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Lepton Mixing in the SM to CLFV

Neutral lepton flavour 
violation has been observed. 
Lepton mixing in the SM has 
been established.
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S.T. Petcov, Sov.J. Nucl. Phys. 25 (1977) 340

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
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Charged lepton flavour violation search: Motivation
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New PhysicsSM

Current upper limits on Bi

10-130 100

New particles

 Large window for BSM search without SM backgrounds

Neutral lepton flavour 
violation has been observed. 
Lepton mixing in the SM has 
been established.
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Λ is the energy scale of new physics 
C(d) is the coupling constant.

ℒeff = ℒSM + ∑
d>4

C(d)

Λd−4

Effective Field Theory (EFT) Approach
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F. Feruglio, P. Paradisi and A. Pattori,  Eur. Phys. J. C 75  (2015) no.12, 579
G. M. Pruna and A. Signer, JHEP 1410  (2014) 014

AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 21

|Ca| [⇤ = 1 TeV] ⇤ (TeV) [|Ca| = 1] CLFV Process

Cµe
e� 2.1⇥ 10�10 6.8⇥ 104 µ ! e�

Cµµµe,eµµµ
`e 1.8⇥ 10�4 75 µ ! e� [1-loop]

Cµ⌧⌧e,e⌧⌧µ
`e 1.0⇥ 10�5 312 µ ! e� [1-loop]

Cµe
e� 4.0⇥ 10�9 1.6⇥ 104 µ ! eee

Cµeee
``,ee 2.3⇥ 10�5 207 µ ! eee

Cµeee,eeµe
`e 3.3⇥ 10�5 174 µ ! eee

Cµe
e� 5.2⇥ 10�9 1.4⇥ 104 µ�Au ! e�Au

Ceµ
`q,`d,ed 1.8⇥ 10�6 745 µ�Au ! e�Au

Ceµ
eq 9.2⇥ 10�7 1.0⇥ 103 µ�Au ! e�Au

Ceµ
`u,eu 2.0⇥ 10�6 707 µ�Au ! e�Au

C⌧µ
e� 2.7⇥ 10�6 610 ⌧ ! µ�

C⌧e
e� 2.4⇥ 10�6 650 ⌧ ! e�

Cµ⌧µµ
``,ee 7.8⇥ 10�3 11.3 ⌧ ! µµµ

Cµ⌧µµ,µµµ⌧
`e 1.1⇥ 10�2 9.5 ⌧ ! µµµ

Ce⌧ee
``,ee 9.2⇥ 10�3 10.4 ⌧ ! eee

Ce⌧ee,eee⌧
`e 1.3⇥ 10�2 8.8 ⌧ ! eee

Table V. – Bounds on the coe�cients of some of the flavour-violating operators of e IV for

⇤ = 1 TeV , and corresponding bounds on ⇤ (in TeV) for |Ca| = 1. Superscripts refer to the

flavour indices of the leptons appearing in the operators. Adapted from [107, 112, 114].

group (RG) equations – can mix the operators, for instance generating at low energies
some that vanish at the scale ⇤. The e↵ects of the RG running above and below the
EW scale – where a basis of operators invariant under SU(3)c ⇥ U(1)Q only has to be
employed – and the matching have been discussed in detail in [115, 117, 118], where
several examples of the resulting correlations among operators are provided.

Whereas the e↵ective field theory approach briefly introduced in this section is cer-
tainly a useful tool to describe CLFV e↵ects in a generic model-independent way and
study the impact of experimental searches, it is also a↵ected by a limited predictive
power. In fact, within the e↵ective field theory, the coe�cients of di↵erent operators
at high-energy scales are unrelated, while in a specific model they can be instead corre-
lated, since several operators are typically generated by integrating out heavy degrees of
freedom (let’s think for instance at the muon decay and the �-decay 4-fermion operators
both generated by integrating out the W boson). It is therefore fruitful to consider in
addition some specific high-energy theories. The next two sections are devoted to such
a discussion. Finally, let us recall that the e↵ective field theory is a valid approximation
of the full underlying theory only if there is a substantial separation between the energy
scale of the new degrees of freedom and that associated with CLFV processes. This is
not the case if the flavour-violating interactions are mediated by a light new field, e.g. the
gauge boson of a new symmetry. For recent related studies, see [124, 125].

from BR(µ→eγ)<4.2x10-13 

C6

Λ2
𝒪6 →

C6

Λ2
ēLσρνμRΦFρν

Λ ∼ 𝒪(104) TeV
c . f . ΔmK, ε′�



New Physics Energy Scale of CLFV Search

Future

Future planned CLFV experiments (with muons) expecting 
improvements by an additional factor of >10,000 or more 
(will be described later) would probe ….
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It is crucial in establishing where is the next fundamental scale 
above the electroweak symmetry breaking.

Λ ∼ 𝒪(105) TeV
R � 1

�4

CLFV would explore scales way beyond the energies that 
our present and future colliders can directly reach. 



“Golden” μ→e CLFV Transition Processes
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μ+ → e+γ

μ+ → e+e+e−
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“Golden” μ→e CLFV Transition Processes
20 LORENZO CALIBBI and GIOVANNI SIGNORELLI

Figure 4. – Schematic representation of the contribution to processes such as `i ! `j`k`k and
µ ! e conversion arising from a flavour-violating dipole operator and, conversely, to `i ! `j�
from 4-fermion operators.

by more than two orders of magnitudes, in order to provide a more stringent constraint
than the one currently given by µ ! e�. This is due to the fact that, if the dipole
operator dominates, the rates of µ ! eee and µ N ! e N are suppressed by a factor of
order ↵ with respect to µ ! e� [121], as it can be intuitively understood from Figure
4(12):

BR(µ ! eee) '
↵

3⇡

✓
log

m2
µ

m2
e

� 3

◆
⇥ BR(µ ! e�) ,(40)

CR(µ N ! e N) ' ↵ ⇥ BR(µ ! e�) .(41)

Therefore the MEG bound on BR(µ ! e�) translates – within this scenario – to a
limit to the above observables at the 10�15 level. Conversely, a measurement of the
rates of µ ! eee and µ N ! e N much above that value would clearly signal that the
source of CLFV is not the dipole operator Qe� , rather some of the 4-fermion operators
listed in Table IV(13). This would rule out large classes of models, such as the typical
supersymmetric frameworks that we will discuss in section 5. A graphical representation
of present and forecast limits on the coe�cient of the dipole operators from µ ! e
observables is shown in Figure 5.

The above considerations are based on the rather unrealistic hypothesis that new
physics e↵ects are encoded in a single operator. Although this can be approximately true
in certain scenarios, yet the coe�cients of the operators in Table IV are in general not
independent due to radiative e↵ects. Such e↵ects – summarised by the renormalisation

(12) For full calculations of the µ ! e conversion rates in di↵erent nuclei, see [109, 122, 123].
(13) As a matter of fact, there are several new physics models where such operators arise at the
tree level, thus with much larger coe�cients than the dipoles that can only be loop induced.
Some examples will be mentioned in section 6.

µ� e�
γ

dipole interaction

μ−N → e−N

μ+ → e+γ

μ+ → e+e+e−
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EFT at high physics scale

Experimental bounds and Leff

! Despite its generality, caution in taking “näıve limits”!

- limits assume dominance of one operator; NP leads to several (interference...)

- contributions from higher order operators may be non-negligible if ΛΛΛ is low...

- multiple “NP” scales: Leff = LSM+
C5O5

ΛLNVΛLNVΛLNV
(mν)+

C6O6

Λ2
LFVΛ2
LFVΛ2
LFV

(ℓi ↔ ℓj) + ...+
C9O9

Λ′5
LNVΛ′5
LNVΛ′5
LNV

(0ν2β) + ...

! Full analyses! threshold & RGE effects; correlations, higher-order contributions...

! Recent reviews of effective approach of µ− e transitions (RGE improved) [Crivellin et al, ’16-’17]

[1702.03020]
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Model dependent CLFV
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SM + NHL (neutral heavy lepton) 
large extra dimensions 
extended Higgs sector 
additional vector boson (Z’) 
leptoquark 
SUSY-GUT and SUSY seesaw 
R-parity violating SUSY 
low-energy seesaw 
etc. etc.
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Model Dependence

0.14 ppm

0.54 ppm

LITTLE HIGGS MODEL

SUSY: HEAVY RH NEUTRINO Type-I SEESAW

extra dimension 

νsνsνs and cLFV: radiative and 3 body decays

! Radiative decays: ℓi → ℓjγℓi → ℓjγℓi → ℓjγ
“3+1” toy model

! Consider µ→ eγµ→ eγµ→ eγ MEG

W � γ

µ eνi

! For m4 " 10 GeV sizable νs contributions excluded

.. but precluded by other cLFV observables
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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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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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(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].
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Now

PRIME

CKM
MNS

M1/2(GeV)

B(µTi! eTi)⇥ 1012 tan � = 10

µ! e conversion is at least as sensitive as µ! e�

SO(10) inspired model.

remember B scales with y2.

B(µ! e�) /M2
R[ln(MPl/MR)]2
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October 14, 2009 CLFV

Calibbi, Faccia, Masiero, 
Vempati, hep-ph/0605139]

experiment projection
BR~<6x10-17

experimental bound
BR~10-12
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Model dependent CLFV

�11

SM + NHL (neutral heavy lepton) 
large extra dimensions 
extended Higgs sector 
additional vector boson (Z’) 
leptoquark 
SUSY-GUT and SUSY seesaw 
R-parity violating SUSY 
low-energy seesaw 
etc. etc.

Mark Lancaster (UCL) : NuFact2018 : pPulsed Muon Beam Physics 14

Model Dependence

0.14 ppm

0.54 ppm

LITTLE HIGGS MODEL

SUSY: HEAVY RH NEUTRINO Type-I SEESAW

extra dimension 

νsνsνs and cLFV: radiative and 3 body decays

! Radiative decays: ℓi → ℓjγℓi → ℓjγℓi → ℓjγ
“3+1” toy model

! Consider µ→ eγµ→ eγµ→ eγ MEG

W � γ

µ eνi

! For m4 " 10 GeV sizable νs contributions excluded

.. but precluded by other cLFV observables
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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°
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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

– 29 –

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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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

 

B"‘i ! ‘j!$
B"‘i ! ‘j&‘i "&‘j$

! 48$3#
G2
F

#!a"
m2
"

$
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

S. Antusch, et al., JHEP11(2006)090

K.Agashe, et al., PRD74(2006)053011

SUSY-Seesaw
SUSY-GUT

Little Higgs
Extra dimensions

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

  

● 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 model

CLFV Prediction (for µ-e conversion) 
by CMSSM (Supersymmetric Models)André de Gouvêa Northwestern
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Now

PRIME

CKM
MNS

M1/2(GeV)

B(µTi! eTi)⇥ 1012 tan � = 10

µ! e conversion is at least as sensitive as µ! e�

SO(10) inspired model.

remember B scales with y2.

B(µ! e�) /M2
R[ln(MPl/MR)]2

[Calibbi, Faccia, Masiero, Vempati, hep-ph/0605139]

October 14, 2009 CLFV
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experimental bound
BR~10-12
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LFV,Why ?
LFV,Why ?

µ→e conve
rsion

in 

a muonic 
atom 



What is μ→e Conversion ?

�13

1s state in a muonic atom

�������

µ−

�

	��������	�
����

������
��������	��
�

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

nucleus



What is μ→e Conversion ?

�13

1s state in a muonic atom

�������

µ−

�

	��������	�
����

������
��������	��
�

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

nucleus ∝ Z5

Neutrino-less muon nuclear capture

µ− + (A, Z)→ e− + (A,Z )

Event Signature : 
a single mono-energetic 
electron of 105 MeV

coherent process

CR(μ−N → e−N) ≡
Γ(μ−N → e−N)
Γ(μ−N → all)

(for the case that the final 
nucleus is the ground state.)



Backgrounds for µ-e conversion

�14

intrinsic physics 
backgrounds

Muon decay in orbit (DIO)

Radiative muon capture (RMC)

neutrons from muon nuclear capture

Protons from muon nuclear capture



Backgrounds for µ-e conversion

�14

beam-related 
backgrounds

Radiative pion capture (RPC)

Beam electrons

Muon decay in flights

Neutron background

Antiproton induced background

intrinsic physics 
backgrounds

Muon decay in orbit (DIO)

Radiative muon capture (RMC)

neutrons from muon nuclear capture

Protons from muon nuclear capture



Backgrounds for µ-e conversion

�14

beam-related 
backgrounds

Radiative pion capture (RPC)

Beam electrons

Muon decay in flights

Neutron background

Antiproton induced background

intrinsic physics 
backgrounds

Muon decay in orbit (DIO)

Radiative muon capture (RMC)

neutrons from muon nuclear capture

Protons from muon nuclear capture

cosmic-ray and other 
backgrounds

Cosmic-ray induced background

False tracking



Current Limits on μ→e Conversion 

�15

Z S CR limit
sulfur 16 0 7 x 10-11

titanium 22 0,5/2,7/2 4.3 x 10-12

copper 39 3/2 1.6 x 10-8

gold 79 0,5/2 7 x 10-13

lead 82 0 (1/2) 4.6 x 10-11
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B(µN ! eN)  10�16

In order to make a new-generation experiment to 
search for µ-e conversion …



Highly Intense Muon Source

�17

pion capture in superconducting solenoids
Muon source

• Collect backward-going 
pions with capture 
solenoid

• Maximise field at target to 
give larger aperture angle

• Pions decay to muons en-route to stopping target. 
• Many neutrons produced, requires careful shielding. The curved 

transport line helps to eliminate direct line-of sight.

5

4

3

𝐵 𝑧
/T

𝑝𝑡

𝑝𝑙

Decreasing B field

2x1011 µ-/s 
for 56 kW protons  

proton target in a 
solenoidal field (~5T) 
a long proton target 
(1.5~2 interaction 
length) of heavy 
material)

muon yield 
>1000 increase



Improvements for 

Background Rejection

�18
 based on the MELC proposal at Moscow Meson Factory

Muon DIO 
background

low-mass trackers in 
vacuum & thin target

improve 
electron energy 
resolution

curved solenoids for 
momentum selection

Muon DIF 
background

eliminate 
energetic muons 
(>75 MeV/c)

Beam-related 
backgrounds

Beam pulsing with 
separation of 1μsec

measured 
between beam 
pulses

proton extinction = #protons between pulses/#protons in a pulse < 10-10



Pulsed Muon Beam for µ-e conversion

�19
June 3-7, 2019David Hitlin                                       Beijing CLFV School

The pulsed proton beam

 Time (ns)
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POT pulse
 1M )´ arrival/decay time ( -p

 400 )´ arrival time ( -m
 400 )´ decay/capture time ( -m

Selection Window, defined at  
center plane of the tracker

Shapes are schematic, for clarity

Pulsed proton beam based on muonic aluminum: muon lifetime of 864 ns

Selection window turns on late, significantly reducing prompt backgrounds 

86

Selection windows turns on 
late, significantly reducing 
prompt backgrounds.

Requirements ; 
Proton extinction factor 
during pulses < 10-10



J-PARC (MUSE@MLF)
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Linac
(330m, 400MeV)

3GeV Synchrotron (RCS)
(350m ring, 25Hz, 1MW)

30GeV Synchrotron (MR)
(1600m ring, 0.75MW)

Neutrino Experiment Facility
(T2K, towards SK)

Accelerator-driven 
Transmutation exp facility

Material/Life-Science Facility (MLF)
(muon source, pulse neutron source)

Hadron Experiment Facility



J-PARC (MUSE@MLF)
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Muon beam @ Material Life-science Facility (MLF) 
8

✤ MUSE (MUon Science Establishment)

✤ Four Secondary Beam-Lines
1) D-Line : Decay Surface Muon Beam Line
2) U-Line : Ultra Slow Muon Beam Line
3) S-Line : Surface Muon Beam Line
4) H-Line : High Momentum Muon Beam Line

✤ D, U and S are in operation
✤ H-Line is under construction and dedicated for High

Energy Physics Experiment
✤ Decay !/e (<120MeV/c) and surface ! (30MeV/c)
✤ H1 area for DeeMe & MuSEUM
✤ H2 area for g-2/EDM and transmission muon

microscopy
✤ H2 needs extra-building to re-accelerate ultra 

slow muons up to 300 MeV/c

Hajime NISHIGUCHI (KEK) ”Facility/Accelerator/Beam-line for J-PARC Muon Programs”   

H-Line(Shields Installed)
Surface µµ+ For Mu-HF, g-2/EDM and 
also for transmission Muon
Microscopy,
e- up to 120 MeV/c For DeeMe
µµ- up to 120 MeV/c For µµCF

S-Line (µµSR is ready at S1 !)
Surface µµ+(30 MeV/c), for materials science)

U-Line (Successful generation!)
Ultra Slow µµ+ (0.05-60keV), expected to be explored
for nano-science or multilayer thin film

D-Line (A New Solenoid)
Surface µµ+(30 MeV/c) 
Decay µµ+/µµ-(3.7-120 MeV/c) 

108 muons/s
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3) S-Line : Surface Muon Beam Line
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✤ Decay !/e (<120MeV/c) and surface ! (30MeV/c)
✤ H1 area for DeeMe & MuSEUM
✤ H2 area for g-2/EDM and transmission muon

microscopy
✤ H2 needs extra-building to re-accelerate ultra 

slow muons up to 300 MeV/c

Hajime NISHIGUCHI (KEK) ”Facility/Accelerator/Beam-line for J-PARC Muon Programs”   

H-Line(Shields Installed)
Surface µµ+ For Mu-HF, g-2/EDM and 
also for transmission Muon
Microscopy,
e- up to 120 MeV/c For DeeMe
µµ- up to 120 MeV/c For µµCF

S-Line (µµSR is ready at S1 !)
Surface µµ+(30 MeV/c), for materials science)

U-Line (Successful generation!)
Ultra Slow µµ+ (0.05-60keV), expected to be explored
for nano-science or multilayer thin film

D-Line (A New Solenoid)
Surface µµ+(30 MeV/c) 
Decay µµ+/µµ-(3.7-120 MeV/c) 

Proposed experimental site
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Figure 43. – Schematics of the DeeMe experiment. In DeeMe the pion production, decay and
muon capture, all happen in the same tagtet (graphite first, then silicon carbide) and emerging
electrons are measured by a spectrometer.

COMET Phase-I is expected to start its three-years data taking in 2018, in the mean-
time the Phase-II detectors are being realized.

Apart from the measurement of the muon conversion to electron, there is also, both
for Mu2e and for COMET, the possibility to measure the similar process with �L = 2:
µ�A(Z, N) ! e+A(Z � 2, N). This decay violates both the conservation of the total
lepton number and the lepton flavour numbers, Le and Lµ and is closely related to the
neutrinoless double-decay (see, e.g., [333]). Theoretical models find Rµe+ from 10�12 to
10�14. The best existing limit is 3.6 ⇥ 10�11 and has been obtained by the Sindrum II
collaboration in the process µ�Ti ! e+ Ca.

13.3.3. DeeMe. DeeMe (Direct emission of electron from Muon to electron conversion)
is a µ�N ! e�N search experiment in construction at J-PARC [282, 283] with a simpler
setup allowing, with an early start of the experiment, a moderate sensitivity compared
to the other µ�N ! e�N experiments described in the previous sections. The DeeMe
experiment will be carried out at a new beamline, H-Line, under construction at the
Muon Science Establishment (MUSE) in the Material and Life Science Facility (MLF)
at J-PARC. In DeeMe (see Figure 43) a 3 GeV proton beam from the Rapid Cycling
Synchrotron (RCS) will be stopped in a target creating pions. The produced pions decay
to muons in the target itself. Some of the muons are expected to form muonic atoms in
the production target, making it possible to search for electrons from µ ! e conversions
generated in the same target. The signal electrons will be measured by a magnetic
spectrometer based on a dipole magnet borrowed from TRIUMF (the PACMAN magnet)
and four multi-wire proportional chambers. Low momentum background particles are
removed mainly by dipole magnets in the beam transportation system. The experiment
will start with a graphite target to reach a single event sensitivity of 1 ⇥ 10�13 with
a running time of 2⇥107 s at 1 MW operation of RCS. The target will be later on
switched to silicon carbide (SiC), whose muonic capture rate is six times higher than
that of graphite to improve the sensitivity down to 1⇥10�14 (SES) for 2⇥107 s running

3 GeV J-PARC RCS protons
- beamline and spectrometer to select 100 MeV e-
- 4 MWPCs with Δp=0.5 MeV

with carbon target
CR<1x10-13 (1 year)
with SiC target
CR<3x10-14 (1 year)
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Figure 43. – Schematics of the DeeMe experiment. In DeeMe the pion production, decay and
muon capture, all happen in the same tagtet (graphite first, then silicon carbide) and emerging
electrons are measured by a spectrometer.

COMET Phase-I is expected to start its three-years data taking in 2018, in the mean-
time the Phase-II detectors are being realized.

Apart from the measurement of the muon conversion to electron, there is also, both
for Mu2e and for COMET, the possibility to measure the similar process with �L = 2:
µ�A(Z, N) ! e+A(Z � 2, N). This decay violates both the conservation of the total
lepton number and the lepton flavour numbers, Le and Lµ and is closely related to the
neutrinoless double-decay (see, e.g., [333]). Theoretical models find Rµe+ from 10�12 to
10�14. The best existing limit is 3.6 ⇥ 10�11 and has been obtained by the Sindrum II
collaboration in the process µ�Ti ! e+ Ca.

13.3.3. DeeMe. DeeMe (Direct emission of electron from Muon to electron conversion)
is a µ�N ! e�N search experiment in construction at J-PARC [282, 283] with a simpler
setup allowing, with an early start of the experiment, a moderate sensitivity compared
to the other µ�N ! e�N experiments described in the previous sections. The DeeMe
experiment will be carried out at a new beamline, H-Line, under construction at the
Muon Science Establishment (MUSE) in the Material and Life Science Facility (MLF)
at J-PARC. In DeeMe (see Figure 43) a 3 GeV proton beam from the Rapid Cycling
Synchrotron (RCS) will be stopped in a target creating pions. The produced pions decay
to muons in the target itself. Some of the muons are expected to form muonic atoms in
the production target, making it possible to search for electrons from µ ! e conversions
generated in the same target. The signal electrons will be measured by a magnetic
spectrometer based on a dipole magnet borrowed from TRIUMF (the PACMAN magnet)
and four multi-wire proportional chambers. Low momentum background particles are
removed mainly by dipole magnets in the beam transportation system. The experiment
will start with a graphite target to reach a single event sensitivity of 1 ⇥ 10�13 with
a running time of 2⇥107 s at 1 MW operation of RCS. The target will be later on
switched to silicon carbide (SiC), whose muonic capture rate is six times higher than
that of graphite to improve the sensitivity down to 1⇥10�14 (SES) for 2⇥107 s running

3 GeV J-PARC RCS protons
- beamline and spectrometer to select 100 MeV e-
- 4 MWPCs with Δp=0.5 MeV N. Teshima on Thursday

with carbon target
CR<1x10-13 (1 year)
with SiC target
CR<3x10-14 (1 year)
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COMET Phase-I  : J-PARC E21
COMET = COherent Muon to Electron Transition

cylindrical  
drift chamber

proton beam power = 3.2 kW
Single event sensitivity : 2x10-15

Running time: 0.4 years (1.2x107s)
a factor of 100 improvement

Phase-I

proton 
beam

�23

2a.		Cabling		(HV	side)
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proton beam power = 56 kW

Single event sensitivity : 2.6x10-17

Running time: 1 years (2x107sec)
a factor of 10,000 improvementPhase-II

proton 
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proton beam power = 56 kW

Single event sensitivity : 2.6x10-17

Running time: 1 years (2x107sec)
a factor of 10,000 improvementPhase-II

proton 
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Running time: 1 years (2x107sec)

Single event sensitivity : O(10-18)
a factor of 100,000 improvement

Running time: 1 years (2x107sec)
COMET collaboration, arXiv:1812.07824, 2018 
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proton beam power = 56 kW

Single event sensitivity : 2.6x10-17

Running time: 1 years (2x107sec)
a factor of 10,000 improvementPhase-II

proton 
beam
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Running time: 1 years (2x107sec)

Single event sensitivity : O(10-18)
a factor of 100,000 improvement

Running time: 1 years (2x107sec)
COMET collaboration, arXiv:1812.07824, 2018 

T. Xing on Thursday



COMET Phase-I : Preparation
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June 3-7, 2019David Hitlin                                       Beijing CLFV School

Status of the COMET facility

Transportation solenoid 
Finished in 2015

Prototype for stopping target

Winding of CS

Detector solenoid

Inside the experimental hall

B line in Jan 2018
To be finished in 2019

COMET
High-p

CRV design fixed
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Mu2e Detector 

Lindgren – Fermilab Snowmass PAC, June 21-25, 2011 15 

Proton beam hits production target in 
Production Solenoid. 
Pions captured and accelerated towards 
Transport Solenoid by graded field. 
Pions decay to muons. 

Transport solenoid performs sign and momentum 
selection. 
Eliminates high energy negative particles, positive 
particles and line-of-site neutrals. 

Muons captured in stopping target. 
Conversion electron trajectory measured 
in tracker, validated in calorimeter. 
Cosmic Ray Veto surrounds Detector 
Solenoid. 

The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov
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6x1010 muons/s from 8 kW

Mu2e Detector 

Lindgren – Fermilab Snowmass PAC, June 21-25, 2011 15 

Proton beam hits production target in 
Production Solenoid. 
Pions captured and accelerated towards 
Transport Solenoid by graded field. 
Pions decay to muons. 

Transport solenoid performs sign and momentum 
selection. 
Eliminates high energy negative particles, positive 
particles and line-of-site neutrals. 

Muons captured in stopping target. 
Conversion electron trajectory measured 
in tracker, validated in calorimeter. 
Cosmic Ray Veto surrounds Detector 
Solenoid. 

The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov



Mu2e at Fermilab

The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov

• A	search	for	Charged	Lepton	
Flavor	Violation:	!N→eN
– Expected	sensitivity	of	6x10-17	@	

90%	CL,	x10,000	better	than	
SINDRUM-II

– Probes	effective	new	physics
mass	scales	up	to	104	 TeV/c2

– Discovery sensitivity	to	broad	
swath	of	NP	parameter	space

The Mu2e Experiment - using muons to advance the search for New Physics

http://mu2e.fnal.gov1

• Experiment	scope	includes
– Proton	Beam	line
– Solenoid	systems
– Detector	elements

(tracker,	calorimeter,	cosmic	veto,	DAQ,	beam	
monitoring)

– Experimental	hall
– Commissioning	begins	in	2022

µ e
4.6T

2.5T
2.0T

1.0T

Transport	Solenoid	(TS) Detector	Solenoid	(DS)

A	System	of	superconducting	solenoids	and	an	intense	muon	beam

Production	Solenoid	(PS)

~25	meters

protons
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The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov

• A	search	for	Charged	Lepton	
Flavor	Violation:	!N→eN
– Expected	sensitivity	of	6x10-17	@	

90%	CL,	x10,000	better	than	
SINDRUM-II

– Probes	effective	new	physics
mass	scales	up	to	104	 TeV/c2

– Discovery sensitivity	to	broad	
swath	of	NP	parameter	space

The Mu2e Experiment - using muons to advance the search for New Physics

http://mu2e.fnal.gov1

• Experiment	scope	includes
– Proton	Beam	line
– Solenoid	systems
– Detector	elements

(tracker,	calorimeter,	cosmic	veto,	DAQ,	beam	
monitoring)

– Experimental	hall
– Commissioning	begins	in	2022

µ e
4.6T

2.5T
2.0T

1.0T

Transport	Solenoid	(TS) Detector	Solenoid	(DS)

A	System	of	superconducting	solenoids	and	an	intense	muon	beam

Production	Solenoid	(PS)

~25	meters

protons

�27R. Bonvetre on Thursday



Mu2e at Fermilab

The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov
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Mu2e Experiment – Under Construction!

http://mu2e.fnal.gov3

Completed:
– 75 km of superconductor
– 30 km of extruded scintillator
– 25 km of aluminized mylar straws

Calorimeter	support	- Frascati

Tracker	Panel	– U.	Minnesota

Magnet	testing	-
Fermilab

Production	Target	-UK

Cosmic	Veto	– U.	Virginia

Tracker	end	pieces	–
CUNY	York

Mu2e	Experimental	Hall
Superconductor	(75	km)		
Japan	&	Brazil
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The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov

�29

Mu2e Experiment – Under Construction!

http://mu2e.fnal.gov4

Progress across sub-systems:
– 68% of Calorimeter CsI crystals received & tested
– 37% of Cosmic Veto di-counters built & tested
– 75% of pre-production Tracker panels built & tested
– Delivery Ring installed and working
– M4 Beam line installation in progress  

Transport	Solenoid:
Testing	&	assembly	

in	progress!

First	production	PS	Coil	– layer	1	complete!Production	Solenoid		- coil	windings	
have	begun	for	the	first	coil!

Delivery	Ring	installation	complete
(in	operation	for	Muon	g-2	experiment)



Mu2e-II - a next generation 

µ→e conversion experiment at FNAL

The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov

Mu2e-II is an upgrade that will:
• Use ~100 kW of PIP-II protons 

@800 MeV
• Achieve an order of magnitude 

improvement in sensitivity 
– probe Rµe ~ 10-18 level,
– extend LNP reach by x2

Mu2e-II – A next generation µàe conversion experiment

http://mu2e.fnal.gov5

• EOI Submitted to Fermilab PAC in 2018
• arXiv:1802.02599, Fermilab-FN-1052
• 130 Signatories, 36 Institutions

PAC:		“physics	case	is	compelling”		“endorse	request	for	R&D	funding”
Status:	Pursuing	high	priority	R&D.	Data	taking	~2030	timescale. �30
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µ→e conversion experiment at FNAL

The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov

Mu2e-II is an upgrade that will:
• Use ~100 kW of PIP-II protons 

@800 MeV
• Achieve an order of magnitude 

improvement in sensitivity 
– probe Rµe ~ 10-18 level,
– extend LNP reach by x2

Mu2e-II – A next generation µàe conversion experiment

http://mu2e.fnal.gov5

• EOI Submitted to Fermilab PAC in 2018
• arXiv:1802.02599, Fermilab-FN-1052
• 130 Signatories, 36 Institutions

PAC:		“physics	case	is	compelling”		“endorse	request	for	R&D	funding”
Status:	Pursuing	high	priority	R&D.	Data	taking	~2030	timescale. �30 I. Oksuzian on Thursday
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Effective Field Theory for 

µ→e Conversion

�32

with each other. Section 4 is a toy model of two observables that depend on a sum of theoretical parameters,
which illustrates the impact of theoretical uncertainties on the determination of operator coefficients. It is well-
known, since the study of Kitano, Koike and Okada (KKO) [16], that different target nuclei have different relative
sensitivity to the various operator coefficients. In Section 5, using the notion of targets as vectors in the space of
operator coefficients introduced in Reference [11], we explore which current experimental bounds can give independent
constraints on operator coefficients, given the current theoretical uncertainties. Section 6 discusses the prospects of
future experiments, and section 8 is the summary.

2 µ→e conversion

µ→ e conversion is the process where an incident µ− is captured by a nucleus, and tumbles down to the 1s state.
The muon can then interact with the nucleus, by exchanging a photon or via a contact interaction, and turn into
an electron which escapes with an energy ∼ mµ. This process has been searched for in the past with various target
materials, as summarised in table 1; the best existing bound is BR < 7× 10−13 on Gold (Z = 79) from SINDRUM-II
[17].

The interaction of the muon with the nucleus can be parametrised at the experimental scale in Effective Field
Theory, via dipole operators and a variety of 2-nucleon operators :

LµA→eA(Λexpt) = −
4GF√

2

∑

N=p,n

[
mµ

(
CDLeRσ

αβµLFαβ + CDReLσ
αβµRFαβ

)

+
(
C̃(NN)

SL ePLµ+ C̃(NN)
SR ePRµ

)
NN

+
(
C̃(NN)

P,L ePLµ+ C̃(NN)
P,R ePRµ

)
Nγ5N

+
(
C̃(NN)

V L eγαPLµ+ C̃(NN)
V R eγαPRµ

)
NγαN

+
(
C̃(NN)

A,L eγαPLµ+ C̃(NN)
A,R eγαPRµ

)
Nγαγ5N

+
(
C̃(NN)

Der,Leγ
αPLµ+ C̃(NN)

Der,Reγ
αPRµ

)
i(N

↔
∂α γ5N)

+
(
C̃(NN)

T,L eσαβPLµ+ C̃(NN)
T,R eσαβPRµ

)
NσαβN + h.c.

]
. (1)

Since the electron is relativistic, and the nucleons not, it is convenient to use a chiral basis for the lepton current, but
not for the nucleons.

This basis of nucleon operators is chosen because it represents the minimal set onto which two-lepton-two-quark,
and two-lepton-two-gluon operators can be matched at the leading order in χPT ¶. This explains the presence of the

derivative operators Õ(NN)
Der,X , which represent pion exchange between the leptons and nucleons at finite momentum

transfer. They give a contribution to Spin-Dependent µ → e conversion that is comparable to the Õ(NN)
A,X operators

[11]. We do not count the coefficients of the derivative operators as independent parameters, because their effects
could be included as a momentum-transfer-dependence of the GN,q

A factors that relate quark to nucleon axial operators
[11].

Like in WIMP scattering on nuclei, the muon can interact coherently with the charge or mass distribution of the
nucleus, called the “Spin Independent” (SI) process, or it can have Spin-Dependent (SD) interactions[19] with the
nucleus at a rate that does not benefit from the atomic-number-squared enhancement of the SI rate. The Dipole,
Scalar and Vector operators will contribute to the SI rate (with a small admixture of the Tensor, see eqn 3), and the
Axial, Tensor and Pseudoscalar operators contribute to the SD rate.

The spin-Independent contribution to the branching ratio for µ→ e conversion on the nucleus A, was calculated
by Kitano, Koike and Okada (KKO) [16], to be

BRSI(Aµ → Ae) =
32G2

Fm
5
µ

Γcap

[∣∣C̃pp
V,RV

(p) + C̃pp′

S,LS
(p) + C̃nn

V,RV
(n) + C̃nn′

S,LS
(n) + CD,L

D

4

∣∣2 + {L ↔ R}
]

(2)

where Γcapt is the rate for the muon to transform to a neutrino by capture on the nucleus [16, 20], ≈ 0.7054× 106/sec

in Aluminium. The nucleus (A) and nucleon(N ∈ {n, p})-dependent “overlap integrals” DA, S(p)
A , V (p)

A , S(n)
A , V (n)

A ,
correspond to the integral over the nucleus of the lepton wavefunctions and the appropriate nucleon density. These
overlap integrals will play a central role in our analysis, and are given in KKO [16]. The primed scalar coefficient

¶At higher order in χPT, additional operators can appear, sometimes involving more than two nucleons [18].

2

scalar

vector
axial-vector

tensor
(derivative)

pseudo-scalar

dipole

two-lepton and two-nucleon operators and dipole operators



Discrimination of the interactions by

different targets

V. Cirigliano, R. Kitano, Y. Okada, and P. Tuzon, Phys. Rev. D80 (2009) 013002

scalar interaction

dipole interaction

vector interaction

(with Z boson)

vector interaction

(with photon -
charge radius)

C. Target dependence of ! ! e conversion

In principle, any single-operator model can be tested
with two conversion rates, even if! ! e" is not observed.
To illustrate this point, we update the analysis of Ref. [6]
and plot in Fig. 3 the conversion rate (normalized to the
rate in aluminum) as a function of the Z of the target
nucleus, for the four classes of single-operator models
defined above. Compared to Ref. [6], the novelty here is
the inclusion of a second vector model (VðZÞ).

The results of Fig. 3 show some noteworthy features.
First, we note the quite different target dependence of the
conversion rate in the two vector models considered. This
can be understood as follows: In the case of the Vð"Þ model,
the behavior in Fig. 3 simply traces the Z dependence of

VðpÞ (the photon only couples to the protons in the nu-
cleus). On the other hand, in the case of the VðZÞ model, the
Z boson couples predominantly to the neutrons in the

nucleus and the target dependence of the ratio VðnÞ=VðpÞ #
ðA $ ZÞ=Z generates the behavior observed in Fig. 3.
Next, let us focus on the actual discriminating power of

the Z dependence. Clearly, the plot shows that the model
discriminating power tends to increase with Z. This is a
simple reflection of the fact that the whole effect is of
relativistic origin and increases in heavy nuclei. So in an
ideal world, in order to maximize the chance to discrimi-
nate among underlying models, one would like to measure
the conversion rate in a light nucleus, say aluminum or
titanium, as well as in a large-Z nucleus, like lead or gold.
This simplified view, however, has to be confronted both
with theoretical uncertainties and the actual experimental
feasibility. Concerning the uncertainties, a simple analysis
shows that the dominant uncertainty coming from the
scalar matrix elements almost entirely cancels when taking
ratios of conversion rates (even using the conservative
range y2 ½0;0:4& for the strange scalar density matrix
element). Moreover, in the large-Z tail of the plot, some
residual uncertainty arises from the input on the neutron
density profile. When polarized proton scattering data ex-
ists, the uncertainty on the ratios of conversion rates be-
comes negligible. This point is illustrated by Table I, where
we report the detailed breakdown of uncertainties in the
ratios B!!eðTiÞ=B!!eðAlÞ and B!!eðPbÞ=B!!eðAlÞ. For
other targets, the uncertainty induced by neutron densities
never exceeds 5% [6]. The conclusions of this exercise are
that
(i) The theoretical uncertainties (scalar matrix elements

and neutron densities) largely cancel when we take a
ratio.

(ii) As evident from Fig. 3, a realistic discrimination
among models requires a measure of B!!eðTiÞ=
B!!eðAlÞ at the level of 5% or better, or alternatively
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FIG. 3 (color online). Target dependence of the ! ! e con-
version rate in different single-operator dominance models. We
plot the conversion rates normalized to the rate in aluminum
(Z ¼ 13) versus the atomic number Z for the four theoretical
models described in the text: D (blue), S (red), Vð"Þ (magenta),
VðZÞ (green). The vertical lines correspond to Z ¼ 13ðAlÞ, Z ¼
22ðTiÞ, and Z ¼ 83ðPbÞ.

TABLE I. Ratios of conversion rates in titanium and lead over
aluminum, in each of the four single-operator models: scalar (S),
dipole (D), vector 1 (photon coupling to the quarks), and vector 2
(Z boson coupling to the quarks). In the scalar model, the scalar
form factor induces a negligible uncertainty in the ratios involv-
ing two targets (denoted by the subscript y). In the case of lead
over aluminum, the small uncertainty is dominated by the
neutron density input (denoted by the subscript #n).

S D Vð"Þ VðZÞ

Bð!!e;TiÞ
Bð!!e;AlÞ 1:70 ( 0:005y 1.55 1.65 2.0

Bð!!e;PbÞ
Bð!!e;AlÞ 0:69 ( 0:02#n

1.04 1.41 2:67 ( 0:06#n
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FIG. 2 (color online). Ratio RðZÞ of ! ! e conversion over
Bð! ! e"Þ versus Z in the case of the dipole-dominance model.
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S. Davidson, YK, M. Yamanaka, Phys. Lett. B790 (2019) 380-388 �33



Spin Dependent µ-e conversion and 

Spin Independent µ-e conversion

dipole 
interaction

scalar 
interaction

vector 
interaction

Spin Independent

μ-e Conversion

(coherent)

�34



Spin Dependent µ-e conversion and 

Spin Independent µ-e conversion

dipole 
interaction

scalar 
interaction

vector 
interaction

Spin Independent

μ-e Conversion

(coherent)

V. Cirigliano, S. Davidson, YK, Phys. Lett. B 771 (2017) 242 
S. Davidson, YK, A. Saporta, Eur. Phys. J. C78 (2018) 109 

compare zero-spin and non-zero-spin nuclear targets

tensor 
interaction

axial vector 
interaction

Spin Dependent

μ-e Conversion

(incoherent)

Pseudo- 
scaler 

interaction
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LNV/CLFV



μ-  to e+ conversion in muonic atom

�36

Lepton number violation (LNV) and 
Lepton flavour violation (LFV)

backgrounds

signal signature

Eμe+ = mμ − Bμ − Erec − (M(A, Z − 2) − M(A, Z ))

• radiative muon nuclear capture (RMC)

ERMC = mμ − Bμ − Erec − (M(A, Z − 1) − M(A, Z ))

μ− + N(A, Z) → N(A, Z − 1) + ν + γ

μ− + N(A, Z) → e+ + N(A, Z − 2) ground or excited final states.
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Lepton number violation (LNV) and 
Lepton flavour violation (LFV)

backgrounds

signal signature

Eμe+ = mμ − Bμ − Erec − (M(A, Z − 2) − M(A, Z ))

• radiative muon nuclear capture (RMC)

ERMC = mμ − Bμ − Erec − (M(A, Z − 1) − M(A, Z ))

μ− + N(A, Z) → N(A, Z − 1) + ν + γ

μ− + N(A, Z) → e+ + N(A, Z − 2) ground or excited final states.

μ− + Ti → e+ + Ca(gs) ≤ 1.7 × 10−12

μ− + Ti → e+ + Ca(ex) ≤ 3.6 × 10−11

J. Kaulard et al. (SINDRUM-II)

Phys. Lett. B422 (1998) 334.
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FIG. 3. Fitting result of the energy distributions of the µ� � e+ signal (short dashed red line) stacked on the RMC photon
background (long dashed blue line) from 32S, 40Ca, 48Ti, and 50Cr muon-stopping target when Br(µ� � e+) = 1.0 ⇥ 10�14

and Nµ�stop = 1018. The inequality beside the vertical black dotted line represents the signal energy window, and the line
corresponds to its lower boundary. Black dots are pseudo data of positrons generated by the background and signal composite
model.

neutrino mass generation. Investigation of the LNV pro-
cesses mostly has been conducted through 0⌫�� decay
experiments, but the experimental search for the µ�

�e+

conversion can also be carried out as a complementary
channel to the 0⌫�� decay. Since a great leap of the sen-
sitivity of the µ�

� e+ conversion is expected with the
future CLFV experiments, it is essential to make a full
exploration of the current experimental scheme.

For this purpose, we introduced a new requirement of

the target nucleus mass of M(A,Z) satisfying M(A,Z �

2) < M(A,Z � 1) to suppress the backgrounds from
RMC. Several appropriate target candidates of even-even
nuclei were found to meet the criteria. We estimated the
experimental sensitivities of such target nuclei candidates
in a general experimental set-up. In conclusion, calcium
(40Ca) and sulfur (32S) have the best experimental sen-
sitivities about O(10�16) in the µ�

� e+ conversion de-
tection, which results in a four orders of magnitude of

Future prospects: 

Mu2e or 
COMET can 
improve with 
proper targets,

Current limits : 

B. Yeo, YK, M. Lee and K. Zuber, Phys. Rev. D96 (2017) 075027
T. Geib, A. Merie, K. Zuber, Phys. Lett. B764 (2017) 157-162



DC muon beam experiments are …



CLFV Decay of Muons : μ+→e+γ

�38

MEG @PSI

drift chamber for positrons 
liquid Xe detector for gammas 
DC muon beam at PSI

a factor of 30 improvement

MEG: Signature and experimental setup
• The MEG experiment aims to search for μ+ → e+ γ with a sensitivity of ~10-13  (previous 

upper limit BR(μ+ → e+ γ) ≤ 1.2 x 10-11 @90 C.L. by MEGA experiment) 
• Five observables (Eg, Ee, teg, ϑeg, ϕeg) to characterize μ→ eγ events

�
µ+e+

�
µ+e+

�

�

�

µ+e+

�

�

Signature

Backgrounds

�10

A.M. Baldini et al. (MEG Collaboration), 
Eur. Phys. J. C73 (2013) 2365(2016)
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MEG II

Pisa,	12-04-2016 L.	Galli,	INFN	Pisa

MEG	II	at	a	glance

38

L.	Galli	Pisa	Seminar	24/04/2013

all detectors upgraded 
full muon beam intensity 
Goal ~ 6x10-14  (2020-2023)
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MEG: Signature and experimental setup
• The MEG experiment aims to search for μ+ → e+ γ with a sensitivity of ~10-13  (previous 

upper limit BR(μ+ → e+ γ) ≤ 1.2 x 10-11 @90 C.L. by MEGA experiment) 
• Five observables (Eg, Ee, teg, ϑeg, ϕeg) to characterize μ→ eγ events
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A.M. Baldini et al. (MEG Collaboration), 
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MEG II

Pisa,	12-04-2016 L.	Galli,	INFN	Pisa

MEG	II	at	a	glance

38

L.	Galli	Pisa	Seminar	24/04/2013

all detectors upgraded 
full muon beam intensity 
Goal ~ 6x10-14  (2020-2023)

MEG @PSI

drift chamber for positrons 
liquid Xe detector for gammas 
DC muon beam at PSI

a factor of 30 improvement

MEG: Signature and experimental setup
• The MEG experiment aims to search for μ+ → e+ γ with a sensitivity of ~10-13  (previous 

upper limit BR(μ+ → e+ γ) ≤ 1.2 x 10-11 @90 C.L. by MEGA experiment) 
• Five observables (Eg, Ee, teg, ϑeg, ϕeg) to characterize μ→ eγ events

�
µ+e+

�
µ+e+

�

�

�

µ+e+

�

�

Signature

Backgrounds

�10

A.M. Baldini et al. (MEG Collaboration), 
Eur. Phys. J. C73 (2013) 2365(2016)

S. Mihara on Thursday



Mu3e at PSI

Pixel Tracker
Scintillating 

Fibers
Scintillating Tiles

BR(μ → e e e ) < 2·10-15 (phase I) → 108 muons/s (PiE5)
BR(μ → e e e ) < 10-16 (phase II) → >109 muons/s (HiMB)

Features: 
● surface muons (p=29 MeV/c, DC) stopped on target at high rate:  108 - 109 /s  
● ultra thin silicon pixel detector (HV-MAPS) with 1 per mill radiation length / layer 
● high precision tracking using recurling tracks in strong magnetic field 
● fast timing detectors (scintillating fibers & tiles) 
● helium gas cooling

 

A. Schöning on behalf of Mu3e                                      1   PhiPsi’19 Workshop

Mu3e Experiment

PhiPsi 2019 Workshop 

Budker Institute

25.2-1.3. 2019, Novosibirsk

https://www.psi.ch/mu3e/

Search for µ+ → e+ e+ e-

�39

2021~ phase-I commissioning
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Pixel Tracker
Scintillating 

Fibers
Scintillating Tiles

BR(μ → e e e ) < 2·10-15 (phase I) → 108 muons/s (PiE5)
BR(μ → e e e ) < 10-16 (phase II) → >109 muons/s (HiMB)

Features: 
● surface muons (p=29 MeV/c, DC) stopped on target at high rate:  108 - 109 /s  
● ultra thin silicon pixel detector (HV-MAPS) with 1 per mill radiation length / layer 
● high precision tracking using recurling tracks in strong magnetic field 
● fast timing detectors (scintillating fibers & tiles) 
● helium gas cooling

 

A. Schöning on behalf of Mu3e                                      1   PhiPsi’19 Workshop

Mu3e Experiment

PhiPsi 2019 Workshop 

Budker Institute

25.2-1.3. 2019, Novosibirsk

https://www.psi.ch/mu3e/

Search for µ+ → e+ e+ e-

�39

2021~ phase-I commissioning

S. Dittmeier on Thursday



Schedule of “golden” µ→e Transition 

processes in 2025 and beyond

�40

Timeline submitted to EPPSU 2020

COMET, MEG, Mu3e, Mu2e, arXiv:1812.06540  

Improvement : > 10,000
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Muon g-2 : Spin precession

�42

ωS =
eB
mμγ

[1 +
(g − 2)

2
γ]

Spin vector precession Momentum vector motion

Under a magnetic field

ωC =
eB
mμγ



Muon g-2 : Spin precession

�42

_04/08/2014 First CERN Muon g-2 Experiment.doc 35

Francis Farley, Hans Sens, Georges Charpak, Theo Muller, Antonino Zichichi
with the 6-meter g-2 magnet

Mark%Lancaster%:%Lepton%Moments%:%Jul%2014%FNAL%g;2%Experiment%%

FNAL g-2 Experimental Technique!
Inject%3.09%GeV%muons%into%%
a%storage%ring%(B%=%1.45%T)%

Exploit%property%that%direcHon%
of%e+%from%μ+%decay%is%strongly%
correlated%with%μ+%%spin%%
for%highest%energy%e+%

:%6%

In%g;2%experiment%:%cyclotron%period%is%149%ns%
%

Spin%precesses%around%momentum%direcHon%once%every%30%turns%(4.3%us)%

ωS − ωC = ωa =
aμeB

mμ

Spin precession with respect to 
the momentum vector

aμ =
1
2

(g − 2)

At the BNL experiment, 
spin precesses around 
momentum once every 

30 turns. 
ωS =

eB
mμγ

[1 +
(g − 2)

2
γ]

Spin vector precession Momentum vector motion

Under a magnetic field

ωC =
eB
mμγ



Muon g-2
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Mark%Lancaster%:%Lepton%Moments%:%Jul%2014%FNAL%g;2%Experiment%%

Spin Equation!

:%4%

Measure%rate%at%which%muon%spin%%
turns%relaHve%to%momentum%vector%%

This%is%determined%by%(g;2)%and%the%%
EM%fields%and%energy%of%the%muon%

J7PARC&approach&:&300&MeV&beam&&
with&v.&low&transverse&momenta&
requiring&no&E7field&to&focus.&

FNAL/BNL&approach&:&&effect&of&focussing&
E7field&cancelled&by&using&“magic”&3.09&
GeV&momenta&muons.&

ZERO&ZERO&

ωa
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B is measured using NNR in terms of the proton Larmor frequencyωp
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Mark%Lancaster%:%Lepton%Moments%:%Jul%2014%FNAL%g;2%Experiment%%

Spin Equation!

:%4%

Measure%rate%at%which%muon%spin%%
turns%relaHve%to%momentum%vector%%

This%is%determined%by%(g;2)%and%the%%
EM%fields%and%energy%of%the%muon%

J7PARC&approach&:&300&MeV&beam&&
with&v.&low&transverse&momenta&
requiring&no&E7field&to&focus.&

FNAL/BNL&approach&:&&effect&of&focussing&
E7field&cancelled&by&using&“magic”&3.09&
GeV&momenta&muons.&

ZERO&ZERO&

ωa

B is measured using NNR in terms of the proton Larmor frequencyωp

3ppb 22ppb 0.26ppt



Muon g-2 Prediction

�44

aSM
μ = 116591820.5(35.6) × 10−11
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aSM
μ = 116591820.5(35.6) × 10−11

Mark Lancaster (UCL) : NuFact2018 : pPulsed Muon Beam Physics 39

Daisuke Nomura (WG4)

Current discrepancy with SM

3.7σ deviation 
from the SM 
expectation

aexp
μ = 116595208.9(63) × 10−11 BNL E821



Muon g-2 Prediction

�44

aSM
μ = 116591820.5(35.6) × 10−11

Mark Lancaster (UCL) : NuFact2018 : pPulsed Muon Beam Physics 39

Daisuke Nomura (WG4)

Current discrepancy with SM

3.7σ deviation 
from the SM 
expectation

aexp
μ = 116595208.9(63) × 10−11 BNL E821

D. Nomura on Tuesday



Muon g-2 (E989) at FNAL

�45

aim at 0.14 ppm (x4 improvement) 
significant improvements over BNL 
E821 
run 1 data (2018) ~ 1.4xBNL 
run 2 data (2019) ~ 1.8xBNL 
run 1 result by the end of this year



Muon g-2 (E989) at FNAL

�45

muon g-2

@FNAL

aim at 0.14 ppm (x4 improvement) 
significant improvements over BNL 
E821 
run 1 data (2018) ~ 1.4xBNL 
run 2 data (2019) ~ 1.8xBNL 
run 1 result by the end of this year

Muon g-2 Beam

• 8 GeV p batch into 
Recycler 4� 1012 p

• Split into 4 bunches

• Extract each bunch to 
strike target

• Long FODO channel to 
collect p → µ n

• p/p/µ beam enters DR; 
protons kicked out; p
decay away        pure 
muon beam 

• ~6,000 µ stored in ring 
per pulse

Lee Roberts-18-June-2019-CLFV Fukuoka 226/7/17
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Muon g-2 (E989) at FNAL

�45

muon g-2

@FNAL

aim at 0.14 ppm (x4 improvement) 
significant improvements over BNL 
E821 
run 1 data (2018) ~ 1.4xBNL 
run 2 data (2019) ~ 1.8xBNL 
run 1 result by the end of this year

S. Corrodi on Tuesday

Muon g-2 Beam

• 8 GeV p batch into 
Recycler 4� 1012 p

• Split into 4 bunches

• Extract each bunch to 
strike target

• Long FODO channel to 
collect p → µ n

• p/p/µ beam enters DR; 
protons kicked out; p
decay away        pure 
muon beam 

• ~6,000 µ stored in ring 
per pulse

Lee Roberts-18-June-2019-CLFV Fukuoka 226/7/17
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new technique : slow muons from laser ionization of muonium. 
aim at 0.45 ppm 
different systematics

Soohyung Lee (IBS/CAPP) on behalf of the J-PARC muon g-2/EDM collaborationAug 27 2019, The 21st International Workshop on Neutrinos from Accelerators
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Experiment Overview
• Muon g-2/EDM experiment at J-PARC (Japan)
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3 GeV proton beam (1 MW, double pulse, 25 Hz)

Surface muon beam 
(27 MeV/c, ε ~ 1000 π mm·mrad)

Muonium Production 
(300 K ~ 2.3 keV/c)

Thermal muon production by resonant 
laser ionization of muonium (~106 µ+/s)

Silicon 
Tracker

66 cm

Muon storage magnet (3 T, ~1ppm local precision)

Muon reacceleration  
(300 MeV/c, ε ~ 1 π mm·mrad)

3D spiral injection

3 T storage magnetJ-PARC g-2/edm
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new technique : slow muons from laser ionization of muonium. 
aim at 0.45 ppm 
different systematics

Soohyung Lee (IBS/CAPP) on behalf of the J-PARC muon g-2/EDM collaborationAug 27 2019, The 21st International Workshop on Neutrinos from Accelerators
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Experiment Overview
• Muon g-2/EDM experiment at J-PARC (Japan)
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3 GeV proton beam (1 MW, double pulse, 25 Hz)

Surface muon beam 
(27 MeV/c, ε ~ 1000 π mm·mrad)

Muonium Production 
(300 K ~ 2.3 keV/c)

Thermal muon production by resonant 
laser ionization of muonium (~106 µ+/s)

Silicon 
Tracker

66 cm

Muon storage magnet (3 T, ~1ppm local precision)

Muon reacceleration  
(300 MeV/c, ε ~ 1 π mm·mrad)

3D spiral injection

3 T storage magnetJ-PARC g-2/edm S. Lee on Tuesday
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flavour violating component of the BSM dipole operator

flavour conserving component of the BSM dipole operator

 muon CLFV (μ→eγ etc.)

 muon g-2 anomaly
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If the Muon g-2 anomaly is confirmed, it will establish 
the presence of a BSM muon interaction which may 
induce sizable effects of muon CLFV. 

M. Lindner, M. Platscher, and F.S. Queiroz,  arXiv:161006587

flavour violating component of the BSM dipole operator

flavour conserving component of the BSM dipole operator

 muon CLFV (μ→eγ etc.)

 muon g-2 anomaly



Summary

•Physics prospects with muons 
are rich. 

•Study of charged leptons has 
sensitivity to BSM physics 
extending and complementing 
the reach of the LHC with a 
significant synergy with the 
neutrino program. 

•Many projects will have their first 
results/start data taking in the 
next 2-3 years.
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my dog, IKU

Thank you for  
your attention!




