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basic idea
✦  CLFV provides a unique window into tests of 

spacetime symmetries


✦  Lorentz and CPT violation associated with 
flavor-changing processes largely unexamined


✦  We use CLFV measurements to probe these 
violations, setting hundreds of first constraints

2

muon and tau decays

mu-to-e in nuclei V. A. Kostelecký, W. P. McNulty, E. Passemar, NS, 2501.05986

V. A. Kostelecký, E. Passemar, NS, PRD 106, 076016 (2022)

https://arxiv.org/abs/2501.05986
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.076016


ℒLV ⊃ −bμψ̄γ5γμψ

background field 
EFT coefficient 

SM fermion bilinear

(CPT odd)

D. Colladay, V. A. Kostelecky,

PRD 55, 6760 (1997); PRD 58, 116002 (1998)

full extension of 
Standard Model

3

effective description

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.55.6760
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.58.116002


 system/expt.= = b⃗ coordinates=

background violates Lorentz inv.
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in
equivalent!



 lepton-photond = 5

<latexit sha1_base64="XY2Wiai9mZ6OEjwYaqK9W0f07ag="></latexit>

L(6)
  = (kSS)ABCD( ̄A B)( ̄C D)� (kPP )ABCD( ̄A�5 B)( ̄C�5 D)

+ i (kSP )ABCD( ̄A B)( ̄C�5 D) + (kSV )
µ
ABCD( ̄A B)( ̄C�µ D)

+ (kSA)
µ
ABCD( ̄A B)( ̄C�5�µ D) + 1

2 (kST )
µ⌫
ABCD( ̄A B)( ̄C�µ⌫ D)

+ i (kPV )
µ
ABCD( ̄A�5 B)( ̄C�µ D) + i (kPA)

µ
ABCD( ̄A�5 B)( ̄C�5�µ D)

+ 1
2 i (kPT )

µ⌫
ABCD( ̄A�5 B)( ̄C�µ⌫ D)

+ 1
2 (kV A)

µ⌫
ABCD( ̄A�µ B)( ̄C�5�⌫ D) + (kV V )

µ⌫
ABCD( ̄A�µ B)( ̄C�⌫ D)

+ (kAA)
µ⌫
ABCD( ̄A�5�µ B)( ̄C�5�⌫ D) + 1

2 (kV T )
�µ⌫
ABCD( ̄A�� B)( ̄C�µ⌫ D)

+ 1
2 (kAT )

�µ⌫
ABCD( ̄A�5�� B)( ̄C�µ⌫ D) + 1

8 (kTT )
�µ⌫
ABCD( ̄A�� B)( ̄C�µ⌫ D)

 lepton-quarkd = 6
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CLFV + LV operators
<latexit sha1_base64="w5ZnFUPrg8tGTqyDbIAWUlxXJgc="></latexit>

L(5)
 F

=� 1
2 (m

(5)
F )↵�ABF↵� ̄A B � 1

2 i(m
(5)
5F )

↵�
ABF↵� ̄A�5 B

� 1
2 (a

(5)
F )µ↵�AB F↵� ̄A�µ B � 1

2 (b
(5)
F )µ↵�AB F↵� ̄A�µ�5 B

� 1
4 (H

(5)
F )µ⌫↵�AB F↵� ̄A�µ⌫ B



constraints
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μ → e + γ
<latexit sha1_base64="JFeQDVeiRdN1v14/50V1hGTtrJg=">AAAB83icjVDLSsNAFL2pr1pfVZdugkWom5KIr2VRRDdCBfuAJpTJdNIOnUzCzI1YQn/DjQtF3Poz7vwbp4+FioIHLhzOuZd7OEEiuEbH+bByc/MLi0v55cLK6tr6RnFzq6HjVFFWp7GIVSsgmgkuWR05CtZKFCNRIFgzGJyP/eYdU5rH8haHCfMj0pM85JSgkTwP2T1m5euLy/1Rp1hyK84E9t+kBDPUOsV3rxvTNGISqSBat10nQT8jCjkVbFTwUs0SQgekx9qGShIx7WeTzCN7zyhdO4yVGYn2RP16kZFI62EUmM2IYF//9Mbib147xfDUz7hMUmSSTh+FqbAxtscF2F2uGEUxNIRQxU1Wm/aJIhRNTYX/ldA4qLjHlaObw1L1bFZHHnZgF8rgwglU4QpqUAcKCTzAEzxbqfVovViv09WcNbvZhm+w3j4BXZWRQg==</latexit>

(MEG)
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τ → μ + γ τ → e + γ

<latexit sha1_base64="2MCrT9kJiGnusCsTLILH8V3jyX0=">AAAB9XicjVDLSgNBEJyNrxhfUY9eBoMQL2Ejvo4hXjxGMA9I1jA76U2GzM4uM71qWPIfXjwo4tV/8ebfOHkcVBQsaCiquumi/FgKg6774WQWFpeWV7KrubX1jc2t/PZOw0SJ5lDnkYx0y2cGpFBQR4ESWrEGFvoSmv7wYuI3b0EbEalrHMXghayvRCA4QyvddBDuMS1WWZXpw3E3XyiX3Cno36RA5qh18++dXsSTEBRyyYxpl90YvZRpFFzCONdJDMSMD1kf2pYqFoLx0mnqMT2wSo8GkbajkE7VrxcpC40Zhb7dDBkOzE9vIv7mtRMMzr1UqDhBUHz2KEgkxYhOKqA9oYGjHFnCuBY2K+UDphlHW1TufyU0jkrl09LJ1XGhUp3XkSV7ZJ8USZmckQq5JDVSJ5xo8kCeyLNz5zw6L87rbDXjzG92yTc4b58DHJI1</latexit>

(BaBar)
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<latexit sha1_base64="8c85aEXmbcQ/7ZhxXZHzxl9dl4k=">AAACCXicdVDJSgNBEO1xN25Rj14ag+DFMOMuIgqKelQwUcjE0NOpxCY9C901Yhjm6sVf8aKgiFf/wJt/4sGDnUTB9UHB470qqup5kRQabfvF6uru6e3rHxjMDA2PjI5lxyeKOowVhwIPZahOPKZBigAKKFDCSaSA+Z6EY6+x3fKPz0FpEQZH2Iyg7LN6IGqCMzRSJUtdFD5o6tinyZwzn7rrLsIFJntQTFtKWsnm7PzawrK9tkh/Eydvt5HbfNvZ2L1tvB5Uss9uNeSxDwFyybQuOXaE5YQpFFxCmnFjDRHjDVaHkqEBM+vLSfuTlM4YpUproTIVIG2rXycS5mvd9D3T6TM80z+9lviXV4qxtlpORBDFCAHvLKrFkmJIW7HQqlDAUTYNYVwJcyvlZ0wxjia8jAnh81P6PynO553l/NKhk9taJB0MkCkyTWaJQ1bIFtknB6RAOLkk1+SO3FtX1o31YD12Wrusj5lJ8g3W0zv0b52j</latexit>

⇥10�12 GeV�1

<latexit sha1_base64="+1eX18Tx5gMbopFlilzOJ10WGNo=">AAACCXicdVDJSgNBEO1xN25Rj14ag+DFMGNcEVFQ1KOCiUImhp5ORZv0LHTXiGGYqxd/xYuCIl79A2/+iQcPdhIF1wcFj/eqqKrnRVJotO0Xq6u7p7evf2AwMzQ8MjqWHZ8o6TBWHIo8lKE69pgGKQIookAJx5EC5nsSjrzGVss/OgelRRgcYjOCis9OA1EXnKGRqlnqovBBU8c+SeacQuquuQgXmOxCKTXKfFrN5uz8amHJXl2gv4mTt9vIbbxtr+/cNl73q9lntxby2IcAuWRalx07wkrCFAouIc24sYaI8QY7hbKhATPrK0n7k5TOGKVG66EyFSBtq18nEuZr3fQ90+kzPNM/vZb4l1eOsb5SSUQQxQgB7yyqx5JiSFux0JpQwFE2DWFcCXMr5WdMMY4mvIwJ4fNT+j8pzeedpfzigZPbXCAdDJApMk1miUOWySbZI/ukSDi5JNfkjtxbV9aN9WA9dlq7rI+ZSfIN1tM794qdpQ==</latexit>

⇥10�13 GeV�2μN → eN
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⏞“phase 1”



ω⊕

β⊕ ≈ 10−4

<latexit sha1_base64="Rw7ucwVeyza6zDVYTHrEukLfsT8=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadnVGM3JgBePCZgHJEuYncwmY2Znl5lZIYR8gRcPisSjf+FvePNvnE0UfBY0FFXddHX7MWdKO86blVlYXFpeya7m1tY3Nrfy2zsNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfrDi9Rv3lCpWCSu9CimXoj7ggWMYG2kWqubLzh2+bjklIvoN3FtZ4bC+cs0xVO1m3/t9CKShFRowrFSbdeJtTfGUjPC6STXSRSNMRniPm0bKnBIlTeeBZ2gA6P0UBBJU0Kjmfp1YoxDpUahbzpDrAfqp5eKf3ntRAdn3piJONFUkPmiIOFIRyi9GvWYpETzkSGYSGayIjLAEhNtfpMzT/i8FP1PGke2W7JPam6hUoQ5srAH+3AILpxCBS6hCnUgQOEW7uHBurburEdrOm/NWB8zu/AN1vM7XGmRwQ==</latexit>

X

<latexit sha1_base64="NFSvZImlBxmL6TBEFXE+XDySBZ8=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfOQZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7Xe2Rwg==</latexit>

Y

<latexit sha1_base64="TSxCQt2a3Z0zs336RYGgdRHlPqg=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfPAZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7X3GRww==</latexit>

Z

<latexit sha1_base64="eUMHeGX26YQpz93yGiiLtRDcvso=">AAACAHicdVDLSsNAFJ34rPHRqAsXbgaLoJuQ9KVdWRDBZQX7gCaWyXTSDp08mJmIJXTjr7hxoYhb/Qt3foJ/4bRV8HngwuGce7n3Hi9mVEjLetVmZufmFxYzS/ryyupa1ljfaIgo4ZjUccQi3vKQIIyGpC6pZKQVc4ICj5GmNzge+81LwgWNwnM5jIkboF5IfYqRVFLH2HKIRNBBccyjK5gvmKULB1OOO0bOMiuFslUpwt/ENq0JctXs29G+/nxS6xgvTjfCSUBCiRkSom1bsXRTxCXFjIx0JxEkRniAeqStaIgCItx08sAI7iqlC/2IqwolnKhfJ1IUCDEMPNUZINkXP72x+JfXTqR/6KY0jBNJQjxd5CcMygiO04BdygmWbKgIwpyqWyHuI46wVJnpKoTPT+H/pJE37bJZOrNz1SKYIgO2wQ7YAzY4AFVwCmqgDjAYgRtwB+61a+1We9Aep60z2sfMJvgG7ekdUHyYgA==</latexit>

⌘ ⇡ 23.5�

morning

evening

time-dependent signals lab frame
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ω⊕

β⊕ ≈ 10−4

<latexit sha1_base64="Rw7ucwVeyza6zDVYTHrEukLfsT8=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadnVGM3JgBePCZgHJEuYncwmY2Znl5lZIYR8gRcPisSjf+FvePNvnE0UfBY0FFXddHX7MWdKO86blVlYXFpeya7m1tY3Nrfy2zsNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfrDi9Rv3lCpWCSu9CimXoj7ggWMYG2kWqubLzh2+bjklIvoN3FtZ4bC+cs0xVO1m3/t9CKShFRowrFSbdeJtTfGUjPC6STXSRSNMRniPm0bKnBIlTeeBZ2gA6P0UBBJU0Kjmfp1YoxDpUahbzpDrAfqp5eKf3ntRAdn3piJONFUkPmiIOFIRyi9GvWYpETzkSGYSGayIjLAEhNtfpMzT/i8FP1PGke2W7JPam6hUoQ5srAH+3AILpxCBS6hCnUgQOEW7uHBurburEdrOm/NWB8zu/AN1vM7XGmRwQ==</latexit>

X

<latexit sha1_base64="NFSvZImlBxmL6TBEFXE+XDySBZ8=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfOQZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7Xe2Rwg==</latexit>

Y

<latexit sha1_base64="TSxCQt2a3Z0zs336RYGgdRHlPqg=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfPAZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7X3GRww==</latexit>

Z

<latexit sha1_base64="eUMHeGX26YQpz93yGiiLtRDcvso=">AAACAHicdVDLSsNAFJ34rPHRqAsXbgaLoJuQ9KVdWRDBZQX7gCaWyXTSDp08mJmIJXTjr7hxoYhb/Qt3foJ/4bRV8HngwuGce7n3Hi9mVEjLetVmZufmFxYzS/ryyupa1ljfaIgo4ZjUccQi3vKQIIyGpC6pZKQVc4ICj5GmNzge+81LwgWNwnM5jIkboF5IfYqRVFLH2HKIRNBBccyjK5gvmKULB1OOO0bOMiuFslUpwt/ENq0JctXs29G+/nxS6xgvTjfCSUBCiRkSom1bsXRTxCXFjIx0JxEkRniAeqStaIgCItx08sAI7iqlC/2IqwolnKhfJ1IUCDEMPNUZINkXP72x+JfXTqR/6KY0jBNJQjxd5CcMygiO04BdygmWbKgIwpyqWyHuI46wVJnpKoTPT+H/pJE37bJZOrNz1SKYIgO2wQ7YAzY4AFVwCmqgDjAYgRtwB+61a+1We9Aep60z2sfMJvgG7ekdUHyYgA==</latexit>

⌘ ⇡ 23.5�

morning

evening

time-dependent signals lab frame

<latexit sha1_base64="mVHsktCPEyNBflyGZIFmcAw/jgs="></latexit>

Rµe = Rµe(�, ,!�T�)

e.g.
colatitude

beam direction

event time
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ω⊕

β⊕ ≈ 10−4

<latexit sha1_base64="Rw7ucwVeyza6zDVYTHrEukLfsT8=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadnVGM3JgBePCZgHJEuYncwmY2Znl5lZIYR8gRcPisSjf+FvePNvnE0UfBY0FFXddHX7MWdKO86blVlYXFpeya7m1tY3Nrfy2zsNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfrDi9Rv3lCpWCSu9CimXoj7ggWMYG2kWqubLzh2+bjklIvoN3FtZ4bC+cs0xVO1m3/t9CKShFRowrFSbdeJtTfGUjPC6STXSRSNMRniPm0bKnBIlTeeBZ2gA6P0UBBJU0Kjmfp1YoxDpUahbzpDrAfqp5eKf3ntRAdn3piJONFUkPmiIOFIRyi9GvWYpETzkSGYSGayIjLAEhNtfpMzT/i8FP1PGke2W7JPam6hUoQ5srAH+3AILpxCBS6hCnUgQOEW7uHBurburEdrOm/NWB8zu/AN1vM7XGmRwQ==</latexit>

X

<latexit sha1_base64="NFSvZImlBxmL6TBEFXE+XDySBZ8=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfOQZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7Xe2Rwg==</latexit>

Y

<latexit sha1_base64="TSxCQt2a3Z0zs336RYGgdRHlPqg=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfPAZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7X3GRww==</latexit>

Z

<latexit sha1_base64="eUMHeGX26YQpz93yGiiLtRDcvso=">AAACAHicdVDLSsNAFJ34rPHRqAsXbgaLoJuQ9KVdWRDBZQX7gCaWyXTSDp08mJmIJXTjr7hxoYhb/Qt3foJ/4bRV8HngwuGce7n3Hi9mVEjLetVmZufmFxYzS/ryyupa1ljfaIgo4ZjUccQi3vKQIIyGpC6pZKQVc4ICj5GmNzge+81LwgWNwnM5jIkboF5IfYqRVFLH2HKIRNBBccyjK5gvmKULB1OOO0bOMiuFslUpwt/ENq0JctXs29G+/nxS6xgvTjfCSUBCiRkSom1bsXRTxCXFjIx0JxEkRniAeqStaIgCItx08sAI7iqlC/2IqwolnKhfJ1IUCDEMPNUZINkXP72x+JfXTqR/6KY0jBNJQjxd5CcMygiO04BdygmWbKgIwpyqWyHuI46wVJnpKoTPT+H/pJE37bJZOrNz1SKYIgO2wQ7YAzY4AFVwCmqgDjAYgRtwB+61a+1We9Aep60z2sfMJvgG7ekdUHyYgA==</latexit>

⌘ ⇡ 23.5�

morning

evening

time-dependent signals

never tested!

lab frame

<latexit sha1_base64="mVHsktCPEyNBflyGZIFmcAw/jgs="></latexit>

Rµe = Rµe(�, ,!�T�)

e.g.
colatitude

beam direction

event time

10


