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Motivation Lepton Flavour Violation

Lepton Flavour Violation

◦ Search for new physics (NP):
one prominent probe → LFV

◦ Lepton Flavour (LF) is conserved by SM
◦ LF is an (accidental) global symmetry

Lepton Flavours
e µ τ

νe νµ ντ

◦ Lepton Flavour Violation (LFV)
◦ neutral LFV: νe , νµ, ντ

→ neutrino oscillations
◦ charged LFV: e, µ, τ
→ only indirectly via νi

µ

γ

e
νi

W W

BR(µ→ eγ) ≲ 10−50
[
∼ ( mν

mW
)4
]

◦ Oberservation of CLFV would be NP

Very clean BSM signal (no competing SM)
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Motivation Experiment and current limits

LFV Experiments and current limits

LFV process current limit (planned) experiments

µ→ eγ < 4.2 · 10−13 [MEG] MEG II
µ→ 3e < 1.0 · 10−12 [SINDRUM] Mu3e
τ → ℓγ, 3ℓ, ℓP, . . . ≲ 10−8 [Belle, LHCb, . . . ] Belle 2, . . .

π0 → µ̄e < 3.6 · 10−10 [KTeV]
η → µ̄e < 6 · 10−6 [SPEC] JEF, REDTOP
η′ → µ̄e < 4.7 · 10−4 [CLEO II]

Au µ− → Au e− < 7 · 10−13 [SINDRUM II]
Ti µ− → Ti e− < 6.1 · 10−13 [SINDRUM II]
Al µ− → Al e− ≲ 10−17 (projected) Mu2e, COMET

→ stringent bounds on LFV
Goal: Relate µ→ e conversion and P → µe
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Motivation What is µ→ e conversion?

What is µ→ e conversion?

◦ Experimental Setup:

prod.
target

proton beam nucl.
target

µ beam

◦ Conversion process:

µ
nucl.
(A, Z )

conversion
e

nucl.
(A, Z )

without
neutrinos!without

neutrinos!

◦ Experimental signature: e− with q ≈ mµ

◦ Only background: decay in orbit µ− → νµν̄ee− (spectrum)
◦ Normalisation: muon capture µ (A, Z )→ νµ (A, Z − 1)
◦ Distinction between:

◦ Spin-independent (SI) → coherent enhancement (∼ #N)
◦ Spin-dependent (SD) → non-coherent (only Jnucl. ̸= 0)
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EFT framework

Standard Model EFT

◦ Model-independent effective field theory description of BSM physics
with higher dimensional operators obeying all SM symmetries:

LSM EFT = LSM +
1
Λ
L(5) +

1
Λ2L

(6) + . . .

◦ Can be seen as the low-energy effective theory of any theory
introducing new physics at high energies

◦ Naturally contains LFV operators:
ℓ1

ℓ̄2

γ &

ℓ1

ℓ̄2

q1

q̄2

&

g

g

ℓ1

ℓ̄2

Can be used to describe all LFV processes in a model-independent way
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EFT framework

Formfactors and nuclear response

◦ No interaction with elementary particles, but with whole nucleus
◦ Need to incorporate quark-level description of interactions

into hadron- and nucleus-level processes

◦ Requires hadronic matrix-elements ...

P
q

q̄
& N N

q q

◦ ... for each operator (gluons not shown) ...
◦ ... and nuclear responses ...
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N N
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◦ ... in terms of multipoles, calculated in the shell-model
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EFT framework

Fundamental Idea
Observation

P → µ̄e is mediated by the same operators as SD µ→ e conversion

◦ Decays of light pseudoscalars P = π0, η, η′:

P

e

µ̄

∼ P, A
q

q̄

e

µ̄

& GG̃
g

g

e

µ̄

Probes pseudoscalar P, axialvector A and gluonic GG̃ operators

◦ The same operators appear (among others) in µ→ e conversion:

(
µ
Al

)
1s

e

Al ∼

µ e

NN ∼ P, A

µ

q

e

q & GG̃

µ

g

e

g

→ Need: Masterformula for both processes in terms of these operators
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Masterformulae

Master Formulae

◦ relevant part of effective Lagrangian:

Leff ⊃
1

Λ2 ∑
Y=L,R
q=u,d ,s

[
CP,q

Y (eY µ)(q̄γ5q) + CA,q
Y (eY γµµ)

(
q̄γµγ5q

)]
+

iαs
Λ3 ∑

Y=L,R
CGG̃

Y (eY µ)Ga
µνG̃µν

a + h.c.

P

e

µ̄

q

q̄

A

e

µ̄

q

q̄

GG̃

g

g

e

µ̄

pseudoscalar axialvector gluonic

Decay P → µe:

Conversion
Rate

Decay
Rate

= ⊗ ⊗
p n

p P

qi

q̄i

⊗

q1

q̄2

ℓ1

ℓ̄2

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

SD µ→ e conversion:
µ

Conversion
Rate

= ⊗
p n

p ⊗ p
n

p
n

qi qi

⊗

q1

q̄2

ℓ1

ℓ̄2

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator
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Master Formulae

◦ relevant part of effective Lagrangian:

Leff ⊃
1

Λ2 ∑
Y=L,R
q=u,d ,s

[
CP,q

Y (eY µ)(q̄γ5q) + CA,q
Y (eY γµµ)

(
q̄γµγ5q

)]
+

iαs
Λ3 ∑

Y=L,R
CGG̃

Y (eY µ)Ga
µνG̃µν

a + h.c.

P

e

µ̄

q

q̄

A

e

µ̄

q

q̄

GG̃

g

g

e

µ̄

pseudoscalar axialvector gluonic

Decay P → µe:

Conversion
Rate

Decay
Rate

= ⊗ ⊗
p n

p P

qi

q̄i

⊗

q1

q̄2

ℓ1

ℓ̄2

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

SD µ→ e conversion:
µ

Conversion
Rate

= ⊗
p n

p ⊗ p
n

p
n

qi qi

⊗

q1

q̄2

ℓ1

ℓ̄2

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator
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Results Deduced Limits

Deduced Limits (individual)

◦ Use limits on µ→ e conversion to derive limits on P → µ̄e

(
µ
Al

)
1s

e

Al −→
LFV Operators: P

A
GG̃

 −→ P

e

µ̄

◦ In general the operators do not appear in the same linear combinations
◦ If we consider one operator at a time, the transition is immediate:

µ→ e (exp.) P → µ̄e (derived) current limit

BRTi < 6.1× 10−13
BRπ0≲ 4× 10−17 < 3.6× 10−10

BRη≲ 5× 10−13 < 6.0× 10−6

BRη′≲ 7× 10−14 < 4.7× 10−4

(scan over all "one operator at a time"-scenarios and choices for constants)

Derived limits are several orders of magnitude better!
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Results Deduced Limits

Deduced Limits (rigorous)
For rigorous limits we need to scan over all Wilson coefficients:

◦ Want linear combination of operators to
◦ minimise µ→ e conversion
◦ maximise P → µ̄e

→ ∃ fine-tuned solution to make µ→ e conversion vanish
◦ In this scenario π0 → µ̄e vanishes as well:

rigorous limit: Brπ0→µ̄e< 1.0× 10−13 (
exp: < 3.6 · 10−10)

◦ However, η(′) → µ̄e can still be non-zero:
→ Brη(′)→µ̄e with sufficient fine-tuning in principle unbound

◦

◦ easily spoilt by RG corrections
◦ contributing to SI µ→ e conversion

A

ℓ1

ℓ̄2

q1

q̄2

∼ V

ℓ1

ℓ̄2

q1

q̄2
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Results Outlook

Outlook

With values from Mu2e or COMET the limits become even stronger

◦ Combining the limits from Ti and Al we find:

1e-14 1e-12 1e-10 1e-08
1e-17

1e-16

1e-15

1e-14

1e-13

Br[µ → e, Al]

B
r[
π
0
→

µ
e]
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↑ direct limit ∼ 10−10 Ti-only
limit

single-operator
limit
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Conclusion

Conclusion
Summary:
◦ Connection between LFV decays of light pseudoscalars

and µ→ e conversion
◦ Description of both processes with LFV EFT operators

(pseudoscalar, axialvector and gluonic)

◦ Derived indirect limits for P → µ̄e
surpass the direct ones by several orders of magnitude
→ going beyond the "one operator at a time"-strategy

◦ Fine-tuning may relax limits, but RG corrections limit cancellation

Outlook:
◦ Future results from Mu2e and COMET can further improve these limits
◦ General treatment of µ→ e conversion:

beyond SI or SD, combining nuclear and bound state physics
◦ Inputs from ab-initio methods ?
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Thank you for your attention!

µ
nucl.
(A, Z )

e I am speed!

I am speed!
nucl.
(A, Z )
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Backup-Slides

Description of µ→ e conversion

Effective description by separation of the appearing scales

µ
Conversion

Rate
= ⊗

p n
p ⊗ p

n
p
n

qi qi

⊗

q1

q̄2

ℓ1

ℓ̄2

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

◦ EFT operators from Lagranian:
Leff = 1

Λ2 ∑Γ C Γ
q (LΓ ·QΓ,q)

LΓ ∈
{

¯eY µ, ¯eY γµµ, ¯eY σµνµ
}

, (Γ = S, P, V , A, T , D, GG, GG̃)

QΓ,q ∈
{

q̄q, q̄γ5q, q̄γµq, q̄γµγ5q, q̄σµνq, F µν , Ga
µνGµν

a , Ga
µνG̃µν

a
}

◦ hadronic matrix elements:
⟨N |QΓ,q |N⟩ →∼ F Γ,i

q,N ūNOiuN
non.rel.−−−−→ ∼ ūNR

N ONR
i uNR

N
◦ nuclear multipoles (shell-model): ONR

i ∈
{

1, σ⃗, ∇⃗, ...and all combinations
}

⟨M | ONR
i |M⟩ →∼ FSN S ∈

{
M, Σ(′′) , Φ(′′) , ∆(′′) , Ω(′′) , Γ(′′) , Π(′′) , Θ(′′)

}
◦ bound state physics (numerical):
⟨ẽ| LΓ |µ(1s)⟩ →∼ ΨeOΓΨµ with Ψe , Ψµ

Dirac-eq.←−−−− V (r )← ρch(r )
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Backup-Slides Master Formulae

Master Formula: P → µe

Conversion
Rate

Decay
Rate

= ⊗
p n

p P

qi

q̄i

⊗

q1

q̄2

ℓ1

ℓ̄2

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

BrP→µ∓e± =
(M2

P −m2
µ)

2

16πΓPM3
P

∑
Y=L,R
|CP

Y |2

CP
Y = ∑

q

bq
Λ2

(
±CA,q

Y f q
P mµ − CP,q

Y
hq

P
2mq

)
+

4π

Λ3 CGG̃
Y aP

◦ only contributions from:
P, A, GG̃

◦ hadronic matrix elements from
lattice-QCD and phenomenology
◦ Ward identity:

bqf q
P M2

P = bqhq
P − aP

π η η′

Pheno Lattice Pheno Lattice
buf u

P
Fπ

1 0.80 0.77 0.66 0.56
bd f d

P
Fπ

−1 0.80 0.77 0.66 0.56
bs f s

P
Fπ

0 −1.26 −1.17 1.45 1.50
aP [GeV3] 0 – −0.017 – −0.038

aFKS
P [GeV3] 0 −0.022 −0.021 −0.056 −0.048

hq
P Ward identity

Phenomenology: [Escribano et al., 2016]
Lattice-QCD: [Bali et al., 2021]
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Backup-Slides Master Formulae

Master Formula: SD µ→ e conversion

µ
Conversion

Rate
= ⊗

p n
p ⊗ p

n
p
n

qi qi

⊗

q1

q̄2

ℓ1

ℓ̄2

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

BrSD
µ→e =

4m5
µα3Z3

πΓcap(2J + 1)

(
Zeff
Z

)4
× ∑

Y=L,R
τ=L,T

[
Cτ,00

Y Sτ
00 + Cτ,11

Y Sτ
11 + Cτ,01

Y Sτ
01

]
CT ,ij

Y =
[
C̄A,i

Y (1 + δ′)i± 2C̄T ,i
Y

]
×(i↔ j); CL,ij

Y =
[
C̄A,i

Y (1 + δ′′)i− mµ

2mN
C̄P,i

Y ± 2C̄T ,i
Y

]
×(i↔ j)

C̄P,N
Y =

1
Λ2 ∑

q
CP,q

Y
mN
mq

gq,N
5 − 4π

Λ3 CGG̃
Y ãN ; C̄A,N

Y =
1

Λ2 ∑
q

CA,q
Y gq,N

A ; C̄T ,N
Y =

1
Λ2 ∑

q
CT ,q

Y f q,N
1,T

◦ numerical solution of Dirac equation:
ZAl

eff = 11.64, ZTi
eff = 17.65 [Kitano et al., 2002]

◦ corr. from NLO chiral EFT and 2-body
currents: δ′ = −0.28(5), δ′′ = −0.44(4)

[Hoferichter et al., 2020]

gu,p
A gd ,p

A g s,N
A ãN [GeV] gq,N

5
0.842(12) -0.427(13) -0.085(18) -0.39(12) [NC→∞] Ward identity

[HERMES, 2007] Exp Theory Exp Theory Exp Theory
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Outlook: Full Masterformula for µ→ e conversion

µ
Conversion

Rate
= ⊗

p n
p ⊗ p

n
p
n

qi qi

⊗

q1

q̄2

ℓ1

ℓ̄2

bound state physics nuclear response hadronic matrix elements (short distance) EFT operator

◦ effective Lagrangian with all possible quark and gluon operators:

Γ ∈ S, P, V , A, T , D, GG , GG̃

◦ hadronic matrix elements (including higher order terms): F Γ,i
q,N

◦ nuclear multipoles (beyond SD and SI):

S ∈ M, Σ(′′), Φ(′′), ∆(′′), Ω(′′), . . .

◦ full numerical solution of muon and electron wave functions

M∼
∫ d3q

(2π)3 ∑
Γ,q,i ,N,S

K Γ,i ,SN
q,N (⃗q)·C Γ

q ·F Γ,i
q,N (⃗q)·FSN (⃗q)· ΨeOΓΨµ

∼
(⃗q)
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Formulas I

⟨0|q̄γµγ5q|P(k)⟩ = ibqf q
P kµ, (1)

⟨0|mqq̄iγ5q|P(k)⟩ = bqhq
P

2 , (2)

⟨0| αs
4π

Ga
µνG̃µν

a |P(k)⟩ = aP , (3)

⟨N |q̄γµγ5q|N⟩ = gq,N
A ⟨N |N̄γµγ5N |N⟩, (4)

mq⟨N |q̄iγ5q|N⟩ = mNgq,N
5 ⟨N |N̄iγ5N |N⟩, (5)

⟨N |q̄σµνq|N⟩ = f q,N
1,T ⟨N |N̄σµνN |N⟩, (6)

⟨N | αs
4π

Ga
µνG̃µν

a |N⟩ = ãN⟨N |N̄iγ5N |N⟩, (7)
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Formulas II

BrSI[µ→ e] =
4m5

µ

Γcap
∑

Y=L,R

∣∣∣∣∣ ∑
N=p,n
O=S,V

C̄O,N
Y O(N)

∣∣∣∣∣
2

, (8)

C̄S,N
Y =

1
Λ2 ∑

q
CS,q

Y
mN
mq

f N
q +

4π

Λ3 CGG
Y aN , (9)

C̄V ,N
Y =

1
Λ2 ∑

q
CV ,q

Y f N
Vq , (10)

S(N) = V (N) =
(αZ )3/2

4π

(
Zeff
Z

)2
FM

N (m2
µ), (11)
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Formulas III

C̄0 =
C̄p + C̄n

2 , C̄1 =
C̄p − C̄n

2 , (12)

gq,N
A = gq,N

5 − ãN
2mN

, (13)

ãN = −2mNgu,0
A = −0.39(12)GeV, (14)
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Formulas IV

CA,u
Y = CA,d

Y , CA,s
Y = −2CA,u

Y gu,0
A

g s,N
A

, (15)

CP,u
Y
mu

=
CP,d

Y
md

,
CP,s

Y
ms

=
4π

Λ
CGG̃

Y
2gu,0

A
gu,0

A − g s,N
A

. (16)
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Formulas V

ST00 = ∑
L

[
FΣ′L

+ (q2)
]2

, SL00 = ∑
L

[
FΣ′′L

+ (q2)
]2

, (17)

ST11 = ∑
L

[
FΣ′L
− (q2)

]2
, SL11 = ∑

L

[
FΣ′′L
− (q2)

]2
, (18)

ST01 = ∑
L

2FΣ′L
+ (q2)FΣ′L

− (q2), (19)

SL01 = ∑
L

2FΣ′′L
+ (q2)FΣ′′L

− (q2), (20)
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Table

π0 η η′

CA,3
Y 1.3× 10−17 – –

CA,8
Y – 1.5× 10−17 4.0× 10−20

CA,0
Y – 2.9× 10−19 2.1× 10−19

CP,3
Y 4.1× 10−17 – –

CP,8
Y – 1.6× 10−12 2.1× 10−14

CP,0
Y – 4.1× 10−12 5.4× 10−13

CGG̃
Y – 5.8× 10−15 4.7× 10−16
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