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• Introduction:  Lepton Flavor Violation & BSM physics

• LFV probes across energy scales

• Reach in mass scale 

• Model-diagnosing power 

• Conclusion and outlook — key opportunities in muon physics 
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Vast literature — apologies in advance for incomplete referencing.
Snowmass white papers are a great resource. 
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• ν oscillations ⇒ Le,μ,τ  not conserved  

• In SM + massive ν,  Charged-LFV decays suppressed to unobservable level    

LFV and new physics (1)

νi

γ

• Observation of CLFV processes would unambiguously indicate BSM physics, 
related to the origin of  leptonic ‘flavor’ & possibly neutrino mass

Petcov ’77,   Marciano-Sanda ’77,  Shrock ’77…
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• Sensitivity to broad spectrum of new physics:  both heavy and light + weakly coupled

1/Coupling 

M

vEW

LFV and new physics (2)

Unexplored
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• Sensitivity to broad spectrum of new physics:  both heavy and light + weakly coupled
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LFV probes across energy scales

• Decays of μ, τ (and mesons) 
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3.1. Phenomenology of Muonium Oscillations
In order to determine experimental observables related to Mµ � Mµ oscillations, we recall

that the treatment of the two-level system that represents muonium and antimuonium is
similar to that of meson-antimeson oscillations [1,19,20]. There are, however, several important
differences. First, both ortho- and para-muonium can oscillate. Second, the SM oscillation
probability is tiny, as it is related to a function of neutrino masses, so any experimental indication
of oscillation would represent a sign of new physics.

In the presence of the interactions coupling Mµ and Mµ, the time development of a
muonium and anti-muonium states would be coupled, so it would be appropriate to consider
their combined evolution,

|y(t)i =
✓

a(t)
b(t)

◆
= a(t)|Mµi+ b(t)|Mµi. (9)

The time evolution of |y(t)i evolution is governed by a Schrödinger-like equation,

i
d
dt
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◆
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G
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◆✓��Mµ(t)
↵

��Mµ(t)
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◆

. (10)

where
⇣

m � i G
2

⌘

ik
is a 2 ⇥ 2 Hamiltonian (mass matrix) with non-zero off-diagonal terms

originating from the DL = 2 interactions. CPT-invariance dictates that the masses and widths
of the muonium and anti-muonium are the same, so m11 = m22, G11 = G22. In what follows,
we assume CP-invariance of the DLµ = 2 interaction1. Then,

m12 = m⇤

21, G12 = G⇤

21. (11)

The off-diagonal matrix elements in Equation (11) can be related to the matrix elements of
the effective operators introduced in Section 1, as discussed in [1,19],
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To find the propagating states, the mass matrix needs to be diagonalized. The basis in
which the mass matrix is diagonal is represented by the mass eigenstates |Mµ1,2i, which are
related to the flavor eigenstates Mµ and Mµ as

|Mµ1,2i =
1
p

2

⇥
|Mµi ⌥ |Mµi

⇤
, (13)

where we employed a convention where CP|Mµ±i = ⌥|Mµ±i. The mass and the width
differences of the mass eigenstates are

Dm ⌘ M1 � M2, DG ⌘ G2 � G1. (14)

Here, Mi (Gi) are the masses (widths) of the physical mass eigenstates |Mµ1,2i.
It is interesting to see how the Equation (12) defines the mass and the lifetime differences.

Since the first term in Equation (12) is defined by a local operator, its matrix element does not
develop an absorptive part, so it contributes to m12, i.e., the mass difference. The second term
contains bi-local contributions connected by physical intermediate states. This term has both
real and imaginary parts and thus contributes to both m12 and G12.
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     (K →πμe;     B → Kμτ, Kμe;   Bs → μτ, μe,  quarkonia , … not discussed in detail in this talk)
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Figure 1. – Limit on the branching ratio of flavour violating muon decays as a function of the
year. The three main clusters correspond to the usage of cosmic ray muons (until the 1950s),
stopped pion beams (until the 1970s) and stopped muon beams. Presently the best limit is that
on the µ+

! e+� decay set by the MEG experiment [49].

searching for Charged Lepton Flavour Violation (CLFV) is the aim of the present review.
We first give a theoretical introduction to set the stage and to see in a more formal and
detailed way what we mentioned above, as well as to discuss how and why Lepton Flavour
can be violated in extensions of the Standard Model: what, in other words, makes CLFV
processes so sensitive to new physics.

We will then review the general aspects of the experimental searches and discuss
some of the present and planned experiments with particular emphasis on the transition
between the first and the second family of leptons. To this class, in fact, belong the
three most searched modes – µ+

! e+� (“mu-to-e-gamma”), µ�N ! e�N (“mu-e-
conversion”), and µ+

! e+e�e+ (“mu-to-three-e”) – due to the copious availability of
the parent particle in the cosmic radiation first and at dedicated accelerators afterwards.
The history of the limit on the probability of these processes is shown in Figure 1, which
starts with the first experiment performed by Hinks and Pontecorvo in 1947 [259]. They
stopped cosmic ray muons in a lead absorber and measured the coincidence between
signals from two Geiger-Müller counters: having seen no such coincidence they gave as
a limit essentially the inverse of the number of observed muons. The limits on the three
processes improved as artificial muons were produced, stopping pion beams first (until
the 1970s) and starting directly with muon beams afterwards.

These experiments give the best constraints to date to possible extensions of the Stan-
dard Model inducing CLFV, therefore they play a prominent role in this review. There
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3.1. Phenomenology of Muonium Oscillations
In order to determine experimental observables related to Mµ � Mµ oscillations, we recall

that the treatment of the two-level system that represents muonium and antimuonium is
similar to that of meson-antimeson oscillations [1,19,20]. There are, however, several important
differences. First, both ortho- and para-muonium can oscillate. Second, the SM oscillation
probability is tiny, as it is related to a function of neutrino masses, so any experimental indication
of oscillation would represent a sign of new physics.

In the presence of the interactions coupling Mµ and Mµ, the time development of a
muonium and anti-muonium states would be coupled, so it would be appropriate to consider
their combined evolution,

|y(t)i =
✓

a(t)
b(t)

◆
= a(t)|Mµi+ b(t)|Mµi. (9)

The time evolution of |y(t)i evolution is governed by a Schrödinger-like equation,

i
d
dt

✓��Mµ(t)
↵

��Mµ(t)
↵
◆
=

✓
m � i

G
2

◆✓��Mµ(t)
↵

��Mµ(t)
↵
◆

. (10)

where
⇣

m � i G
2

⌘

ik
is a 2 ⇥ 2 Hamiltonian (mass matrix) with non-zero off-diagonal terms

originating from the DL = 2 interactions. CPT-invariance dictates that the masses and widths
of the muonium and anti-muonium are the same, so m11 = m22, G11 = G22. In what follows,
we assume CP-invariance of the DLµ = 2 interaction1. Then,

m12 = m⇤

21, G12 = G⇤

21. (11)

The off-diagonal matrix elements in Equation (11) can be related to the matrix elements of
the effective operators introduced in Section 1, as discussed in [1,19],
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To find the propagating states, the mass matrix needs to be diagonalized. The basis in
which the mass matrix is diagonal is represented by the mass eigenstates |Mµ1,2i, which are
related to the flavor eigenstates Mµ and Mµ as

|Mµ1,2i =
1
p

2

⇥
|Mµi ⌥ |Mµi

⇤
, (13)

where we employed a convention where CP|Mµ±i = ⌥|Mµ±i. The mass and the width
differences of the mass eigenstates are

Dm ⌘ M1 � M2, DG ⌘ G2 � G1. (14)

Here, Mi (Gi) are the masses (widths) of the physical mass eigenstates |Mµ1,2i.
It is interesting to see how the Equation (12) defines the mass and the lifetime differences.

Since the first term in Equation (12) is defined by a local operator, its matrix element does not
develop an absorptive part, so it contributes to m12, i.e., the mass difference. The second term
contains bi-local contributions connected by physical intermediate states. This term has both
real and imaginary parts and thus contributes to both m12 and G12.
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3.1. Phenomenology of Muonium Oscillations
In order to determine experimental observables related to Mµ � Mµ oscillations, we recall

that the treatment of the two-level system that represents muonium and antimuonium is
similar to that of meson-antimeson oscillations [1,19,20]. There are, however, several important
differences. First, both ortho- and para-muonium can oscillate. Second, the SM oscillation
probability is tiny, as it is related to a function of neutrino masses, so any experimental indication
of oscillation would represent a sign of new physics.

In the presence of the interactions coupling Mµ and Mµ, the time development of a
muonium and anti-muonium states would be coupled, so it would be appropriate to consider
their combined evolution,

|y(t)i =
✓

a(t)
b(t)

◆
= a(t)|Mµi+ b(t)|Mµi. (9)

The time evolution of |y(t)i evolution is governed by a Schrödinger-like equation,
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. (10)

where
⇣

m � i G
2

⌘

ik
is a 2 ⇥ 2 Hamiltonian (mass matrix) with non-zero off-diagonal terms

originating from the DL = 2 interactions. CPT-invariance dictates that the masses and widths
of the muonium and anti-muonium are the same, so m11 = m22, G11 = G22. In what follows,
we assume CP-invariance of the DLµ = 2 interaction1. Then,

m12 = m⇤

21, G12 = G⇤

21. (11)

The off-diagonal matrix elements in Equation (11) can be related to the matrix elements of
the effective operators introduced in Section 1, as discussed in [1,19],
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To find the propagating states, the mass matrix needs to be diagonalized. The basis in
which the mass matrix is diagonal is represented by the mass eigenstates |Mµ1,2i, which are
related to the flavor eigenstates Mµ and Mµ as

|Mµ1,2i =
1
p

2

⇥
|Mµi ⌥ |Mµi

⇤
, (13)

where we employed a convention where CP|Mµ±i = ⌥|Mµ±i. The mass and the width
differences of the mass eigenstates are

Dm ⌘ M1 � M2, DG ⌘ G2 � G1. (14)

Here, Mi (Gi) are the masses (widths) of the physical mass eigenstates |Mµ1,2i.
It is interesting to see how the Equation (12) defines the mass and the lifetime differences.

Since the first term in Equation (12) is defined by a local operator, its matrix element does not
develop an absorptive part, so it contributes to m12, i.e., the mass difference. The second term
contains bi-local contributions connected by physical intermediate states. This term has both
real and imaginary parts and thus contributes to both m12 and G12.
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Figure 3: Summary of upper limits on LFV processes in ⌧ decays.
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3.1. Phenomenology of Muonium Oscillations
In order to determine experimental observables related to Mµ � Mµ oscillations, we recall

that the treatment of the two-level system that represents muonium and antimuonium is
similar to that of meson-antimeson oscillations [1,19,20]. There are, however, several important
differences. First, both ortho- and para-muonium can oscillate. Second, the SM oscillation
probability is tiny, as it is related to a function of neutrino masses, so any experimental indication
of oscillation would represent a sign of new physics.

In the presence of the interactions coupling Mµ and Mµ, the time development of a
muonium and anti-muonium states would be coupled, so it would be appropriate to consider
their combined evolution,

|y(t)i =
✓

a(t)
b(t)

◆
= a(t)|Mµi+ b(t)|Mµi. (9)

The time evolution of |y(t)i evolution is governed by a Schrödinger-like equation,

i
d
dt

✓��Mµ(t)
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��Mµ(t)
↵
◆
=

✓
m � i

G
2

◆✓��Mµ(t)
↵

��Mµ(t)
↵
◆

. (10)

where
⇣

m � i G
2

⌘

ik
is a 2 ⇥ 2 Hamiltonian (mass matrix) with non-zero off-diagonal terms

originating from the DL = 2 interactions. CPT-invariance dictates that the masses and widths
of the muonium and anti-muonium are the same, so m11 = m22, G11 = G22. In what follows,
we assume CP-invariance of the DLµ = 2 interaction1. Then,

m12 = m⇤

21, G12 = G⇤

21. (11)

The off-diagonal matrix elements in Equation (11) can be related to the matrix elements of
the effective operators introduced in Section 1, as discussed in [1,19],
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Â
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⌦
Mµ|Heff|n
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n|Heff|Mµ

↵

MM � En + ie
. (12)

To find the propagating states, the mass matrix needs to be diagonalized. The basis in
which the mass matrix is diagonal is represented by the mass eigenstates |Mµ1,2i, which are
related to the flavor eigenstates Mµ and Mµ as

|Mµ1,2i =
1
p

2

⇥
|Mµi ⌥ |Mµi

⇤
, (13)

where we employed a convention where CP|Mµ±i = ⌥|Mµ±i. The mass and the width
differences of the mass eigenstates are

Dm ⌘ M1 � M2, DG ⌘ G2 � G1. (14)

Here, Mi (Gi) are the masses (widths) of the physical mass eigenstates |Mµ1,2i.
It is interesting to see how the Equation (12) defines the mass and the lifetime differences.

Since the first term in Equation (12) is defined by a local operator, its matrix element does not
develop an absorptive part, so it contributes to m12, i.e., the mass difference. The second term
contains bi-local contributions connected by physical intermediate states. This term has both
real and imaginary parts and thus contributes to both m12 and G12.

Test
Test
Test
Test
Test
Test

Mµ �Mµ µ ! ea

LEFT = LSM +
X

d�5,n

C(d)
n

⇤d�4
O(d)

n

LEFT = LSM +
X

d�5,n

C(d)
n O(d)

n

⇤d�4

LEFT = LSM +
X

d�5,n

O(d)
n

⇤d�4
n

VCKM ⇠

0

@
1 O(�) O(�3)

O(�) 1 O(�2)
O(�3) O(�2) 1

1

A

� ⇠ 0.2

VCKM ⇠

0

@
1 � �3

� 1 �2

�3 �2 1

1

A

YU ⇠

0

@
0 0 0
0 0 0
0 0 1

1

A

YD ⇠

0

@
0 0 0
0 0 0
0 0 0.025

1

A

LBLV �
C

(5)

⇤
[`H`H] +

X

i

C
(6)
i

⇤2
[qqq`]i +

X

k

C
(7)
k

⇤3
[q̄q``H]k ...+

X

m

C
(9)
m

⇤5
[qqqqqq]m +

X

n

C
(9)
n

⇤5
[q̄qq̄q``]n

1

     (K →πμe;     B → Kμτ, Kμe;   Bs → μτ, μe,  quarkonia , … not discussed in detail in this talk)

• Collider processes:

LHC

HERA, 
EIC 

/



Connecting scales with EFT

6

M

vew

ΛQCD

Λ
q

q
qq

μ e

…

Dipole:  SUSY-GUT and 
SUSY see-saw scenarios, 

… 

Scalar: RPV SUSY and RPC 
SUSY for large tan(β) and 
low mA, leptoquarks, … 

4-lepton:  Type II seesaw,  
RPV SUSY,  LRSM, … 

Vector  Type III seesaw,   
LRSM,  leptoquarks, …

p
yµ

LLFV � vC↵�

D

⇤2
¯̀↵�µ⌫`

� F µ⌫ +
X

�

C↵�

�

⇤2
¯̀↵�`� q̄�q +

X

�̃

C↵�

�̃

⇤2
¯̀↵�̃`� ¯̀̃�`

Ld=6 � vC↵�

D

⇤2
¯̀↵�µ⌫`

� F µ⌫ +
X

�

C↵�

�

⇤2
¯̀↵�`� q̄�q +

X

�̃

C↵�

�̃

⇤2
¯̀↵�̃`� ¯̀̃�`

⇤/
q
Cµe

D
⇠ 5⇥ 104 TeV

⇤p
Cµe

D

⇠ 5⇥ 104 TeV
⇤p
C⌧µ

D

⇠ 5⇥ 102 TeV

3



Connecting scales with EFT

6

M

vew

ΛQCD

Λ
q

q
qq

μ e

…

Dipole:  SUSY-GUT and 
SUSY see-saw scenarios, 

… 

Scalar: RPV SUSY and RPC 
SUSY for large tan(β) and 
low mA, leptoquarks, … 

4-lepton:  Type II seesaw,  
RPV SUSY,  LRSM, … 

Vector  Type III seesaw,   
LRSM,  leptoquarks, …

p
yµ

LLFV � vC↵�

D

⇤2
¯̀↵�µ⌫`

� F µ⌫ +
X

�

C↵�

�

⇤2
¯̀↵�`� q̄�q +

X

�̃

C↵�

�̃

⇤2
¯̀↵�̃`� ¯̀̃�`

Ld=6 � vC↵�

D

⇤2
¯̀↵�µ⌫`

� F µ⌫ +
X

�

C↵�

�

⇤2
¯̀↵�`� q̄�q +

X

�̃

C↵�

�̃

⇤2
¯̀↵�̃`� ¯̀̃�`

⇤/
q
Cµe

D
⇠ 5⇥ 104 TeV

⇤p
Cµe

D

⇠ 5⇥ 104 TeV
⇤p
C⌧µ

D

⇠ 5⇥ 102 TeV

3

τ-μ sector:  h vs τ decays
Dipole (D),  Scalar 4-fermion (S), Gluon (G) operators 

li

lj
h

li

lj

h

li lj

q,l q,l

τ→μππ is the decay mode most closely related to the LHC process

Higgs decay

τ-μ sector:  h vs τ decays
Dipole (D),  Scalar 4-fermion (S), Gluon (G) operators 

li

lj
h

li

lj

h

li lj

q,l q,l

τ→μππ is the decay mode most closely related to the LHC process

Higgs decay

27Al 27Al

μ e
π π

27Al 27Al

μ e



7

CLFV phenomenology

LLFV �
vC↵�

D

⇤2

¯̀↵�µ⌫`
� +

X

�̃

C↵�

�̃

⇤2

¯̀↵�̃`� ¯̀̃�`+
X

�

C↵�

�

⇤2

¯̀↵�`� q̄�q +
1

F �

↵�

@µa ¯̀↵�µ`�

LSMEFT �

X

n

Cn

⇤2
OLFV

n
+ ...

Lportals �
1

F �

↵�

@µa ¯̀
↵�

µ`� + ...

2

Each model generates a specific pattern of operators 
→ multiple CLFV measurements needed to extract the underlying physics 



7

CLFV phenomenology

LLFV �
vC↵�

D

⇤2

¯̀↵�µ⌫`
� +

X

�̃

C↵�

�̃

⇤2

¯̀↵�̃`� ¯̀̃�`+
X

�

C↵�

�

⇤2

¯̀↵�`� q̄�q +
1

F �

↵�

@µa ¯̀↵�µ`�

LSMEFT �

X

n

Cn

⇤2
OLFV

n
+ ...

Lportals �
1

F �

↵�

@µa ¯̀
↵�

µ`� + ...

2

Each model generates a specific pattern of operators 
→ multiple CLFV measurements needed to extract the underlying physics 

Λ/√C ~ 104-5 TeV
Λ/√C ~ 102 TeV

μ-e sector: 

τ-μ(e) sector: 

(Muon decays)
(Tau decays)

BRα→β ~ (vew/Λ)4∗|(Cn)αβ|2 

• New physics mass scale through any process



CLFV phenomenology

Each model generates a specific pattern of operators 
→ multiple CLFV measurements needed to extract the underlying physics 

LLFV �
vC↵�

D

⇤2

¯̀↵�µ⌫`
� +

X

�̃

C↵�

�̃

⇤2

¯̀↵�̃`� ¯̀̃�`+
X

�

C↵�

�

⇤2

¯̀↵�`� q̄�q +
1

F �

↵�

@µa ¯̀↵�µ`�

LSMEFT �

X

n

Cn

⇤2
OLFV

n
+ ...

Lportals �
1

F �

↵�

@µa ¯̀
↵�

µ`� + ...

2

10-4 10-3 10-2 10-1 100 101 102

1051061071081091010

FeeA

Fμμ
A

Fμe
V , A

Fμe
V+A

Fμe
V-A

Fτe

Fτμ

mi, eff [eV]

Fi [GeV]

Mu3e

Mu3e/MEGII-fwd

Mu3e/MEGII-fwd

Jodidio et al.

Jodidio et al.

TWIST

WD cooling

SN1987A

ARGUS

ARGUS

Belle II

Belle II

Figure 3. Current bounds and future projections for di↵erent couplings Fi of an e↵ectively massless
ALP, also reported in Table 1. On the lower axis we indicate the corresponding values for the
e↵ective axion mass defined by mi,e↵ = 4.7 eV ⇥ 106 GeV/Fi.

on fa are several order of magnitude below the ranges shown in Figs. 1 and 2,5 they are

stringent enough to e↵ectively rule out the LFV ALP explanations of possible deviations

in (g � 2)e and (g � 2)µ [54, 55, 60].

In the numerical analyses throughout the paper all the axion couplings are assumed

to be real to simplify the discussion. The interpretations of the present LFV experimen-

tal results and future projections in terms of bounds on F`i`j are summarized in Fig. 1,

assuming all the lepton couplings in Eq. (2.1) to be O(1). Fig. 2 shows instead the same

constraints for the case when only a single LFV coupling is taken to be nonzero. In Figs. 1

and 2 we also show the typical reach of astrophysical bounds on the ALP decay constant

coming from star cooling and SN1987A observations (see Sec. 6.1 for details). In Table 1

and Fig. 3 we summarize the current best bounds and future projections for an e↵ectively

massless ma, i.e. lighter than the typical mass resolution of the experiments considered

here. This is the ALP mass range that applies to most of the concrete models discussed in

Sec. 7. In the subsequent sections we discuss in detail the observables and the experiments

from which these constraints were derived.
5For heavier ALPs, ma & mµ, we can integrate out the ALP to generate the muonium-antimuonium

oscillation EFT operators. Translating the results of Ref. [59] to our notation gives

1
1.9 TeV

>

����
1

FA
µe

± 1
FV
µe

����

✓
mµ

ma

◆
,

1
3.8 TeV

>

����
1

(FA
µe)2

� 1
(FV

µe)2

����
1/2 ✓mµ

ma

◆
. (2.11)

The constraints for light ALP, ma . mµ, are obtained by taking mµ/ma ! 1 in the two expressions above

(see also similar results for heavy meson mixings in the limit of light ALP in Ref. [23]). In the future these

bounds could be improved for ma few GeV at Belle II by searching for e+e� ! eeµµ events [60].

– 9 –

BR(lα → lβ a) ~ 
((vew)2/(mαFαβ))2 

Calibbi-Redigolo-
Ziegler-Zupan

2006.04795

• New physics mass scale through any process
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μ-e sector: mass reach
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EFT framework

𝜿𝜿𝑫𝑫 = 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄(𝜽𝜽𝑫𝑫 − ⁄𝝅𝝅 𝟐𝟐)

κD: relative strength of dipole vs four-
fermion operators (inspired from the 
“κ parameterization” in 1303.0497)

|κD |<< 1 dipole dominant
|κD| >> 1 four-fermion dominant

Reach on NP mass scale of past and future experiments as a function of κD

A systematic way of deriving the reach / complementarity of the main muon reactions

S . Davidson, B E , 2204.00564 

µN→ eN µ → eee µ → eγ
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5

orders of magnitude different from the other coefficients, we also plot the reach in a parametrization similar to that
introduced in [19] by defining a variable

D = cotan(✓D � ⇡/2) . (III.1)

This non-linear transformation magnifies the regions where the dipole contribution either dominates the four-fermion
interactions (✓ = 0,⇡) or is suppressed (✓ = ⇡/2). We also define a similar variable V , that magnifies the regions
where leptonic four-fermion coefficients are much larger or smaller than those with quarks. We subtract ⇡/2 in order
to have µ ! e� larger at the centre of the plot, following [19]. However, this choice means that =0 corresponds to
both to ✓ = 0 and ✓ = ⇡, and the rates can be discontinuous at 0 while they are continuous at ±1. This can be
observed in figure 3.
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FIG. 1. Reach as a function of (left) the angle ✓D, which parametrizes the relative magnitude of dipole and four-fermion
coefficients, and (right) the variable D = cotan(✓D �⇡/2). The scale ⇤ is defined in eqn (II.1) with the coefficients normalised
according to Table II. The solid region is currently excluded.

Figure 2 displays the reach as a function of ✓V , which is effectively the angle between the µ ! eēe and µA! eA
four-fermion operators. Results for a vanishing dipole contribution (✓D = ⇡/2) shows that µ ! eēe vanishes at
✓V = ⇡/2 and µA! eA at ✓V = 0,⇡. Adding a small negative dipole coefficient, µ ! eēe doesn’t vanish anymore
since the dipole contributes independently as well as in interference with the four-fermion contributions, and the
rate is reduced when this interference is destructive. The magnitude of the negative dipole coefficient is larger for
✓D = 3⇡/4, exhibiting that µA! eA vanishes when the dipole cancels the four-fermion contributions. Similar plots
for V = cotan(✓V � ⇡/2) are shown in Figure 3.

Figure 4 illustrates the complementarity of heavy and light targets for µA!eA, by plotting the conversion ratios
as function of ~C · ~eAlight / sin� and ~C · ~eAheavy? / cos�. Recall that ~C · ~eAheavy? parametrizes the independent
information obtained with Au. This additional contribution to µAu ! eLAu causes the rate to vanish at a different
value than that of the light targets. The dipole, which also contributes to µA ! eA, was taken to either vanish
(✓D = ⇡/2), be positive (✓D = 3⇡/4) or negative (✓D = ⇡/4). This illustrates the impact of ~C · ~eD on the rate:
cancellations can occur among the dipole and four-fermion contributions, as well as between the two independent
combinations of four-fermion coefficients.

Finally, the dependence of the sensitivity on the angle � and the variable D is exhibited in Figure 5. As expected,
the µ ! e� and µ ! eēe processes are independent of �. The shape of the conversion processes on light and heavy
targets are globally similar, although the ridges along which the rates cancel are slightly different.
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Introduction. Lepton flavor violation (LFV) has
been identified long ago as an excellent probe of physics
beyond the Standard Model (SM) [1]. Several experi-
ments will soon increase the sensitivity in many chan-
nels by orders of magnitude. In the muon sector, the
most promising LFV signatures are µ ! e� (probed
by the MEG II experiment [2]), µ ! eeē (Mu3e [3]),
and µ-to-e conversion in nuclei (DeeMe [4], COMET [5],
and Mu2e [6]). Mu2e in particular aims to reach a
µ� + 27

13Al ! e� + 27
13Al single-event sensitivity of 3 ⇥

10�17, roughly four orders of magnitude beyond existing
bounds [6, 7]. The potential upgrade Mu2e-II at FNAL
aims to improve Mu2e’s sensitivity by yet another order
of magnitude [8, 9].

Theoretical motivations. Theoretical motivation
for LFV is plentiful [10]; most notably, the observation of
neutrino oscillations already proved that lepton flavor is
not conserved! The absence of LFV in the SM is acciden-
tal because of the minimal particle content. Extending
the SM by new particles then often leads to LFV unless
new symmetries are imposed [11]. Such extensions are
well motivated as explanations for neutrino masses or the
hierarchy problem and might even be linked to hints for
new physics in the muon’s magnetic moment [12, 13] or in
leptonic B-meson decays [14, 15]. Correspondingly, the
non-observation of LFV at upcoming experiments would
put strong constraints on many models, including super-
symmetric extensions, and provide critical information
about our fundamental understanding of nature [10].

Mu2e(-II)’s reach makes it indirectly sensitive to very
heavy new particles. In an e↵ective-field-theory approach
heavy particles match onto non-renormalizable operators
that are suppressed by powers of a scale ⇤ that is related
to the large masses. For example, a single dimension-six
LFV operator ē�↵PLµ d̄�↵d/⇤2 would induce a µ-to-e
conversion rate in aluminium of order [16]

�(µ�Al ! e�Al)

�(µ capture)
' 3⇥ 10�18

✓
1.5⇥ 107 GeV

⇤

◆4

,

which means that Mu2e-II is sensitive to new particles as
heavy as 104 TeV, far out of reach of any currently pro-
posed collider! Mu2e-II will of course also be sensitive
to many other operators and models and provide infor-
mation complementary to the results of Mu3e and MEG
II [16, 17]. In the event of an observation of LFV in any
of these experiments the others will help to pin down the
underlying new physics responsible for it.

Stopping target. Mu2e(-II) will use 27
13Al as a stop-

ping target, but can also study conversions in a di↵erent
material in case a signal is observed. This requires ded-
icated studies to analyze not only the ideal experimen-
tal properties a target should have (such as the e↵ective
muon lifetime and capture rate) but also to maximize
complementarity with the aluminium target. Using dif-
ferent target materials opens the possibility to probe the
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FIG. 1: Z dependence of µ ! e conversion rates for some
example scenarios taken from Refs. [18, 20].

(A,Z) and nuclear-spin dependence of the µ-to-e conver-
sion rate and thus distinguish underlying models.

Calculations of the Z-dependence of di↵erent operators
have been performed, e.g. in Refs. [18, 19]. Dedicated
studies on how to distinguish new physics operators with
di↵erent targets can be found in Refs. [17, 20], concluding
that it is best to study one light (e.g. Al) and one heavy
nucleus (e.g. Pb or Au), as shown in Fig. 1. In Mu2e(-
II) such heavy nuclei are di�cult because the muon life-
time goes down drastically (from 864 ns in Al to 75 ns in
Pb [21]) and thus worsens the pion background. Using
two light nuclei still allows to distinguish operators but
requires better precision [20]. Ref. [17] points out that
Lithium 7

3Li as a second target still has good discrimina-
tory power despite being light, making it a worthwhile
target candidate to study in better detail.

Most studies focus on coherent spin-independent (SI)
µ ! e conversion, featuring a welcome ⇠ A2 enhance-
ment in the rate. However, there exist µeqq operators
that lead to spin-dependent (SD) conversion [22, 23]. In-
cluding higher-order corrections these operator will al-
ways also induce SI µ ! e conversion that can then often
dominate due to the A2 enhancement. Still, it is in prin-
ciple possible that SD dominates over SI, a possibility
that can be studied using target nuclei of di↵erent spin.
Aluminium carries spin J = 5/2 and is thus sensitive to
both SI and SD processes. In case of a positive signal on
Al one would then need to measure µ ! e on a light nu-
cleus with di↵erent spin in order to distinguish SD from
SI [23]; heavy nuclei are unlikely to be sensitive to SD
because the higher-order—but A2-enhanced—SI e↵ects
should dominate. Titanium is a good choice here because
it is light and comes in isotopes of di↵erent spin. 48

22Ti
has spin 0 and a natural abundance of 74%; SI operators
would induce roughly the same rate as in Al, whereas
SD would lead to a vanishing rate. In the latter case,
one could enrich the target with 47

22Ti or
49
22Ti, both of

Z

https://www.snowmass21.org/docs/files/
summaries/RF/ SNOWMASS21-
RF5_RF0-TF6_TF0_Heeck-043.pdf 

• Model diagnosing requires:

~5% measurement of Ti/Al  
~20% measurement of Au/Al

• Ideal world: use Al and a 
large-Z target

Kitano-Koike-Okada hep-ph/0203110,    VC-Kitano-Okada-Tuzon 0904.0957,  …  

Z couples to neutrons

γ couples to protons  

https://arxiv.org/abs/hep-ph/0203110
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Figure 2: Misalignment angle with Al, taken from [44]. The misalignment angle increases
with the number of neutrons in isotopes.

in this framework, as can intermediate-energy colliders such as the EIC with center-of-mass
energy

p
s < v ⇠ 200 GeV. Moreover, given the null results so far for NP searches at the

LHC, the SMEFT also can be applied, with some caveats, to the analysis of LHC processes,
as performed in [26].

CLFV processes involving ⌧ leptons were studied in an EFT framework in [21] (see also
[48, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72]); in addition, (µ ! ⌧)⇥ (⌧ ! e)
interactions can contribute to µ ! e processes [73]. The constraints on Wilson coe�cients
resulting from the non-observation of CLFV at Belle-II are illustrated in Figure 3, taken
from [21]; the “marginalized” limits are constraints in the presence of all the coe�cients,
and are comparable to the “individual” bounds that apply to one operator at a time. This
illustrates the ability of ⌧ decays to distinguish among coe�cients and thereby among
models.

3.2 Models

The above EFT approach is model agnostic and can capture the e↵ects of any heavy new
physics model. However, the large number of baryon-number-conserving CLFV SMEFT
operators – 888 at mass dimension six [74] – can cause dismay. The study of simple well-
motivated models provides a complementary approach: if the number of new fields and
parameters is small, CLFV rates can be predicted. Neutrino-mass models are of particular
interest since they necessarily violate lepton flavor.

In the celebrated type-I seesaw mechanism [75, 76, 77, 78], heavy right-handed neu-
trinos with diagonal mass matrix MR generate a Majorana neutrino mass matrix M⌫ '

�
1
2v

2 yDM
�1
R yTD as well as d = 6 CLFV operators (yDM

�2
R y†D)↵�L↵Hi/@H†L� [79] that in-

duce `↵ ! `�� and more. Despite the close connection, even full knowledge of M⌫ does

not fix the relevant CLFV matrix yDM
�2
R y†D [80, 81, 82], i.e. there are no definite CLFV

predictions; on the flip side, CLFV processes can be sizable here [83, 84, 85] and any obser-
vation would provide crucial complementary information about the seesaw mechanism [82].

7

7

FIG. 3. Bounds on the CLFV couplings of the extra
Higgs fields in a two-Higgs-doublet model able to ex-
plain the (g � 2)µ anomaly. Taken from Ref. [64].

C. Isotope dependence of muon-to-electron
conversion and identification of next targets

If µ ! e conversion (and thus new physics!) is
discovered at a previous experiment or in Mu2e-II,
it will be of paramount importance to collect more
data in the attempt of identifying the kind of new
physics at the origin of such a signal. In particu-
lar, it was realized long ago that one can discrimi-
nate among di↵erent CLFV e↵ective operators us-
ing complementary target nuclei due to the depen-
dence of the µ ! e conversion rate on the target
nucleus [65–71]. The model-discriminating power
of searches for µ! e conversion in nuclei can be il-
lustrated by considering the following dimension-6
e↵ective Lagrangian [69]:

Lµe = �
4GF
p
2

X

X=L,R

⇥
mµCD,X e�↵�PXµF↵�

+
X

N=p,n

�
CN

S,X
ePXµNN + CN

P,X
ePXµN�5N

+ CN

V,X
e�↵PXµN�↵N + CN

A,X
e�↵PXµN�↵�5N

+ CN

Der,X
e�↵PXµ (N

 !
@ ↵i�5N)

+ CN

T,X
e�↵�PXµN�↵�N

�⇤
+ h.c., (2)

where PL,R are chiral projection operators and
the Ca are dimensionless Wilson coe�cients. As
long as the scale of new physics �GeV, the above
Lagrangian provides a model-independent descrip-
tion of any possible CLFV interactions involving
muons, electrons, and nucleons.

Even though each operator in Lµe generates
µ ! e conversion, those that are independent of
the nuclear spin are expected to be enhanced due
to a coherent conversion on all nucleons. Ulti-
mately, µ ! e conversion needs to be measured
on nuclei with and without spin to fully determine
the underlying operator composition [68], but for

now we assume that the spin-independent opera-
tors dominate. The corresponding µ ! e conver-
sion rate can then be written as [68, 69]

Rµe =
32G2

F

�capture

h
|~v · ~CL|

2 + |~v · ~CR|
2
i
, (3)

where

~v ⌘

✓
D

4
, V (p), S(p), V (n), S(n)

◆
(4)

is a vector consisting of overlap integrals specific
to the µ ! e conversion target – calculated in
Refs. [65, 72] – and

~CL ⌘

⇣
CD,R, C

p

V,L
, Cp

S,R
, Cn

V,L
, Cn

S,R

⌘
(5)

(and similar with L $ R for ~CR) contains linear
combinations of the Wilson coe�cients appearing
in Eq. (2), i.e. all new-physics information.

For a given new-physics model one can calculate
the vectors ~CL,R and obtain the conversion rate
on a given target. Staying model independent, we
can say that by measuring µ ! e conversion on
di↵erent nuclei we e↵ectively determine ~C along
di↵erent directions. To get the maximum amount
of information about ~C, i.e. the new physics model,
it is then necessary to measure muon conversion
in targets that probe ~C along di↵erent directions,
i.e. have overlap vectors ~v that have large angles
with respect to each other. For complementarity
with respect to aluminium, the relevant angle is
quantified as [69]

✓Al = arccos

✓
~v · ~vAl

|~v||~vAl|

◆
. (6)

As pointed out long ago and confirmed in Refs. [69,
72], light and heavy targets provide good com-
plementarity, so an ideal second target after alu-
minium would be heavy, say gold or lead. Within
the Mu2e-II experimental setup, this is problem-
atic due to the short muon lifetime in heavier el-
ements. As such, we restrict ourselves to targets
with Z < 25 here, which gives muon lifetimes in
excess of 250 ns [73] that should be suitable for an
experiment like Mu2e-II.

For these low-Z targets, the misalignment angle
✓Al is shown in Fig. 4, where we see that among
low-Z targets, lithium-7 and titanium-50 show
the largest complementarity with respect to alu-
minium [72], followed by chromium-54 and vana-
dium. They have larger N/Z ratios, 2.33 and 2.27
for lithium-7 and titanium-50, respectively, com-
pared to Al’s N/Z ' 2.08, which might ultimately
help to distinguish CLFV operators involving pro-
tons from those involving neutrons [69]. Lithium
has already been identified as a promising target
in Ref. [69]. Titanium has long been proposed as a

• Conversion rate characterized by a target-dependent ‘vector’ of amplitudes 
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tion of any possible CLFV interactions involving
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S,R

⌘
(5)

(and similar with L $ R for ~CR) contains linear
combinations of the Wilson coe�cients appearing
in Eq. (2), i.e. all new-physics information.

For a given new-physics model one can calculate
the vectors ~CL,R and obtain the conversion rate
on a given target. Staying model independent, we
can say that by measuring µ ! e conversion on
di↵erent nuclei we e↵ectively determine ~C along
di↵erent directions. To get the maximum amount
of information about ~C, i.e. the new physics model,
it is then necessary to measure muon conversion
in targets that probe ~C along di↵erent directions,
i.e. have overlap vectors ~v that have large angles
with respect to each other. For complementarity
with respect to aluminium, the relevant angle is
quantified as [69]

✓Al = arccos

✓
~v · ~vAl

|~v||~vAl|

◆
. (6)

As pointed out long ago and confirmed in Refs. [69,
72], light and heavy targets provide good com-
plementarity, so an ideal second target after alu-
minium would be heavy, say gold or lead. Within
the Mu2e-II experimental setup, this is problem-
atic due to the short muon lifetime in heavier el-
ements. As such, we restrict ourselves to targets
with Z < 25 here, which gives muon lifetimes in
excess of 250 ns [73] that should be suitable for an
experiment like Mu2e-II.

For these low-Z targets, the misalignment angle
✓Al is shown in Fig. 4, where we see that among
low-Z targets, lithium-7 and titanium-50 show
the largest complementarity with respect to alu-
minium [72], followed by chromium-54 and vana-
dium. They have larger N/Z ratios, 2.33 and 2.27
for lithium-7 and titanium-50, respectively, com-
pared to Al’s N/Z ' 2.08, which might ultimately
help to distinguish CLFV operators involving pro-
tons from those involving neutrons [69]. Lithium
has already been identified as a promising target
in Ref. [69]. Titanium has long been proposed as a

• Misalignment angle among targets 
quantifies the ‘complementarity”  

• Among low-Z target, 7Li and 51V 
stand out (large nat.  abundance)  

 Heek-Szafron-Uesaka 2203.00702, …  
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BR(μ→e, Al) / BR(μ→eγ) = 8.7(3) 10-3

BR(μ→e,Ti) / BR(μ→e,Al) = 1.5(1)

• μ→eγ is currently probing |Yμe |~ 10-6                          

(BR(h→μe) < 10-9) 

• Correlated signals in μ→e transitions** 

Harnik-Kopp-Zupan  1209.1397, … 

• Illustration: Higgs-mediated LFV,  
e.g. from dim-6 operator 

 (See also Crivellin et al. 1404.7134)    
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** Included NLO chiral EFT corrections in computation of 
conversion rate.  

For NR nuclear EFT approach see  Rule et al,  2109.13503
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• Muon decays provide clean probe of  LFV Higgs couplings 
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VC-Fuyuto-Lee-Mereghetti-Yan  2102.06176

(Similar pattern for τ-μ,  without EIC)

Figure 12. Upper limits on �e
�,Z , Y 0

e , c(1,3)L' and ce' from the EIC (light green, left), LHC (blue,
middle) and low-energy observables (pink, right). The rightmost vertical axis depicts the lower
limit on the scale of new physics. The darker green bar overlaid on the light green one is the
expected sensitivity in hadronic ⌧ decays at the EIC assuming the e�ciency is 100% with no SM
backgrounds.

sensitive to this operator, leading to weak limits from the LHC. The EIC can in

principle provide better constraints, but, even in the most optimistic scenario, they

would be three orders of magnitude weaker than from ⌧ ! e�.

• Similarly, the Z dipole �e

Z
is most strongly constrained by ⌧ ! e�, via RGE running.

The second best limit is currently from Z ! e⌧ at the LHC. To be competitive with

⌧ ! e�, however, the branching ratio BR(Z ! e⌧) needs to reach the prohibitive

level of 2 · 10�11.

• The most severe limit on non-standard Yukawa couplings [Y 0
e ]⌧e originates from the

ATLAS search for h ! ⌧e [59]. The strongest low-energy limit on [Y 0
e ]⌧e comes from

⌧ ! e�, which is roughly a factor of five weaker than the LHC. The EIC can at best

probe Yukawa couplings of order one.

• The constraints on the Z couplings c(1)
L'

+ c(3)
L'

and ce' are dominated by ⌧ ! e⇡+⇡�,

which limits these couplings to be less than 4 · 10�4, corresponding to a new physics

scale of 10 TeV. High-invariant mass Drell-Yan is not sensitive to these couplings,

since the cross section shows the same dependence on
p
S as the SM. The best LHC

limit therefore comes from Z ! e⌧ . A measurement of the Z ! e⌧ branching ratio

– 57 –

Figure 13. Upper limit on CLd (leftmost axis) and lower limit on new physics scale ⇤ (rightmost
axis) from the EIC (left), LHC (middle) and low-energy observables (right). The symbol “ ⇤ ”
indicates indirect bounds discussed in Sec. 8. For the EIC expected sensitivity, the light green bar
corresponds to the result in Table 7, while the dark green one represents the case in hadronic tau
decay mode assuming ✏nb = 1 with nb = 0 in Tables 3 – 5.

Figure 14. Upper limit on CLu (leftmost axis) and lower limit on new physics scale ⇤ (rightmost
axis). For the EIC expected sensitivity, the light green bar corresponds to the result in Table 7,
while the dark green one represents the case in hadronic tau decay mode assuming ✏nb = 1 with
nb = 0 in Tables. 3 – 5.
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Single operator analysis

μ, τ

What is the EIC discovery potential?

• Address question within the model-independent SM-EFT,  given √S< vew  

• Need to compare sensitivity of EIC and other probes (μ, τ decays,…)

The EIC is an 
intensity frontier 

machine!

VC, Kaori Fuyuto, Chris Lee, Emanuele Mereghetti, Bin Yan,  2102.06176, to appear in JHEP
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D D V,L V,R

h→τe
Z→τe Z→τe Z→τe

pp→τe +X

Z→τe

Figure 2. The DIS process induced by CLFV SMEFT operators. The gray blob represents
arbitrary CLFV interactions mediating ep ! ⌧X.

which will let us do the qT integral (using also azimuthal symmetry). In the end, our

formula Eq. (4.3) becomes

d�

dx dy
=

y

32⇡2

X

X

��M(`p ! `0X)
��2 (2⇡)4�4(P + q � pX) , (4.6)

where the value of q has been fixed by the above delta function integrals, e.g. in frames

where P takes the form in Eq. (4.4), we have

q =
yS

n̄z ·P

n̄z

2
� xyn̄z ·P

nz

2
+Q

p
1� y n̂T , (4.7)

where n̂T is a unit vector in any direction transverse to nz (azimuthally symmetric).

Eq. (4.6) is our basic starting formula for a DIS cross section.

The bulk of our calculations will come in evaluating the squared amplitudes |M|
2 in

the presence of arbitrary SMEFT operators that can mediate the process `P ! `0X, where

primarily we shall be interested in ` = e and `0 = ⌧ as in Fig. 2. All of the operators or

channels we consider give amplitudes that can be expressed in a form,

M(`p ! `0X) =
X

I

CI

⌦
`0(k0)

��OI

lep |`(k)i hX| O
I

had |p(P )i , (4.8)

where each operator is factored into a leptonic and hadronic part, the two parts containing

the relevant leptonic and hadronic fields:

Olep ⇠ ¯̀0�I

l
` , Ohad ⇠ q̄f 0�I

h
q̄f , G↵�Gµ⌫ , (4.9)

and in general we will lump constant prefactors into Olep. Here �l,h are any allowed Dirac

matrix structures, and the gluon field indices may be contracted in di↵erent ways, e.g.

GG,G eG. These e↵ective operators may also arise from contractions of other operators, in

which case relevant propagators or other factors are lumped into the coe�cients. In the

sum over operator structures I, any appropriate contractions over Dirac or flavor indices

are understood.

With amplitudes of the form Eq. (4.8), the cross section Eq. (4.6) also factors into

leptonic and hadronic structures,

d�

dx dy
=

X

IJ

LIJ ⌦WIJ , (4.10)
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LFV DIS @ EIC

• Bounds dominated by τ decays, with few exceptions from Higgs decay, 
LFV Drell-Yan, and B decays  
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bounds from Belle II in Table 1, the projected luminosity of the HL-LHC, and a more
realistic estimate of the EIC sensitivity, along the lines discussed in Section 5.3.

As an example, in Figure 4 we show the limits on a down-type four-fermion operator,
CLd, which couples left-handed leptons to right-handed quarks, and on the photon dipole
operator �e

�
. These operators are defined as

Le↵ � [CLd]ijOLd = [CLd]ij
4GF
p
2
¯̀
⌧�

µ`ed̄i�µdj, Le↵ � �e

�
Oe

�
= �e

�

e

2v
⌧̄L�

µ⌫eRFµ⌫ , (2)

where [CLd]ij is an arbitrary matrix in quark-flavor space, and the factors of GF and v
are inserted to make the Wilson coe�cients dimensionless. To obtain the bounds in Fig.
4, we assume that a single operator at a time is turned on at the high scale ⇤ ⇠ 1 TeV,
we consider its renormalization group evolution (RGE) to the scales probed at the LHC
and EIC and then further evolve it down to a low-energy scale µ ⇠ 2 GeV. In this way,
operators with heavy quarks such as [CLd]bb generate contributions to light-quark operators
that can be probed in ⌧ decays, e.g. via ⌧ ! e⇡⇡.

The leftmost and rightmost vertical axes in Fig. 4 depict the upper bounds on the
LFV operator and lower bounds on the scale ⇤ obtained by taking 4GFC/

p
2 = 1/⇤2.

While the green (left) bars correspond to the EIC-expected sensitivity, the blue (middle)
and pink (right) bars represent the limits from the LHC and low-energy LFV ⌧ and B
meson decays. We next discuss in details how the limits were obtained.

The light pink bars denote existing low-energy bounds, and are labeled by the decay
mode that gives the strongest limit. The relevant ⌧ decay channels are listed in Table
1, and are dominated by Belle and BaBar. Operators that are both LFV and quark-
flavor-changing, such as [CLd]bd and [CLd]bs, are constrained by B ! ⌧e, B ! ⇡⌧e and
B ! K⌧e [114]. These channels are currently dominated by BaBar [111, 115], but will be
further studied at Belle II and LHCb. Heavy quark operators ( [CLd]bb) can also be probed
via ⌥(nS) ! e⌧ . The limits that can be inferred from Refs. [112, 116] are however weaker
than ⌧ decays. Bounds on selected lepton flavor violating decays of heavy particles decaying
into ⌧ are shown in Table 2. Finally, the asterisk mark in orange represents bounds from
charged current processes (e.g. ⇡ ! e⌫⌧ ), or meson decays to two neutrinos (K ! ⇡⌫̄e⌫⌧
and B ! K⌫̄e⌫⌧ ). For certain SMEFT operators, these processes are correlated to ⌧ -e
transitions by gauge invariance. Since the flavor of the neutrino is not resolved and these
processes have SM background, we dub the resulting bounds as “indirect”. In the case of
the CLd operator, [CLd]ds and [CLd]sd would induce large corrections to K ! ⇡⌫̄⌫ and are
constrained to be less that 10�5 by the NA62 and KOTO experiments [117,118]. This limit
is stronger than the direct limit from ⌧ ! eK⇡. [CLd]bd, db and [CLd]bs, sb are constrained to
be O(10�3) by B ! ⇡⌫⌫ and B ! K⌫⌫, with the strongest limit coming from Belle [119]
and BaBar [120].

The dark pink bars are obtained using the projected sensitivity of Belle II, shown
in Table 1. With 50 ab�1, Belle II will probe the BRs of ⌧ ! e decays at the O(10�9)-
O(10�10) level, improving the current limits on SMEFT coe�cients by a factor of 5 to 10.
While we have referred here to the projected sensitivity of Belle II, STCF and FCC-ee
could also give competitive limits as discussed in previous sections.
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7 Multi-probe analysis of ⌧ CLFV

7.1 ⌧ ! e transitions

Figure 4: Upper limits on [CLd]⌧e and �e

�
operators from the EIC (green, left), LHC

(blue, middle) and low-energy ⌧ and B meson decays (pink, right). The rightmost vertical
axis depicts the lower limit on the scale of new physics ⇤. The light pink and blue bars
denote existing limits from ⌧ and B decays from the B-factories and other low energy
experiments, and from LFV Drell Yan at the LHC, respectively. The darker blue and pink
bars overlaid on the lighter ones are the expected sensitivity at the HL-LHC and Belle II.
Indirect bounds originating from charged-current decays and meson decays to neutrinos
are indicated by an asterisk in orange.

We present here constraints on CLFV e-⌧ operators from low- and high-energy experi-
ments based on the SMEFT analysis in [29], which we updated to include the projected

18

pp→τe +X
ep→τ +X

White paper 2203.14919

• Bounds dominated by τ decays, with few exceptions from Higgs decay, 
LFV Drell-Yan, and B decays  
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τ-μ(e) sector: diagnosing tools

• Given BR(h→μτ) < 0.15%,  
τ→μππ  is observable at 
Belle-II if  Yu.d,s ~  Yb

• Higgs-specific combination of 
D, S, G → unique signature in 
ππ spectrum

• Pattern of BRs and differential distributions. Illustration via Higgs-mediated LFV

17



• Smaller samples of taus compared to muons ⇒ BRτ ~10-8 while BRμ ~10-13  

18

• Well motivated flavor-breaking patterns (leptonic MFV, GUTs, U(2) 
symmetries, …) suppress μ → e compared to τ → μ:  

Leptonic MFV**:            BR(μ → eγ) / BR(τ → μγ) ~ s132 ~ 10-2

GUT models:             BR(μ → eγ) / BR(τ → μγ)  ~  |Vus|6  ~ 10-4

Barbieri-Hall-Strumia, hep-ph/9501334

VC-Grinstein-Isidori-Wise,  hep-ph/0507001,  hep-ph/0608123, …  

Probing the flavor-breaking pattern: μ vs τ

https://arxiv.org/abs/hep-ph/9501334
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** Explicitly realized in Type-II seesaw (scalar triplet)  CLFV controlled by YΔ ∝ mν

Probing the flavor-breaking pattern: μ vs τ

https://arxiv.org/abs/hep-ph/9501334


• Next generation muon experiments at FNAL:

• Mu2e-II, 10x better sensitivity 

• Advanced Muon Facility:  

• PRISM concept: 100x improvement μ-
to-e conversion and  high-Z target     

• Muonium-antimuonium, muon EDM,…                                                                   

Experimental prospects

19

• Current / next gen.  experiments 
relevant for CLFV in tau (and mesons) 

1 Executive summary

The discovery of charged lepton flavor violation (CLFV) will be an unambiguous manifes-
tation of physics beyond the Standard Model (SM), with the potential to shed light on
unsolved problems in the SM, first and foremost the origin of neutrino masses. CLFV is
thus an area of intense experimental and theoretical activity.

Focusing on the ⌧ sector, the experimental landscape will undergo tremendous progress
in the next ten years, with Belle II working towards its 50 ab�1 goal, with the LHC
collecting 300 fb�1 of data in Run 3 and starting its high luminosity runs, and with the
EIC coming online. On a longer time scale, the Super ⌧ -Charm Facility (STCF), the
Electron-Ion Collider (EIC) and the Future Circular Collider (FCC) will also play a major
role. A very approximate timeline for data-taking at di↵erent experiments searches for
CLFV in the ⌧ sector is shown in Figure 1.

All these experiments will be sensitive to CLFV predicted in many BSM models, from
supersymmetric scenarios to leptoquarks, and o↵er complementary probes of CLFV at
di↵erent energy scales, crucial to identify the underlying sources of LFV and the underlying
mediation mechanism.

Figure 1: Tentative timeline for data-taking at di↵erent experiments probing CLFV in the
⌧ sector.

2 Introduction

Charged lepton flavor violating (CLFV) processes have long been recognized as very
powerful tools to search for new physics beyond the Standard Model (BSM) for a number
of reasons: (i) the observation of CLFV at experiments in the foreseeable future would
immediately point to new physics beyond the minimal extension of the SM that only
includes neutrino mass (so-called ⌫SM). This is because in the ⌫SM, CLFV amplitudes
are proportional to (m⌫/mW )2 [1–4], where m⌫ and mW are the masses of neutrinos and
W boson, respectively, leading to rates forty orders of magnitude below current sensitivity;
(ii) current and future CLFV experiments probe new mediator particles with masses that
can be well above the scales directly accessible at high-energy colliders (see for example
supersymmetric scenarios [5–8]), in certain cases reaching the PeV scale [9]; (iii) CLFV

1

• Key facilities for muons:  FNAL, J-PARC, PSI

nature of the underlying NP [147].

The Advanced Muon Facility is based on a small fixed-field alternating gradient syn-
chrotron (FFA), used to produce an intense muon beam with well-defined momentum from
the PIP-II accelerator. The PRISM (Phase Rotated Intense Source of Muons) system [159],
shown in Fig. 4, provides a reference concept. Short high intensity proton bunches are
delivered to a production target surrounded by a capture solenoid with a field at about 5T,
well within current capabilities. The muons produced by pion decays are then injected into
the FFA ring by a transport system. The phase rotation decreases the momentum spread of
the muons, trading momentum spread for time spread. During the RF phase rotation, the
remaining pion contamination is reduced to negligible levels. A cold quasi-monochromatic
muon beam is then extracted to the detector system. The feasibility of the FFA approach
was demonstrated with a dedicated prototype at the Research Center of Nuclear Physics
(RCNP) of Osaka University [160].

Figure 4: The PRISM concept, adapted from [159], showing the facility configured for muon
conversion experiments. Not shown are the PIP-II linac, the RF beam splitter and transport
lines, the compressor ring, and the induction linac. The spectrometer and detector solenoids
could be replaced for upgrades or new, di↵erent experiments.

The realization of this concept presents several challenges that must be addressed
through a dedicated R&D program. The design of the proton compressor ring for a 1 MW
facility is very complicated to achieve from the 0.8GeV PIP-II beam with conventional
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PRISM concept
(Phase Rotated Intense Slow Muon beam)

[Kuno, Mori]



•  Charged LFV processes probe a broad spectrum of new physics 

•  Discovery tools:  clean,  very high scale reach 

•  Model-diagnosing tools:  mediators, sources of flavor breaking  
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• ‘Win-win’ situation

• Should new physics appear (at the LHC 
or elsewhere)  LFV will provide unique 
input on its symmetry structure 

• Should new physics NOT appear (at the 
LHC or elsewhere),  LFV will be for a 
while one of the strongest tools to probe 
the mass scale of new physics

1/Coupling 

M

vEW
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★ 4-6 (1-2) orders of magnitude improvement in μ (τ) decays

★ LHC & EIC will be competitive in τ-μ and τ-e transitions (h → τμ,  e→τ) 

★ Muon processes have unmatched sensitivity in μ-e transitions.                       
Great opportunity for the Fermilab muon program 

Exciting experimental prospects


