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Symmetry and symmetry breaking
• A system possesses a symmetry if it is unchanged under some action 

• Fundamental physics is rooted in symmetry principles 

•Nature follows patterns of both symmetry preservation and violation
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Ggauge ⇥GPoincaré

Examples: C, P, T, G; gauge invariance…; CPT, Lorentz, flavor* (?)

SM symmetries:



Symmetry and symmetry breaking
•The past two decades have seen an 

immense amount of interest in 
Lorentz and CPT tests

•These terms have special properties

•Background breaks rotation invariance

V. A. Kostelecký, S. Samuel, PLB 207, 169 (1989) 
V. A. Kostelecký, R. Potting, NPB 359, 545 (1991); 
PRD 51, 3923 (1995)  observer transformation

particle transformation

observer transformation

particle transformation
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The Standard-Model Extension (SME)
•A comprehensive Lorentz- and CPT-violating framework 

grounded in effective field theory (EFT)
D. Colladay, V. A. Kostelecký, PRD 55, 6760 (1997);  PRD 58, 
116002 (1998); V. A. Kostelecký, PRD 69, 105009 (2004)
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SSME = SSM + SGR + SLV
• Contains all possible terms that break 

Lorentz and CPT symmetry in EFT

• CPTV        LV in realistic EFT
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•Numerous constraints have been placed on SME coefficients 

•Operators that initiate charged-lepton-flavor 
violation (CLFV) largely unstudied

Data Tables for Lorentz and CPT Violation, 

V. A. Kostelecký, N. Russell, arXiv:0801.0287v14
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µ··· a···(x) V. A. Kostelecký, Z. Li, PRD 103, 024059 (2021)
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A. Crivellin, F. Kirk, and M. Schreck,

JHEP 04, 082 (2021)



CLFV
•CLFV does not occur in the SM, but massive neutrinos provide a mechanism
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BR . 10�50

•Observation of CLFV would thus be highly suggestive of 
new physics beyond neutrino masses

•Use MEG and BaBar bounds and limit attention to Lorentz-violating effects in 
electromagnetic (EM) two-body decays

B. Auber et al. [BaBar Collaboration], PRL 104, 021802 (2012)

M. Baldini et al. [MEG Collaboration], EPJ C 76, 43 (2016)
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Leptonic µ and ⌧ constraints

Process Bound Exp.

BR(µ+ ! e+ + �) 4.2⇥10�13 MEG
BR(⌧± ! e+ �) 3.3⇥10�8 BaBar
BR(⌧± ! µ+ �) 4.4⇥10�8 BaBar



LV and CPTV effects
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V. A. Kostelecký, E. Passemar, NS (in prep.)

•Calculate modified decay amplitudes, decay rate, 
and theoretical branching ratio

•Set of                  gauge-invariant effects contributing to EM 2-body decays
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<latexit sha1_base64="nzeHdTc6GYXSIa1Z9qZXpeJssHk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeqx68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVb3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5Srt3kcBTiGEzgDD66gCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDlNWMyw==</latexit>

A

<latexit sha1_base64="b8QZDZSQDhw92RsMLhLLy1qbxSE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz14rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrtTyOApzCGVyABzdQhXuoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBllmMzA==</latexit>

B

<latexit sha1_base64="qdypOXGDmwA01D/ZWSZmV407PWQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB3BGM+g==</latexit>p

<latexit sha1_base64="8HotZ7L9jIC+JMZElREUEsd2+jQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD1H2M9Q==</latexit>

k

<latexit sha1_base64="JF2UsQaGLYoK2yun5cMUGDUMyWY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE1GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6SE575YpbdWcgy8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1ns0sn5MQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpySDcFbfHmZNM+r3mXVu7+o1G7yOIpwBMdwBh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBzyQjSs=</latexit>

p0

<latexit sha1_base64="mF3/3B8Rh3drmhNB4oLqWEFMFHw="></latexit>
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LV and CPTV effects
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V. A. Kostelecký, E. Passemar, NS (in prep.)

•Calculate modified decay amplitudes, decay rate, 
and theoretical branching ratio

•Set of                  gauge-invariant effects contributing to EM 2-body decays
<latexit sha1_base64="ljekoNXkOmprasHnmpotoYwy+6I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxonlAsoTZ2U4yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB40WNBRV3XR3BYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6xGV5rF8MOME/YgOJO9zRo2V7sOrs1654lbdGchf4uWkAjnqvfJnN4xZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns1Ak5skpI+rGyJQ2ZqT8nMhppPY4C2xlRM9SL3lT8z+ukpn/pZ1wmqUHJ5ov6qSAmJtO/ScgVMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reedW7O63UrvM4inAAh3AMHlxADW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENwYeNdA==</latexit>
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<latexit sha1_base64="QZg9x4nzWQXcDArr9eCOJuBzPWI="></latexit>
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<latexit sha1_base64="nzeHdTc6GYXSIa1Z9qZXpeJssHk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeqx68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVb3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5Srt3kcBTiGEzgDD66gCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDlNWMyw==</latexit>

A

<latexit sha1_base64="b8QZDZSQDhw92RsMLhLLy1qbxSE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz14rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrtTyOApzCGVyABzdQhXuoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBllmMzA==</latexit>

B

<latexit sha1_base64="qdypOXGDmwA01D/ZWSZmV407PWQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB3BGM+g==</latexit>p

<latexit sha1_base64="8HotZ7L9jIC+JMZElREUEsd2+jQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD1H2M9Q==</latexit>

k

<latexit sha1_base64="JF2UsQaGLYoK2yun5cMUGDUMyWY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE1GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6SE575YpbdWcgy8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1ns0sn5MQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpySDcFbfHmZNM+r3mXVu7+o1G7yOIpwBMdwBh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBzyQjSs=</latexit>

p0

CPT even

CPT odd

<latexit sha1_base64="mF3/3B8Rh3drmhNB4oLqWEFMFHw="></latexit>
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LV and CPTV effects
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V. A. Kostelecký, E. Passemar, NS (in prep.)

•Calculate modified decay amplitudes, decay rate, 
and theoretical branching ratio

•Set of                  gauge-invariant effects contributing to EM 2-body decays
<latexit sha1_base64="ljekoNXkOmprasHnmpotoYwy+6I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxonlAsoTZ2U4yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB40WNBRV3XR3BYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6xGV5rF8MOME/YgOJO9zRo2V7sOrs1654lbdGchf4uWkAjnqvfJnN4xZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns1Ak5skpI+rGyJQ2ZqT8nMhppPY4C2xlRM9SL3lT8z+ukpn/pZ1wmqUHJ5ov6qSAmJtO/ScgVMiPGllCmuL2VsCFVlBmbTsmG4C2+/Jc0T6reedW7O63UrvM4inAAh3AMHlxADW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENwYeNdA==</latexit>

d = 5

<latexit sha1_base64="QZg9x4nzWQXcDArr9eCOJuBzPWI="></latexit>
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<latexit sha1_base64="nzeHdTc6GYXSIa1Z9qZXpeJssHk=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeqx68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVb3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5Srt3kcBTiGEzgDD66gCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDlNWMyw==</latexit>

A

<latexit sha1_base64="b8QZDZSQDhw92RsMLhLLy1qbxSE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz14rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrtTyOApzCGVyABzdQhXuoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBllmMzA==</latexit>

B

<latexit sha1_base64="qdypOXGDmwA01D/ZWSZmV407PWQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB3BGM+g==</latexit>p

<latexit sha1_base64="8HotZ7L9jIC+JMZElREUEsd2+jQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kD1H2M9Q==</latexit>

k

<latexit sha1_base64="JF2UsQaGLYoK2yun5cMUGDUMyWY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lE1GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6SE575YpbdWcgy8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1ns0sn5MQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpySDcFbfHmZNM+r3mXVu7+o1G7yOIpwBMdwBh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBzyQjSs=</latexit>
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CPT odd

<latexit sha1_base64="mF3/3B8Rh3drmhNB4oLqWEFMFHw="></latexit>
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Muon decays and the MEG experiment
•MEG experiment: polarized antimuons impinge on and decay in stopping target

<latexit sha1_base64="TAIhwSJQc1rru14vb7H41ZZo2zc=">AAAB7XicbVDJSgNBEK1xjeMW9eilMQiCEGZE1GPQi8cIZoFkDD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2loMmPih4vFdFVb045czYIPj2lpZXVtfWCxv+5tb2zm5xb79uVKYJrRHFlW7G2FDOJK1ZZjltpppiEXPaiAc3Y7/xRLVhSt7bYUojgXuSJYxg66S63xbZw2mnWArKwQRokYQzUoIZqp3iV7urSCaotIRjY1phkNoox9oywunIb2eGppgMcI+2HJVYUBPlk2tH6NgpXZQo7UpaNFF/T+RYGDMUsesU2PbNvDcW//NamU2uopzJNLNUkumiJOPIKjR+HXWZpsTyoSOYaOZuRaSPNSbWBeS7EML5lxdJ/awcXpTDu/NS5XoWRwEO4QhOIIRLqMAtVKEGBB7hGV7hzVPei/fufUxbl7zZzAH8gff5A6/7jo0=</latexit>

µ+

<latexit sha1_base64="T0QQrSALWlMBQMiCxSIkUN1Ev2I=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gPaUDbbSbt0swm7G6GG/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6Lz31yhW36s5AlomXkwrkqPfKX91+zNIIpWGCat3x3MT4GVWGM4GTUjfVmFA2ogPsWCpphNrPZpdOyIlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhlZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDglG4K3+PIyaZ5VvYuqd3deqV3ncRThCI7hFDy4hBrcQh0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nDx9ejRg=</latexit>z
<latexit sha1_base64="/qXSJ7Dr0bOa5UPrmuNq+U3LoTc=">AAAB63icbVBNS8NAEJ3Urxq/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bp7ibsboQa+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOFMG8/7dkpr6xubW+Vtd2d3b/+gcnjU1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaSec3OZ+55EqzWL5YKYJDQQeSRYxgk0uucngaVCpejVvDrRK/IJUoUBzUPnqD2OSCioN4Vjrnu8lJsiwMoxwOnP7qaYJJhM8oj1LJRZUB9n81hk6s8oQRbGyJQ2aq78nMiy0norQdgpsxnrZy8X/vF5qousgYzJJDZVksShKOTIxyh9HQ6YoMXxqCSaK2VsRGWOFibHxuDYEf/nlVdK+qPn1mn9/WW3cFHGU4QRO4Rx8uIIG3EETWkBgDM/wCm+OcF6cd+dj0Vpyiplj+APn8wekSo37</latexit>pz

<latexit sha1_base64="+VL24F/oZtXisQoTIOMiiKvxntw=">AAAB+nicbVDLTsMwENyUVymvFI5cLCokTlWCEHCs4MKxSPQhtVHkuE5r1XEi2wGV0E/hwgGEuPIl3Pgb3DQHaBlppdHMrtc7QcKZ0o7zbZVWVtfWN8qbla3tnd09u7rfVnEqCW2RmMeyG2BFORO0pZnmtJtIiqOA004wvp75nXsqFYvFnZ4k1IvwULCQEayN5NvVSj9/JAt4SqdI+Y++XXPqTg60TNyC1KBA07e/+oOYpBEVmnCsVM91Eu1lWGpGOJ1W+qmiCSZjPKQ9QwWOqPKyfOsUHRtlgMJYmhIa5erviQxHSk2iwHRGWI/UojcT//N6qQ4vvYyJJNVUkPmiMOVIx2iWAxowSYnmE0Mwkcz8FZERlphok1bFhOAunrxM2qd197zu3p7VGldFHGU4hCM4ARcuoAE30IQWEHiAZ3iFN+vJerHerY95a8kqZg7gD6zPHx/8k+w=</latexit>sz

<latexit sha1_base64="TAIhwSJQc1rru14vb7H41ZZo2zc=">AAAB7XicbVDJSgNBEK1xjeMW9eilMQiCEGZE1GPQi8cIZoFkDD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2loMmPih4vFdFVb045czYIPj2lpZXVtfWCxv+5tb2zm5xb79uVKYJrRHFlW7G2FDOJK1ZZjltpppiEXPaiAc3Y7/xRLVhSt7bYUojgXuSJYxg66S63xbZw2mnWArKwQRokYQzUoIZqp3iV7urSCaotIRjY1phkNoox9oywunIb2eGppgMcI+2HJVYUBPlk2tH6NgpXZQo7UpaNFF/T+RYGDMUsesU2PbNvDcW//NamU2uopzJNLNUkumiJOPIKjR+HXWZpsTyoSOYaOZuRaSPNSbWBeS7EML5lxdJ/awcXpTDu/NS5XoWRwEO4QhOIIRLqMAtVKEGBB7hGV7hzVPei/fufUxbl7zZzAH8gff5A6/7jo0=</latexit>

µ+

<latexit sha1_base64="SdPgkzwFnwTNsq96MhUFBY1Le/c=">AAAB63icbVBNS8NAEN3Urxq/qh69LBZBEEoioh6LXjxWsB/QxrLZTtqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwoQzbTzv2ymtrK6tb5Q33a3tnd29yv5BS8epotCkMY9VJyQaOJPQNMxw6CQKiAg5tMPxbe63n0BpFssHM0kgEGQoWcQoMbnkwuNZv1L1at4MeJn4BamiAo1+5as3iGkqQBrKidZd30tMkBFlGOUwdXuphoTQMRlC11JJBOggm906xSdWGeAoVrakwTP190RGhNYTEdpOQcxIL3q5+J/XTU10HWRMJqkBSeeLopRjE+P8cTxgCqjhE0sIVczeiumIKEKNjce1IfiLLy+T1nnNv6z59xfV+k0RRxkdoWN0inx0heroDjVQE1E0Qs/oFb05wnlx3p2PeWvJKWYO0R84nz8aR42g</latexit>

e+

<latexit sha1_base64="1HbveT5JU6V0eK6wHlVYfExiar0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rAT3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiOOPGw==</latexit>�

<latexit sha1_base64="NW9wZu6tg+SsOaSshpm1nEAKnic=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFEIQ6U0TdCEUpuKxgL9AZh0yatqFJZkgyQhm6ceOruHGhiFvfwZ1vY9rOQlt/CHz85xxOzh/GjCrtON9WbmFxaXklv1pYW9/Y3LK3dxoqSiQmdRyxSLZCpAijgtQ11Yy0YkkQDxlphoPrcb35QKSikbjTw5j4HPUE7VKMtLECe78aeD3EOYKXsBqk5P54ZIgHHk9OyoFddErORHAe3AyKIFMtsL+8ToQTToTGDCnVdp1Y+ymSmmJGRgUvUSRGeIB6pG1QIE6Un06uGMFD43RgN5LmCQ0n7u+JFHGlhjw0nRzpvpqtjc3/au1Edy/8lIo40UTg6aJuwqCO4DgS2KGSYM2GBhCW1PwV4j6SCGsTXMGE4M6ePA+Ncsk9K7m3p8XKVRZHHuyBA3AEXHAOKuAG1EAdYPAInsEreLOerBfr3fqYtuasbGYX/JH1+QOeLpa7</latexit>

E� = Ee+ = mµ/2

<latexit sha1_base64="GDuFbAwq79NkykUTXed48Oo8xh4="></latexit>

~sµ = ~se + ~s� (?)

•Roughly              of full         steradian detector coverage is available
<latexit sha1_base64="0JWoRjHHNvHnPGmEP1+qMoGD1AI=">AAAB63icbVBNSwMxEJ2tX7V+VT16CZaCp7IRUY9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31ve/vNLa+sbmVnm7srO7t39QPTzqmDjVlLVpLGLdC4lhgivWttwK1ks0IzIUrBtOb3O/+8i04bF6sLOEBZKMFY84JTaXMB7Uh9Wa3/AXQH8JLkgNCrSG1c/BKKapZMpSQYzpYz+xQUa05VSweWWQGpYQOiVj1ndUEclMkC1unaO6U0YoirUrZdFC/TmREWnMTIauUxI7MateLv7n9VMbXQcZV0lqmaLLRVEqkI1R/jgacc2oFTNHCNXc3YrohGhCrYun4kLAqy//JZ3zBr5s4PuLWvOmiKMMJ3AKZ4DhCppwBy1oA4UJPMELvHrSe/bevPdla8krZo7hF7yPb/pvjYs=</latexit>

11%
<latexit sha1_base64="T41edamYwKM4QsOiRWDpGvvKUH8=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4r2A9ol5JNs21okg1JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2ObSZV+xQbXm1/050CoJClKDAs1B9as/TEgqqLSEY2N6ga9smGFtGeF0VumnhipMJnhEe45KLKgJs/mtM3TmlCGKE+1KWjRXf09kWBgzFZHrFNiOzbKXi/95vdTGN2HGpEotlWSxKE45sgnKH0dDpimxfOoIJpq5WxEZY42JdfFUXAjB8surpH1RD67qwcNlrXFbxFGGEziFcwjgGhpwD01oAYExPMMrvHnCe/HevY9Fa8krZo7hD7zPH8YJjhE=</latexit>

4⇡
<latexit sha1_base64="yy/OhaKaUHCMLFXhbZxW/h1Ya5A="></latexit>

✓ 2 (1.21, 1.93)

� 2 ( 2⇡3 , 4⇡
3 )

<latexit sha1_base64="EbfKyDy/0Cx1iTmuf8gKjVD0ZFs="></latexit>

� ' 1

64⇡2mµ

Z ✓max

✓min

Z �max

�min

sin ✓d✓d�|M(✓,�)|2

J. Adam et al. [MEG Collaboration], Eur. Phys. J. C 73, 2365 (2013)

<latexit sha1_base64="n7b22BJmynRsvnOwbK7HbGybAqQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gPaUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3Hrk2QsUPOE64H9FBLELBKFqp070XgyFSrdVTr1xxq+4MZJl4OalAjnqv/NXtK5ZGPEYmqTEdz03Qz6hGwSSflLqp4QllIzrgHUtjGnHjZ7OTJ+TEKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2RC8xZeXSfOs6l1UvbvzSu06j6MIR3AMp+DBJdTgFurQAAYKnuEV3hx0Xpx352PeWnDymUP4A+fzB5MTkXM=</latexit>)



Tau decays and the BaBar experiment
•BaBar experiment: tau pairs are produced by antisymmetric electron-positron annihilation

•Acceptance window                      full phase-space volume; tau pair fairly low longitudinal momentum

<latexit sha1_base64="dBROObMZQtF7DH6C5+P/BWqNq/M=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx0j4+n3VLZrbhTkEXi5aQMOWrd0lenF7M0QmmYoFq3PTcxfkaV4UzguNhJNSaUDWkf25ZKGqH2s+mpY3JslR4JY2VLGjJVf09kNNJ6FAW2M6JmoOe9ifif105NeOVnXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZtO0Ybgzb+8SBpnFe+i4t2dl6vXeRwFOIQjOAEPLqEKt1CDOjDowzO8wpsjnBfn3fmYtS45+cwB/IHz+QPmCo2M</latexit>

e+

<latexit sha1_base64="ni8dLxIEbgjIY0966wE/ix1fVO4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSQi6rHoxWNF+wFtLJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVa6x8fTbqnsVtwpyCLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbUsljVD72fTUMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6cmvPIzLpPUoGSzRWEqiInJ5G/S4wqZESNLKFPc3krYgCrKjE2naEPw5l9eJI2zindR8e7Oy9XrPI4CHMIRnIAHl1CFW6hBHRj04Rle4c0Rzovz7nzMWpecfOYA/sD5/AHpEo2O</latexit>

e�

<latexit sha1_base64="wjVDF9D1EPvenBbZDe6aOVWMIzE=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8cK9gPaWDbbTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfztLyyuraemGjuLm1vbNb2ttvGJVqxutMSaVbATVcipjXUaDkrURzGgWSN4PhzcRvPnFthIrvcZRwP6L9WISCUbRSo4M0fTjtlspuxZ2CLBIvJ2XIUeuWvjo9xdKIx8gkNabtuQn6GdUomOTjYic1PKFsSPu8bWlMI278bHrtmBxbpUdCpW3FSKbq74mMRsaMosB2RhQHZt6biP957RTDKz8TcZIij9lsUZhKgopMXic9oTlDObKEMi3srYQNqKYMbUBFG4I3//IiaZxVvIuKd3derl7ncRTgEI7gBDy4hCrcQg3qwOARnuEV3hzlvDjvzsesdcnJZw7gD5zPH0BYjus=</latexit>

⌧+

<latexit sha1_base64="TA13lJl/a/SPWJTIyHnbvbknB1Y=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4sSQi6rHoxWMF+wFtLJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03jEo143WmpNKtgBouRczrKFDyVqI5jQLJm8HwZuI3n7g2QsX3OEq4H9F+LELBKFqp0UGaPpx2S2W34k5BFomXkzLkqHVLX52eYmnEY2SSGtP23AT9jGoUTPJxsZManlA2pH3etjSmETd+Nr12TI6t0iOh0rZiJFP190RGI2NGUWA7I4oDM+9NxP+8dorhlZ+JOEmRx2y2KEwlQUUmr5Oe0JyhHFlCmRb2VsIGVFOGNqCiDcGbf3mRNM4q3kXFuzsvV6/zOApwCEdwAh5cQhVuoQZ1YPAIz/AKb45yXpx352PWuuTkMwfwB87nD0Ngju0=</latexit>

⌧�

<latexit sha1_base64="JIdBHV4Nym9sQ3JB612Gpady9rg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1UvVrVu7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB6CEjW0=</latexit>

}many further decay modes 
from unpolarized taus

<latexit sha1_base64="RN1SWzY3awRqkGtz7kdF3ikVu08=">AAAB8nicbVDLSsNAFL3xWeur6tLNYCm4KomIj13RjcsK9gFJKJPppB06M4kzE6GEfoYbF4q49Wvc+TdO2yy09cCFwzn3cu89UcqZNq777aysrq1vbJa2yts7u3v7lYPDtk4yRWiLJDxR3QhrypmkLcMMp91UUSwiTjvR6Hbqd56o0iyRD2ac0lDggWQxI9hYyQ80E/QRXbtBrVepunV3BrRMvIJUoUCzV/kK+gnJBJWGcKy177mpCXOsDCOcTspBpmmKyQgPqG+pxILqMJ+dPEE1q/RRnChb0qCZ+nsix0LrsYhsp8BmqBe9qfif52cmvgpzJtPMUEnmi+KMI5Og6f+ozxQlho8twUQxeysiQ6wwMTalsg3BW3x5mbTP6t5F3bs/rzZuijhKcAwncAoeXEID7qAJLSCQwDO8wptjnBfn3fmYt644xcwR/IHz+QMN8JBz</latexit>

' 90%

<latexit sha1_base64="Arn1HkNRCoNtMnUuO3lgAOIH1+U=">AAACBXicbVDJSgNBEO1xjXGLetRDYxC8GGZEXPASFNFjBLNAJoaeTiVp0rPYXSOGIRcv/ooXD4p49R+8+Td2loMmPih4vFdFVT0vkkKjbX9bU9Mzs3PzqYX04tLyympmbb2kw1hxKPJQhqriMQ1SBFBEgRIqkQLmexLKXue875fvQWkRBjfYjaDms1YgmoIzNFI9s3VRT+B2r0ddLXy4oyfuqYvwgMkllHr1TNbO2QPQSeKMSJaMUKhnvtxGyGMfAuSSaV117AhrCVMouIRe2o01RIx3WAuqhgbMB11LBl/06I5RGrQZKlMB0oH6eyJhvtZd3zOdPsO2Hvf64n9eNcbmcS0RQRQjBHy4qBlLiiHtR0IbQgFH2TWEcSXMrZS3mWIcTXBpE4Iz/vIkKe3nnMOcc32QzZ+N4kiRTbJNdolDjkieXJECKRJOHskzeSVv1pP1Yr1bH8PWKWs0s0H+wPr8AYy+l/s=</latexit>

Ee� ' 9 GeV
<latexit sha1_base64="GJzyFRi0NwDgFPqV2wfcOhNIugY=">AAACB3icbVDJSgNBEO1xjXGLehSkMQiCEGZUVPASFNFjBLNAJoaeTiVp0rPYXSOGITcv/ooXD4p49Re8+Td2loMmPih4vFdFVT0vkkKjbX9bU9Mzs3PzqYX04tLyympmbb2kw1hxKPJQhqriMQ1SBFBEgRIqkQLmexLKXue875fvQWkRBjfYjaDms1YgmoIzNFI9s3VRT+B2r0ddLXy4owc5xz11ER4wuYRSr57J2jl7ADpJnBHJkhEK9cyX2wh57EOAXDKtq44dYS1hCgWX0Eu7sYaI8Q5rQdXQgPmga8ngjx7dMUqDNkNlKkA6UH9PJMzXuut7ptNn2NbjXl/8z6vG2DypJSKIYoSADxc1Y0kxpP1QaEMo4Ci7hjCuhLmV8jZTjKOJLm1CcMZfniSl/ZxzlHOuD7P5s1EcKbJJtskuccgxyZMrUiBFwskjeSav5M16sl6sd+tj2DpljWY2yB9Ynz9qO5hm</latexit>

Ee+ ' 3.1 GeV

<latexit sha1_base64="eYzoDbEnRajSevUx87HpQjX5SvI="></latexit> X

spins

|M
m(5)

F
|2 = 2(mAmB + p · p0)(m(5)

F )kµAB(m
⇤(5)
F ) k

ABµe.g.

<latexit sha1_base64="/bQ+gczs95HdA428/7QklkJNzMo=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laSIeix48SRV7AekoWy2m3bpZjfsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9Oyura+sbm4Wt4vbO7t5+6eCwaVSmKWtQJZRuR8QwwSVrIEfB2qlmJIkEa0XD66nfemTacCUfcJSyMCF9yWNOCVop6Nzz/gCJ1uqpWyp7FW8Gd5n4OSlDjnq39NXpKZolTCIVxJjA91IMx0Qjp4JNip3MsJTQIemzwFJJEmbC8ezkiXtqlZ4bK21LojtTf0+MSWLMKIlsZ0JwYBa9qfifF2QYX4VjLtMMmaTzRXEmXFTu9H+3xzWjKEaWEKq5vdWlA6IJRZtS0YbgL768TJrVin9Rqd6dl2u3eRwFOIYTOAMfLqEGN1CHBlBQ8Ayv8Oag8+K8Ox/z1hUnnzmCP3A+fwCXAZGA</latexit>)
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Time-dependent signals
•Earth-based lab is a noninertial frame, work in Sun-centered frame (SCF)
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vernal equinox
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•Express lab-frame coefficients in 
terms of SCF coefficients
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Constraints (preliminary)
•Summary of first constraints extracted from MEG and BaBar measurements

•Including complexity of coefficients & three channels = 576 coefficients
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Conclusions and outlook
•CLFV has been studied in the context of dimension-five Lorentz- and CPT-violating effects

•Sidereal signals could also be analyzed by binning data in time

•Existing MEG and BaBar data enables first constraints to be placed on many unexamined effects

•Future experiments, e.g. MEG-II and Belle II, expected to increase 
limits on muon and tau decays by 1-2 orders of magnitude

•Great outlook for future CLFV & LV studies! 
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