
Determination of coupling patterns by parallel searches for 
μ^- → e^+ and μ^- → e^- in muonic atoms

SATO, Joe
Yokohama National University

Based on
J. S, K.Sugawara, Y. Uesaka, M. Yamanaka, 

Physics Letters B 836, 2023, 137617
素粒⼦現象論研究会２０２２⼤阪公⽴⼤学３・１７

1



A trial on how large Branching ratio for μ^- → e^+ in muonic 
atoms we can derive

SATO, Joe
Yokohama National University

Based on
J. S, K.Sugawara, Y. Uesaka, M. Yamanaka, 

Physics Letters B 836, 2023, 137617

2



A trial on how large Branching ratio for μ^- → e^+ in muonic 
atoms we can derive

à 10^-18 order

SATO, Joe
Yokohama National University

Based on
J. S, K.Sugawara, Y. Uesaka, M. Yamanaka, 

Physics Letters B 836, 2023, 137617

3



• Introduction
• Benchmark Model

1. Lagrangian
2. Several Bounds on the Model
3. 𝜇! → 𝑒" conversion
• Results

1. The case of no 𝜇! → 𝑒! conversion
2. General analysis including all four couplings
• summary

4



• Introduction
• Benchmark Model

1. Lagrangian
2. Several Bounds on the Model
3. 𝜇! → 𝑒" conversion
• Results

1. The case of no 𝜇! → 𝑒! conversion
2. General analysis including all four couplings
• summary

5



Introduction

• Neutrino oscillation(1998)
⇒ Lepton flavor is not 

conserved !
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Introduction
• Neutrino oscillation(1998)

⇒We need to build a model that 
explains neutrino mass  and lepton 
mixing.
= introduction of a seed for lapton

flavor violation

• SU(2) doublet 𝑒!, 𝜈!
⇒ charged Lepton Flavor 

Violation is inevitable.
How large?



𝜇! → 𝑒! conversion (cLFV) 
〇A test for CLFV
• The initial state is a muonic atom 
• cLFV
• The energy of electron

𝑚! − Binding Energy − 𝑄 value
• The the current experimental constraint is

( P. A. Zyla et al. [Particle Data Group], PTEP 2020 (2020) no.8, 083C01.)

• Several experiments are planned to search for the 𝜇" → 𝑒" conversion.
e.g. COMET, Mu2e, DeeMe, (PRISM/PRIME)…  

B 𝜇! → 𝑒! =
Γ 𝜇!Au → 𝑒!Au

Γ"!#$%&'()
< 7×10!*+ Muonic atom

𝑍𝑒

𝜇!
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To	explain	neutrino	oscillation	we	need	to	violate	Lepton	Flavor	but	
It	does	not	mean	the	violation	of	lepton	number	=	particle	number	for	leptons

neutrinoless double beta decay
in	muonic	atom

eL µL tL＋ ＋ = L
gµ e-®-

L 1 ＝ １＋０
can happen

Lepton number = A part of particle number
= (particle =1 & antiparticle=-1)

Neutrino	oscillation	indicates	neutrinos	are	massive.	If	its	mass	is	
Majorana mass term, it	leads	lepton	number	(in	general	particle	number)	
violation	

Due	to	Simultaneous	violation	of	lepton	flavor	and	particle	number



Particle	Number

12

Fermion	Operator										annihilates	particle	or	creates	anti-particle

- (+1) / + (-1)   = -1
Therefore	Dirac	mass	term

annihilates	particle	and	then	creates	particle

- (+1) + (+1)   = 0 particle	#conservation
On	the	contrary	Majorana	mass	term

annihilates	particle	and	then	creates	anti-particle

- (+1) + (-1)   = -2 particle	#NONconservation
leading	particle	#	violating	process,	say		



Particle	Number
Majorana	mass	term		

Neutrino	mass	term,	directly	leading
as	it	contains	lepton		
Gaugino mass	term,	which	can	lead
with	a	connection	to	leptons	

Mohapatra 1986



Particle	Number
For	scalars	we	can	assign	a	particle	number.	
We	can	introduce	correspondence	of	majorana mass	term	for	scalars
Another	source	for	LNV	process



𝜇! → 𝑒" conversion (LNV)

〇 𝜇" → 𝑒# conversion
• The initial state is a muonic atom
• LNV
• The nucleus changes: 𝐴, 𝑍 → 𝐴, 𝑍 − 2
• 𝑚! − Binding Energy − 𝑄 value
• The current experimental constraint is

(ref：P. A. Zyla et al. [Particle Data Group], PTEP 2020 (2020) no.8, 083C01.)

B 𝜇! → 𝑒, =
Γ 𝜇!Ti → 𝑒,Ca

Γ"!#$%&'()
< 3.6×10!**

Muonic atom

𝑍𝑒

𝜇!



• Majorana mass term for neutrino can lead this process.

• 𝜇" + 𝐴, 𝑍 → 𝑒# + 𝐴, 𝑍 − 2 conversion	(majorana mass)

B$%&'(%)% 𝜇" → 𝑒# ~10"*+

( Pavol Domin, Sergey Kovalenko, Amand Faessler, and Fedor Simkovic. 
Phys. Rev. C, Vol. 70, p. 065501, 2004. )

It is too tiny to be ovserbed.
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Introduction
• Is LNV necessarily too small to observe?

⇒ No!
Coupling of doublet and singlet types of leptoquarks can be

a source of large LNV. 

（ K. S. Babu, R. N. Mohapatra, Phys.Rev.Lett. 75 (1995) 2276-2279 ）

• A model that naturally introduces leptoquarks of the doublet and singlet types and 
considers their coupling
⇒ Minimal Supersymmetric Standard Model (MSSM) 

with R-parity Violating (RPV) interaction.
Leptoquark ⇒ squark

17
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Benchmark Model

• The Lagrangian that causes 𝜇" → 𝑒# conversion is

ℒ!!→-" = −𝜆../0 𝑒1 2 𝑢1J𝑏3∗ + 𝜆5/.0 J𝑏1 𝑑3𝜈! − 𝜆5./0 𝜇1 2𝑢1J𝑏3∗ + 𝜆./.0 J𝑏1 𝑑3𝜈- −𝑚13
5 N𝑏1∗ N𝑏3 + h. c.
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Benchmark Model

• The Lagrangian that causes 𝜇" → 𝑒# conversion is

ℒ!!→-" = −𝜆../0 𝑒1 2 𝑢1J𝑏3∗ + 𝜆5/.0 J𝑏1 𝑑3𝜈! − 𝜆5./0 𝜇1 2𝑢1J𝑏3∗ + 𝜆./.0 J𝑏1 𝑑3𝜈- −𝑚13
5 N𝑏1∗ N𝑏3 + h. c.

20

P article Lepton N um ber

7𝑏-

7𝑏.

𝑒.,

𝜈"

-1

+1

+1

-1

Particle numbers flow in same place
Mass mixing connects them!
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Benchmark Model
• Lagrangian of RPV interaction is 

ℒ!!→-" = −𝜆../0 𝑒1 2 𝑢1J𝑏3∗ + 𝜆5/.0 J𝑏1 𝑑3𝜈! − 𝜆5./0 𝜇1 2𝑢1J𝑏3∗ + 𝜆./.0 J𝑏1 𝑑3𝜈- −𝑚13
5 N𝑏1∗ N𝑏3 + h. c.

where the other squarks which is so heavy to be ignored.
• we will consider the eigenstates of the mass of sbottom.

N𝑏1 N𝑏3
𝑚1
5 𝑚13

5

𝑚13
5 𝑚3

5
N𝑏1
N𝑏3

= N𝑏. N𝑏5
𝑚.
5 0
0 𝑚5

5
N𝑏.
N𝑏5

N𝑏1
N𝑏3

= cos 𝜃 sin 𝜃
− sin 𝜃 cos 𝜃

N𝑏.
N𝑏5

𝜃 is the mixing angle of sbottom.
We assume 𝑚. ≪ 𝑚5.

21
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Benchmark Model

• The Lagrangian that causes 𝜇" → 𝑒# conversion is

ℒ!!→-" = −𝜆../0 𝑒1 2 𝑢1J𝑏3∗ + 𝜆5/.0 J𝑏1 𝑑3𝜈! − 𝜆5./0 𝜇1 2𝑢1J𝑏3∗ + 𝜆./.0 J𝑏1 𝑑3𝜈- −𝑚13
5 N𝑏1∗ N𝑏3 + h. c.
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Benchmark Model
• In terms of mass eigenstates the Lagrangian that causes 𝜇" → 𝑒# conversion is 

ℒ!!→-" = −𝜆../0 sin 𝜃 𝑒1 2 𝑢1J𝑏.∗ + 𝜆5/.0 cos 𝜃J𝑏. 𝑑3𝜈!
−𝜆5./0 sin 𝜃 𝜇1 2𝑢1J𝑏.∗ + 𝜆./.0 cos 𝜃J𝑏. 𝑑3𝜈- + h. c.
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The bounds from current experiments

• Bounds are ... 

25



Direct sbottom search
・The ATLAS experimental constraint is

𝑚. = 200 GeV ⇒𝛽 =
6 #$→&'

6 #$→()*$
< 0.01

( M. Aaboud et al. (ATLAS), Eur. Phys. J. C79, 733 (2019), 1902.00377 )

・The diagram of the sbottom decay

26

𝜆**+/ sin𝜃
𝜆0*+/ sin𝜃



Direct sbottom search
・The ATLAS experimental constraint is

𝑚. = 200 GeV ⇒𝛽 =
6 #$→&'

6 #$→()*$
≤ 0.01

( M. Aaboud et al. (ATLAS), Eur. Phys. J. C79, 733 (2019), 1902.00377 )

・The bound of the direct sbottom search is
𝜆7./0 sin𝜃 ≤ 5.0×10"/ 𝑘 = 1,2

27



Bound from lepton flavor universality of 𝜋 decay

• The lepton universality 
𝛽89-:;< =

Γ-=$

Γ!=$
= 1.2352×10"*

• The constraint of the lepton universality  

𝛽->? ± 𝐸𝑟𝑟 = 1.2327 46 ×10"*
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Relation between 𝜇! → 𝑒" conversion and 𝜋 decay 

• The bound from 𝜋 decay is strongly correlated with 𝜇" → 𝑒# conversion.

𝑢.

𝜇. 𝑑-

�̅�1.

A𝑏*

29



The contribution from sbottom to 𝜋 decay
• The contribution to the pion decay : the following eight diagrams.
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The contribution from sbottom to 𝜋 decay
• The contribution to the pion decay : the following eight diagrams.

Diagrams that have the strongest correlation with 𝜇" → 𝑒# conversion

31



The chiral enhancement
・The part of ⟨0 𝑢.𝑑- 𝜋 ⟩

By the equation of motion of the quark, 

It is about 20-30 times chiral enhancement at amplitude.

⟨0 𝑢1𝑑3 𝜋 ⟩ ≈ −
1

(𝑚@ +𝑚A)
⟨0|𝜕! 𝑢1𝛾!𝑑1 |𝜋# ⟩

𝜕" F𝑢.𝛾"𝑑. = −𝑚2 F𝑢-𝑑. +𝑚3 F𝑢.𝑑- = − 4!,4"
0

(F𝑢𝛾5𝑑) +…

= −
1

(𝑚@ +𝑚A)
𝑘B"!⟨0 𝑢1𝛾!𝑑1 𝜋# ⟩

= −
1

(𝑚@ +𝑚A)
𝑘B"! 𝑘B"

! 𝑓B 𝑓B ≈ 130 MeV

= −
𝑚B
5𝑓B

(𝑚@ +𝑚A)
≃ −20𝑚B𝑓B
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Bound from lepton flavor universality of 𝜋 decay
• The lepton universality 

𝛽89-:;< =
Γ-=$

Γ!=$
= 1.2352×10"*

• The constraint of the lepton universality  

𝛽->? ± 𝐸𝑟𝑟 = 1.2327 46 ×10"*

• The contribution of RPV 
Γ-=$ + Γ-CDE

Γ!=$ + Γ!CDE
≃ 𝛽89-:;< +

Γ-CDE

Γ!=$
−

Γ-=$

Γ!=$
5 Γ!

CDE

𝛽->? − 𝐸𝑟𝑟 − 𝛽89-:;< ≤
Γ-CDE

Γ!=$
−

Γ-=$

Γ!=$
5 Γ!

CDE ≤ 𝛽->? + 𝐸𝑟𝑟 − 𝛽89-:;<

−7.1×10"F ≤
Γ-CDE

Γ!=$
−

Γ-=$

Γ!=$
5 Γ!

CDE ≤ 2.1×10"F
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The Bound of 0𝜈2𝛽
• The Lagrangian that causes 0𝜈2𝛽 is

• we can apply the constraints on the Majorana mass to the couplings

• The bound of 0𝜈2𝛽

𝜆../0 sin 𝜃 𝜆./.0 cos 𝜃 ≤ 8.3×10".+ G+
5++ HIE

5

ℒ+J5K = −𝜆../0 sin 𝜃 𝑒1 2 𝑢1J𝑏3∗ + 𝜆./.0 cos 𝜃J𝑏1 𝑑3𝜈- + h. c.
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The other bounds 
・𝜆./.0 cos 𝜃：Atomic Parity Violation(APV) and Parity Violating Electron Scattering(PVES)

P. A. Zyla et al. [Particle Data Group], PTEP 2020 (2020) no.8, 083C01.

𝜆./.0 cos 𝜃
1.0 TeV
𝑚 L8,

≤ 6.9×10".

・𝜆5/.0 cos 𝜃：Deep Inerastic Scattering(DIS)
V. D. Barger, G. F. Giudice and T. Han, Phys. Rev. D 40 (1989), 2987

𝜆5/.0 cos 𝜃
200 GeV

𝑚.
≤ 3.6×10".

35

𝜆!"!# cos 𝜃 𝜆!"!# cos 𝜃

𝜆$"!# cos 𝜃 𝜆$"!# cos 𝜃



𝜇! → 𝑒! conversion

• The upper limit for 𝜇" → 𝑒" conversion is 

𝐵 𝜇! → 𝑒!; Au < 7×10!*+

• The contribution of RPV 
𝐵 𝜇" → 𝑒" ≃ �̃�!

𝜆′5./ sin 𝜃 𝜆′../ sin 𝜃 5

4𝑚.
* 𝑚!

M 2𝑉 ? + 𝑉 N 5

• �̃�! is the mean lifetime of muon in muonic atom.

• The bound from 𝜇" → 𝑒" conversion is 
𝜆′5./ sin 𝜃 𝜆′../ sin 𝜃 < 1.6×10"F

𝑚.
200 GeV

5

𝑢.

𝜇.

𝑢.

𝑒.

A𝑏*
𝜆0*+/ sin 𝜃 𝜆**+/ sin 𝜃
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𝜇! → 𝑒! conversion

• The upper limit for 𝜇" → 𝑒" conversion is 

𝐵 𝜇! → 𝑒!; Au < 7×10!*+

• The contribution of RPV 
𝐵 𝜇" → 𝑒" ≃ �̃�!

𝜆′5./ sin 𝜃 𝜆′../ sin 𝜃 5

4𝑚.
* 𝑚!

M 2𝑉 ? + 𝑉 N

• �̃�! is the mean lifetime of muon in muonic atom.

• The bound from 𝜇" → 𝑒" conversion is 
𝜆′5./ sin 𝜃 𝜆′../ sin 𝜃 < 1.6×10"F

𝑚.
200 GeV

5

𝑢.

𝜇.

𝑢.

𝑒.

A𝑏*
𝜆0*+/ sin 𝜃 𝜆**+/ sin 𝜃

37

Overlaps of wave functions of leptons 
and nucleus



𝜇! → 𝑒! conversion

• The upper limit for 𝜇" → 𝑒" conversion is 

𝐵 𝜇! → 𝑒!; Au < 7×10!*+

• The contribution of RPV 
𝐵 𝜇" → 𝑒" ≃ �̃�!

𝜆′5./ sin 𝜃 𝜆′../ sin 𝜃 5

4𝑚.
* 𝑚!

M 2𝑉 ? + 𝑉 N

• �̃�! is the mean lifetime of muon in muonic atom.

• The bound from 𝜇" → 𝑒" conversion is 
𝜆′5./ sin 𝜃 𝜆′../ sin 𝜃 < 1.6×10"F

𝑚.
200 GeV

5

𝑢.

𝜇.

𝑢.

𝑒.

A𝑏*
𝜆0*+/ sin 𝜃 𝜆**+/ sin 𝜃
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𝜇! → 𝑒! conversion

• The formula to estimate 𝜇" → 𝑒" conversion

𝐵 𝜇" → 𝑒" ≃ �̃�!
𝜆′5./ sin 𝜃 𝜆′../ sin 𝜃 5

4𝑚.
* 𝑚!

M 2𝑉 ? + 𝑉 N

• �̃�! is the mean lifetime of muon in muonic atom.

• We used aluminum(Al) to estimate the 𝜇O → 𝑒O conversion.
(COMET)

𝑢.

𝜇.

𝑢.

𝑒.

A𝑏*
𝜆0*+/ sin 𝜃 𝜆**+/ sin 𝜃
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𝜇! → 𝑒" conversion

• The formula to estimate 𝜇" → 𝑒# conversion
𝐵 𝜇" → 𝑒# ≃

�̃�!
𝜆5/.0 cos 𝜃 𝜆../0 sin 𝜃 + 𝜆./.0 cos 𝜃 𝜆5./0 sin 𝜃

𝑚.
5

5 𝐺O
2

5𝑄0P

𝑞5
𝑚!𝑍-QQ𝛼
𝜋.//

/

× 𝑍-QQ 1 − 3.125
𝐴 − 𝑍
2𝐴

5

• �̃�! is the mean lifetime of muon in muonic atom.
• 𝑄0 is typical energy scale including phase space.
• 𝑞 is the momentum the neutrino.
• Muon capture happens twice
( Jeffrey M. Berryman, Andr ́e de Gouvˆea, Kevin J. Kelly, and Andrew Kobach, Phys. Rev. D, Vol. 

95, No. 11,p. 115010, 2017 )
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𝜇! → 𝑒" conversion

• The formula to estimate 𝜇" → 𝑒# conversion
𝐵 𝜇" → 𝑒# ≃

�̃�!
𝜆5/.0 cos 𝜃 𝜆../0 sin 𝜃 + 𝜆./.0 cos 𝜃 𝜆5./0 sin 𝜃

𝑚.
5

5 𝐺O
2

5𝑄0P

𝑞5
𝑚!𝑍-QQ𝛼

𝜋

/

× 𝑍-QQ 1 − 3.125
𝐴 − 𝑍
2𝐴

5

• �̃�! is the mean lifetime of muon in muonic atom.
• 𝑄0 is typical energy scale including phase space.
• 𝑞 is the momentum the neutrino.

The muon wave function 𝜓" 0
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𝜇! → 𝑒" conversion

• The formula to estimate 𝜇" → 𝑒# conversion
𝐵 𝜇" → 𝑒# ≃

�̃�!
𝜆5/.0 cos 𝜃 𝜆../0 sin 𝜃 + 𝜆./.0 cos 𝜃 𝜆5./0 sin 𝜃

𝑚.
5

5 𝐺O
2

5𝑄0P

𝑞5
𝑚!𝑍-QQ𝛼

𝜋

5

× 𝑍-QQ 1 − 3.125
𝐴 − 𝑍
2𝐴

5

• �̃�! is the mean lifetime of muon in muonic atom.
• 𝑄0 is typical energy scale including phase space. 〜muon mass
• 𝑞 is the momentum the neutrino.

Pauli exclusion principle for neutron transitions
𝜇! + 𝐴, 𝑍 → 𝑒, + 𝐴, 𝑍 − 2
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Result (Pattern I)

45

• 𝜆TUVW sin 𝜃 ≠ 0, 𝜆UVUW cos 𝜃 ≠ 0 (𝜆TUVW sin 𝜃 = 𝜆UVUW cos 𝜃 = 0 )

and the bound of 𝜋 decay



Result (Pattern I)
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• 𝜆5./0 sin 𝜃 ≠ 0, 𝜆./.0 cos 𝜃 ≠ 0
(𝜆5./0 sin 𝜃 = 𝜆./.0 cos 𝜃 = 0 )

• B 𝜇" → 𝑒"; Al = 0

• B 𝜇" → 𝑒#; Ca ~10".P

⇒ PRISM/PRIME 

sbottom

Pion universarity

Atomic Parity 
Violation



Result (Pattern II)
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• 𝜆UUVW sin 𝜃 ≠ 0, 𝜆TVUW cos 𝜃 ≠ 0 (𝜆UUVW sin 𝜃 = 𝜆TVUW cos 𝜃 = 0 )

and the bound of 𝜋 decay



Result (Pattern II)

48

• 𝜆../0 sin 𝜃 ≠ 0, 𝜆5/.0 cos 𝜃 ≠ 0
(𝜆../0 sin 𝜃 = 𝜆5/.0 cos 𝜃 = 0 )

• B 𝜇" → 𝑒"; Al = 0

• B 𝜇" → 𝑒#; Ca ~10"55

sbottom

Pion universarity
Neutrino DIS



The expectation for future experiments

• Resultss are ... 
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Result (all coupling)
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Result (all coupling)
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Result

The Sensitivity of 
Experiment 

𝜇! → 𝑒! conversion (Al)

𝜇! → 𝑒, conversion (Ca)
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Result

𝜆0*+/ sin 𝜃 𝜆*+*/ cos 𝜃
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Result

𝜆0*+/ sin 𝜃 ↓
𝜆*+*/ cos 𝜃↓
𝜆**+/ sin 𝜃 ↑

𝜇! → 𝑒! conversion
0𝜈𝛽𝛽

>
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Result

𝜆0*+/ sin 𝜃 ↓
𝜆*+*/ cos 𝜃↓
𝜆**+/ sin 𝜃 ↑

𝜇! → 𝑒! conversion
0𝜈𝛽𝛽<
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Result

𝜆**+/ sin 𝜃 𝜆0+*/ cos 𝜃
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Result

Upper limit
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Result

+ 𝐵 𝜇" → 𝑒# > 𝐵 𝜇" → 𝑒"

+ 𝐵 𝜇" → 𝑒# < 𝐵 𝜇" → 𝑒"
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Result

+ 𝐵 𝜇" → 𝑒# > sensitivity of PRISM/PRIME
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• Introduction
• Benchmark Model

1. Lagrangian
2. Several Bounds on the Model
3. 𝜇! → 𝑒" conversion
• Results

1. The case of no 𝜇! → 𝑒! conversion
2. General analysis including all four couplings
• summary
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Summary
• 𝜇" → 𝑒# conversion (LNV) is lead by

1. coupling of doublet and singlet types of leptoquarks (particle #)
and
2. RPV interaction.(Lepton Flavor)

• The case where 𝐵 𝜇" → 𝑒# > PRISM/PRIME sensitivity can be realized.
• The case where 𝐵 𝜇" → 𝑒# > 𝐵 𝜇" → 𝑒" can be realized.

⇒The 𝝁" → 𝒆# conversion is so important!!

• Complementary verification of the 𝜇" → 𝑒# conversion and 
the 𝜇" → 𝑒" conversion is very useful for model verification.
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Backup
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Derivation of lepton flavor charge
Lepton Part Only

Invariant under 3 independent unitary
transformation

independent

Kinetic Part 

Sum of 3 species of Weyl sprinors



３×３complex :: diagonalized by 2 unitary matrices

Higgs Part
To make it
invariant

Is necessary. Reduction of symmetry

Since kinetic term is invariant

Kinetic terms under flavor basis !!



Residual symmetry ：：Lepton Flavor

Paired with same flavor
àLagrangian is invariant under phase shift of each flavor
àLepton flavor conservation

e.g Phase transformation
of electron flavor

From Noetherʼs theorem Consered current exists
In each flavor the conserved current is given by

“Charge” is expressed as follows and it conserve



For example , that is, electron flavor charge is given
in terms of creation and annihilation operators of electrons

Electron and electron
neutrinoPositron and anti-electron neutrino

Similarly muon and tau flavor  charge                 is defined. 



Electron,    muon,       tau   number

eL µL tL

ntnµn tµ

---

ee
eL
µL
tL

１ １

１ １

１ １

Opposite(-1) for 
anti particles

If non-conserved is found, SM is not correct 

Lepton Flavor is conserved under SM

If SM is correct,
in all process, these numbers are conserved 

Contraposition



With additional particles and hence 
additional operator in Lagrangian,
in general, under the transformation

Lagrangian is not invariant
àLepton flavor cannot be defined
àLepton flavor “ charge” defined under SM 
Lagrangian

cannot be conserved

+ appropriate transformation for extra 
particles


