation

SEESAW	MECHANISM

BARYON	ASYMMETRY

LEPTON	ASYMMETRY

100	GeV TO	GUT	SCALE
HEAVY	MAJORANA	υ LIGHT	υ

υ OSCILLATION	EXPTSLHC	SEARCHES
0υββ	EXPERIMENTS

CHARGED	LEPTON	EXPTS

Decay

Sphaleron Interactions

Need all 4 types of experiment
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Motivation

arxiV:1012.1834

�1,�2, �1, �2 symmetry breaking parameters
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Motivation
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Observations
Principal observations being sought are:

- lepton flavour violation (LFV) 
- lepton number violation (LNV)
- lepton universality violation

Muon	Expts LHCb/BaBar/Belle Kaon/Pion	Expts

K ! ⇡µe, ⇡ee, ⇡µµ

⇡/K ! e⌫/µ⌫

LHC	GPD	Expts
h ! µ⌧

Z ! eµ

pp ! lljj

At FNAL, J-PARC, KEK, CERN, PSI, TRIUMF

0νββ	Expts

N ! ee
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ATLAS/CMS : LFV

implied < 1 x 10-8 by MEGh ! µe µ ! e�

< 7.5 (7.3) x 10-7 : ATLAS (CMS)Z ! µe

µ ! 3e
Now surpasses LEP but implied limit from SINDRUM 
is 5 x 10-13 from

h ! µ⌧ < 1.51 (1.43) x 10-2 : CMS (ATLAS)
0.84 +/- 0.4% : CMS 
0.53 +/- 0.51% : ATLAS
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ATLAS/CMS : LFV

In H(µτ) these FV Yukawa 
coupling limits are 
stronger than from 

dedicated LFV τ decay 
searches.
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Why Muons ?

Not the case for H(µe) 
where muon LFV 
experiments have 
much stronger limits.

e.g.	Mu2e	will	be	sensitive	to	BR	(																			)		of	10-10	 (	vs	O(10-2)	at	LHC	)
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Phys.	Rev.	D	91,	033007	(2015)

Why Muons ? 

µ
!

e�

Current ⌧ ! e�

⌧ ! e� at 10�12

Taus though probe the “13” mixing  : Is the 3rd generation peculiar ?
We need all measurements !!

µ ! e� reach

limit is 3.3 x 10-8 and expected to reach 10-9

at Belle-2/LHCb. Similarly for ⌧ ! 3µ

Mass scaling of µ ! e�
implies < O(10-11) for ⌧
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Lepton Universality

Combined significance > 3σ
for the D/τ measurements

No deviation in e:µ comparison
in π/K measurements.
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The quiet anomaly

A 7.9σ discrepancy in proton radius measured from “ep” scattering 
+hydrogen spectroscopy vs muonic hydrogen spectroscopy by 
CREMA
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Possible explanations
- unexpected QCD corrections in muonic-H (2γ, polarisation) 
- error in determination of radius from atomic-H (Q2, model dep.)
- new physics (not changing muon g-2)

New data (see arxiv 1509.03235)
in next 1-3 years.

- CREMA measurements of muonic-D
being analysed now.

- µp vs ep in same experiment (MUSE)
- very low Q2 ep (PRAD@JLAB)
- new atomic-H spectroscopy from

MPI (2s-4p) and LKB (1s-3s)
- low Q2 form factors from ISR MAMI 

data

MUSE@PSI Experiment
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Muon LFV Experiments

Statistics far exceeds that from τ & LFV Z/h decays at LHC

O(104) 
improvement 
driven by new 
technology
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$1B of Muon Experiments

COMET
(g-2)
DeeMe

J-PARC

(g-2)
Mu2e

FNAL

MEG
Mu3e

PSI
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Why CLFV ?

SM	is	O(10-50)

Observation	IS new	physics

No	SM	theory	systematic
How	far	we	can	probe	is	limited	by	experiment
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Experimental Technique

Production	 Target Stopping	Target
aka	THE	TARGET

Muonic Atom	Formed
and	DecaysProton	Beam

Detector

Apply	symmetries,	 translations,	rotations,	…..	

µπ

µ
e±, �
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Current State Of The Art

PSI	(Zurich/Switzerland)	Facility

3x107 “stopped”	μ+/sec

1.2	MW	(590	MeV)	proton	beam
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MEG Experiment
MEG	present	 limit	on	μèeγ is	4x10-13.	It	is	aiming	to	get	to	5x10-14

Signal Accidental	BackgroundPrompt	Background

Eγ =	Ee+ =	52.8	MeV
θγe =	1800
γ and	e+	in	time

RA
DI
AT

IV
E	D

EC
AY
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MEG Experiment

Liquid	Xe calorimeter

γ
Drift	Chamber

Timing	Chamber
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MEG Sensitivity determined by
- #	of	stopped	muons	:	accelerator	driven	
- Resolution in	e+ and	photon	energy	and	angle,	time	between	them
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MEG-II

- New higher acceptance/efficiency
detectors with x2 better resolution

- x2 beam intensity

LXe

Drift ChamberTiming Counters
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MEG-II
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MEG-II

Improved efficiency, acceptance, resolution, uniformity

2mm resolution in calorimeter
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MEG-II
Timing counters : tested
already in beam.

x10
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Current	state	of	the	art	is	1988		with	limit	@	10-12

Given	MEG	results		(@	10-13)	this	only	begins	to	get	interesting	at	10-14	
(e.g LHT	models)	and	the	aim	is	to	get	to	10-16 with	Mu3e	@	PSI

Sindrum-I	@	PSI
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Same	issues	as	μèeγ
- accidental/pile-up	backgrounds	:	(Rμ/D)2	– so	DC	beam	required.

- irreducible	background	:	Rμ

As	with	μèeγ the	solution	 is	resolution,	resolution,	 resolution…

Two	μ+	decays	and	fake	e- (Bhaba scattering,	γ conversion)
Issue	as	go	to	v.	high	rates

Dominant

BR	=	3x10-5

μ+

υ

e+

e+
e-γ

W+

υ
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Background	for		109	μ/sec

Hollow	double	cone	target

Very	thin	silicon	sensors	for	
precision	momentum	and
vertexing

Scintillating	Fibers
for	precision	timing

Staged	detector	:	10-14	to	10-16	sensitivity

Mu3e @ PSI
Improve	MS-resolution	by	using	v.	thin	(~	50μm)	HV-MAPS	pixel	silicon	layers

σ(θ)MS	=	5	mrad (c.f.	SINDRUM-I	:	28	mrad)
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Staged Detector 2017-2023

2017-18 : 10-14 sensitivity (107 µ/s)

2019-20 : 10-15 (108 µ/s)

2020-23                                   10-16 (109 µ/s)
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MAPS tracker
25µm kapton, 50µm silicon : 0.5 MeV, 100µm resolution  

MuPix-n chip

180nm HV-CMOS 
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Timing
Scintillating tiles (SiPM) get to 100ps vs 1ns for fibers
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N

μ- e- Processes	considered	so	far	suffer,	at	the	highest	rates,
from	accidental	backgrounds	that	scale	as	R(μ)2

The	“conversion	process”	has	a	simple
one	particle	signature.	Ee ~	mμ
(>>	Ee from	free	muon	decay).

Arguably	best	route	to	highest	
sensitivity	at	high	muon	rates.

1s

Conversion	@	10-15
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DeeMe, COMET & Mu2e

Significant improvements
made possible by:

- pulsed proton beams
- advances in s/c magnets

& detector resolution

“extinction”
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COMET

3 components

1. Muon production via intense
pulsed, proton beam

2. Momentum selection of low-p
negative muons

3. Momentum selection of high-p
electrons
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Largest background is Decay In Orbit (DIO) of stopped muon. 
In atom gives electrons beyond  the free-muon 53 MeV end-point. 

Controlled	by	detector
resolution	AND	
energy	loss	prior	to
detector.

Need	FWHM	<	1	MeV

O(10-17) within 1 MeV of conversion signal.

Z

Backgrounds

- also backgrounds from anti-p, cosmics, radiative pion capture (γ)
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Extinction

EX

Extinction measured at J-PARC

Background from secondary
proton pulses in measurement
time window
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Straw Tracker Crystal Calorimeter

Stopping Target

Signal identification requires excellent resolution at high-rate 

Mu2e simulation

High Rate Environment (>1010 µ/s)
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COMET @ J-PARC
Phase-I Phase-II

cylindrical
detector for 
CLFV 
measurement

Phase-II prototype for
background characterisation



Mark Lancaster : Beauty2016 :Charged Lepton Flavour Experiments 38

COMET
Straw Tracker

Drift Chamber
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Mu2e @ FNAL
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Mu2e
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Mu2e
Both g-2 and Mu2e beamlines
from delivery ring to experimental
halls are complete
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Muon g-2
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Muon g-2

1400	
ppm

Oct 14-2015 à Jan 4, 2016

Preliminary

Field established.
Shimming will be completed
in summer

Detectors installed

Data : 2017.
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Summary

Study of charged leptons has sensitivity to BSM physics
extending and complementing the reach of the LHC.

Many new and exciting projects will take data in the next 
10 years 

- MEG-II : 2017-2019
- g-2 : 2017-2019
- Mu3e : 2017-2023
- DeeMe : 2017-21
- COMET-I : 2018-19
- Mu2e/COMET-II : 2020-23

that extend the search for CLFV by 1-4 orders of magnitude
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Backup
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ATLAS/CMS : Majorana ⌫
W ⇤

W q

l

l

q

N

LNV and LFV violating

SM + NR : “mTISM” : 
Limits : O(200) GeV

MJJ [GeV]

SM + SU(2)R : “LRSM model”
Limits : O(2-3) TeV
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Sensitivity to heavy neutrinos

Daya	Bay	=	90

MEG	2013

BaBar

hep-ph/0610439
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Muon LFV

Different	SUSY	
and	non-SUSY	
BSM	models.

W.	Altmannshofer,	et	al	Nucl.	Phys.	B	830	17	(2010)

Sensitivity	to		widest	variety	of	BSM	models.

No	sizeable	effect

Visible	but	small

Large	effects
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Process Ratios are Model Dependent

e.g.	“Littlest	Higgs	model”	with	T-parity	(LHT)

In	general	 in	BSM	models	 but	not	always…

BR	(μèeγ)

BR
	(μ

Nè
eN

)
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Need	resolution	on	ΣE	to	
1.5	MeV	to	reach	10-16

And	for	this	to	be	achieved	
in	high	rate	environment

Limit	achievable	vs cut	on	mμ - ETOT

Mu3e: Momentum Resolution
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Experimental	signature

• 2 +ve tracks,	one	–ve
• common	vertex	and	

event	time

Mu3e:Signature
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DeeMe @ J-PARC
- 3 GeV J-PARC RCS protons
- beamline and spectrometer

to select 100 MeV e-
- 4 MWPCs with Δp=0.5 MeV 

MWPC

Magnet Spectrometer
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Extinction 
to 10-18

achieved
in 2014

DeeMe
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Sensitivity	to	high	mass	phenomena	e.g.	scalar	leptoquarks not	excluded	by	LHC

Mu2e/COMET Reach ~ 100 TeV for LQ
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Connection with neutrino mass physics

e.g.	TeV-scale	Left-right	seesaw	model
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Neutrino mass hierarchy

e.g.	Majorana neutrino	mass	from	a	SU(2)	triplet	Higgs	field	

M.	Kakizaki,	et	al,	Phys.	Lett.	B566,	210	(2003)
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Split SUSY

Motivated	by	Higgs	mass	
Sfermions not	at	TeV scale	but:	100	– 1000	TeV with	gauginos at	a	few	TeV
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Muon g-2 Interest….
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Muon g-2
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Muon g-2 SUSY sensitivity

Strongly interacting (colour)
new physics (SUSY)

Weakly interacting 
(non-coloured) new physics
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Muon EDM

BNL	limit	 is	1.8	x	10-19

Can	quickly	be	improved	by	x10	and	
ultimately	x100	to	10-21

Muon	is	the	only	2nd flav. gen.	measurement.
and	it’s	free	of	nuclear	/	molecular	effects

Essentially	 zero	in	SM	:	any	observation	is	new	physics

Needs	non	mass-scaling	BSM	effects	to	see	anything	given	e- EDM	limit


