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The Higgs boson has been found,  
but no new particles are found yet...

The Standard Model is 
considered to be 
incomplete.

New Physics is needed.

The Standard Model can explain 
most of the experimental results. 
However, there are many 
undetermined parameters and 
issues.

The discovery of the Higgs 
boson has been made.
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Table 3.1: Sensitivity of the sources of flavour symmetry breaking accessible at low energy in the
quark sector (from meson-antimeson mixing processes), given in Eq. (3.3). The observables in-
clude oscillation frequencies (�m) and CP-violating parameters for the di↵erent systems. Taken
from Ref. [1]; note that limits from the Bs have since been further tightened.

Operator Limits on ⇤ (TeV) Limits on CNP Observables
(CNP = 1) (⇤ = 1TeV)

Re Im Re Im
(sL�µdL)2 9.8⇥ 102 1.6⇥ 104 9.0⇥ 10�7 3.4⇥ 10�9 �mK , "K

(sRdL)(sLdR) 1.8⇥ 104 3.2⇥ 105 6.9⇥ 10�9 2.6⇥ 10�11 �mK , "K

(cL�µuL)2 1.2⇥ 103 2.9⇥ 103 5.6⇥ 10�7 1.0⇥ 10�7 �mD, |q/p|, �D

(cRuL)(cLuR) 6.2⇥ 103 1.5⇥ 104 5.7⇥ 10�8 1.1⇥ 10�8 �mD, |q/p|, �D

(bL�µdL)2 6.6⇥ 102 9.3⇥ 102 2.3⇥ 10�6 1.1⇥ 10�6 �mBd , S�KS

(bRdL)(bLdR) 2.5⇥ 103 3.6⇥ 103 3.9⇥ 10�7 1.9⇥ 10�7 �mBd , S�KS

(bL�µsL)2 1.4⇥ 102 2.5⇥ 102 5.0⇥ 10�5 1.7⇥ 10�5 �mBs , S �
(bRsL)(bLsR) 4.8⇥ 102 8.3⇥ 102 8.8⇥ 10�6 2.9⇥ 10�6 �mBs , S �

hand, this success may be embarrassing since it could exclude possible large contributions
of new physics at the TeV scale. For instance, new physics may be included as

Le↵ = LSM +
CNP

⇤2
O(6)

ij , (3.3)

where the second term represents the new physics contribution and CNP and ⇤ are
the coupling constant and the energy scale of new physics respectively, and O(6)

ij is a
dimension-six operator. For example, from the measurements of �mK , �mD, �mBd ,
�mBs , CP violating parameters for K, D, Bd and Bs, the energy scale of new physics
⇤ ⇠ O(103) TeV in the case of CNP = 1 is assumed, or CNP is very small, of the order
of O(10�5) to O(10�11) if ⇤ = 1 TeV is assumed (see Table 3.1).

For the charged lepton sector, the constraint from flavour-changing processes (charged
lepton flavour violation) is even more severe. For instance, for µ+ ! e+�, one can con-
sider

CNP

⇤2
O(6)

ij !
Cµe

⇤2
eL�⇢⌫µR�F⇢⌫ . (3.4)

The present upper limit of B(µ! e�) < 2.4⇥ 10�12 gives

⇤ > 2⇥ 105 TeV ⇥ (Cµe)
1
2 . (3.5)

In the case of Cµe = 1, ⇤ can be O(105) TeV.
The good overall consistency of the quark flavour-changing processes and the strin-

gent limits of lepton flavour-changing processes indicates that there is not much room
for new sources of flavour symmetry breaking close to the TeV scale, or the scale of
new physics is very high. However, this is based on a very general argument. In some
specific theoretical models the constraints of new physics should be determined in a
model-dependent way, and sometimes the constraints could be less stringent.

In such theoretical models, we do expect small but detectable deviations from the
SM predictions, in selected special flavour-changing processes. They are the flavour-
changing processes with suppressed SM contributions, or the SM-forbidden processes
with no SM contribution.

with new physics contributions
Dimension 6 Operation for 

New Physics 
Λ is the energy scale of new 

physics
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For instance, µ→eγ (B<5.7x10-13),

Λ > O(105) TeV
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SM Contribution is forbidden in CLFV

B(µ� e⇥) =
3�

32⌅

���
⇥

l

(VMNS)�µl
(VMNS)el

m2
⇥l

M2
W

���
2

Note:   LFV in SM with massive neutrinos

µ e

�

� very tiny!

The SM with neutrino masses predicts small event rates for the LFV.

W

The observation of the LFV will be clearly a discovery of 
physics beyond the SM with non-zero neutrino masses.

BR(µ� e�) ⇥ (⇥m2
�)2 < 10�54

5

�µ � �e
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SM Contribution is forbidden in CLFV

Observation of CLFV would indicate a clear signal of physics 
beyond the SM with massive neutrinos.
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Quark FCNC vs. Lepton FCNC (CLFV)

NP contribution ~ O(ε)

subject to uncertainty of 
SM prediction

FCNC: The Standard Model contributions are either  
highly suppressed or forbidden.

|ASM + �NP|2 � |ASM|2 + 2Re(ASM�NP) + |�N|2
Quark (suppressed)

Lepton (forbidden)
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uncertainty of SM 

prediction (can go to 
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CLFV Drawback : Rate ~ 1/Λ4 , high sensitivity is required.
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Example of Sensitivity to NP in 
High Energy Scale : SUSY models

y =
g2

16�2
�µe

Effective Lagrangian for 

•If          , 

•If                    , 

BR(µ⇥ e�) = 1� 10�11 �
�

2TeV
�

⇥4 �
⇥µe

10�2

⇥2

y =
g2

16⇥2
�µe

(if the operator is induced at tree level）

(if the operator is generated at loop level）

The search is sensitive to new physics 
with TeV scale and LFV!

example: large extra dimension 

example: SUSY

:new physics scale

Is the LFV searches sensitive to TeV scale physics?

9

 For loop diagrams,

> sensitive to TeV energy scale with reasonable mixing
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(m2

L̃
)21 ∼

3m2
0 + A2

0

8π2
h

2
t VtdVtsln

MGUT

MRsslepton mixing  
(from RGE)

SUSY-GUT model

SUSY neutrino 
seesaw model(m2

L)21 �
3m2

0 + A2
0

8�2
h2

�U31U32ln
MGUT

MR

example diagram for SUSY (~TeV)

Physics at about 1016 GeV 

✴ anomaly in muon g-2 (?)

Hagiwara et al: hep-ph/0611102

W̃

�̃µ

µ

�

�̃e

e

µ� e�

6

µ
+
→ e

+
γ



CLFV Predictions 

Various BSM models 
predict sizable muon 

CLFV, as well as tau CLFV.
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R.Sawada NEUTRINO 2012

New physics models and cLFV

4

JHEP11(2006)090

 10-15

 10-14

 10-13

 10-12

 10-11

 10-10

 10-9

 10-8

 10-14  10-13  10-12  10-11  10-10  10-9  10-8  10-7

B
R

 (
µ

→
 e

 γ
)

BR (τ → µ γ)

SPS 1a

mN1 = 1010 GeV, mN2 = 1011 GeV

mν1 = 10-5 eV
0 ≤ |θ1| ≤ π/4

0 ≤ |θ2| ≤ π/4

θ3 = 0

mN3 = 1012 GeV

mN3 = 1013 GeV

mN3 = 1014 GeV

θ13 =   1°
θ13 =   3°
θ13 =   5°
θ13 = 10°

mN3 = 1012 GeV

Figure 14: Correlation between BR(µ → e γ) and BR(τ → µ γ) as a function of mN3
, for SPS

1a. The areas displayed represent the scan over θi as given in eq. (4.3). From bottom to top, the
coloured regions correspond to θ13 = 1◦, 3◦, 5◦ and 10◦ (red, green, blue and pink, respectively).
Horizontal and vertical dashed (dotted) lines denote the experimental bounds (future sensitivities).

Given that, as previously emphasised, µ → e γ is very sensitive to θ13, whereas this is not

the case for BR(τ → µ γ), and that both BRs display the same approximate behaviour

with mN3
and tan β, we now propose to study the correlation between these two observ-

ables. This optimises the impact of a θ13 measurement, since it allows to minimise the

uncertainty introduced from not knowing tanβ and mN3
, and at the same time offers a

better illustration of the uncertainty associated with the R-matrix angles. In this case,

the correlation of the BRs with respect to mN3
means that, for a fixed set of parameters,

varying mN3
implies that the predicted point (BR(τ → µ γ), BR(µ → e γ)) moves along

a line with approximately constant slope in the BR(τ → µ γ)-BR(µ → e γ) plane. On the

other hand, varying θ13 leads to a displacement of the point along the vertical axis. In

figure 14, we illustrate this correlation for SPS 1a, and for the previously selected mN3
and

θ1,2 ranges (c.f. eq. (4.3)). We consider the following values, θ13 = 1◦, 3◦, 5◦ and 10◦, and

only include the BR predictions allowing for a favourable BAU. In addition, and as done

throughout our analysis, we have verified that all the points in this figure lead to charged

lepton EDM predictions which are compatible with present experimental bounds. More

specifically, we have obtained values for the EDMs lying in the following ranges (in units

of e.cm):

10−39 ! |de| ! 2 × 10−35 , 6 × 10−37 ! |dµ| ! 1.5 × 10−32 , 10−34 ! |dτ | ! 4 × 10−31 .

(4.4)

For a fixed value of mN3
, and for a given value of θ13, the dispersion arising from

a θ1 and θ2 variation produces a small area rather than a point in the BR(τ → µ γ)-

BR(µ → e γ) plane. The dispersion along the BR(τ → µ γ) axis is of approximately one
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Figure 12: Correlation between µ ! e� and µ ! e conversion in Ti as obtained from

a general scan over the LHT parameters. The shaded area represents the present (light)

and future (darker) experimental constraints. The solid blue line represents the dipole

contribution to R(µTi ! eTi).

from models like the MSSM in which the dipole operator, displayed by the blue line,

yields the dominant contribution to Br(µ� ! e�e+e�) [92, 93]. It is clear from Fig. 11

that an improved upper bound on µ ! e�, which should be available from the MEG

experiment in the next years (shown by the dark grey area in Fig. 11), and in particular

its discovery will provide important information on µ� ! e�e+e� within the model in

question.

Next in Fig. 12 we show the µ ! e conversion rate in titanium (Ti), as a function of

Br(µ ! e�). We observe that the correlation between these two modes is much weaker

than the one between µ ! e� and µ� ! e�e+e�. Consequently, the ratio of these

two rates may again di↵er significantly from the prediction obtained in models where

the dipole operator is dominant. Such a distinction is however not possible for some

regions of the LHT parameter space, where the a priori dominant Z0-penguin and box

contributions cancel due to a destructive interference in R(µTi ! eTi).

In order to quantify how naturally a suppression of the µ ! e� decay rate below

the present experimental bounds can be obtained, we consider how much fine-tuning is

necessary to fulfil this bound. We would like to remind the reader that the measure

of fine-tuning �
BG

defined in (5.1) indicates the sensitivity of a particular observable

with respect to a small change in the model parameters. It by no means allows to make

statements for instance about the structure of the mixing matrices or the mass spectrum

of the model, but only about how rapidly an observable changes in the neighborhood of

a particular parameter configuration. No more than that the BG fine-tuning indicates
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this experiment are included in Fig. 5. Both the !! 3"
and !! 3e modes at a super-B factory will constrain the
anarchic RS parameter space. The LHC also has sensitivity
to rare ! decays [30]; however, the projected sensitivities
are slightly weaker than the current B-factory constraints,
and have not been included. The expected sensitivities to
rare ! decays at a future linear collider are also weaker than
the limits set by the B-factories. Although the MKK !
1 TeV scales probed with !! l1 !l2l3 decays are lower
than those constrained by "" e conversion and "! 3e,
we stress that different model parameters are tested by each
set of processes.

B. Scan for the bulk Higgs field scenario

We now present the results of our scan over the bulk
Higgs parameter space. For the scan we set # # 0; we
present separately the # dependence of the most important
constraints.

We again begin by considering muon initiated processes.
The constraints from "! 3e and "" e conversion are
highly correlated, as we saw in the previous subsection.
Since the bounds from "" e conversion are stronger, we
focus on this and "! e$. We show in Fig. 6 scatter plots
of the predictions for BR$"! e$% and Bconv coming from
our scan of the RS parameter space, for the KK scales
MKK # 3, 5, 10 TeV. For "! e$ we include both the
current constraint from the Particle Data Group [24] and
the projected sensitivity of MEG [18]. The current bounds
from "! e$ are quite strong; from the MKK # 3 TeV

plot in Fig. 6, we see that only one parameter choice
satisfies the BR$"! e$% bound. This point does not sat-
isfy the "" e conversion constraint. We can estimate that
it would satisfy both bounds for MKK > 3:1 TeV. In our
scan over 1000 sets of model parameters the absolute
lowest scale allowed is thus slightly larger than 3 TeV.
Also, a large portion of the parameter set at both 5 and
10 TeV conflict with these bounds. We again find the need

FIG. 6 (color online). Scan of the "! e$ and "" e conversion predictions for MKK # 3, 5, 10 TeV and # # 0. The solid line
denotes the PDG bound on BR$"! e$%, while the dashed lines indicate the SINDRUM II limit on "" e conversion and the
projected MEG sensitivity to BR$"! e$%.

FIG. 7 (color online). Scan of the !! "$ and !! e$ pre-
dictions for MKK # 3 TeV and # # 0. The solid and dashed
lines are the current B-factory and projected super-B factory
limits, respectively.
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053011-12

Given that both ‘i ! ‘j! and !a" ! "g" # gSM
" $=2 are

generated by dipole operators, it is natural to establish a
link between them. To this purpose, we recall the dominant
contribution to !a" is also provided by the chargino
exchange and can be written as

 !a" ! #
#2

4$
m2
"

!
"M2

m2
L

"g2c"M2
2=M

2
~‘
;"2=M2

~‘
$

"M2
2 #"2$ tan%;

(17)

with gc2"x; y$ defined as fc2"x; y$ in terms of

 gc2"a$ !
"3# 4a% a2 % 2 loga$

"a# 1$3 : (18)

It is then straightforward to deduce the relation
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! 48$3#
G2
F
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"

$
2

&
#f2c"M2

2=M
2
~‘
;"2=M2

~‘
$

g2c"M2
2=M

2
~‘
;"2=M2

~‘
$

$
2
j'ijLLj2:

(19)

To understand the relative size of the correlation, in the
limit of degenerate SUSY spectrum we get
 

B"‘i ! ‘j!$ '
# !a"

20& 10#10

$
2

&
% 1& 10#4j'12

LLj2 ("! e);
2& 10#5j'23

LLj2 ((! "):
(20)

A more detailed analysis of the stringent correlation be-

tween the ‘i ! ‘j! transitions and !a" in our scenario is
illustrated in Fig. 6. Since the loop functions for the two
processes are not identical, the correlation is not exactly a
line; however, it is clear that the two observables are
closely connected. We stress that the numerical results
shown in Fig. 6 have been obtained using the exact for-
mulas reported in Ref. [41] for the supersymmetric con-
tributions to both B"‘i ! ‘j!$ and !a" (the simplified
results in the mass-insertion approximations in Eqs. (15)–
(19) have been shown only for the sake of clarity). The
inner dark-gray (red) areas are the regions where the
B-physics constraints are fulfilled. In our scenario the
B-physics constraints put a lower bound on MH and there-
fore, through the funnel-region relation, also on M1;2 (see
Figs. 3 and 4). As a result, the allowed ranges for !a" and
B"‘i ! ‘j!$ are correspondingly lowered. A complemen-
tary illustration of the interplay of B-physics observables,
dark-matter constraints, !a", and LFV rates—within our
scenario—is shown in Fig. 7.9

The normalization j'12
LLj ! 10#4 used in Figs. 6 and 7

corresponds to the central value in Eq. (14) for c& ! 1 and
M&R ! 1012 GeV. This normalization can be regarded as a
rather natural (or even pessimistic) choice.10 As can be

FIG. 6 (color online). Expectations for B""! e!$ and B"(! "!$ vs !a" ! "g" # gSM
" $=2, assuming j'12

LLj ! 10#4 and j'23
LLj !

10#2. The plots have been obtained employing the following ranges: 300 GeV * M~‘ * 600 GeV, 200 GeV * M2 * 1000 GeV,
500 GeV * " * 1000 GeV, 10 * tan% * 50, and setting AU ! #1 TeV, M~q ! 1:5 TeV. Moreover, the GUT relations M2 ' 2M1

and M3 ' 6M1 are assumed. The inner (red) areas correspond to points within the funnel region which satisfy the B-physics
constraints listed in Sec. III B [B"Bs ! "%"#$< 8& 10#8, 1:01<RBs! < 1:24, 0:8<RB(& < 0:9, !MBs ! 17:35+ 0:25 ps#1].

9For comparison, a detailed study of LFV transitions imposing
dark-matter constraints—within the constrained MSSM with
right-handed neutrinos—can be found in Ref. [42].

10For M&R , 1012 GeV other sources of LFV, such as the
quark-induced terms in grand unified theories cannot be ne-
glected [43]. As a result, in many realistic scenarios it is not
easy to suppress LFV entries in the slepton mass matrices below
the 10#4 level [38].

FLAVOR PHYSICS AT LARGE TAN % WITH A . . . PHYSICAL REVIEW D 75, 115019 (2007)

115019-9

G.Isidori, et al., PRD75(2007)115019

M.Blanke et al., Acta Phys.Polon.B41(2010)657
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Little Higgs Extra dimensions

θ13 ~ 9°
(Daya Bay, RENO, Double 
Chooz, T2K, MINOS)

little Higgs model  

● Extra-dimensional models

“Anarchic” Randall-Sundrum model

Agashe, Blechman, Petriello

CLFV Predictions (for μ→eγ and µ-e conversion)
by Extra Dimension Models

extra dimension modelextra dimension model

Various BSM models 
predict sizable muon 

CLFV, as well as tau CLFV.
CLFV Prediction (for µ-e conversion) 
by CMSSM (Supersymmetric Models)André de Gouvêa Northwestern
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see Frank Deppisch’ talk

ex. CLFV and neutrino mass generation 
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Present Limits and Future Expectations

process present limit future
µ→eγ <5.7 x 10 <10 MEG

µ→eee <1.0 x 10 <10 Mu3e

µN→eN (in Al) none <10 Mu2e /  COMET

µN→eN (in Ti) <4.3 x  10 <10 Mu2e / COMET

τ→eγ <3.3 x 10 <10 super KEKB

τ→eee <3.4 x 10 <10 super KEKB

τ→µγ <4.4 x 10 <10 super KEKB

τ→µµµ <2.1 x 10 <10 super KEKB/LHCb
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CLFV in Tau DecaysLepton Flavor Violation in tτ decays - current status
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B(τ→μμμ) < 6.3 x 10-8 (from LHCb)
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Future Prospects on CLFV in Tau Decays

Super KEKB  
(50 ab-1)

LHCb upgrade

• τ→lν at level (0.2-1)x10-9 by Belle-II

• τ→μμμ at the level of (0.1-8)x10-9 by LHCb with 50 fb-1.



CLFV  
in Muon Decays



•µ− + N(A, Z) → e+ + N(A, Z − 2)

List of cLFV Processes with Muons

ΔL=1

ΔL=2
•µ+e− → µ−e+

•µ− + N(A, Z) → µ+ + N(A, Z − 2)
•νµ + N(A, Z) → µ+ + N(A, Z − 1)
•νµ + N(A, Z) → µ+µ+µ− + N(A, Z − 1)

•µ+
→ e+γ

•µ+
→ e+e+e−

•µ− + N(A, Z) → e− + N(A, Z)
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What is μ→eγ ?

• Event Signature 
• Ee = mμ/2, Eγ = mμ/2 (=52.8 

MeV) 
• angle θμe=180 degrees 

(back-to-back) 
• time coincidence 
!
!
!
!
!
!

!
• Backgrounds 

• prompt physics 
backgrounds 
• radiative muon decay 
μ→eννγ when two 
neutrinos carry very 
small energies. 

• accidental backgrounds 
• positron in μ→eνν 
• photon in μ→eννγ or 

photon from e+e- 
annihilation in flight.

e +

γ

µ
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What is Muon to Electron Conversion?

1s state in a muonic atom

nucleus

µ−

muon decay in orbit

nuclear muon capture

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

nucleus

Neutrino-less muon 
nuclear capture

µ− + (A, Z)→ e− + (A,Z )

Event Signature : !
a single mono-energetic 
electron of 100 MeV!
Backgrounds:!
 (1) physics backgrounds !

ex. muon decay in orbit (DIO)!
 (2) beam-related backgrounds !

ex. radiative pion capture, 
muon decay in flight,!

 (3) cosmic rays, false tracking



Physics Sensitivity: μ→eγ vs. μ-e conversion  



Physics Sensitivity: μ→eγ vs. μ-e conversion  
LCLFV =

1
1 + �

mµ

�2
µ̄R�µ�eLFµ� +

�

1 + �

1
�2

(µ̄L�µeL)(q̄L�µqL)



Physics Sensitivity: μ→eγ vs. μ-e conversion  
LCLFV =

1
1 + �

mµ

�2
µ̄R�µ�eLFµ� +

�

1 + �

1
�2

(µ̄L�µeL)(q̄L�µqL)

Effective theory

Electromagnetic vertex

µ e
�

q q

?

Often gives large Br(µ! e�)

Contact interaction:

May be no µ! e� signal

Relative rates of conversion and µ! e� are model dependent
Handle to discriminate New Physics models

Parametrization: L
CLFV

=
mµ

(1 + ) ⇤2 µ̄
R

�µ⌫e

L

F

µ⌫ +


(1 + ) ⇤2 µ̄
L

�µe

L

(ū
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if photonic contribution dominates,

• for aluminum, about 1/390~0.003 
• for titanium, about 1/230
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Physics Sensitivity: μ→eγ vs. μ→eee  
LCLFV =

1
1 + �

mµ

�2
µ̄R�µ�eLFµ� +

�

1 + �

1
�2

(µ̄L�µeL)(ēL�µeL)
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3

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
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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
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(ū
L

�µ
u

L

+ d̄

L

�µ
d

L

)

⇤: mass scale, : importance of contact term
Andrei Gaponenko 6 CIPANP-2012

Effective theory

Electromagnetic vertex

µ e
�

q q

?

Often gives large Br(µ! e�)

Contact interaction:

May be no µ! e� signal

Relative rates of conversion and µ! e� are model dependent
Handle to discriminate New Physics models

Parametrization: L
CLFV

=
mµ

(1 + ) ⇤2 µ̄
R

�µ⌫e

L

F

µ⌫ +


(1 + ) ⇤2 µ̄
L

�µe

L

(ū
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3

An Experiment to Search for the Decay µ → eee

obtained from the experimental bounds on B(µ → eγ) < 2.4 · 10−12 (90% CL
MEG 2011) and B(µ → eee) < 1.0 · 10−12 (90% CL SINDRUM ) are shown in
Fig. 2 as function of the parameter κ. The process µ → eγ constrains the mass
scale at low values of κ (dipole coupling) whereas for κ ! 10 the µ → eee is
constraining the four fermion contact interaction region. For comparison also
projected sensitivities are shown of the MEG experiment for 5 · 10−13 and of
the proposed µ → eee experiment for sensitivities of 10−15 (phase I) and 10−16

(phase II). It can be seen that for B(µ → eee) " 10−15 LFV processes are
best constrained by the proposed µ → eee experiment for all values of κ in this
comparison.

In case of dominating tensor couplings (A ̸= 0) a quasi model independent
relation between the µ → eee decay rate and the µ → eγ decay rate can be
derived (limit κ → 0):

B(µ → eee)

B(µ → eγ)
≈ 0.006 (4)

This ratio applies e.g. for many supersymmetric models, where LFV effects are
predominantly mediated by gauge bosons running in the loop.

In order to set competitive constraints on LFV dipole couplings a limit on
the branching ratio of the decay µ → eee needs to be about two orders of
magnitude smaller than for the decay µ → eγ.

The non-observation of LFV of charged leptons in past and present experi-
ments might at a first glance be surprising, as the mixing angles in the neutrino
matrix have been measured to be large (maximal). This huge suppression of
LFV effects is however accidental and due to the fact that (a) neutrinos are so
much lighter than charged leptons and (b) the mass differences between neutri-
nos (more precisely the square of the mass differences) are very small compared
to the W-boson mass. The situation completely changes if new particles beyond
the SM model are introduced. If e.g. SUSY is realized at the electroweak scale,
the scalar partners of the charged leptons (sleptons) will have large masses, and
if not fully degenerate, induce LFV interactions via loop corrections. This argu-
ment applies for many models, which predict new particles coupling to leptons.

Seesaw and Left-Right symmetric (supersymmetric) models are good can-
didates for realizing grand unification, which also unify quark and lepton mass
matrices. Moreover, it has been shown that LFV effects in the low energy limit
can be related to mixing parameters at the GUT scale or to heavy Majorana
masses in these models [36, 37]. Seesaw models are very attractive as they are
also able to naturally explain the smallness of the masses of the left handed
neutrinos.

New heavy particles as predicted e.g. by Little Higgs models, Higgs Triplet
models or models with extra dimensions can also induce sizable LFV effects.
In the following, selected models are discussed in the context of the proposed
experiment.

2.1 SUSY Models

Despite the fact that the most simple supersymmetric models with light squarks
and gluinos were recently excluded by LHC experiments [38–41], supersymmetry
can still exist in nature, just at higher mass scales or in more complex realisa-
tions.
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Table 2. Various LFV processes and background issues.

Process Major backgrounds Beam Issues

µ+ → e+γ accidental DC beam detector resolution
µ+ → e+e+e− accidental DC beam detector resolution
µ−N → e−N beam-related pulsed beam beam qualities

Table 3. Past experiments on µ−−e− conversion. (∗ reported only in conference proceedings.)

Process Upper limit Place Year Reference

µ− + Cu → e− + Cu <1.6 × 10−8 SREL 1972 [58]
µ− + 32S → e− + 32S <7 × 10−11 SIN 1982 [59]
µ− + Ti → e− + Ti <1.6 × 10−11 TRIUMF 1985 [60]
µ− + Ti → e− + Ti <4.6 × 10−12 TRIUMF 1988 [61]
µ− + Pb → e− + Pb <4.9 × 10−10 TRIUMF 1988 [61]
µ− + Ti → e− + Ti <4.3 × 10−12 PSI 1993 [62]
µ− + Pb → e− + Pb <4.6 × 10−11 PSI 1996 [63]
µ− + Ti → e− + Ti <6.1 × 10−13 PSI 1998∗ [7]
µ− + Au → e− + Au <7 × 10−13 PSI 2006 [3]

beam quality for suppressing beam-associated background events can be constructed, measurements
of the search for µ−−e− conversion with a higher sensitivity can be performed.

Furthermore, it is known that, in comparison with µ+ → e+γ , there are more physical processes
that µ− − e− conversion and µ+ → e+e+e− could contribute to. For instance, in SUSY models,
photon-mediated diagrams can contribute to all three processes, but diagrams mediated by particles
other than photons, such as Higgs-mediated diagrams, can contribute to only µ− − e− conversion
and µ+ → e+e+e− [57]. In summary, with all the above considerations from experimental and the-
oretical issues, we believe that a µ− − e− conversion experiment would be the natural next step in
the search for muon CLFV.

4. Present experimental status of µ− − e− conversion

Table 3 summarizes the history of searches for µ− − e− conversion. From Table 3, it is seen that over
about 30 years the experimental upper limits have been improved by 5 orders of magnitude. In the
following, the past and future experiments on the search for µ− − e− conversion will be described.

4.1. SINDRUM-II
The latest search for µ− − e− conversion was performed by the SINDRUM-II Collaboration at
PSI. Figure 10 shows their results. The main spectrum, taken at 53 MeV/c in muon beam momen-
tum, shows the steeply falling distribution expected from muon DIO. One event was found at
higher momenta, but just outside the region of interest. The agreement between measured and
simulated positron distributions from µ+ decay means that confidence can be high in the accu-
racy of the momentum calibration. At present there are no hints concerning the nature of the one
high-momentum event: e.g., it might have been induced by RPC from pions in a beam or cos-
mic rays. They set the 90% C.L. upper limit on the branching ratio of µe conversion in gold, of
B(µ− + Au → e− + Au) < 7 × 10−13 [3].

4.2. MECO at BNL
There was an experimental proposal at Brookhaven National Laboratory (BNL), the MECO exper-
iment [64], aiming to search with a sensitivity of 10−16. Its design was based on the MELC
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the search for muon CLFV.

4. Present experimental status of µ− − e− conversion

Table 3 summarizes the history of searches for µ− − e− conversion. From Table 3, it is seen that over
about 30 years the experimental upper limits have been improved by 5 orders of magnitude. In the
following, the past and future experiments on the search for µ− − e− conversion will be described.

4.1. SINDRUM-II
The latest search for µ− − e− conversion was performed by the SINDRUM-II Collaboration at
PSI. Figure 10 shows their results. The main spectrum, taken at 53 MeV/c in muon beam momen-
tum, shows the steeply falling distribution expected from muon DIO. One event was found at
higher momenta, but just outside the region of interest. The agreement between measured and
simulated positron distributions from µ+ decay means that confidence can be high in the accu-
racy of the momentum calibration. At present there are no hints concerning the nature of the one
high-momentum event: e.g., it might have been induced by RPC from pions in a beam or cos-
mic rays. They set the 90% C.L. upper limit on the branching ratio of µe conversion in gold, of
B(µ− + Au → e− + Au) < 7 × 10−13 [3].

4.2. MECO at BNL
There was an experimental proposal at Brookhaven National Laboratory (BNL), the MECO exper-
iment [64], aiming to search with a sensitivity of 10−16. Its design was based on the MELC
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Figure 11: Sketch of the MAPS detector design from [70].

Figure 12: Block diagram of the HV MAPS detector from [70].

5.5.1 High Voltage MAPS Technology

We propose to use Monolithic Active Pixel Sensors (MAPS) as tracking detect-
ors, as they integrate sensor and readout functionalities in the same device and
thus greatly reduce the material budget. Classical concepts like hybrid designs
usually have a higher material budget due to additional interconnects (bonds)
and extra readout chips, which downgrade the track reconstruction perform-
ance, especially at low track momentum.

First MAPS designs were such that ionisation charges were collected mainly
by diffusion, with a timing constant of several hundreds of nanoseconds. HV-
MAPS designs with high bias voltages exceeding 50 V, however, overcome this
problem and provide timing resolutions of better than 100 ns. We propose to
use the High Voltage MAPS (HV-MAPS) design with pixel electronics com-
pletely implemented inside the deep N-well, which was first proposed by [70]
and has since been successfully tested [71, 72]. Figure 11 shows a sketch of the
proposed Monolithic Pixel Detector. The readout circuitry, see Fig. 12, allows
an efficient zero suppression of pixel information and the implementation of
timestamps to facilitate the assignments of hits between different pixel layers.
For readout designs providing 50 ns timing resolutions power consumptions of
about 150 mW/cm2 are expected [73].

Because of the small size of the active depletion zone, the detectors can also
be thinned down to 50 µm or less, depending on the complexity and vertical size
of the readout circuitry. By “thinning”, the material budget can be significantly
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Figure 8: Schematic view of the proposed experiment for the search of µ → eee
(not to scale). Shown are the detector components in the side view (top) and
in the transverse plane (bottom).

5 A Novel Experiment Searching for µ → eee

The proposed experiment aims for a sensitivity of B(µ+ → e+e−e+) < 10−16

(10−15) at 90% CL for a beam intensity of 2 ·109 (2 ·108) muon stops per second.
Reaching this sensitivity requires a large geometrical coverage and suppression
of any possible background to a level below 10−16.

The most serious backgrounds are considered to be the radiative muon decay
µ+ → e+e−e+ν̄µνe with a branching fraction of 3.4 · 10−5 and accidentals,
which must be efficiently suppressed by an excellent vertex and timing resolution
of the detector. Suppression of backgrounds requires a precise measurement
of the electron and positron momenta in order to reconstruct the kinematics.
By exploiting kinematical constraints accidental backgrounds can be further
reduced and missing momentum and energy due to the additional neutrinos in
the µ+ → e+e−e+ν̄µνe process can be detected. The kinematic reconstruction
of candidate events is mainly deteriorated by multiple scattering of the low
energy electrons. Therefore, the material budget of the target and detector,
which must be operated in a helium atmosphere, has to be kept to a minimum.

In summary, a detector capable of precise momentum, vertex and timing
reconstruction at very high rates is needed. We propose to construct an exper-
iment with a long high precision tracker based on thin silicon pixel detectors
and a system of time-of-flight hodoscopes, see Fig. 8, placed in a homogeneous
solenoidal magnetic field of about 1−1.5 Tesla. In the final sensitivity phase the
experiment shall be performed at the highest intensity muon beamline available
at PSI.
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5.5.1 High Voltage MAPS Technology

We propose to use Monolithic Active Pixel Sensors (MAPS) as tracking detect-
ors, as they integrate sensor and readout functionalities in the same device and
thus greatly reduce the material budget. Classical concepts like hybrid designs
usually have a higher material budget due to additional interconnects (bonds)
and extra readout chips, which downgrade the track reconstruction perform-
ance, especially at low track momentum.

First MAPS designs were such that ionisation charges were collected mainly
by diffusion, with a timing constant of several hundreds of nanoseconds. HV-
MAPS designs with high bias voltages exceeding 50 V, however, overcome this
problem and provide timing resolutions of better than 100 ns. We propose to
use the High Voltage MAPS (HV-MAPS) design with pixel electronics com-
pletely implemented inside the deep N-well, which was first proposed by [70]
and has since been successfully tested [71, 72]. Figure 11 shows a sketch of the
proposed Monolithic Pixel Detector. The readout circuitry, see Fig. 12, allows
an efficient zero suppression of pixel information and the implementation of
timestamps to facilitate the assignments of hits between different pixel layers.
For readout designs providing 50 ns timing resolutions power consumptions of
about 150 mW/cm2 are expected [73].

Because of the small size of the active depletion zone, the detectors can also
be thinned down to 50 µm or less, depending on the complexity and vertical size
of the readout circuitry. By “thinning”, the material budget can be significantly
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5 A Novel Experiment Searching for µ → eee

The proposed experiment aims for a sensitivity of B(µ+ → e+e−e+) < 10−16

(10−15) at 90% CL for a beam intensity of 2 ·109 (2 ·108) muon stops per second.
Reaching this sensitivity requires a large geometrical coverage and suppression
of any possible background to a level below 10−16.

The most serious backgrounds are considered to be the radiative muon decay
µ+ → e+e−e+ν̄µνe with a branching fraction of 3.4 · 10−5 and accidentals,
which must be efficiently suppressed by an excellent vertex and timing resolution
of the detector. Suppression of backgrounds requires a precise measurement
of the electron and positron momenta in order to reconstruct the kinematics.
By exploiting kinematical constraints accidental backgrounds can be further
reduced and missing momentum and energy due to the additional neutrinos in
the µ+ → e+e−e+ν̄µνe process can be detected. The kinematic reconstruction
of candidate events is mainly deteriorated by multiple scattering of the low
energy electrons. Therefore, the material budget of the target and detector,
which must be operated in a helium atmosphere, has to be kept to a minimum.

In summary, a detector capable of precise momentum, vertex and timing
reconstruction at very high rates is needed. We propose to construct an exper-
iment with a long high precision tracker based on thin silicon pixel detectors
and a system of time-of-flight hodoscopes, see Fig. 8, placed in a homogeneous
solenoidal magnetic field of about 1−1.5 Tesla. In the final sensitivity phase the
experiment shall be performed at the highest intensity muon beamline available
at PSI.
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Figure 11: Sketch of the MAPS detector design from [70].

Figure 12: Block diagram of the HV MAPS detector from [70].

5.5.1 High Voltage MAPS Technology

We propose to use Monolithic Active Pixel Sensors (MAPS) as tracking detect-
ors, as they integrate sensor and readout functionalities in the same device and
thus greatly reduce the material budget. Classical concepts like hybrid designs
usually have a higher material budget due to additional interconnects (bonds)
and extra readout chips, which downgrade the track reconstruction perform-
ance, especially at low track momentum.

First MAPS designs were such that ionisation charges were collected mainly
by diffusion, with a timing constant of several hundreds of nanoseconds. HV-
MAPS designs with high bias voltages exceeding 50 V, however, overcome this
problem and provide timing resolutions of better than 100 ns. We propose to
use the High Voltage MAPS (HV-MAPS) design with pixel electronics com-
pletely implemented inside the deep N-well, which was first proposed by [70]
and has since been successfully tested [71, 72]. Figure 11 shows a sketch of the
proposed Monolithic Pixel Detector. The readout circuitry, see Fig. 12, allows
an efficient zero suppression of pixel information and the implementation of
timestamps to facilitate the assignments of hits between different pixel layers.
For readout designs providing 50 ns timing resolutions power consumptions of
about 150 mW/cm2 are expected [73].

Because of the small size of the active depletion zone, the detectors can also
be thinned down to 50 µm or less, depending on the complexity and vertical size
of the readout circuitry. By “thinning”, the material budget can be significantly
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Figure 8: Schematic view of the proposed experiment for the search of µ → eee
(not to scale). Shown are the detector components in the side view (top) and
in the transverse plane (bottom).

5 A Novel Experiment Searching for µ → eee

The proposed experiment aims for a sensitivity of B(µ+ → e+e−e+) < 10−16

(10−15) at 90% CL for a beam intensity of 2 ·109 (2 ·108) muon stops per second.
Reaching this sensitivity requires a large geometrical coverage and suppression
of any possible background to a level below 10−16.

The most serious backgrounds are considered to be the radiative muon decay
µ+ → e+e−e+ν̄µνe with a branching fraction of 3.4 · 10−5 and accidentals,
which must be efficiently suppressed by an excellent vertex and timing resolution
of the detector. Suppression of backgrounds requires a precise measurement
of the electron and positron momenta in order to reconstruct the kinematics.
By exploiting kinematical constraints accidental backgrounds can be further
reduced and missing momentum and energy due to the additional neutrinos in
the µ+ → e+e−e+ν̄µνe process can be detected. The kinematic reconstruction
of candidate events is mainly deteriorated by multiple scattering of the low
energy electrons. Therefore, the material budget of the target and detector,
which must be operated in a helium atmosphere, has to be kept to a minimum.

In summary, a detector capable of precise momentum, vertex and timing
reconstruction at very high rates is needed. We propose to construct an exper-
iment with a long high precision tracker based on thin silicon pixel detectors
and a system of time-of-flight hodoscopes, see Fig. 8, placed in a homogeneous
solenoidal magnetic field of about 1−1.5 Tesla. In the final sensitivity phase the
experiment shall be performed at the highest intensity muon beamline available
at PSI.
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5.5.1 High Voltage MAPS Technology

We propose to use Monolithic Active Pixel Sensors (MAPS) as tracking detect-
ors, as they integrate sensor and readout functionalities in the same device and
thus greatly reduce the material budget. Classical concepts like hybrid designs
usually have a higher material budget due to additional interconnects (bonds)
and extra readout chips, which downgrade the track reconstruction perform-
ance, especially at low track momentum.

First MAPS designs were such that ionisation charges were collected mainly
by diffusion, with a timing constant of several hundreds of nanoseconds. HV-
MAPS designs with high bias voltages exceeding 50 V, however, overcome this
problem and provide timing resolutions of better than 100 ns. We propose to
use the High Voltage MAPS (HV-MAPS) design with pixel electronics com-
pletely implemented inside the deep N-well, which was first proposed by [70]
and has since been successfully tested [71, 72]. Figure 11 shows a sketch of the
proposed Monolithic Pixel Detector. The readout circuitry, see Fig. 12, allows
an efficient zero suppression of pixel information and the implementation of
timestamps to facilitate the assignments of hits between different pixel layers.
For readout designs providing 50 ns timing resolutions power consumptions of
about 150 mW/cm2 are expected [73].

Because of the small size of the active depletion zone, the detectors can also
be thinned down to 50 µm or less, depending on the complexity and vertical size
of the readout circuitry. By “thinning”, the material budget can be significantly
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5 A Novel Experiment Searching for µ → eee

The proposed experiment aims for a sensitivity of B(µ+ → e+e−e+) < 10−16

(10−15) at 90% CL for a beam intensity of 2 ·109 (2 ·108) muon stops per second.
Reaching this sensitivity requires a large geometrical coverage and suppression
of any possible background to a level below 10−16.

The most serious backgrounds are considered to be the radiative muon decay
µ+ → e+e−e+ν̄µνe with a branching fraction of 3.4 · 10−5 and accidentals,
which must be efficiently suppressed by an excellent vertex and timing resolution
of the detector. Suppression of backgrounds requires a precise measurement
of the electron and positron momenta in order to reconstruct the kinematics.
By exploiting kinematical constraints accidental backgrounds can be further
reduced and missing momentum and energy due to the additional neutrinos in
the µ+ → e+e−e+ν̄µνe process can be detected. The kinematic reconstruction
of candidate events is mainly deteriorated by multiple scattering of the low
energy electrons. Therefore, the material budget of the target and detector,
which must be operated in a helium atmosphere, has to be kept to a minimum.

In summary, a detector capable of precise momentum, vertex and timing
reconstruction at very high rates is needed. We propose to construct an exper-
iment with a long high precision tracker based on thin silicon pixel detectors
and a system of time-of-flight hodoscopes, see Fig. 8, placed in a homogeneous
solenoidal magnetic field of about 1−1.5 Tesla. In the final sensitivity phase the
experiment shall be performed at the highest intensity muon beamline available
at PSI.

19

Niklaus Berger – NuFact, August 2011 – Slide 29

Support sensors on KaptonTM prints, with 
aluminium signal and power lines

Four layers in two groups in a ~ 1.5 Tesla 
field

Total material few ‰ of X0, few layers

Add a scintillating fibre tracker to reduce 
combinatorics through timing

Po
ssi

bl
e 

tra
ck

er
 la

yo
ut HVMAPS

• Need excellent resolutions to get rid of backgrounds
• Accidental BG : Vertex and timing 
• eeeνν decays   : Momentum

• The detector
• Scintillating fiber timing detector
• 100 ps resolution on average one electron

• Thin pixel silicon tracker
• High voltage monolithic active pixel (HVMAPS)
• Implement logic directly in N-well in the pixel
• Use a high voltage commercial process
• Small active region, fast charge collection
• Can be thinned down to <50 μm
• Low power consumption

(I.Peric, P. Fischer et al., NIM A 582 (2007) 876 (ZITI Mannheim, Uni Heidelberg))

see Dmitry Grigoriev’s talk

MEG

• Detector upgrade would include 
e+ tracking and liq.Xe detector. 

• The upgrade MEG will start in 
2015 or 2016, aiming O(10-14)

@PSI

R.Sawada NEUTRINO 2012 9

MEG Experiment

Waveform digitizer for all detectors

Special gradient magnetic field
 Sweeps out high rate e+ quickly
 Constant bending radius of e+

Ultra thin material
Precise e+ tracking

Precise e+ timing
Plastic scintillator + PMTs

2.7 ton of liquid xenon
Homogeneous detector

Good time, position, energy resolution

The most intense DC muon beam, 3×107 μ/s @ PSI, Switzerland

μ→eγ



CLFV Experiments in Muon Decays



CLFV Experiments in Muon Decays

58 CHAPTER 3. PHYSICS OF FLAVOUR AND SYMMETRIES

!"#$%&'#()*#+,(#-$) .,/,&/#")*#+,(#-$)

0"1(23#"/)*#+,(#-$)

41+#"-5,/,")
0"1&6,")

,(#-$)

0"1(23#"

Figure 3.9: A schematic layout of the Mu2e experiment at FNAL.

tional Laboratory (FNAL, US) and the the Japan Proton Accelerator Research Complex
(J-PARC, Japan).

The one in the US is the Mu2e experiment at FNAL [ID140]. It is largely based on the
MELC design [28] and aimed to search for µ��e� conversion at a single event sensitivity
of 3⇥10�16. It consists of the production solenoid system, the transport solenoid system
and the detector solenoid system. The Mu2e experiment plans to combat beam-related
background events with the help of a 8 GeV/c proton beam of 7 kW beam power from
the Booster machine at FNAL. The Mu2e experiment was approved at FNAL in 2009,
and received the CD-1 approval from DOE in 2012. It will start its measurement around
2020. A schematic layout of Mu2e is shown in Fig. 3.9.

The other experiment to search for µ�� e� conversion is called COMET (COherent
Muon to Electron Transition), being prepared at J-PARC [ID89]. COMET uses a proton
beam of 56 kW from the J-PARC main ring. The aimed for single-event sensitivity of
3 ⇥ 10�17 for COMET is similar to that for Mu2e. A schematic layout of COMET is
shown in Fig. 3.10.

For both Mu2e and COMET, in order to increase the muon beam intensity, a pion
capture system will be used, where superconducting solenoid magnets of high magnetic
field surround a proton target to capture pions in a large solid angle, leading to a
dramatic increase of muon yields by several orders of magnitude. An experimental
demonstration of the pion capture system to increase a muon production e�ciency by
a factor of 1000 has been made at the MuSIC facility, Osaka University [ID89]. The
muon transport solenoid system also maintains high transmission e�ciency, resulting in
a significant increase of muon flux. At the same time, in order to suppress background
events, in particular beam-related backgrounds, the following key elements have been
adopted for both experiments. They are, first of all, beam pulsing, which is required to
eliminate beam-related backgrounds by performing measurements between beam pulses.
To eliminate beam-related backgrounds from proton leakage, proton beam extinction
is required during the measurement interval. Secondary, curved solenoids for muon
transport are needed to select charges and momenta of muons as well as removing neutral
particles in the beam.

The di↵erences of the designs between Mu2e and COMET exist in the adoption of
C-shape curved solenoid magnets for both the muon beam line and the e+ spectrometer
in COMET. In Mu2e, after the first 90-degree bend, the muons of their momenta of
interest are necessarily shifted back to the median plane in the second 90-degree bend
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with opposite bending direction (therefore an S-shape), whereas in COMET, by applying
a magnetic field along the drift direction, the muons of interest can be kept on the median
curved plane. As a result the opposite bending direction is not needed in COMET, and
the 180-degree bend should provide larger dispersion to aid in momentum selection.
Secondly, a curved solenoid spectrometer in COMET is used to eliminate low-energy
events from muon decays in orbit before they reach the detector.

The COMET experiment has adopted a staged approach to realise COMET on an
early time schedule. The COMET staging scenario has been approved at the J-PARC
PAC and endorsed by the J-PARC review committee at MEXT in Japan. The COMET
Phase-I would include the pion capture system and the muon transport system up to the
end of the first 90-degree bend. The COMET Phase-I has two objectives, one of which is
measurements of potential beam-related background sources, and the second is to search
for µ� � e� conversion at an intermediate sensitivity, such as a single-event sensitivity
of 3 ⇥ 10�15, which is about a factor of 100 improvement over the previous limit, with
0.03 background events. At Phase-I, a muon beam intensity of 5⇥ 109 muons/s with a
3 kW proton beam power is expected, and about 1.5 ⇥ 106 s running period (18 days)
is su�cient to achieve an improvement of about 100. KEK is planning to start the
construction of the beam line in 2013. COMET Phase-I will start in 2016, and COMET
Phase-II (the full-sized experiment) is planned to start around 2020. Figure 3.10 shows
schematic layouts of COMET Phase-I and Phase-II.

It should be noted that although Mu2e and COMET are experiments in regions
outside Europe, there are research groups from Europe participating in these experiments
as important and strong proponents. For instance, an Italian group participates in Mu2e,
whereas UK and French groups participate in COMET.

µ+ ! e+e+e� decay

The rare decay µ+ ! e+e+e� is another important muon CLFV process. In a search for
µ+ ! e+e+e� decay, positive muons are stopped in a thin target, and two positrons and

COMET

• staged approach 
• COMET Phase-I < 3x10-15, 2016 

• COMET Phase-II < 3x10-17, 2019
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tional Laboratory (FNAL, US) and the the Japan Proton Accelerator Research Complex
(J-PARC, Japan).

The one in the US is the Mu2e experiment at FNAL [ID140]. It is largely based on the
MELC design [28] and aimed to search for µ��e� conversion at a single event sensitivity
of 3⇥10�16. It consists of the production solenoid system, the transport solenoid system
and the detector solenoid system. The Mu2e experiment plans to combat beam-related
background events with the help of a 8 GeV/c proton beam of 7 kW beam power from
the Booster machine at FNAL. The Mu2e experiment was approved at FNAL in 2009,
and received the CD-1 approval from DOE in 2012. It will start its measurement around
2020. A schematic layout of Mu2e is shown in Fig. 3.9.

The other experiment to search for µ�� e� conversion is called COMET (COherent
Muon to Electron Transition), being prepared at J-PARC [ID89]. COMET uses a proton
beam of 56 kW from the J-PARC main ring. The aimed for single-event sensitivity of
3 ⇥ 10�17 for COMET is similar to that for Mu2e. A schematic layout of COMET is
shown in Fig. 3.10.

For both Mu2e and COMET, in order to increase the muon beam intensity, a pion
capture system will be used, where superconducting solenoid magnets of high magnetic
field surround a proton target to capture pions in a large solid angle, leading to a
dramatic increase of muon yields by several orders of magnitude. An experimental
demonstration of the pion capture system to increase a muon production e�ciency by
a factor of 1000 has been made at the MuSIC facility, Osaka University [ID89]. The
muon transport solenoid system also maintains high transmission e�ciency, resulting in
a significant increase of muon flux. At the same time, in order to suppress background
events, in particular beam-related backgrounds, the following key elements have been
adopted for both experiments. They are, first of all, beam pulsing, which is required to
eliminate beam-related backgrounds by performing measurements between beam pulses.
To eliminate beam-related backgrounds from proton leakage, proton beam extinction
is required during the measurement interval. Secondary, curved solenoids for muon
transport are needed to select charges and momenta of muons as well as removing neutral
particles in the beam.

The di↵erences of the designs between Mu2e and COMET exist in the adoption of
C-shape curved solenoid magnets for both the muon beam line and the e+ spectrometer
in COMET. In Mu2e, after the first 90-degree bend, the muons of their momenta of
interest are necessarily shifted back to the median plane in the second 90-degree bend
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with opposite bending direction (therefore an S-shape), whereas in COMET, by applying
a magnetic field along the drift direction, the muons of interest can be kept on the median
curved plane. As a result the opposite bending direction is not needed in COMET, and
the 180-degree bend should provide larger dispersion to aid in momentum selection.
Secondly, a curved solenoid spectrometer in COMET is used to eliminate low-energy
events from muon decays in orbit before they reach the detector.

The COMET experiment has adopted a staged approach to realise COMET on an
early time schedule. The COMET staging scenario has been approved at the J-PARC
PAC and endorsed by the J-PARC review committee at MEXT in Japan. The COMET
Phase-I would include the pion capture system and the muon transport system up to the
end of the first 90-degree bend. The COMET Phase-I has two objectives, one of which is
measurements of potential beam-related background sources, and the second is to search
for µ� � e� conversion at an intermediate sensitivity, such as a single-event sensitivity
of 3 ⇥ 10�15, which is about a factor of 100 improvement over the previous limit, with
0.03 background events. At Phase-I, a muon beam intensity of 5⇥ 109 muons/s with a
3 kW proton beam power is expected, and about 1.5 ⇥ 106 s running period (18 days)
is su�cient to achieve an improvement of about 100. KEK is planning to start the
construction of the beam line in 2013. COMET Phase-I will start in 2016, and COMET
Phase-II (the full-sized experiment) is planned to start around 2020. Figure 3.10 shows
schematic layouts of COMET Phase-I and Phase-II.

It should be noted that although Mu2e and COMET are experiments in regions
outside Europe, there are research groups from Europe participating in these experiments
as important and strong proponents. For instance, an Italian group participates in Mu2e,
whereas UK and French groups participate in COMET.

µ+ ! e+e+e� decay

The rare decay µ+ ! e+e+e� is another important muon CLFV process. In a search for
µ+ ! e+e+e� decay, positive muons are stopped in a thin target, and two positrons and
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• staged approach 
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tional Laboratory (FNAL, US) and the the Japan Proton Accelerator Research Complex
(J-PARC, Japan).

The one in the US is the Mu2e experiment at FNAL [ID140]. It is largely based on the
MELC design [28] and aimed to search for µ��e� conversion at a single event sensitivity
of 3⇥10�16. It consists of the production solenoid system, the transport solenoid system
and the detector solenoid system. The Mu2e experiment plans to combat beam-related
background events with the help of a 8 GeV/c proton beam of 7 kW beam power from
the Booster machine at FNAL. The Mu2e experiment was approved at FNAL in 2009,
and received the CD-1 approval from DOE in 2012. It will start its measurement around
2020. A schematic layout of Mu2e is shown in Fig. 3.9.

The other experiment to search for µ�� e� conversion is called COMET (COherent
Muon to Electron Transition), being prepared at J-PARC [ID89]. COMET uses a proton
beam of 56 kW from the J-PARC main ring. The aimed for single-event sensitivity of
3 ⇥ 10�17 for COMET is similar to that for Mu2e. A schematic layout of COMET is
shown in Fig. 3.10.

For both Mu2e and COMET, in order to increase the muon beam intensity, a pion
capture system will be used, where superconducting solenoid magnets of high magnetic
field surround a proton target to capture pions in a large solid angle, leading to a
dramatic increase of muon yields by several orders of magnitude. An experimental
demonstration of the pion capture system to increase a muon production e�ciency by
a factor of 1000 has been made at the MuSIC facility, Osaka University [ID89]. The
muon transport solenoid system also maintains high transmission e�ciency, resulting in
a significant increase of muon flux. At the same time, in order to suppress background
events, in particular beam-related backgrounds, the following key elements have been
adopted for both experiments. They are, first of all, beam pulsing, which is required to
eliminate beam-related backgrounds by performing measurements between beam pulses.
To eliminate beam-related backgrounds from proton leakage, proton beam extinction
is required during the measurement interval. Secondary, curved solenoids for muon
transport are needed to select charges and momenta of muons as well as removing neutral
particles in the beam.

The di↵erences of the designs between Mu2e and COMET exist in the adoption of
C-shape curved solenoid magnets for both the muon beam line and the e+ spectrometer
in COMET. In Mu2e, after the first 90-degree bend, the muons of their momenta of
interest are necessarily shifted back to the median plane in the second 90-degree bend
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with opposite bending direction (therefore an S-shape), whereas in COMET, by applying
a magnetic field along the drift direction, the muons of interest can be kept on the median
curved plane. As a result the opposite bending direction is not needed in COMET, and
the 180-degree bend should provide larger dispersion to aid in momentum selection.
Secondly, a curved solenoid spectrometer in COMET is used to eliminate low-energy
events from muon decays in orbit before they reach the detector.

The COMET experiment has adopted a staged approach to realise COMET on an
early time schedule. The COMET staging scenario has been approved at the J-PARC
PAC and endorsed by the J-PARC review committee at MEXT in Japan. The COMET
Phase-I would include the pion capture system and the muon transport system up to the
end of the first 90-degree bend. The COMET Phase-I has two objectives, one of which is
measurements of potential beam-related background sources, and the second is to search
for µ� � e� conversion at an intermediate sensitivity, such as a single-event sensitivity
of 3 ⇥ 10�15, which is about a factor of 100 improvement over the previous limit, with
0.03 background events. At Phase-I, a muon beam intensity of 5⇥ 109 muons/s with a
3 kW proton beam power is expected, and about 1.5 ⇥ 106 s running period (18 days)
is su�cient to achieve an improvement of about 100. KEK is planning to start the
construction of the beam line in 2013. COMET Phase-I will start in 2016, and COMET
Phase-II (the full-sized experiment) is planned to start around 2020. Figure 3.10 shows
schematic layouts of COMET Phase-I and Phase-II.

It should be noted that although Mu2e and COMET are experiments in regions
outside Europe, there are research groups from Europe participating in these experiments
as important and strong proponents. For instance, an Italian group participates in Mu2e,
whereas UK and French groups participate in COMET.

µ+ ! e+e+e� decay

The rare decay µ+ ! e+e+e� is another important muon CLFV process. In a search for
µ+ ! e+e+e� decay, positive muons are stopped in a thin target, and two positrons and
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• COMET Phase-I < 3x10-15, 2016 

• COMET Phase-II < 3x10-17, 2019

@J-PARCμN→eN

see Giovanni Tassielli’s talk see Tran Hoai Nam’s talk

58 CHAPTER 3. PHYSICS OF FLAVOUR AND SYMMETRIES

!"#$%&'#()*#+,(#-$) .,/,&/#")*#+,(#-$)

0"1(23#"/)*#+,(#-$)

41+#"-5,/,")
0"1&6,")

,(#-$)

0"1(23#"

Figure 3.9: A schematic layout of the Mu2e experiment at FNAL.

tional Laboratory (FNAL, US) and the the Japan Proton Accelerator Research Complex
(J-PARC, Japan).

The one in the US is the Mu2e experiment at FNAL [ID140]. It is largely based on the
MELC design [28] and aimed to search for µ��e� conversion at a single event sensitivity
of 3⇥10�16. It consists of the production solenoid system, the transport solenoid system
and the detector solenoid system. The Mu2e experiment plans to combat beam-related
background events with the help of a 8 GeV/c proton beam of 7 kW beam power from
the Booster machine at FNAL. The Mu2e experiment was approved at FNAL in 2009,
and received the CD-1 approval from DOE in 2012. It will start its measurement around
2020. A schematic layout of Mu2e is shown in Fig. 3.9.

The other experiment to search for µ�� e� conversion is called COMET (COherent
Muon to Electron Transition), being prepared at J-PARC [ID89]. COMET uses a proton
beam of 56 kW from the J-PARC main ring. The aimed for single-event sensitivity of
3 ⇥ 10�17 for COMET is similar to that for Mu2e. A schematic layout of COMET is
shown in Fig. 3.10.

For both Mu2e and COMET, in order to increase the muon beam intensity, a pion
capture system will be used, where superconducting solenoid magnets of high magnetic
field surround a proton target to capture pions in a large solid angle, leading to a
dramatic increase of muon yields by several orders of magnitude. An experimental
demonstration of the pion capture system to increase a muon production e�ciency by
a factor of 1000 has been made at the MuSIC facility, Osaka University [ID89]. The
muon transport solenoid system also maintains high transmission e�ciency, resulting in
a significant increase of muon flux. At the same time, in order to suppress background
events, in particular beam-related backgrounds, the following key elements have been
adopted for both experiments. They are, first of all, beam pulsing, which is required to
eliminate beam-related backgrounds by performing measurements between beam pulses.
To eliminate beam-related backgrounds from proton leakage, proton beam extinction
is required during the measurement interval. Secondary, curved solenoids for muon
transport are needed to select charges and momenta of muons as well as removing neutral
particles in the beam.

The di↵erences of the designs between Mu2e and COMET exist in the adoption of
C-shape curved solenoid magnets for both the muon beam line and the e+ spectrometer
in COMET. In Mu2e, after the first 90-degree bend, the muons of their momenta of
interest are necessarily shifted back to the median plane in the second 90-degree bend
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Can we improve the Λ reach by an order of magnitude ? 
We must have at least 104 times the number of parent 

particles in rare decays.
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with the novel pion capture system.

Can we improve the Λ reach by an order of magnitude ? 
We must have at least 104 times the number of parent 
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Conventional muon beam line 
proton beam

Capture magnets

muons

J-PARC 
MUSE 
proton beam  
   -1000kW 
target 
   graphite 
   t20mm 
   φ70mm

SuperOmega 
Ω:400mSrproton beam loss 

< 5%

Much efficient
proton beam

Capture solenoid

muons

to a beam dump

Collect pions and muons 
by 3.5T solenoidal field

MuSIC 
proton beam  
   -0.4kW 
target 
   graphite 
   t200mm 
   φ40mm

Large solid angle & thick target

Transport solenoid

MuSIC,COMET,PRISM, 
Neutrino factory, 

Muon collider


