
LA-UR-24-21027
Approved for public release; distribution is unlimited.

Title: Searching for muon to electron conversion

Author(s): Fuyuto, Kaori

Intended for: I will give a theory seminar talk at INT, University of Washington on
February 8th.

Issued: 2024-02-05



Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National Nuclear Security
Administration of U.S. Department of Energy under contract 89233218CNA000001.  By approving this article, the publisher recognizes that the U.S. Government
retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government
purposes.  Los Alamos National Laboratory requests that the publisher identify this article as work performed under the auspices of the U.S. Department of
Energy.  Los Alamos National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does
not endorse the viewpoint of a publication or guarantee its technical correctness.



February 8, 2024 @ INT 
U of Washington 

Kaori Fuyuto 
 

Los Alamos National Laboratory 

LA-UR-24- 

KF, E. Mereghetti, 2307.13076  

Searching for Muon to Electron Conversion



We still don’t know much about our Universe.

What is Dark Matter? 

<latexit sha1_base64="K9pR8CzhXPQiTlDaxbbT4swcV2w="></latexit>

DM

<latexit sha1_base64="kq0rGuyuDyj0X5xlH55AaLEf9ac="></latexit>

Dark Energy
<latexit sha1_base64="ErqqLO8utnDQ4YVAERWSfyNL91E="></latexit>

Atoms

<latexit sha1_base64="NeZsge5AwENCgxtH755jVuU8ee4="></latexit>

26.8%

What is the origin of
tiny neutrino mass ?

⌫
<latexit sha1_base64="Y61PXQ8MoiQCregLCJRgMZ3e/ak="></latexit>e

<latexit sha1_base64="Rv4pNbu2JtbzPuJciqyNY312wWs="></latexit>. 1 eV
<latexit sha1_base64="vZk/ijzAmBVFIcJwPEWr6JHPMhI="></latexit>

0.5 MeVThe origin of
the present Universe

<latexit sha1_base64="/XmqeTdNFXbGWCGOSc3laTLApBo="></latexit>nb � nb̄

n�
= 6.1⇥ 10�10Why is there more matter than antimatter?

Need Physics Beyond the Standard Model 



3	Fundamental Symmetry Tests 

Searches for violations of fundamental symmetries / conservation laws 	



4	Fundamental Symmetry Tests 

Searches for violations of fundamental symmetries / conservation laws 	

Observations of these processes would immediately point to BSM physics. 	

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="XKfSTke3owRNbyRcjnbZM3Gkv2o="></latexit>

Nucleus

<latexit sha1_base64="FF48FCn2wypVr/69PH95xl5ctWI="></latexit>

1s

e.g., Muon to electron conversion	

CKM phase in the SM 	

<latexit sha1_base64="oQ9pi5rn6kBdP5JTFoCbss8+OH8="></latexit>

S
<latexit sha1_base64="3AqvrNtWx5W+U6W0MzkIMvLRyqQ="></latexit>

�dEDM E · s

Highly suppressed in the SM	

e.g., Electric Dipole Moment (EDM)	

Ex) Lepton Flavor violation and CP violation	

No CLFV process in the SM	

No signals in the SM	



5	Fundamental Symmetry Tests 

Searches for violations of fundamental symmetries / conservation laws 	

✔︎ Powerful Probes of physics beyond the Standard Model (BSM)	

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="XKfSTke3owRNbyRcjnbZM3Gkv2o="></latexit>

Nucleus

<latexit sha1_base64="FF48FCn2wypVr/69PH95xl5ctWI="></latexit>

1s

e.g., Muon to electron conversion	

<latexit sha1_base64="oQ9pi5rn6kBdP5JTFoCbss8+OH8="></latexit>

S
<latexit sha1_base64="3AqvrNtWx5W+U6W0MzkIMvLRyqQ="></latexit>

�dEDM E · s

Highly suppressed in the SM	

e.g., Electric Dipole Moment (EDM)	

Ex) Lepton Flavor violation and CP violation	

No CLFV process in the SM	

No signals in the SM	

CKM phase in the SM 	



6	Fundamental Symmetry Tests 

Searches for violations of fundamental symmetries / conservation laws 	

Ex) Lepton Flavor violation and CP violation	

No CLFV process in the SM	

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="XKfSTke3owRNbyRcjnbZM3Gkv2o="></latexit>

Nucleus

<latexit sha1_base64="FF48FCn2wypVr/69PH95xl5ctWI="></latexit>

1s

<latexit sha1_base64="oQ9pi5rn6kBdP5JTFoCbss8+OH8="></latexit>

S
<latexit sha1_base64="3AqvrNtWx5W+U6W0MzkIMvLRyqQ="></latexit>

�dEDM E · s

e.g., Electric Dipole Moment (EDM)	

Today : CLFV searches	

e.g., Muon to electron conversion	

Highly suppressed in the SM	No signals in the SM	

CKM phase in the SM 	



Charged Lepton Flavor Violation	



8	

Searches for CLFV are strong tools to probe BSM physics.

CLFV searches 

L = LSM + L⌫�mass

Dirac or Majorana

Br (µ ! e�) =
3↵em

32⇡

������

X

i=2,3

U⇤
µiUei

�m2
1i

m2
W

������

2

< 10�54

Extremely small!

Petcov ’77, Marciano-Sanda ’77 ....	

µ e

�

W±

⌫i

Ex) SM + neutrino mass (νSM)	



9	
CLFV searches 

Petcov ’77, Marciano-Sanda ’77 ....	

µ e

�

W±

⌫i

*Underlying mechanism of the neutrino mass. 

µ e

�

<latexit sha1_base64="OviPhbZHHtGAX7vSCT5BD7kiYlA="></latexit>

�BSM

<latexit sha1_base64="U5WFDqKkeCZW4xi8jIvCLRHRXbQ="></latexit>

Br(µ ! e�) < 10�54 <latexit sha1_base64="fugPDuQaOUKkP2rRdWF4nkFO9aI="></latexit>⌧
<latexit sha1_base64="jBLmtNro+jaHZWfc46tq1UB++SU="></latexit>

Br(µ ! e�)BSM

Ex) SM + neutrino mass (νSM)	

Searches for CLFV are strong tools to probe BSM physics.

✔︎ The Observations of CLFV would point to new physics beyond νSM.  	



MEG / Mu3e	

COMET	Mu2e	

* Example	

Belle	

Tau decays	

Mu to e conversion	

Mu to e gamma	

Mu to 3e	

HERA	

EIC	

ep collider	

BaBar	

LHC	

CLFV searches 10	

MEG II Collaboration, 2310.12614	 P. Wintz, Conf. Proc. C 980420, 534 (1998).	

<latexit sha1_base64="FD0FouPxbMgC67yEUF+O82+g4Ek="></latexit>

BR(µ+ ! e+�) < 3.1⇥ 10�13
<latexit sha1_base64="izZrp3V3FPwDcK8vxy7ax+IsSSg="></latexit>

BR(µ� Ti ! e� Ti) < 6.1⇥ 10�13

*From one-loop contribution 	
<latexit sha1_base64="8qzRIUX/1R7ogq7u2MDlUEcaHXg="></latexit>

⇤NP & 80 TeV



MEG / Mu3e	

COMET	Mu2e	

* Example	

Belle	

Tau decays	

Mu to e conversion	

Mu to e gamma	

Mu to 3e	

HERA	

EIC	

ep collider	

BaBar	

LHC	

CLFV searches 11	

MEG II Collaboration, 2310.12614	 P. Wintz, Conf. Proc. C 980420, 534 (1998).	

<latexit sha1_base64="FD0FouPxbMgC67yEUF+O82+g4Ek="></latexit>

BR(µ+ ! e+�) < 3.1⇥ 10�13
<latexit sha1_base64="izZrp3V3FPwDcK8vxy7ax+IsSSg="></latexit>

BR(µ� Ti ! e� Ti) < 6.1⇥ 10�13

BaBar, PRL104 (2010) 021802	 Belle, PLB719 (2013) 346-353	

<latexit sha1_base64="9Bfp+m4y4idkFtKZjLvq8dLJI2A="></latexit>

BR(⌧ ! e�) < 3.3⇥ 10�8
<latexit sha1_base64="N+PEd1KcEJS2+mB45TzF2RloxFc="></latexit>

BR(⌧ ! e⇡+⇡�) < 2.3⇥ 10�8



Mu to E conversion 

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="XKfSTke3owRNbyRcjnbZM3Gkv2o="></latexit>

Nucleus

<latexit sha1_base64="FF48FCn2wypVr/69PH95xl5ctWI="></latexit>

1s

12	

Muon to Electron conversion in Muonic Atom
<latexit sha1_base64="emhZKPSkuKvoReCLNI4pR2BYIZE="></latexit>

µ� + (A,Z) ! e� + (A,Z)

<latexit sha1_base64="RC6tSxCpsZKD6bjgSEld7teKaQ8="></latexit>

Ee ' mµ �Bµ
<latexit sha1_base64="sVUMvMNrbe50jvKrbOv5pHqvl7Q="></latexit>

Bµ ' ↵2
emZ

2

2
mµ

*Mono-energetic electron	



Mu to E conversion 13	

Muon to Electron conversion in Muonic Atom
<latexit sha1_base64="emhZKPSkuKvoReCLNI4pR2BYIZE="></latexit>

µ� + (A,Z) ! e� + (A,Z)

<latexit sha1_base64="IdDcGywHgYOL8RY600Y+s7wI85A="></latexit>�

<latexit sha1_base64="T/j0Qqa/rFMZpRoms4XkQ9MfveM="></latexit>

µ� <latexit sha1_base64="DPEMr7H8kS/p3Qq35w7ipISQbqw="></latexit>

e�

<latexit sha1_base64="bG2p2sY/nCw7RY1TvkAgbnzgV0E="></latexit>

�BSM

<latexit sha1_base64="gGjteM1SuFoOLGwkPb8tmUVe3P4="></latexit>

N
<latexit sha1_base64="gGjteM1SuFoOLGwkPb8tmUVe3P4="></latexit>

N
<latexit sha1_base64="T/j0Qqa/rFMZpRoms4XkQ9MfveM="></latexit>

µ� <latexit sha1_base64="DPEMr7H8kS/p3Qq35w7ipISQbqw="></latexit>

e�

<latexit sha1_base64="IdDcGywHgYOL8RY600Y+s7wI85A="></latexit>�

<latexit sha1_base64="bG2p2sY/nCw7RY1TvkAgbnzgV0E="></latexit>

�BSM

Mu to e conversion	 Mu to e gamma	

Ex) Photonic interaction * Purely leptonic BSM interactions	

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="XKfSTke3owRNbyRcjnbZM3Gkv2o="></latexit>

Nucleus

<latexit sha1_base64="FF48FCn2wypVr/69PH95xl5ctWI="></latexit>

1s

<latexit sha1_base64="RC6tSxCpsZKD6bjgSEld7teKaQ8="></latexit>

Ee ' mµ �Bµ
<latexit sha1_base64="sVUMvMNrbe50jvKrbOv5pHqvl7Q="></latexit>

Bµ ' ↵2
emZ

2

2
mµ



Mu to E conversion 14	

Muon to Electron conversion in Muonic Atom
<latexit sha1_base64="emhZKPSkuKvoReCLNI4pR2BYIZE="></latexit>

µ� + (A,Z) ! e� + (A,Z)

Ex) Photonic- and Non-photonic interaction

<latexit sha1_base64="IdDcGywHgYOL8RY600Y+s7wI85A="></latexit>�

<latexit sha1_base64="T/j0Qqa/rFMZpRoms4XkQ9MfveM="></latexit>

µ� <latexit sha1_base64="DPEMr7H8kS/p3Qq35w7ipISQbqw="></latexit>

e�

<latexit sha1_base64="bG2p2sY/nCw7RY1TvkAgbnzgV0E="></latexit>

�BSM

<latexit sha1_base64="gGjteM1SuFoOLGwkPb8tmUVe3P4="></latexit>

N
<latexit sha1_base64="gGjteM1SuFoOLGwkPb8tmUVe3P4="></latexit>

N

<latexit sha1_base64="gdSiUDLKygMD6mIbA7kjiPvrTw8="></latexit>

XBSM

<latexit sha1_base64="T/j0Qqa/rFMZpRoms4XkQ9MfveM="></latexit>

µ� <latexit sha1_base64="DPEMr7H8kS/p3Qq35w7ipISQbqw="></latexit>

e�

<latexit sha1_base64="gGjteM1SuFoOLGwkPb8tmUVe3P4="></latexit>

N
<latexit sha1_base64="gGjteM1SuFoOLGwkPb8tmUVe3P4="></latexit>

N

✔︎ Contributions from various CLFV interactions to the conversion process	

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="XKfSTke3owRNbyRcjnbZM3Gkv2o="></latexit>

Nucleus

<latexit sha1_base64="FF48FCn2wypVr/69PH95xl5ctWI="></latexit>

1s

<latexit sha1_base64="RC6tSxCpsZKD6bjgSEld7teKaQ8="></latexit>

Ee ' mµ �Bµ
<latexit sha1_base64="sVUMvMNrbe50jvKrbOv5pHqvl7Q="></latexit>

Bµ ' ↵2
emZ

2

2
mµ
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Muon to Electron conversion in Muonic Atom

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="XKfSTke3owRNbyRcjnbZM3Gkv2o="></latexit>

Nucleus

<latexit sha1_base64="FF48FCn2wypVr/69PH95xl5ctWI="></latexit>

1s

<latexit sha1_base64="kokA74RvAytn8MbQpRmsohQyE7k="></latexit>

BR(µ ! e) =
�conv(µ+ (A,Z) ! e+ (A,Z))

�capt(µ+ (A,Z) ! ⌫µ + (A,Z � 1))

* Capture rate : PRC 35, 2212 (1987) 	

<latexit sha1_base64="UP+0mbkXvPZDHefUhSAp8BahdVs="></latexit>

�capt [10
�15 MeV]

<latexit sha1_base64="fks4i/eSXQwS1rer293YyLPid18="></latexit>

Process

<latexit sha1_base64="7Ts/qc/R9UEElOD4kSQ4Z56jUPY="></latexit>

µ� +Ti ! e� +Ti
<latexit sha1_base64="zoDDs6LLgXQwrlKx11Mw0vDR6Qc="></latexit>

µ� +Au ! e� +Au
<latexit sha1_base64="hDGLUyA7PreVuF4UUgHzAoyEF6g="></latexit>

µ� + Pb ! e� + Pb

<latexit sha1_base64="2F07taFrotFZnDwBW1e9hm9KZNA="></latexit>

1.705
<latexit sha1_base64="uAtJNMLv7gdMBhEYv7lfGo9nVWs="></latexit>

8.603
<latexit sha1_base64="xWToUgx/7yUJRGrIOtF58yTn1+4="></latexit>

8.853

<latexit sha1_base64="CFhmOCAdmRBhq3qM28JpLEQendQ="></latexit>

6.1⇥ 10�13

<latexit sha1_base64="i4glfY1ohpcaMP9QRQS64egaiSo="></latexit>

7⇥ 10�13

<latexit sha1_base64="c4DUOG4D+gvX/RfOA4jhz676gBw="></latexit>

4.6⇥ 10�11

<latexit sha1_base64="iOvhFLK7ifaURD3kobRsD9vqGVY="></latexit>

Upper Bound

Y. Kuno (for the COMET Collaboration), Prog. Theor. Phys. 2013, 022C01 (2013).	



<latexit sha1_base64="UP+0mbkXvPZDHefUhSAp8BahdVs="></latexit>

�capt [10
�15 MeV]

<latexit sha1_base64="fks4i/eSXQwS1rer293YyLPid18="></latexit>

Process

<latexit sha1_base64="7Ts/qc/R9UEElOD4kSQ4Z56jUPY="></latexit>

µ� +Ti ! e� +Ti
<latexit sha1_base64="zoDDs6LLgXQwrlKx11Mw0vDR6Qc="></latexit>

µ� +Au ! e� +Au

<latexit sha1_base64="2F07taFrotFZnDwBW1e9hm9KZNA="></latexit>

1.705
<latexit sha1_base64="uAtJNMLv7gdMBhEYv7lfGo9nVWs="></latexit>

8.603

<latexit sha1_base64="CFhmOCAdmRBhq3qM28JpLEQendQ="></latexit>

6.1⇥ 10�13

<latexit sha1_base64="i4glfY1ohpcaMP9QRQS64egaiSo="></latexit>

7⇥ 10�13

<latexit sha1_base64="iOvhFLK7ifaURD3kobRsD9vqGVY="></latexit>

Upper Bound

<latexit sha1_base64="qiv+sWr/3nvxOo3Ny4GCb/f/z0o="></latexit>

µ� +Al ! e� +Al
<latexit sha1_base64="LsjOptpYWuh8EVCDArpBpRZ0NzE="></latexit>

0.463
<latexit sha1_base64="2wbE8BKnveFwZA2m8dRv0xyy5lo="></latexit>

O(10�17)Mu2E
COMET

Mu to E conversion 16	

Muon to Electron conversion in Muonic Atom

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="XKfSTke3owRNbyRcjnbZM3Gkv2o="></latexit>

Nucleus

<latexit sha1_base64="FF48FCn2wypVr/69PH95xl5ctWI="></latexit>

1s

Mu2E

at Fermilab, USA at J-PARC, JP

COMET

Expected

* Improvement by 4 orders of magnitude 	

<latexit sha1_base64="kokA74RvAytn8MbQpRmsohQyE7k="></latexit>

BR(µ ! e) =
�conv(µ+ (A,Z) ! e+ (A,Z))

�capt(µ+ (A,Z) ! ⌫µ + (A,Z � 1))

* Capture rate : PRC 35, 2212 (1987) 	



Theoretical Approach	
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CLFV coupling

µ e

�

<latexit sha1_base64="Bvdj52gbcD/4G5nW705LfrLOFYw="></latexit>

Yeµ

<latexit sha1_base64="aZXH5BvWKdhA0QfX8WAIWv396WM="></latexit>

h/H

<latexit sha1_base64="uHklhijCgnFMY0PbNkI+ZUg6qeQ="></latexit>

Yµµ

<latexit sha1_base64="aZXH5BvWKdhA0QfX8WAIWv396WM="></latexit>

h/H

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ e

<latexit sha1_base64="F1e8pN3HdNIFcgsCJHwK8u8UCNc="></latexit>q <latexit sha1_base64="F1e8pN3HdNIFcgsCJHwK8u8UCNc="></latexit>q

<latexit sha1_base64="Bvdj52gbcD/4G5nW705LfrLOFYw="></latexit>

Yeµ

<latexit sha1_base64="b2M1EyW56pMjx42Z1xZuKBNPdUQ="></latexit>

Yqq

Photon Dipole

<latexit sha1_base64="3ErLl5cT8uh4IARD2ejllb0wkN0="></latexit>

LCLFV = �mµ

⇤2
CD ē�µ⌫PRµFµ⌫ � 1

⇤2
CS ēPRµq̄q

Scalar

<latexit sha1_base64="vXr6LdImZJHcfGvXLhfwYrvJLJE="></latexit>

Ex)

Theoretical Analysis 
Ø  CLFV interactions are generated in various BSM models, e.g., 2HDM:
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Ø  Need to match BSM CLFV processes with those at lower scale like nucleon (or nuclear).

Ø  CLFV interactions are generated in various BSM models, e.g., 2HDM:

CLFV coupling

µ e

�

<latexit sha1_base64="Bvdj52gbcD/4G5nW705LfrLOFYw="></latexit>

Yeµ

<latexit sha1_base64="aZXH5BvWKdhA0QfX8WAIWv396WM="></latexit>

h/H

<latexit sha1_base64="uHklhijCgnFMY0PbNkI+ZUg6qeQ="></latexit>

Yµµ

<latexit sha1_base64="aZXH5BvWKdhA0QfX8WAIWv396WM="></latexit>

h/H

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ e

<latexit sha1_base64="F1e8pN3HdNIFcgsCJHwK8u8UCNc="></latexit>q <latexit sha1_base64="F1e8pN3HdNIFcgsCJHwK8u8UCNc="></latexit>q

<latexit sha1_base64="Bvdj52gbcD/4G5nW705LfrLOFYw="></latexit>

Yeµ

<latexit sha1_base64="b2M1EyW56pMjx42Z1xZuKBNPdUQ="></latexit>

Yqq

Photon Dipole

<latexit sha1_base64="3ErLl5cT8uh4IARD2ejllb0wkN0="></latexit>

LCLFV = �mµ

⇤2
CD ē�µ⌫PRµFµ⌫ � 1

⇤2
CS ēPRµq̄q

Scalar

<latexit sha1_base64="vXr6LdImZJHcfGvXLhfwYrvJLJE="></latexit>

Ex)

Ø  Model-independent analysis has been comprehensively done (mainly SI interactions).  

Weinberg, Feinberg, PRL3(1959)111, Shanker, PRD20(1979)1608,
Czarnecki, et al,  AIP Conf. Proc. 435 (1998)
Kitano, et al, PRD66(2002)096002, Cirigliano, et al, PRD80(2009)013002
Cirigliano, et al, PLB771(2017)242, Davidson, et al, EPJC78(2018)109

Theoretical Analysis 



CLFV interactions in BSM physics 

Theoretical Analysis 21	Kitano, et al, PRD66(2002)09600
Cirigliano, et al, PRD80(2009)013002

<latexit sha1_base64="bG2p2sY/nCw7RY1TvkAgbnzgV0E="></latexit>

�BSM
<latexit sha1_base64="bG2p2sY/nCw7RY1TvkAgbnzgV0E="></latexit>

�BSM

<latexit sha1_base64="7JyYHiwU2nwnmlGuJDcv9sY4CKY="></latexit>

CD

⇤2
⇠ 1

(4⇡)2
1

m2
�

YµµYeµ

<latexit sha1_base64="CbMW9sOG4apGz2smHfp0Af2KWhA="></latexit>

CS

⇤2
⇠ 1

m2
�

YqqYeµ
<latexit sha1_base64="b65i7R2Lv4/TJkmsJ7l9/xAaQ+8="></latexit>e.g.,

<latexit sha1_base64="oiIKOOyAqXAEYX1IW2pqTZGWZuY="></latexit>e

<latexit sha1_base64="Xdd++veiG2JuzulurF1GivhWuVA="></latexit>

LCLFV = � 1

⇤2

2

4CD↵mµē�
µ⌫P↵µFµ⌫ +

X

q=u,d

Cq
S↵GFmµmq ēP↵µq̄q

3

5

Scale

<latexit sha1_base64="xAp+3g8bD7zDsaYRg9GZVoNP13o="></latexit>

⇤
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<latexit sha1_base64="GDSva4i6oq/MbUeV4f4YkuiIAOM="></latexit>

N
<latexit sha1_base64="GDSva4i6oq/MbUeV4f4YkuiIAOM="></latexit>

N
<latexit sha1_base64="GDSva4i6oq/MbUeV4f4YkuiIAOM="></latexit>

N
<latexit sha1_base64="GDSva4i6oq/MbUeV4f4YkuiIAOM="></latexit>

N

<latexit sha1_base64="pQdfN+Z8/NUzpjsVoVROwpvvtjQ="></latexit>�

Kitano, et al, PRD66(2002)09600
Cirigliano, et al, PRD80(2009)013002

<latexit sha1_base64="HKLQziNAFWp/NkOJTrpCVI9InUM="></latexit>

Odipole ⇠ e
mµ

⇤2
CD↵ē�

µ⌫P↵µ

✓
qµ
q2

◆
N̄�⌫

✓
1 + ⌧3

2

◆
N

<latexit sha1_base64="ilFLiigYmPKN7EF2ilsc+zV2Yw8="></latexit>

Oscalar ⇠
mµ

⇤2
GF�⇡NCq

S↵ēP↵µN̄N

<latexit sha1_base64="mlKc/E9dPQJ5VFPqQ61D7+U40nc="></latexit>

N =

✓
p
n

◆
with

<latexit sha1_base64="qq1u4deof4PD0U19K+SHzWJFBiA="></latexit>

�⇡N = 59.1(3.5) MeV

M. Hoferichter, et al, PRL115(2015)092301

<latexit sha1_base64="Xdd++veiG2JuzulurF1GivhWuVA="></latexit>

LCLFV = � 1

⇤2

2

4CD↵mµē�
µ⌫P↵µFµ⌫ +

X

q=u,d

Cq
S↵GFmµmq ēP↵µq̄q

3

5

Scale

<latexit sha1_base64="xAp+3g8bD7zDsaYRg9GZVoNP13o="></latexit>

⇤

<latexit sha1_base64="XYzgh0d98qeQ7ny3zdHqjBPERDk="></latexit>

GeV Nucleon scale (Lattice QCD/Chiral PT)
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Nucleon scale

Kitano, et al, PRD66(2002)09600
Cirigliano, et al, PRD80(2009)013002

Atomic/Nuclear scale

Scale

<latexit sha1_base64="xAp+3g8bD7zDsaYRg9GZVoNP13o="></latexit>

⇤

<latexit sha1_base64="UpjcDjjREKAMDH9J3DDgMgYYk0w=">AAACbHichVG7SgNBFD1Z3/GR+CgEEYJBsQqzUVSsAjY2QmJMVFRkd53EJftidxLQJT9ga2GhFgoi4mfY+AMW+QQRbBRsLLzZLIiKeoeZOXPmnjtnZlTH0D3BWCMitbV3dHZ190R7+/oHYvHBoaJnV12NFzTbsN0NVfG4oVu8IHRh8A3H5YqpGnxdrSw199dr3PV021oTBw7fMZWypZd0TRFEbfrbrplY4cX6bjzJUiyIxE8ghy CJMLJ2/Brb2IMNDVWY4LAgCBtQ4FHbggwGh7gd+MS5hPRgn6OOKGmrlMUpQyG2QmOZVlsha9G6WdML1BqdYlB3SZnAJHtgN+yF3bNb9sjef63lBzWaXg5oVlta7uzGjkbzb/+qTJoF9j9Vf3oWKGEh8KqTdydgmrfQWvra4clLfnF10p9il+yJ/F+wBrujG1i1V+0qx1dPEaUPkL8/909QTKfkudRMbjaZSYdf0Y0xTGCa3nseGSwjiwKda+IYZziPPEsj0pg03kqVIqFmGF9CmvoA82mNIw==</latexit>

MeV

<latexit sha1_base64="XYzgh0d98qeQ7ny3zdHqjBPERDk="></latexit>

GeV

<latexit sha1_base64="Xdd++veiG2JuzulurF1GivhWuVA="></latexit>

LCLFV = � 1

⇤2

2

4CD↵mµē�
µ⌫P↵µFµ⌫ +

X

q=u,d

Cq
S↵GFmµmq ēP↵µq̄q

3

5

<latexit sha1_base64="w9PyBMDomhZAHwkvwpJb/xFkBU8="></latexit>

hA,Z|p̄p|A,Zi = Z⇢(p)
<latexit sha1_base64="0IcgUkHl31afM/I/ZCdGZO0afhc="></latexit>

hA,Z|n̄n|A,Zi = (A� Z)⇢(n)

:  Nucleon Density	

<latexit sha1_base64="spOQCWq1EupsH7IGeT6ZoF3MNgk="></latexit>

�SI(µ ! e) =
m5

µ

⇤4

�����
X

Y

CN
Y WN

Y

�����

2

Nuclear Response Functions	

e.g., 
<latexit sha1_base64="kvyXWJS9N+WTbnMN+7r/QyhYjUA="></latexit>

W p
S ⇠

Z
d3x  ̄eP↵ µZ⇢

(p)
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Nucleon scale

Kitano, et al, PRD66(2002)09600
Cirigliano, et al, PRD80(2009)013002

Atomic/Nuclear scale

Scale

<latexit sha1_base64="xAp+3g8bD7zDsaYRg9GZVoNP13o="></latexit>

⇤

<latexit sha1_base64="UpjcDjjREKAMDH9J3DDgMgYYk0w=">AAACbHichVG7SgNBFD1Z3/GR+CgEEYJBsQqzUVSsAjY2QmJMVFRkd53EJftidxLQJT9ga2GhFgoi4mfY+AMW+QQRbBRsLLzZLIiKeoeZOXPmnjtnZlTH0D3BWCMitbV3dHZ190R7+/oHYvHBoaJnV12NFzTbsN0NVfG4oVu8IHRh8A3H5YqpGnxdrSw199dr3PV021oTBw7fMZWypZd0TRFEbfrbrplY4cX6bjzJUiyIxE8ghy CJMLJ2/Brb2IMNDVWY4LAgCBtQ4FHbggwGh7gd+MS5hPRgn6OOKGmrlMUpQyG2QmOZVlsha9G6WdML1BqdYlB3SZnAJHtgN+yF3bNb9sjef63lBzWaXg5oVlta7uzGjkbzb/+qTJoF9j9Vf3oWKGEh8KqTdydgmrfQWvra4clLfnF10p9il+yJ/F+wBrujG1i1V+0qx1dPEaUPkL8/909QTKfkudRMbjaZSYdf0Y0xTGCa3nseGSwjiwKda+IYZziPPEsj0pg03kqVIqFmGF9CmvoA82mNIw==</latexit>

MeV

<latexit sha1_base64="XYzgh0d98qeQ7ny3zdHqjBPERDk="></latexit>

GeV

<latexit sha1_base64="Xdd++veiG2JuzulurF1GivhWuVA="></latexit>

LCLFV = � 1

⇤2

2

4CD↵mµē�
µ⌫P↵µFµ⌫ +

X

q=u,d

Cq
S↵GFmµmq ēP↵µq̄q

3

5

<latexit sha1_base64="w9PyBMDomhZAHwkvwpJb/xFkBU8="></latexit>

hA,Z|p̄p|A,Zi = Z⇢(p)
<latexit sha1_base64="0IcgUkHl31afM/I/ZCdGZO0afhc="></latexit>

hA,Z|n̄n|A,Zi = (A� Z)⇢(n)

:  Nucleon Density	

<latexit sha1_base64="spOQCWq1EupsH7IGeT6ZoF3MNgk="></latexit>

�SI(µ ! e) =
m5

µ

⇤4

�����
X

Y

CN
Y WN

Y

�����

2

Solutions to the Dirac equations	

e.g., 
<latexit sha1_base64="kvyXWJS9N+WTbnMN+7r/QyhYjUA="></latexit>

W p
S ⇠

Z
d3x  ̄eP↵ µZ⇢

(p)
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Scale

<latexit sha1_base64="xAp+3g8bD7zDsaYRg9GZVoNP13o="></latexit>

⇤

<latexit sha1_base64="XYzgh0d98qeQ7ny3zdHqjBPERDk="></latexit>

GeV

<latexit sha1_base64="Xdd++veiG2JuzulurF1GivhWuVA="></latexit>

LCLFV = � 1

⇤2

2

4CD↵mµē�
µ⌫P↵µFµ⌫ +

X

q=u,d

Cq
S↵GFmµmq ēP↵µq̄q

3

5

<latexit sha1_base64="ANWELwgr2waRxNLhlEuL+rgINgk="></latexit>

Hoferichter 2015

<latexit sha1_base64="fLdCL3V+3Oa3si+elgMrcNtMTjQ="></latexit>

59.1(3.5)
<latexit sha1_base64="ZEUYJ1rMun/PZNrFqRuDspbChGo="></latexit>

65(13)
<latexit sha1_base64="Ksvvmsbo4f22ggoTU4PmzlIRFaE="></latexit>

40(4)

<latexit sha1_base64="8POkVmd5fAt+lo36VNWXteDYBJo="></latexit>

Alexandrou 2014
<latexit sha1_base64="vWkDsT4x3SSJZt/FjL9fxOOoXyA="></latexit>

Yang 2016
<latexit sha1_base64="IcpxYYKua+n5lZTxXz2iG1FJQ8E="></latexit>

Rajan 2021
<latexit sha1_base64="47AhIQ7/PSlEhFH2VKrAbKxqE9Y="></latexit>

59.6(7.4)

Ø  Various Lattice QCD results
<latexit sha1_base64="GetmsnjTgOTbIA3izywCFZyVL98="></latexit>

�⇡N [MeV] =
1

2
hN |(mu +md)(ūu+ d̄d)|Ni
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Scale

<latexit sha1_base64="xAp+3g8bD7zDsaYRg9GZVoNP13o="></latexit>

⇤

<latexit sha1_base64="XYzgh0d98qeQ7ny3zdHqjBPERDk="></latexit>

GeV

<latexit sha1_base64="Xdd++veiG2JuzulurF1GivhWuVA="></latexit>

LCLFV = � 1

⇤2

2

4CD↵mµē�
µ⌫P↵µFµ⌫ +

X

q=u,d

Cq
S↵GFmµmq ēP↵µq̄q

3

5

Ø  Uncertainty in nucleon density 

<latexit sha1_base64="ANWELwgr2waRxNLhlEuL+rgINgk="></latexit>

Hoferichter 2015

<latexit sha1_base64="fLdCL3V+3Oa3si+elgMrcNtMTjQ="></latexit>

59.1(3.5)
<latexit sha1_base64="ZEUYJ1rMun/PZNrFqRuDspbChGo="></latexit>

65(13)
<latexit sha1_base64="Ksvvmsbo4f22ggoTU4PmzlIRFaE="></latexit>

40(4)

<latexit sha1_base64="8POkVmd5fAt+lo36VNWXteDYBJo="></latexit>

Alexandrou 2014
<latexit sha1_base64="vWkDsT4x3SSJZt/FjL9fxOOoXyA="></latexit>

Yang 2016
<latexit sha1_base64="IcpxYYKua+n5lZTxXz2iG1FJQ8E="></latexit>

Rajan 2021
<latexit sha1_base64="47AhIQ7/PSlEhFH2VKrAbKxqE9Y="></latexit>

59.6(7.4)

~ 5% for light Z nuclei and ~10% for heavy Z (worse for neutron) 

 J. Heeck et al, Nucl.Phys.B 980 (2022) 115833	

Ø  Various Lattice QCD results
<latexit sha1_base64="GetmsnjTgOTbIA3izywCFZyVL98="></latexit>

�⇡N [MeV] =
1

2
hN |(mu +md)(ūu+ d̄d)|Ni

<latexit sha1_base64="XGutoCeyyRAcNeVj/16Ogyf9JFU="></latexit>Z 1

0
dr 4⇡r2⇢(p,n) = 1



Z dependence 26	
 J. Heeck et al, Nucl.Phys.B 980 (2022) 115833	

 Nuclear response functions peak around Z ~ 60, then saturate or decrease for heavy nuclei.	
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<latexit sha1_base64="9vaQkfordVizGLUt9X5ijO0wsbU="></latexit>

Nuclear Response Function

<latexit sha1_base64="18fMV/e1tZddruS4+dpIFPnEw0o="></latexit>

Z

<latexit sha1_base64="trbtxvT/sTtkJqs0aGMG4aRQpmg="></latexit>

for SI process



SI vs SD process	
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- Spin-dependent (SD) process

- Spin-independent (SI) process  
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- Spin-dependent (SD) process

- Spin-independent (SI) process  

✔︎ All nucleons participate in the process

Ex) Dipole operator :  

<latexit sha1_base64="3Ud6xoH9VoIbdoATYSV2btloVXQ="></latexit>

BR(µ ! e)SI / |CDY |2Z2
<latexit sha1_base64="+xv27kDN9OXUJaf/NFtdU8JBDcM="></latexit>

(Z = 13 for Al)

*rough idea 

SI vs SD 

<latexit sha1_base64="OjNVj7JlZnuGdSQfdIWU898CIPQ="></latexit>

LSI
CLFV � �mµ

⇤2
CDY eY �

µ⌫µFµ⌫ + · · ·
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<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ <latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

- Spin-independent (SI) process  

✔︎ All nucleons participate in the process

<latexit sha1_base64="OjNVj7JlZnuGdSQfdIWU898CIPQ="></latexit>

LSI
CLFV � �mµ

⇤2
CDY eY �

µ⌫µFµ⌫ + · · ·

<latexit sha1_base64="3Ud6xoH9VoIbdoATYSV2btloVXQ="></latexit>

BR(µ ! e)SI / |CDY |2Z2
<latexit sha1_base64="+xv27kDN9OXUJaf/NFtdU8JBDcM="></latexit>

(Z = 13 for Al)

<latexit sha1_base64="X/lYeZ4IcffXg8+dBFHBYCiZX4o="></latexit>

LSD
CLFV � � 1

⇤2
CP eY µ q̄�5q + · · ·Ex) Pseudo-scalar operator:

✔︎ No enhancement, so naively sub-leading contribution
<latexit sha1_base64="xEHck/ZAjwe5SyTz5GA2N8ONtFk="></latexit>

BR(µ ! e)SD / |CP |2

- Spin-dependent (SD) process

*rough idea 

SI vs SD 

Ex) Dipole operator :  

*Theoretical analysis requires nuclear many body calculations  
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Recent developments 

Ø  Nuclear-level Effective Theory (*both SI and SD interactions)

Haxton, Rule, McElvain, Ramsey-Musol, PRC107(2023)035504  
Mathematica and Python :  https://github.com/Berkeley-Electroweak-Physics/Mu2e

<latexit sha1_base64="93idcSFhiz2zLZgdRUFnDRZ7O9I="></latexit>

LN
CLFV � c1ēµN̄N + c2ēµN̄i�5N + · · ·

<latexit sha1_base64="HrGq3HoGcJwGyDIVGxhE4bTRlK4="></latexit>

�(µ ! e) =
m5

µ

⇤4

��ciWN
i

��2
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Recent developments 

Froggatt, Nielsen, NPB147(1979)277, Ema, et al ,JHEP01(2017)096
Calibbi, Goertz, Redigolo, Ziegler, Zupan, PRD95(2017)095009, Cornella, et al, JHEP01(2020)158

*Light scalar particles originating from spontaneous breaking of global symmetry

Ø  Axion-Like Particles (ALP) with LFV interactions

Ø  Searches for CLFV muon decay into ALP

L. Calibbi, D. Redigolo, R. Ziegler, J. Zupan, JHEP09(2021)173
Y. Jho, et al, JHEP10(2022)029, R. Hill, et al, 2310.00043z

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="Us1Ap3wfiup7IP2yvDQfXILZX5o="></latexit>a

Haxton, Rule, McElvain, Ramsey-Musol, PRC107(2023)035504  
Mathematica and Python :  https://github.com/Berkeley-Electroweak-Physics/Mu2e

<latexit sha1_base64="93idcSFhiz2zLZgdRUFnDRZ7O9I="></latexit>

LN
CLFV � c1ēµN̄N + c2ēµN̄i�5N + · · ·

<latexit sha1_base64="HrGq3HoGcJwGyDIVGxhE4bTRlK4="></latexit>

�(µ ! e) =
m5

µ

⇤4

��ciWN
i

��2

<latexit sha1_base64="i3NoOkXnwYjJgzBaQfI94j3HDRk="></latexit>

L � �i
a

fa

⇥
vij f̄i(mj �mi)fi + aij f̄i(mj +mi)�5fi

⇤

Ø  Nuclear-level Effective Theory (*both SI and SD interactions)

✔︎ Mass hierarchy and mixing
    + Strong CP problem 

<latexit sha1_base64="5fVfJvCT73x0tR+jgUA+/HNbk+U="></latexit>

j
<latexit sha1_base64="5fVfJvCT73x0tR+jgUA+/HNbk+U="></latexit>

j
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KF, E. Mereghetti 2307.13076  

Previous study considered spin-independent process from ALP interactions:

<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="IdDcGywHgYOL8RY600Y+s7wI85A="></latexit>�

<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

Photon dipole (JHEP01(2020)158)

<latexit sha1_base64="OoR8M5XdHn7V5nxD2jCo/M4lT0g="></latexit>a

<latexit sha1_base64="OoR8M5XdHn7V5nxD2jCo/M4lT0g="></latexit>a
<latexit sha1_base64="8DZkiYdAy34XNuHTR8CA5rOvqEM="></latexit>�5

LFV ALP contributions 

<latexit sha1_base64="wOwLvcmGzndsU8bgQE6O1P6cVLc="></latexit>

LCLFV � �mµ

f2
a

CD ē�µ⌫µFµ⌫

One-loop

<latexit sha1_base64="ObsweS4vbIuu8M0RXS7jXebXAdA="></latexit>

fa : ALP decay constant
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Previous study considered spin-independent process from ALP interactions:

<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="IdDcGywHgYOL8RY600Y+s7wI85A="></latexit>�

<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="OoR8M5XdHn7V5nxD2jCo/M4lT0g="></latexit>a

<latexit sha1_base64="OoR8M5XdHn7V5nxD2jCo/M4lT0g="></latexit>a
<latexit sha1_base64="8DZkiYdAy34XNuHTR8CA5rOvqEM="></latexit>�5

<latexit sha1_base64="wOwLvcmGzndsU8bgQE6O1P6cVLc="></latexit>

LCLFV � �mµ

f2
a

CD ē�µ⌫µFµ⌫

<latexit sha1_base64="kG/2IbhVVu0obPt92VHayVvI0PE="></latexit>

� 1

f2
a

CP ēµ q̄i�5q

One-loop Tree

Four-fermion interaction

KF, E. Mereghetti 2307.13076  LFV ALP contributions 

Photon dipole (JHEP01(2020)158)
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Previous study considered spin-independent process from ALP interactions:

<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="IdDcGywHgYOL8RY600Y+s7wI85A="></latexit>�

<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="OoR8M5XdHn7V5nxD2jCo/M4lT0g="></latexit>a

<latexit sha1_base64="OoR8M5XdHn7V5nxD2jCo/M4lT0g="></latexit>a
<latexit sha1_base64="8DZkiYdAy34XNuHTR8CA5rOvqEM="></latexit>�5

<latexit sha1_base64="wOwLvcmGzndsU8bgQE6O1P6cVLc="></latexit>

LCLFV � �mµ

f2
a

CD ē�µ⌫µFµ⌫

<latexit sha1_base64="kG/2IbhVVu0obPt92VHayVvI0PE="></latexit>

� 1

f2
a

CP ēµ q̄i�5q

One-loop Tree

<latexit sha1_base64="dv53HbN3z119bM9/993OiQD0Dx0="></latexit>

|CD|2 ⇠ ↵2
em

(4⇡)2
⌧ |CP |2

KF, E. Mereghetti 2307.13076  LFV ALP contributions 

SI vs SD ?

Four-fermion interactionPhoton dipole (JHEP01(2020)158)
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NPB147(1979)277, 1103.62171612.08040, 1612.05492, 
1701.07209, 1805.07341, 1909.02029,  2006.04795  

<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ� <latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ� <latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

Photon dipole (purely leptonic)

<latexit sha1_base64="OoR8M5XdHn7V5nxD2jCo/M4lT0g="></latexit>a

<latexit sha1_base64="OoR8M5XdHn7V5nxD2jCo/M4lT0g="></latexit>a

<latexit sha1_base64="2CP5UrbHNX7AVPE611GNqp8R36U="></latexit>

LALP � �imµ
a

fa
ē(veµ + aeµ�5)µ

<latexit sha1_base64="dZ9pyviwXvkjpwkYAmSJVKbaDa4="></latexit>

�mq
a

fa
q̄i�5q

<latexit sha1_base64="XNfmlVk/zTvYGjBsWSbwRthQjQI="></latexit>

�mµ
a

fa
µ̄i�5µ

<latexit sha1_base64="ZAiCJBIZWIhXZrCEf7KhvgL+OJI="></latexit>q <latexit sha1_base64="ZAiCJBIZWIhXZrCEf7KhvgL+OJI="></latexit>q <latexit sha1_base64="ZAiCJBIZWIhXZrCEf7KhvgL+OJI="></latexit>q <latexit sha1_base64="ZAiCJBIZWIhXZrCEf7KhvgL+OJI="></latexit>q

Four-fermion interaction

LFV

LFV

<latexit sha1_base64="IdDcGywHgYOL8RY600Y+s7wI85A="></latexit>�

QED

LFV ALP contributions 
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<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ� <latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ� <latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

Photon dipole

<latexit sha1_base64="OoR8M5XdHn7V5nxD2jCo/M4lT0g="></latexit>a

<latexit sha1_base64="OoR8M5XdHn7V5nxD2jCo/M4lT0g="></latexit>a

<latexit sha1_base64="2CP5UrbHNX7AVPE611GNqp8R36U="></latexit>

LALP � �imµ
a

fa
ē(veµ + aeµ�5)µ

<latexit sha1_base64="dZ9pyviwXvkjpwkYAmSJVKbaDa4="></latexit>

�mq
a

fa
q̄i�5q

<latexit sha1_base64="XNfmlVk/zTvYGjBsWSbwRthQjQI="></latexit>

�mµ
a

fa
µ̄i�5µ

LFV

LFV

<latexit sha1_base64="IdDcGywHgYOL8RY600Y+s7wI85A="></latexit>�
<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N
<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N
<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N
<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

Need nucleon-level interactions : SU(2) Chiral PT with ALPs 

Four-fermion interaction

LFV ALP contributions 
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<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ� <latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

<latexit sha1_base64="1TxwrB+HgYjaokbxK9ni351QfQ4="></latexit>

µ� <latexit sha1_base64="i1SoVfn5OBeBGm+gqb1psqxcnKg="></latexit>

e�

LFV

LFV

<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N
<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N
<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N
<latexit sha1_base64="T6RYgO8Q1S4ns8ltpbchX4unWM4="></latexit>

N

<latexit sha1_base64="2CP5UrbHNX7AVPE611GNqp8R36U="></latexit>

LALP � �imµ
a

fa
ē(veµ + aeµ�5)µ

<latexit sha1_base64="XNfmlVk/zTvYGjBsWSbwRthQjQI="></latexit>

�mµ
a

fa
µ̄i�5µ

<latexit sha1_base64="9saGa/Wzu2z0Wm8WcUH0YmLneHc="></latexit>

(c↵ap + s↵⇡
0
p)

<latexit sha1_base64="XYsTiGnOcMa8Yg+UauU9zM2LZiU="></latexit>

a !

<latexit sha1_base64="FuR69cY4ymFVdvU+8knIJJeJpco="></latexit>

L�PT � �gA
mN

f⇡

�
c↵⇡

0
p � s↵ap

�
N̄i�5⌧

3N

<latexit sha1_base64="ns2R9eYm0cEsaiPfiLnMK9qKZMM="></latexit>

gA = 1.27
<latexit sha1_base64="VuZoNmaUviTuT1tv16rpgLKpAns="></latexit>

f⇡ = 92.2 MeV

<latexit sha1_base64="zmzUC1Ghy+yAOye2S8hig4ENEQY="></latexit>✓
a
⇡0

◆
=

✓
c↵ s↵
�s↵ c↵

◆✓
ap
⇡0
p

◆
<latexit sha1_base64="Y5kxuCOy7+Ozm6MqjRLdSmuL5ms="></latexit>

c↵ ⇡ 1

<latexit sha1_base64="oEYvbKhABGMUpD4KEhev/f/qMcE="></latexit>

s↵ ⇡ f⇡
fa

m2
⇡0

m2
⇡0 �m2

a

<latexit sha1_base64="Rw3ZReH0yUbw2quRGPFcVbZw7gk="></latexit>

ap/⇡
0
p

<latexit sha1_base64="Rw3ZReH0yUbw2quRGPFcVbZw7gk="></latexit>

ap/⇡
0
p

Four-fermion interactionPhoton dipole

LFV ALP contributions 
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<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="gsdEN2h5KQAG+6cCNt4cUYvNLDc="></latexit>

a/⇡0 <latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ <latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N
<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="gsdEN2h5KQAG+6cCNt4cUYvNLDc="></latexit>

a/⇡0

<latexit sha1_base64="t4Zrs6rjRhLcftqsn2BzcHLq5MA="></latexit>

CD ' �↵em

8⇡
(aeµ ± veµ) aµµ

<latexit sha1_base64="e8bSjIvsfC9YiVwI2B0geYZC4W0="></latexit>

For ma ⌧ mµ,

<latexit sha1_base64="kTHPIoy2qGjRWrp5IRz8JIHdj4o="></latexit>

CP ' gAaeµ

LFV ALP contributions 

<latexit sha1_base64="4E0K2c1nLRPOgdC0s4YiGzzmhy4="></latexit>

|CP |
2

|CD|2
⇠

g2A
↵2

em
64⇡2

⇠ O(107)

<latexit sha1_base64="x2A6PVCgy3U56gXSZnJtc+fucsA="></latexit>

Couplings of nucleon interactions

<latexit sha1_base64="U8s/DbVInHV/IYIJyPP1sNlVu3g="></latexit>

�(µ ! e) /
m5

µ

f4
a

 
WMM |CD|2 + 1

4
W 11

⌃00⌃00 |CP |2
!

<latexit sha1_base64="8K3ZgExn+9zLFgu9U+yhS2JHNzc="></latexit>

WD
<latexit sha1_base64="A1g9lSe+nVM0mkS/gLDlhAW8rA0="></latexit>

WP
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<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="gsdEN2h5KQAG+6cCNt4cUYvNLDc="></latexit>

a/⇡0 <latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ <latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N
<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="gsdEN2h5KQAG+6cCNt4cUYvNLDc="></latexit>

a/⇡0

<latexit sha1_base64="8ME3D8CtMch/Zdy5a7szgA11xf8="></latexit>

27
13Al

<latexit sha1_base64="S+QL8DkX7IST6YYwnvt+Go3c3XE="></latexit>

WMM

<latexit sha1_base64="Kd29EjfWmtoBX1eo8K5u2wFGI48="></latexit>

61.67
<latexit sha1_base64="kFHb821KI7B5DdOGnXWdcknPhJY="></latexit>

9.2⇥ 10�2

<latexit sha1_base64="YhS2wsBkEg2HO2UsdehTF78VQYA="></latexit>

W 11
⌃00⌃00

<latexit sha1_base64="n+IxZc9oMhaA9UB9YyK89Emd5Ag="></latexit>

Target
<latexit sha1_base64="MtzpL/cxw1jAqkZLqhWBEJvLm2Y="></latexit>

Abundance
<latexit sha1_base64="53BZE9gSOWpgzbgX2sfwasipv3w="></latexit>

Spin

<latexit sha1_base64="oThRbMoxL24q174GtFOsYPAT6Xc="></latexit>

5/2+
<latexit sha1_base64="S+OAPDJKHpmuTznswKDIRJLWHWs="></latexit>

100

<latexit sha1_base64="bkkdAYrIkxb6IMZHv1HktaPc5yg="></latexit>

[%]

Mu2e
COMET

LFV ALP contributions 

<latexit sha1_base64="U8s/DbVInHV/IYIJyPP1sNlVu3g="></latexit>

�(µ ! e) /
m5

µ

f4
a

 
WMM |CD|2 + 1

4
W 11

⌃00⌃00 |CP |2
!

<latexit sha1_base64="k/h4LCuwAyevTVhPDBuqdC7Pvuw="></latexit>

Nuclear response functions

<latexit sha1_base64="8K3ZgExn+9zLFgu9U+yhS2JHNzc="></latexit>

WD
<latexit sha1_base64="A1g9lSe+nVM0mkS/gLDlhAW8rA0="></latexit>

WP

 https://github.com/Berkeley-Electroweak-Physics/Mu2e

<latexit sha1_base64="8K3ZgExn+9zLFgu9U+yhS2JHNzc="></latexit>

WD
<latexit sha1_base64="A1g9lSe+nVM0mkS/gLDlhAW8rA0="></latexit>

WP



 https://github.com/Berkeley-Electroweak-Physics/Mu2e
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<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="gsdEN2h5KQAG+6cCNt4cUYvNLDc="></latexit>

a/⇡0 <latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ <latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N
<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="gsdEN2h5KQAG+6cCNt4cUYvNLDc="></latexit>

a/⇡0

<latexit sha1_base64="8ME3D8CtMch/Zdy5a7szgA11xf8="></latexit>

27
13Al

<latexit sha1_base64="S+QL8DkX7IST6YYwnvt+Go3c3XE="></latexit>

WMM

<latexit sha1_base64="Kd29EjfWmtoBX1eo8K5u2wFGI48="></latexit>

61.67
<latexit sha1_base64="kFHb821KI7B5DdOGnXWdcknPhJY="></latexit>

9.2⇥ 10�2

<latexit sha1_base64="YhS2wsBkEg2HO2UsdehTF78VQYA="></latexit>

W 11
⌃00⌃00

<latexit sha1_base64="n+IxZc9oMhaA9UB9YyK89Emd5Ag="></latexit>

Target
<latexit sha1_base64="MtzpL/cxw1jAqkZLqhWBEJvLm2Y="></latexit>

Abundance
<latexit sha1_base64="53BZE9gSOWpgzbgX2sfwasipv3w="></latexit>

Spin

<latexit sha1_base64="oThRbMoxL24q174GtFOsYPAT6Xc="></latexit>

5/2+

<latexit sha1_base64="STC+FklGjICb4Gl7BjP+OIkBGdo="></latexit>

48
22Ti

<latexit sha1_base64="pJN9O7Tcki5r/dsoXKlKfeFjENY="></latexit>

116.3
<latexit sha1_base64="Rmnsr2ASgTKRjNJvJvU0MWl7HA8="></latexit>

7.1⇥ 10�3

<latexit sha1_base64="yelW2cJ6OSLVHs+HiA6iCITXgDg="></latexit>

0+
<latexit sha1_base64="iPpdJIVd8h2i+2emOR9ezpJ+w1g="></latexit>

73.72

<latexit sha1_base64="S+OAPDJKHpmuTznswKDIRJLWHWs="></latexit>

100

<latexit sha1_base64="bkkdAYrIkxb6IMZHv1HktaPc5yg="></latexit>

[%]

<latexit sha1_base64="vWakFMcsfjfmgAcfInAX3R0O8e4="></latexit>

47Ti
<latexit sha1_base64="HXdQTu6Dsp5q2hvSv5ICzTMw0U8="></latexit>

5/2�
<latexit sha1_base64="udoWmS13oLvD8QnPBnwF5/j8D30="></latexit>

7.44
<latexit sha1_base64="pZyt9WF/weZNzaH/xEpreZm2oQQ="></latexit>

5.41
<latexit sha1_base64="Zmr3CYaLyABG2yy3mSbGUxguF7U="></latexit>

7/2�
<latexit sha1_base64="M8j5AJFNydDSoj7dWPrWeYh5ZjM="></latexit>

49Ti

Mu2e
COMET

Current

LFV ALP contributions 

<latexit sha1_base64="U8s/DbVInHV/IYIJyPP1sNlVu3g="></latexit>

�(µ ! e) /
m5

µ

f4
a

 
WMM |CD|2 + 1

4
W 11

⌃00⌃00 |CP |2
!

<latexit sha1_base64="k/h4LCuwAyevTVhPDBuqdC7Pvuw="></latexit>

Nuclear response functions

<latexit sha1_base64="8K3ZgExn+9zLFgu9U+yhS2JHNzc="></latexit>

WD
<latexit sha1_base64="A1g9lSe+nVM0mkS/gLDlhAW8rA0="></latexit>

WP

<latexit sha1_base64="8K3ZgExn+9zLFgu9U+yhS2JHNzc="></latexit>

WD
<latexit sha1_base64="A1g9lSe+nVM0mkS/gLDlhAW8rA0="></latexit>

WP



<latexit sha1_base64="R9CONgONzDM9LX54xRf3BLWictA="></latexit>

�(µ ! e; 27
13Al)

<latexit sha1_base64="wDiLmm35vs6GknxaEtmtm+oQNVM="></latexit> �
P
/�

D

<latexit sha1_base64="ozFEGm6yfdOQTAXEZeml2k7d/II="></latexit>

ma [MeV]
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Conversion Rate 

The conversion process is dominated by pseudo-scalar interaction.

KF, E. Mereghetti 2307.13076  
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<latexit sha1_base64="ONflgF4yBw8WBJDJQzGXEkXN560="></latexit>

fa > O(1� 10) TeVCurrent : 
<latexit sha1_base64="xAFkc89sUS9nPONElZsCL0OzWNQ="></latexit>

fa > O(100) TeVFuture :  

KF, E. Mereghetti 2307.13076  Limit on ALP decay constant  

<latexit sha1_base64="2Edc1ClyEDV70PqpbfxxyQn/beU="></latexit>

Current limit

<latexit sha1_base64="J2EYBAc+sd+4ymhfMWjzmjWRa7A="></latexit>

Future



<latexit sha1_base64="0a2Ug4OFxGmgx4KxETJGv9hFX2M="></latexit>

BR(Al) from dipole

KF, E. Mereghetti 2307.13076  Limit on ALP decay constant  

<latexit sha1_base64="ONflgF4yBw8WBJDJQzGXEkXN560="></latexit>

fa > O(1� 10) TeVCurrent : 
<latexit sha1_base64="xAFkc89sUS9nPONElZsCL0OzWNQ="></latexit>

fa > O(100) TeVFuture :  

44	
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Limit on ALP decay constant  KF, E. Mereghetti 2307.13076  

<latexit sha1_base64="osTLQaJEv4J3lh50SK0gGn7k45Y="></latexit>

BR(µ ! ea) < 2.6⇥ 10�6

A. Jodidio et al, PRD34(1986)1967
L. Calibbi, D. Redigolo, R. Ziegler, J. Zupan, JHEP09(2021)173

is open for 
<latexit sha1_base64="R0wZIeXb/ZGieveo/mXFwzylato="></latexit>

µ ! ea
<latexit sha1_base64="VjzIQDla7Pnae0MGd1jUXm2E0d0="></latexit>

mµ & ma
<latexit sha1_base64="9yItXmk4Ta4fxK0TuC/pgcHqES8="></latexit>

fa > O(109) GeV
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Other constraints KF, E. Mereghetti 2307.13076  

Ø  Mu to E gamma  

MEG II Collaboration, 2310.12614	

<latexit sha1_base64="FD0FouPxbMgC67yEUF+O82+g4Ek="></latexit>

BR(µ+ ! e+�) < 3.1⇥ 10�13
<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ <latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="gsdEN2h5KQAG+6cCNt4cUYvNLDc="></latexit>

a/⇡0

<latexit sha1_base64="JHdPIlw/FlB5xKAXWDWnoKDHFPg="></latexit>�
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Other constraints KF, E. Mereghetti 2307.13076  

Ø  Mu to E gamma  

MEG II Collaboration, 2310.12614	

<latexit sha1_base64="FD0FouPxbMgC67yEUF+O82+g4Ek="></latexit>

BR(µ+ ! e+�) < 3.1⇥ 10�13
<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ <latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="gsdEN2h5KQAG+6cCNt4cUYvNLDc="></latexit>

a/⇡0

<latexit sha1_base64="JHdPIlw/FlB5xKAXWDWnoKDHFPg="></latexit>�
<latexit sha1_base64="MEZ8XCS/6yWKSdpK096DMPeeOGQ="></latexit>

µ±

<latexit sha1_base64="Ns0u0Cy0pEf4AxiyawCX/4EZIPE="></latexit>

e⌥

<latexit sha1_base64="C+mfzdDAt4Dv2C6uZV/kgH+GCHw="></latexit>

⇡0
<latexit sha1_base64="0AHc2y7x3S2Kdj15FgwrmQqnZmM="></latexit>a

Ø  LFV Pion decay
KTeV Collaboration, PRL100(2008)131803	

<latexit sha1_base64="cLZikoL/WDoYPfV+JowR1ci24Ko="></latexit>

BR(⇡0 ! µ±e⌥) < 3.6⇥ 10�10

Ø  LFV Kaon decays

<latexit sha1_base64="+Fk9y54+Zy1y9JKGcXs6BV0kjQ8="></latexit>

BR(KL ! µ±e⌥) < 4.7⇥ 10�12

BNL Collaboration, PRL81(1998)573	

<latexit sha1_base64="PjZlLpYNkP4FUiH/nXJsPPtDU+E="></latexit>

BR(K+ ! ⇡+µ+e�) < 1.3⇥ 10�11

PRD72(2005)012005	

<latexit sha1_base64="C+mfzdDAt4Dv2C6uZV/kgH+GCHw="></latexit>

⇡0 <latexit sha1_base64="0AHc2y7x3S2Kdj15FgwrmQqnZmM="></latexit>a<latexit sha1_base64="8+VDg0175V6rwS7ssijXwjyGuaM="></latexit>

KL

<latexit sha1_base64="MEZ8XCS/6yWKSdpK096DMPeeOGQ="></latexit>

µ±

<latexit sha1_base64="Ns0u0Cy0pEf4AxiyawCX/4EZIPE="></latexit>

e⌥

<latexit sha1_base64="C+mfzdDAt4Dv2C6uZV/kgH+GCHw="></latexit>

⇡0

<latexit sha1_base64="0AHc2y7x3S2Kdj15FgwrmQqnZmM="></latexit>a

<latexit sha1_base64="T/j0Qqa/rFMZpRoms4XkQ9MfveM="></latexit>

µ�
<latexit sha1_base64="JfqPgXndYUvOw1LMf/IHDni02bM="></latexit>

K+

<latexit sha1_base64="Qus8cXKDm63DhitaOQK31cXjWmI="></latexit>

⇡+

<latexit sha1_base64="Z4PrjGgiYwYT0bhh7dgIjf5YET4="></latexit>

e+



48	
Limit on ALP decay constant  

The strongest limit is given by mu to e gamma search.  

✔︎ The future mu2e conversion searches have the great potential to probe LFV ALP scenarios!

KF, E. Mereghetti 2307.13076  

<latexit sha1_base64="2Edc1ClyEDV70PqpbfxxyQn/beU="></latexit>

Current limit

<latexit sha1_base64="J2EYBAc+sd+4ymhfMWjzmjWRa7A="></latexit>

Future
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Searches for violations of fundamental symmetries and conservation laws 	

Powerful Probes of physics beyond the Standard Model (BSM)	

Charged Lepton Flavor violation : Mu to E conversion 

Discussion/Outlook  :  Other ALP couplings and Extension to SU(3) Chiral PT 

Ø   SD process can dominate the conversion process in ALP models.

Ø   4-orders of magnitude improvements in BR

Ø   fa > O(100) TeV can be achieved, complementary role.

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="XKfSTke3owRNbyRcjnbZM3Gkv2o="></latexit>

Nucleus

<latexit sha1_base64="FF48FCn2wypVr/69PH95xl5ctWI="></latexit>

1s
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R. Balkin, et al, 2310.08827Photon coupling 
<latexit sha1_base64="pbF37KamNZ5iSGDEMEeWpEqdcas="></latexit>

L � � a

4⇤
FF̃

<latexit sha1_base64="rFM0Do/8X/9mPnwjOB0ss1IL58Y="></latexit>

fa ⇠ 10 GeV

<latexit sha1_base64="J7HNatoJGfRF6k1eG++eDfflu/4="></latexit>

102

<latexit sha1_base64="7cbCUVyWdbAr8BCfAVnlwyqeQIw="></latexit>

103



Lepton wave functions 

Electron

<latexit sha1_base64="4Cuop0UIGyMyk81cSphIHk2rfyg="></latexit>

13Al
<latexit sha1_base64="9I/vCrOe6j63VqbLRVToUNqjkpk="></latexit>

79Au

Muon

Electron

proton

proton

Muon



<latexit sha1_base64="U8s/DbVInHV/IYIJyPP1sNlVu3g="></latexit>

�(µ ! e) /
m5

µ

f4
a

 
WMM |CD|2 + 1

4
W 11

⌃00⌃00 |CP |2
!

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="gsdEN2h5KQAG+6cCNt4cUYvNLDc="></latexit>

a/⇡0 <latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ <latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N
<latexit sha1_base64="oh9dCtKHw1n1N9eYdM9F485PZrM="></latexit>

N

<latexit sha1_base64="gsdEN2h5KQAG+6cCNt4cUYvNLDc="></latexit>

a/⇡0

<latexit sha1_base64="OQUIKtOsTFD2gpUN18Xyn6+eYLM="></latexit>

OD = �
i

f2
a

2

mµ
CD↵ē�

µ⌫P↵µqµ N̄�⌫

✓
1 + ⌧3

2

◆
N

<latexit sha1_base64="7BSgRInO6VNAyraVytYhqUYbPmM="></latexit>

OP = �
i

f2
a

CP
mN

mµ
ē�5µ N̄i�5⌧3N

<latexit sha1_base64="t4Zrs6rjRhLcftqsn2BzcHLq5MA="></latexit>

CD ' �↵em

8⇡
(aeµ ± veµ) aµµ

<latexit sha1_base64="e8bSjIvsfC9YiVwI2B0geYZC4W0="></latexit>

For ma ⌧ mµ,

<latexit sha1_base64="kTHPIoy2qGjRWrp5IRz8JIHdj4o="></latexit>

CP ' gAaeµ

<latexit sha1_base64="4E0K2c1nLRPOgdC0s4YiGzzmhy4="></latexit>

|CP |
2

|CD|2
⇠

g2A
↵2

em
64⇡2

⇠ O(107)

LFV ALP contributions 
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<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ

<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="Us1Ap3wfiup7IP2yvDQfXILZX5o="></latexit>a

<latexit sha1_base64="h149qDMWsElkM2nhuRmQAyHdh9A="></latexit>µ
<latexit sha1_base64="ZYWmDNWwTRO187lcex9N7ZPS0EY="></latexit>e

<latexit sha1_base64="gGjteM1SuFoOLGwkPb8tmUVe3P4="></latexit>

N
<latexit sha1_base64="gGjteM1SuFoOLGwkPb8tmUVe3P4="></latexit>

N

<latexit sha1_base64="l5xm1+xYq/+JeA1vOfZDf9Qk2EA="></latexit>

BR(µ ! e) ⇠
m5

µ

�

1

f4
a

. O(10�12)

<latexit sha1_base64="OGh0AinPWQ/eKHjPfo3JmnXT5vY="></latexit>

BR(µ ! ea) ⇠
m3

µ

�

1

f2
a

. O(10�6)

<latexit sha1_base64="O6UM7jAR62MGKBVilif9e2Dxr+k="></latexit>

m3
µ

�
⇥ 106 . f2

a

<latexit sha1_base64="zjW+W4lOWu2spXwEk87xUM1+W18="></latexit>

�µ ⇠ �capt(Al) ⇠ O(10�16) MeV ⌘ �

<latexit sha1_base64="gyhpipXffxdKWECB42LuA0BZhN8="></latexit>

m3
µ

�

✓
�

mµ

◆1/2

⇥ 106 . f2
a

10-9

Roughly 4-orders of magnitude stronger limit from mu to e a: 

*Focus on                     . 
<latexit sha1_base64="OnG16exYK4wspYJ7QjqqfewL5o8="></latexit>

ma > mµ

<latexit sha1_base64="9yItXmk4Ta4fxK0TuC/pgcHqES8="></latexit>

fa > O(109) GeV


