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Motivation
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Big questions in particle physics
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The Standard Model is amazingly successful, but some things remain unexplained :
• masses 
• why is there so much matter (vs anti-matter) ?
• why is there so little matter (5% of Universe) ?
• can we unify the forces ?



Lepton flavour violation
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What is the nature of new physics 
between the TeV and the GUT scale ?

What is the mechanism generating the 
Universe’s baryon asymmetry ?

Neutrino oscillations have been 
observed, what about charge lepton 
flavour violation ?

• In SM, rate is O(10−50).
• In BSM, SUSY and other models give O(10−10−10−20).

Considering :

• µ+ → e+ γ
• µ+ → e+ e− e+

• µ− N → e− N



Intensity / precision frontier
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New physics can appear in loops, Standard Model prediction can be tiny ⇒ intensity and 
precision needed

Complements energy frontier searches

Many running and proposed experiments :

• Study of rare Kaon decays : NA62, KOTO, ORKA, ...

• Charm physics programme : BES, SuperB (also tau), ...

• B physics programme : LHCb, Belle-II, SuperB, ...

• Charged lepton flavour violation : MEG, Mu3e, Mu2e, MUSIC, COMET, PRISM, ...

• Electric dipole moments : nEDM, eEDM, ...

• Muon gyromagentic ratio : g-2 (FNAL, J-PARC), ...

Big improvements in sensitivity expected during this decade.
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Energy sensitivity reach
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Sensitivity to physics scales beyond the LHC

Interpretation of any new physics discovered 
at the LHC can be aided by other data

Muon-to-electron conversion experiments are 
most sensitive

If new physics found, important to measure 
many channels to elucidate its nature

Tree level
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Exotic physics
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Figure 2. Possible supersymmetric contributions to the transition dipole diagrams
mediating the LFV processes µ → eγ (left) and µN → eN conversion (right).

concept of fermion generations was developed. Non-discovery of µ → eγ and τ → µγ established that µ
and τ were indeed new elementary leptons, as opposed to excited states of composite lighter leptons. In
analogy to the GIM mechanism, the absence of µ → eγ also required to introduce the muon neutrino, prior
to the νµ discovery in 1962 [7], to cancel FCNC amplitudes [8].

Radiative lepton decays $1 → $2γ proceed via dimension-five left and right-handed radiative transition
amplitudes. The branching fraction can be written in the form [5]

B($1 → $2γ) =
3α

32π

(
|AL|2 + |AR|2

)
· B($1 → $2νν) . (1)

For generic new physics at mass scale Λ one can parametrise the left and right-handed dipole amplitudes
by AL = AR = 16

√
2π2/GFΛ2, where GF is the Fermi constant and Λ the scale of the LFV interaction.

The upper limit of B(µ → eγ) < 1.2 · 10−11, obtained by the MEGA experiment at the Los Alamos
Meson Physics Facility in 2001 [9], thus translates into the stringent bound Λ > 340TeV [5], which is well
beyond the LHC reach for direct detection. Decays involving virtual photons, such as $1 → $2$2$2 and µ–e
conversion, have an additional rate suppression factor αQED, but also probe different physics processes.

Figure 2 depicts example graphs for R-parity conserving supersymmetric contributions to the charged
LFV processes µ → eγ (left) and µN → eN conversion (right). The predicted rates depend on the value of
the slepton mass mixing parameter involved (cf. [10, 11] and references therein). Lepton flavour violation
is also naturally present in R-parity violating models, where the strength of the effects is governed by the
size of trilinear lepton number violating couplings involving sleptons and leptons (λ), and squarks, leptons
and quarks (λ′) in the supersymmetric superpotential [12].

2.1 A new limit on B(µ+ → e+γ) by the MEG experiment

The MEG experiment [13, 14] uses the presently most powerful quasi-continuous muon beam produced at
the PSI (Switzerland) πE5 beam line. Positive 29 MeV surface muons hit with 3 ·107Hz rate a thin stopping
target that is surrounded by the MEG detector. The muon decay rate measured by MEG effectively has no
time structure, because the 2.2 µs muon lifetime is long compared to the 50 MHz radio-frequency structure
of the proton cyclotron producing the muons. MEG consists of a positron spectrometer (drift chamber)
immersed in a gradient magnetic field that sweeps the produced positrons out of the interaction region,
a time-of-flight counter, and a 900 litre liquid-xenon (LXe) scintillation detector outside of the magnet,
measuring the photon incidence, time and energy. The solid-angle acceptance around the target is 10%.

The µ+ → e+γ signal events are characterised by back-to-back, in-time monoenergetic (52.8 MeV)
positron-photon pairs. Their measured energies, polar and zenith opening angles, and time difference are
used to separate them from backgrounds, which are dominated by accidental coincidence of a positron from
standard µ+ → e+νν decays and a photon from radiative µ+ → e+γνν decays, bremsstrahlung or positron
annihilation in flight. The reliance on a precise back-to-back signature invalidates the use of negative
muons, which would form muonium atoms in the target that would smear out the two-body kinematics.

3

Models contain new particles which could 
be directly detected at the energy frontier

Or seen through their 
contribution to loops at the 
intensity / precision frontier

Supersymmetry



Model predictions e.g. Little Higgs
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Blanke et al., Acta Phys. Polon. B 41 (2010) 657

αEM

1



Connection with neutrino physics
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Antush et al., JHEP 11 (2006) 090.

Non-GUT SUSY model 
with seesaw mechanism

Recent Daya Bay / RENO 
measurement of θ13 = 8.5o

MEG 2011

MEG 2015 ?



Sensitivity of cLFV to BSM physics
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AC RVV2 AKM δLL FBMSSM LHT RS

D0 − D̄0 !!! ! ! ! ! !!! ?

εK ! !!! !!! ! ! !! !!!
Sψφ !!! !!! !!! ! ! !!! !!!

SφKS !!! !! ! !!! !!! ! ?

ACP (B → Xsγ) ! ! ! !!! !!! ! ?

A7,8(B → K∗µ+µ−) ! ! ! !!! !!! !! ?

A9(B → K∗µ+µ−) ! ! ! ! ! ! ?

B → K(∗)νν̄ ! ! ! ! ! ! !
Bs → µ+µ− !!! !!! !!! !!! !!! ! !
K+ → π+νν̄ ! ! ! ! ! !!! !!!
KL → π0νν̄ ! ! ! ! ! !!! !!!
µ → eγ !!! !!! !!! !!! !!! !!! !!!
τ → µγ !!! !!! ! !!! !!! !!! !!!
µ+N → e+N !!! !!! !!! !!! !!! !!! !!!

dn !!! !!! !!! !! !!! ! !!!
de !!! !!! !! ! !!! ! !!!
(g − 2)µ !!! !!! !! !!! !!! ! ?

Table 8: “DNA” of flavour physics effects for the most interesting observables in a selection of SUSY
and non-SUSY models !!! signals large effects, !! visible but small effects and ! implies that
the given model does not predict sizable effects in that observable.

• vanishingly small effects (one black star).

This table can be considered as the collection of the DNA’s for various models. These DNA’s
will be modified as new experimental data will be availabe and in certain cases we will be
able to declare certain models to be disfavoured or even ruled out.

In constructing the table we did not take into account possible correlations among the
observables listed there. We have seen that in some models, it is not possible to obtain
large effects simultaneously for certain pairs or sets of observables and consequently future
measurements of a few observables considered in tab. 8 will have an impact on the patterns
shown in this DNA table. It will be interesting to monitor the changes in this table when the
future experiments will provide new results.

65

Different SUSY and 
non-SUSY physics 
models

All three stars for 
muon-to-electron 
conversion in an 
atom

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



Status of charged 
lepton flavour violation
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Basic technique for measuring muon decays

12

Proton beam

µ

µπ

Production 
target

Stopping 
target

Muonic atom 
formed and 
decays

e± γ

Detector

• µ → e γ
• µ+ → e+ e+ e−
• µ− N → e− N

Muons are excellent for high-precision physics

• Intense continuous and pulsed beams available

• Long-lived

• Simple final states at low energy; small detectors



Experimental status of cLFV searches
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Andreas Hoecker
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Figure 1. History of searches for selected lepton flavour violating processes. Shown
are 90% CL upper limits, and the experiments setting the best current limits and future
prospectives for LFV searches in τ decays and µ–e conversion are indicated. This
graph has been modified from [5].

2. Charged-lepton flavour violation

Flavour violation involving charged leptons (LFV) belongs to the class of flavour-changing neutral currents
(FCNC), which are suppressed at tree level in the SM where they are mediated by γ and Z0 bosons, but
arise at loop level via weak charged currents mediated by the W± boson. The GIM mechanism [1] further
suppresses loop-induced FCNC in the quark sector, so that FCNC effects are generally small in the SM.
Rare FCNC processes such as B0

s → µµ or K+ → π+νν (and many others) are therefore sensitive probes
for new physics. The former mode is currently actively investigated at the LHC [2, 3], while the latter
channel will be studied by the NA62 experiment that is under construction at CERN [4].

Because flavour violation requires mixing between generations, charged LFV exactly vanishes in the SM
for massless neutrinos. Extending the SM to include neutrino masses induces charged LFV via chirality
flipping dipole amplitudes, which are however proportional to the fourth power in the ratio of neutrino mass
splitting to W mass, giving, e.g., for the LFV decay µ → eγ a branching fraction of roughly 10−54 [5],
depending on the neutrino mixing angle θ13. This is an unobservably tiny branching fraction so that the
search for charged LFV probes new physics without SM contamination.

Experimentally, no evidence for charged LFV has been found so far. It is searched for in a variety of
modes including the neutrinoless decays of a heavy lepton into a light one under emission of a radiative
photon, or of a heavy lepton into three light ones. Using muonic atoms it is also possible to look for
µ–e conversion in the electromagnetic field of the nucleus. Finally, τ leptons provide a profuse field of
LFV searches with 48 different final states studied so far (see [6] for a recent summary). A chronological
overview of LFV limits is drawn in Fig. 1. It witnesses the many orders of magnitude improvement in
the sensitivity obtained during half a century of LFV experiments. The tightest absolute limits on LFV
effects are obtained in µ decays and µ–e conversion experiments. However, because different new physics
phenomena induce different LFV effects, a quantitative comparison between the limits is model-dependent.

The absence of charged LFV had important consequences in the early days of particle physics when the

2

A. Hoecker, arXiv:1201.5093; 
Marciano et al., Ann. Rev. Nucl. 
Part. Sci. 58 (2008) 315



MEG status, µ → e γ
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MEG detector, µ → e γ

DC beam of 3 × 107 µ/s

The challenge is resolution :

• Spectrometer and low-mass drift chamber

• Scintillator bars and fibres for e+ timing

• Liquid Xenon calorimeter for photon detection



MEG results and future
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BR (µ → e γ) < 2.4 × 10−12 
(at 90% C.L) 

J. Adam et al., Phys. Rev. Lett. 107 (2011) 171801

position of the !-ray interaction point and on the positron
tracking quality is taken into account in the PDFs.

A frequentist approach with a profile likelihood-ratio
ordering [18,19] is used to compute the confidence inter-
vals on Nsig:

"pðNsigÞ ¼
LðNsig;

^̂NRMDðNsigÞ; ^̂NBGðNsigÞÞ
LðN̂sig; N̂RMD; N̂BGÞ

;

where the hat and double hat denote the best estimates
maximizing the likelihood for floating and fixed Nsig, re-

spectively. Other, independent analysis schemes based on
averaged PDFs without event-by-event information or
Bayesian approach were also used and found to be compat-
ible with the analysis presented here to within 10%–20%
difference in the obtained branching ratio upper limits.

In order to convert Nsig into a branching ratio value the

normalization relative to the Michel decay is computed [6]
by counting the number of Michel positrons passing the
same analysis cuts. This is accomplished by means of a
prescaled Michel positron trigger enabled during the physics
data taking. A correction to the prescaling factor due to
positron pileup in the TC is taken into account. Another
method for computing the normalization uses RMD events
in the E! sideband and the theoretical branching ratio of the

RMD. The normalizations calculated by these two indepen-
dent methods are in good agreement and are combined to
give the normalization factor with a 7% uncertainty.

The sensitivity of the experiment with a null signal hy-
pothesis is evaluated by taking the median of the distribution
of the upper limit on the branching ratio obtained over an
ensemble of toyMC experiments. The rates of RMD and BG
events, as measured in the sidebands, are assumed in the
simulated experiments. The branching ratio sensitivity at
90% C.L. is found to be 3:3$ 10%12 (2:2$ 10%12) for the
2009 (2010) data sample and 1:6$ 10%12 when 2009 and
2010 are combined. These sensitivities are consistent with
the upper limits obtained by the likelihood analyses in
several comparable analysis regions of the te! sidebands.

After calibrations, optimization of the analysis algo-
rithms, and background studies in the sidebands are com-
pleted, the likelihood analysis in the analysis region is
performed. In Fig. 1 we present the distributions for the
2009 and 2010 data samples, respectively, showing the
events seen in the analysis region projected in the E! vs

Ee and te! vs cos!e! planes, !e! being the opening angle

between the ! ray and the positron. In Figs. 1(a) and 1(c)
selections in te! and cos!e!, each of which is 90% effi-

cient on the signal, are applied (jte!j< 0:28 ns and

cos!e! <%0:9996); in Figs. 1(b) and 1(d) a selection in

Ee which is 90% efficient on the signal and a selection in
E! which is 73% efficient on the signal inside the analysis

window are applied (52:3<Ee < 55 MeV and 51< E! <
55 MeV). The contours of the signal PDF are also drawn
and a few events with the highest signal likelihood are

numbered in a decreasing order of relative signal like-
lihood, S=ðfRRþ fBBÞ, fR ¼ 0:1 and fB ¼ 0:9 being
the fractions of the RMD and the BG measured in the
sidebands, respectively. High signal likelihood events
were thoroughly checked and found to be randomly dis-
tributed in time and detector acceptance.
The observed profile likelihood ratios as a function of the

branching ratio for 2009, 2010, and the combined data sam-
ple are shown in Fig. 2 [20]. The analysis of the full data
sample gives a 90% C.L. upper limit of 2:4$ 10%12, which
constitutes the most stringent limit on the existence of the
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FIG. 1 (color online). Event distributions in the analysis region
of (a)E! vsEe and (b) te! vs cos!e! for 2009 data and of (c)E! vs

Ee and (d) te! vs cos!e! for 2010 data. The contours of the PDFs

(1#, 1:64#, and 2#) are shown, and a few events with the highest
signal likelihood are numbered for each year. [The two highest
signal likelihood events in 2010 data appear only in (c) or (d).]
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FIG. 2 (color online). Profile likelihood ratios as a function of
the $þ ! eþ! branching ratio for 2009, 2010, and the com-
bined 2009 and 2010 data sample.
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position of the !-ray interaction point and on the positron
tracking quality is taken into account in the PDFs.

A frequentist approach with a profile likelihood-ratio
ordering [18,19] is used to compute the confidence inter-
vals on Nsig:

"pðNsigÞ ¼
LðNsig;

^̂NRMDðNsigÞ; ^̂NBGðNsigÞÞ
LðN̂sig; N̂RMD; N̂BGÞ

;

where the hat and double hat denote the best estimates
maximizing the likelihood for floating and fixed Nsig, re-
spectively. Other, independent analysis schemes based on
averaged PDFs without event-by-event information or
Bayesian approach were also used and found to be compat-
ible with the analysis presented here to within 10%–20%
difference in the obtained branching ratio upper limits.

In order to convert Nsig into a branching ratio value the
normalization relative to the Michel decay is computed [6]
by counting the number of Michel positrons passing the
same analysis cuts. This is accomplished by means of a
prescaled Michel positron trigger enabled during the physics
data taking. A correction to the prescaling factor due to
positron pileup in the TC is taken into account. Another
method for computing the normalization uses RMD events
in the E! sideband and the theoretical branching ratio of the
RMD. The normalizations calculated by these two indepen-
dent methods are in good agreement and are combined to
give the normalization factor with a 7% uncertainty.

The sensitivity of the experiment with a null signal hy-
pothesis is evaluated by taking the median of the distribution
of the upper limit on the branching ratio obtained over an
ensemble of toyMC experiments. The rates of RMD and BG
events, as measured in the sidebands, are assumed in the
simulated experiments. The branching ratio sensitivity at
90% C.L. is found to be 3:3$ 10%12 (2:2$ 10%12) for the
2009 (2010) data sample and 1:6$ 10%12 when 2009 and
2010 are combined. These sensitivities are consistent with
the upper limits obtained by the likelihood analyses in
several comparable analysis regions of the te! sidebands.

After calibrations, optimization of the analysis algo-
rithms, and background studies in the sidebands are com-
pleted, the likelihood analysis in the analysis region is
performed. In Fig. 1 we present the distributions for the
2009 and 2010 data samples, respectively, showing the
events seen in the analysis region projected in the E! vs
Ee and te! vs cos!e! planes, !e! being the opening angle
between the ! ray and the positron. In Figs. 1(a) and 1(c)
selections in te! and cos!e!, each of which is 90% effi-
cient on the signal, are applied (jte!j< 0:28 ns and
cos!e! <%0:9996); in Figs. 1(b) and 1(d) a selection in
Ee which is 90% efficient on the signal and a selection in
E! which is 73% efficient on the signal inside the analysis
window are applied (52:3<Ee < 55 MeV and 51< E! <
55 MeV). The contours of the signal PDF are also drawn
and a few events with the highest signal likelihood are

numbered in a decreasing order of relative signal like-
lihood, S=ðfRRþ fBBÞ, fR ¼ 0:1 and fB ¼ 0:9 being
the fractions of the RMD and the BG measured in the
sidebands, respectively. High signal likelihood events
were thoroughly checked and found to be randomly dis-
tributed in time and detector acceptance.
The observed profile likelihood ratios as a function of the

branching ratio for 2009, 2010, and the combined data sam-
ple are shown in Fig. 2 [20]. The analysis of the full data
sample gives a 90% C.L. upper limit of 2:4$ 10%12, which
constitutes the most stringent limit on the existence of the
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FIG. 1 (color online). Event distributions in the analysis region
of (a)E! vsEe and (b) te! vs cos!e! for 2009 data and of (c)E! vs
Ee and (d) te! vs cos!e! for 2010 data. The contours of the PDFs
(1#, 1:64#, and 2#) are shown, and a few events with the highest
signal likelihood are numbered for each year. [The two highest
signal likelihood events in 2010 data appear only in (c) or (d).]
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FIG. 2 (color online). Profile likelihood ratios as a function of
the $þ ! eþ! branching ratio for 2009, 2010, and the com-
bined 2009 and 2010 data sample.
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2009 2010

Data taking since should 
improve to ~ 6 × 10−13

Upgrade :

• Larger tracker with more hits

• Large calorimeter with SiPM rather than PMTs

• To reach 5 × 10−14 after 3 years from 2015



µ+ → e+ e+ e− search by SINDRUM-I
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An Experiment to Search for the Decay µ → eee

By neglecting higher order terms in me, the total branching ratio of the
decay can be expressed by:

B(µ → eee) =
g2

1 + g2
2

8
+ 2 (g2

3 + g2
4) + g2

5 + g2
6 + 32 eA2 (ln

m2
µ

m2
e

− 11/4)

+ 16 η eA
√

g2
3 + g2

4 + 8 η′ eA
√

g2
5 + g2

5 , (2)

where the definition A2 = A2
L+A2

R is used. The pure photonic loop contribution
(term including A2) is logarithmically enhanced compared to the other contact
interaction or interference terms. The constants η and η′ are T -violating mixing
parameters. In case of a signal the different terms can be measured from the
angular distribution of µ → eee decay particles using a polarized muon beam.

Figure 2: Experimental limits and projected limits on the LFV mass scale Λ as
a function of the parameter κ (see equation 3).

To compare the new physics mass scale reach of the photonic and non-
photonic LFV coupling and to allow comparisons between the decays µ → eγ
and µ → eee the following simplified Lagrangian is assumed:

LLF V =
mµ

(κ + 1)Λ2
µRσµνeLFµν +

κ

(κ + 1)Λ2
(µLγµeL) (eLγµeL) , (3)

where for the contact interaction (right) term exemplarily the left-left vector
coupling is chosen. In this definition a common mass scale Λ is introduced and
the parameter κ describes the ratio of the contact interaction term amplitude
over the amplitude of the loop contribution. Limits on the mass scale Λ as

7

Current limit from SINDRUM-I at PSI of 10−12

Given the MEG, µ → e γ, results, need 
significant step in µ → e e e sensitivity 
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Mu3e at PSI, µ+ → e+ e+ e−, status
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e+

e+

e−
e−

e+

e+

ν

ν

Three-body signal has backgrounds from radiative and overlay events

Letter of Intent submitted to PSI in 2012

Sensitivity goals :

• Phase I (2014−17) : 10−15

• Phase II (> 2017) : 10−16



Mu3e at PSI, µ+ → e+ e+ e−, plans
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Needs excellent momentum and timing resolution

• Tracker using HV-MAPS

• Timing using scintillating fibres and high resolution hodoscope

Challenging detector and schedule



Muon-to-electron conversion
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N

µ− → e−

Ee = mµ − Bµ ≈ 105 MeV (Al)

Processes considered so far suffer, at high 
rates, from accidental background

• µ+ → e+ γ
• µ+ → e+ e− e+

The conversion process has a simple one-
particle signature

• µ− N → e− N
Best route to high sensitivity at high muon 
rates 



Backgrounds to µ− N → e− N 

21
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Z
1. Decay-in-orbit, µ− N → e− νe νµ N. 
Normal decay where atom allows 
electron to be above end-point.

• Need good detector resolution 

• Minimise energy loss

_

2. Radiative pion capture, π− N → γ N* 
and γ → e+ e− or π− N → e+ e− N

• Timing in beam

1874 BISTIRLICH, CROWE, PARSONS, SKARE K, AND TRUOL
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Muon-to-electron conversion limit
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Current best measurement from SINDRUM-II at PSI

Limit : 7 × 10−13 (Gold target)

W.H. Bertl et al., Euro. Phys. J. C 47 (2006) 337.

The SINDRUM II Collaboration: A search for µ− e conversion in muonic gold 345

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 µ−e
conversion

decay in orbit (MIO) which is the dominant source of
background. Figure 11 shows momentum spectra of elec-
trons and positrons for the two event classes introduced
in Sect. 6.3. In general the electron distribution of sam-
ple 1 is well described by muon decay in orbit. Whereas
no events are observed with energies expected for µ− e
conversion at higher energy an electron and a positron
event have been found. Since cosmic ray background con-
tains much more electrons than positrons these events
are most likely caused by pions. In sample 2 the elec-
tron distribution shows in addition to muon decay in or-
bit a more or less flat component as expected from pion
induced background. One should conclude that the meas-
urement shows no indication for µ− e conversion. The cor-
responding upper limit on Bµe has been obtained with
the help of a likelihood analysis of the momentum distri-
butions shown in Fig. 11 which avoids arbitrary cut pa-
rameters. The following four contributions were taken into
account:

– muon decay in orbit,
– µ− e conversion,
– a contribution taken directly from the observed positron
distribution describing processes with intermediate
photons such as radiative muon capture,
– a flat component resulting from π−→ e−νe in flight or
some remaining cosmic ray background.

The likelihood analysis results in likelihood distributions
for the expectation values for the number of events from
each of these contributions which are the basis for the cal-
culation of the upper limit onBµe for any given confidence
level.

Fig. 12. Bµe likelihood distributions for the two event classes
and their combination. The distributions are arbitrarily nor-
malized to 1 at Bµe = 0 where they peak. Also shown are the
integral distributions normalized to 1 over the full region. The
lower panel gives an enlarged view of the region where the 90%
confidence level is reached

7.1 Results

Whereas the shape of the electron momentum distribution
is well reproduced by the MIO simulation the number of
events found in the likelihood analysis is about 10% less
than expected from the total number of stopped muons
(see Sect. 3.3 and Sect. 6.4). Although this discrepancy is
not significant we decided to normalize the measurements
to the MIO events, i.e. raise the estimated µe single event
sensitivities given in Sect. 6.4 to S1µe = (2.8±0.2)×10

−13

and S2µe = (3.7±0.2)×10
−12 where the errors are reduced

since most of the uncertainties cancel in the normalization
procedure.
Figure 12 shows the resulting likelihood distributions

L(Bµe) for both event classes separate (L1 and L2) and for
the total (Ltot = L1×L2). Also shown in Fig. 12 are the
distributions of the integrals

∫ B
0 LdB normalized to their

asymptotic value
∫∞
0 LdB = 1. The upper limit at 90%

confidence levelB90%C.L.µe is thus given by:

∫ B90%C.L.µe

0
Ltot dB = 0.9 , (3)

which leads to the following result for the branching ratio
of µ− e conversion in muonic gold relative to the nuclear



COMET and Mu2e 
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The COMET (J-PARC / E21) experiment
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The Mu2e experiment
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Higher backgrounds than COMET

Concurrent with Noνa rather dedicated running

To be built and run in one go rather than staged into two Phases.

Both Mu2e and COMET have single event sensitivities of 3 × 10−17



Extending beyond SINDRUM-II
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Mu2e and COMET need :
• High rate of muons
• High resolution measurement of 
decayed electron
• Minimised energy loss of electron in 
target
• Reduction of prompt backgrounds

Use pulsed beam and measure after prompt background subsided

To achieve single-event sensitivity of 10−17, need 1011 µ/s (at 56 kW power) for 107 s



Proton beam at J-PARC and extinction
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• A pulsed proton beam is 

needed to reject beam-related 

prompt background. 

• Time structure required for 

proton beams.

• Pulse separation is ~ 1!sec 

or more (muon lifetime).

• Narrow pulse width (<100 

nsec)

• Pulsed beam from slow 

extraction.

• fill every other rf buckets 

with protons and make slow 

extraction

• spill length (flat top) ~ 0.7 

sec

• good to be shorter for 

cosmic-ray backgrounds.

Proton Beam at J-PARC

1.17 µs (584 ns x 2)

0.7 second beam spill

3.64 second accelerator cycle

100 ns
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Measured Extinction as a function of RF voltage

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

preliminary
Pulsed beam from slow extraction

Need low number of beam particles 
between bunches < 10−9

Factor of 3 × 10−11 achieved



Stopped muon yield
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Pion Capture Solenoid

Transport
Solenoid

proton beam

Pion production
target

Radiation
shield

4 m

Pion Capture Solenoid

Transport
Solenoid

proton beam

Pion production
target

Radiation
shield

4 m

• High field solenoid 
magnets capture backward 
and low-p forward pions

• Factor 1000 increase in 
efficiency

• Demonstrated at MuSIC 
experiment in Osaka



Muon transport and stopping target
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Electron spectrometer
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2012-8-14 Hai-Bo LI (IHEP) 16

Electron spectrometer 

! One component that is not used in the Mu2e design 

! 1T solenoid with additional 0.17 T dipole field 

! Vertical dispersion of toroidal field is able to remove electrons 

with P<80 MeV/c, so that reduces rate in tracker to 1kHz.

Difference between COMET and Mu2e

Reduce background from low-energy electrons

• Cleaner signal

• Lower detector rate



Electron detection
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2012-8-14 Hai-Bo LI (IHEP) 17

Electron detection for COMET 
Transverse tracker: straw tubes 5mm in diameter, 25 !m thick

5 planes with 2 views (x and y) and two layers per view

Performance:  0.4% momentum resolution and 700!m special resolution

Electron Calorimeter: Electron energy, ID (E/p), trigger 

Candidate are LYSO, GSO (3"3"15 cm3)

Performance: !5% resolution and 1cm special resolution @ 100 MeV

Five planes of straw tubes giving 0.4% momentum resolution

Crystal (e.g. LYSO, GSO) calorimeter with < 5% energy resolution



COMET staged approach
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COMET Staged Approach

Mu2e@FNAL COMET@J-PARC

muon beamline

electron  

spectrometer

S-shape C-shape

Straight solenoid Curved solenoid

COMET Solenoids and Detectors
for the CDR
version 090609.001

Proton beam
Pion production target Radiation shield

Muon stopping target Beam blocker

DIO blocker

Beam collimator

Calorimeter Tracker

Late-arriving particle tagger

Capture solenoid

Muon beam transport solenoid

Detector solenoid

Muon target solenoid

Curved sepctrometer solenoid

Matching solenoid

Comparison : COMET vs. Mu2e

Stopping

Target

Production 

Target 

Detector Section

Pion-Decay and

Muon-Transport Section

Pion Capture Section

A section to capture pions with a large 

solid angle under a high solenoidal 

magnetic field by superconducting 

maget

A detector to search for 

muon-to-electron conver-

sion processes.

A section to collect muons from 

decay of pions under a solenoi-

dal magnetic field.

Detector Section

Pion-Decay and

Muon-Transport Section

Pion Capture Section

A section to capture pions with a large 

solid angle under a high solenoidal 

magnetic field by superconducting 

maget

A detector to search for 

muon-to-electron conver-

sion processes.

A section to collect muons from 

decay of pions under a solenoi-

dal magnetic field.

Stopping 

Target 

Production 

Target 

COMET @J-PARC Mu2e @FNAL

COMET Phase-I : 

physics run 2017-

BR(!+Al!e+Al)<7x10-15 @ 90%CL

  *8GeV-3.2kW proton beam, 12 days

      *90deg. bend solenoid, cylindrical detector

      *Background study for the phase2

COMET Phase-II : 

physics run 2019-

BR(!+Al!e+Al)<6x10-17 @ 90%CL

 *8GeV-56kW proton beam, 2 years

 *180deg. bend solenoid, bend spectrometer,  

   transverse tracker+calorimeter

Mu2e : 

physics run 2019-

BR(!+Al!e+Al)<7x10-17 @ 90%CL

 *8GeV-8kW proton beam, 3 years

 *2x90deg. S-shape bend solenoid, 

  straw tracker+calorimeter

COMET Phase-I COMET Phase-II

muon beamline up to the end 

of the first 90 degree bend



Goals of COMET Phase-I
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1. Measurements of backgrounds for Phase II
Poorly known, model dependent, have real measurements, reduce extrapolation, 
use actual beamline.

2. Search for cLFV via muon-to-electron conversion
Sensitivity 100 times better than SINDRUM-II limit with ~ 20 days running.

3. Demonstration of extinction below 10−9

4. Testing final / prototype detectors



COMET Phase-I
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Cylindrical detector gives lower 
backgrounds and larger acceptance to 
compensate the poorer resolution



COMET Phase-I sensitivity
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generated using Monte Carlo simulations and the DIO electron spectrum. In Figure ??,
the vertical scale is normalized so that the integrated area of the signal event curve is one
event, assuming a branching ratio of B(µN → eN) = 3 × 10−15. A detailed description
of the estimation of contamination from DIO electrons is presented in Section 8.3.1.1. In
this study, the momentum cut of 104.1 MeV/c < Pe < 106 MeV/c, where Pe is an electron
momentum, is determined in such a way that a contamination from DIO electrons of 0.01
events is expected for a single event sensitivity of µ−−e− conversion of 3 × 10−15.

Figure 8.2: Distributions of reconstructed µ−−e− conversion signals and reconstructed
DIO events for the case of no proton absorber. The vertical scale is normalized so that
the integrated area of the signal is equal to one event with its branching ratio of B(µN →
eN) = 3 × 10−15. The momentum cut of 104.1 MeV/c < Pe < 106 MeV/c, where Pe is an
electron momentum, is applied.

The efficiencies of the timing selection and the trigger and DAQ are assumed to be
the same as those in the COMET CDR. From these, the net acceptance for the µ−−e−

conversion signal, Aµ-e = 0.1, is obtained for the case of no proton absorber. The breakdown
of the acceptance is shown in Table 8.2.

The single event sensitivity is given by

B(µ− + Al → e− + Al) =
1

N stop
µ · fcap · Aµ-e

, (8.1)

where N stop
µ is the number of muons stopping in the muon target, fcap is the fraction of

muon capture and Aµ-e = 0.09 is the signal acceptance. The fraction of muon capture for
aluminum is fcap = 0.61.

By assuming a proton beam of 8 GeV with 0.4 µA, a total beam power is about 3.2 kW.
A proton current of 0.4 µA corresponds to 2.5× 1012 protons/s. With a running period of
106 s, a total number of protons on target is about 2.5 × 1018.
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Table 8.1: Breakdown of the µ−−e− conversion signal acceptance per stopped muon for
the case of trigger counters of 5 mm thickness.

Event selection Value Comments

Geometrical acceptance 0.24 tracking efficiency included
Momentum selection 0.74 104.1 MeV/c < Pe <106 MeV/c
Timing selection 0.39 same as COMET
Trigger and DAQ 0.9 same as COMET

Total 0.06

A number of muons stopped at the muon stopping target is estimated to be 0.0023 per
proton from the COMET G4 simulation program, as mentioned in Chapter 4. From these,
a total number of muon stopped of N stop

µ = 5.8× 1015 (= 0.0023× 2.5× 1018) is obtained.
It corresponds to 5.8 × 109 muons stopped/s.

By using these numbers thus obtained, from Eq.(8.1), the single event sensitivity is
given by

B(µ− + Al → e− + Al) = 3.1 × 10−15. (8.2)

The 90 % confidence upper limit with zero background events is given by

B(µ− + Al → e− + Al) < 7.2 × 10−15. (8.3)

8.2.2 Signal Acceptance for COMET Phase-I Transverse Tracker
Detector

The transverse tracker detector may have less geometrical coverage since the detector can
detect only events coming into the downstream hemisphere. Detailed simulation studies
to estimate geometrical acceptance will be made soon, together with tracking efficiencies.

The transverse tracker detector has a 32% coverage. This is less than the former about
twice because of the use of only downstream hemisphere seen from the muon-stopping
target. Trigger and analysis efficiencies have not been estimated in a reliable manner with
these setup, thus we suppose conservatively 10% in total in either case. The single event
sensitivity can be calculated from these assumption;

• 1/(2 × 1015 × 0.71 × 0.1) = 0.7 × 10−14

for the cylindrical shape detector option, and

• 1/(2 × 1015 × 0.32 × 0.1) = 1.6 × 10−14

for the transverse tracker detector option.

These correspond to 90% C.L. upper limits of 1.6 × 10−14 and 3.7 × 10−14 respectively in
case of no candidate observation. As we will describe later, background can be suppressed
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Momentum selection 0.74 104.1 MeV/c < Pe <106 MeV/c
Timing selection 0.39 same as COMET
Trigger and DAQ 0.9 same as COMET

Total 0.06

A number of muons stopped at the muon stopping target is estimated to be 0.0023 per
proton from the COMET G4 simulation program, as mentioned in Chapter 4. From these,
a total number of muon stopped of N stop

µ = 5.8× 1015 (= 0.0023× 2.5× 1018) is obtained.
It corresponds to 5.8 × 109 muons stopped/s.

By using these numbers thus obtained, from Eq.(8.1), the single event sensitivity is
given by

B(µ− + Al → e− + Al) = 3.1 × 10−15. (8.2)

The 90 % confidence upper limit with zero background events is given by

B(µ− + Al → e− + Al) < 7.2 × 10−15. (8.3)

8.2.2 Signal Acceptance for COMET Phase-I Transverse Tracker
Detector

The transverse tracker detector may have less geometrical coverage since the detector can
detect only events coming into the downstream hemisphere. Detailed simulation studies
to estimate geometrical acceptance will be made soon, together with tracking efficiencies.

The transverse tracker detector has a 32% coverage. This is less than the former about
twice because of the use of only downstream hemisphere seen from the muon-stopping
target. Trigger and analysis efficiencies have not been estimated in a reliable manner with
these setup, thus we suppose conservatively 10% in total in either case. The single event
sensitivity can be calculated from these assumption;

• 1/(2 × 1015 × 0.71 × 0.1) = 0.7 × 10−14

for the cylindrical shape detector option, and

• 1/(2 × 1015 × 0.32 × 0.1) = 1.6 × 10−14

for the transverse tracker detector option.

These correspond to 90% C.L. upper limits of 1.6 × 10−14 and 3.7 × 10−14 respectively in
case of no candidate observation. As we will describe later, background can be suppressed

Single event sensitivity

Nµ = 8.7 × 1015, number of muons stopped

fcap = 0.6 is fraction of muons captured

Aµ-e = 0.06 is detector acceptance

Recall SINDRUM-II limit, 7 × 10−13.

COMET Phase-I is an approved J-PARC project.  Construction to start in 2013 and data-
taking in 2016/17.



Schedule of COMET and Mu2e
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PRISM / PRIME experiment
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• Phase Rotated Intense Slow Muon beam
• Phase rotated muons have energy spread 20% → 2%
• FFAG prototype rings in Daresbury, Osaka, ...
• Improve sensitivity by another factor 100 to 10−18

Site undecided : J-PARC, Project-X, ...

Synergies with 
muon collider / 
neutrino factory



Summary
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Summary
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There are a lot of exciting experiments at the intensity / precision frontier : rare K 
decays, EDMs, B physics, cLFV, etc.

Several planned experiments looking for charged lepton flavour violation : guaranteed 
BSM physics if understand backgrounds

COMET and Mu2e experiments a factor 10,000 better than previous experiment

COMET is following a staged approach to get new results sooner

New Collaborators are welcome



Back-up
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