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Outline

1) neutron lifetime: experiment and theory updates

4) LEFT to HB PT matchingχ

2) effective field theory approach to beta decay and pions

Vincenzo Cirigliano, Wouter Dekens, Emanuele Mereghetti, and O. T. (arXiv: very soon)

Vincenzo Cirigliano, Jordy de Vries, Leendert Hayen, 

Emanuele Mereghetti, and Andre Walker-Loud, Phys. Rev. Lett. 129, 12801 (2022)

3) Standard Model to LEFT matching
O.T., R. J Hill, Phys. Lett. B 805, 3, 135466 (2020)

S. Ando et al., Phys. Lett. B 595, 250 (2004)

W. Dekens, P. Stoffer, JHEP 07, 107 (2019)

5) Vector coupling constant and Vud

O. T., Few-Body Syst.  64, 23 (2023)
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Neutron decay
- neutron is heavier than proton by 1.3 MeV and can decay 


- neutron lifetime is around 15 mins
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Neutron decay
- neutron is heavier than proton by 1.3 MeV and can decay 


- neutron lifetime is around 15 mins


Neutron lifetime measurements
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beam method bottle method

how many neutrons survive?how many neutrons pass?
scientificamerican.com
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Neutron lifetime

- 0.3 seconds uncertainty of UCN @LANL : τ (3 − 4) × 10−4
- 8-9 seconds discrepancy beam vs bottle method : 3-5σ

UCN : F. Gonzales et al., Phys. Rev. Lett. 127, 162501 (2021)τ
D. Castelvecchi, Nature 598, 549 (2021)

10x
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Neutron lifetime

- test of CKM unitarity and search for BSM at low energies
- complementary way to determine Vud

UCN : F. Gonzales et al., Phys. Rev. Lett. 127, 162501 (2021)τ
D. Castelvecchi, Nature 598, 549 (2021)

10x
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Vud determinations

- neutron decay becomes competitive with 0+->0+

UCNτ

2022 Fundamental Symmetries, Neutrons, and Neutrinos (FSNN) white paper 
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Low-energy description

- two coupling constants predict all observables

A. Sirlin, Phys. Rev. 164, 50 (1967)

S. Ando et al., Phys. Lett. B 595, 250 (2004)

- four-fermion interaction between leptons and heavy nucleons


- radiative corrections formulated in modern EFT language


vector and axial-vector 
counterterms (diagrams c, e, g)

data Standard Model
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Radiative corrections to neutron decay

Sirlin’s function 

- current-algebra formulation of radiative corrections

A. Sirlin, Rev. Mod. Phys. 50, 573 (1978)

W. J. Marciano and A. Sirlin, Phys. Rev. Lett. 56, 22 (1986)

-  decay (0+->0+ Fermi transition, gV) corrects by overall factorβ

A. Sirlin, Phys. Rev. 50, 164 (1967)

- perturbative logarithms separated; subpermille uncertainty  

<latexit sha1_base64="SL1SLdAlmMx10Q7jRGWQmdTNkDc="></latexit>
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- EW logarithms resummed by renormalization group analysis


-- assuming same relative change of gV and gA, theory error:
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A. Czarnecki, W. J. Marciano and A. Sirlin, Phys. Rev. D 70, 093006 (2004) and before
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Radiative corrections to neutron decay
- updated calculations of W contributions γ

- hadron physics -> precise evaluations of long-distance Wγ

<latexit sha1_base64="51o93R3v2tPsEVO52u4EBHn7kOY="></latexit> ↵
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- dispersive validation of the same relative change of gV and gA:

M. Gorchtein and Ch.-Y. Seng, JHEP 10, 053 (2021)
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Ch.-Y. Seng, M. Gorchtein et al., Phys. Rev. Lett. 121, 24 (2018)

- W box with Born, N , resonance and Regge physics γ π
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L. Hayen, Phys. Rev. D 103, 113001 (2021)

Phys. Rev. D 100, 073008 (2019)
A. Czarnecki, W. J. Marciano and A. Sirlin,

Phys. Rev. D 104, 033003 (2021)
K. Shiells, P. G. Blunden and W. Melnitchouk,

L. Hayen, Phys. Rev. D 103, 113001 (2021)
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Effective field theory for  decayβ

αs becomes too strong going to lower energies

hadron physics 

photons, neutrinos, electrons, external nucleons 

integrate out GeV particles 

MZ
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dynamical pions

S. Ando et al., Phys. Lett. B 595, 250 (2004)

this talk

full content of Standard Model (SM) 

Vincenzo Cirigliano, Jordy de Vries, Leendert Hayen, 

Emanuele Mereghetti, and Andre Walker-Loud, Phys. Rev. Lett. 129, 12801 (2022)

O.T., R. J Hill, Phys. Lett. B 805, 3, 135466 (2020)

W. Dekens, P. Stoffer, JHEP 07, 107 (2019)

integrate out top, Z, W, h
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- coupling constants from SM + small QED corrections 
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Low-energy description

- two coupling constants predict all observables

A. Sirlin, Phys. Rev. 164, 50 (1967)

S. Ando et al., Phys. Lett. B 595, 250 (2004)

- four-fermion interaction between leptons and heavy nucleons


- radiative corrections formulated in modern EFT language


vector and axial-vector 
counterterms (diagrams c, e, g)

data Standard Model
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EFT and role of pionsπ

- pion-mediated correction to gA: for data vs SM comparison
- first steps in matching to  with baryonsχPT

Vincenzo Cirigliano, Jordy de Vries, Leendert Hayen, 

Emanuele Mereghetti, and Andre Walker-Loud, Phys. Rev. Lett. 129, 12801 (2022)

/
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Effective field theory for  decayβ

αs becomes too strong going to lower energies

hadron physics 

photons, neutrinos, electrons, external nucleons 

integrate out GeV particles 

MZ
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m⇡
<latexit sha1_base64="wrkky59xaKSyqQlBuf9qS2sZUBs=">AAAB7HicdVDLSsNAFJ3UV62vquDGzWApuApJqrbuSt24bMG0hTaUyXTSDp1MwsxEKKHf4MaFIm7d+Rd+gTs3fovTh2IFD1w4nHMv997jx4xKZVkfRmZldW19I7uZ29re2d3L7x80ZZQITFwcsUi0fSQJo5y4iipG2rEgKPQZafmjq6nfuiVC0ojfqHFMvBANOA0oRkpLbtjrxrSXL1imNQO0TKdyXrbPNLGcywu7BO2FVageNT7pa+2t3su/d/sRTkLCFWZIyo5txcpLkVAUMzLJdRNJYoRHaEA6mnIUEumls2MnsKiVPgwioYsrOFN/T6QolHIc+rozRGooc8U/5lT9MZdWqaDipZTHiSIczzcFCYMqgtPXYZ8KghUba4KwoPpYiIdIIKx0QDqE70/h/6TpmHbJdBo6jRqYIwuOwQk4BTYogyq4BnXgAgwouAMP4NHgxr3xZDzPWzPGYuYQLMF4+QLrLpKZ</latexit>

dynamical pions

S. Ando et al., Phys. Lett. B 595, 250 (2004)

this talk

full content of Standard Model (SM) 

Vincenzo Cirigliano, Jordy de Vries, Leendert Hayen, 

Emanuele Mereghetti, and Andre Walker-Loud, Phys. Rev. Lett. 129, 12801 (2022)

O.T., R. J Hill, Phys. Lett. B 805, 3, 135466 (2020)

W. Dekens, P. Stoffer, JHEP 07, 107 (2019)

integrate out top, Z, W, h

<latexit sha1_base64="zd5TpA9n6MS5cR+CH0BdIN+q3y8=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJtnba7ohuXFe0D2qFk0kwbmmSGJCOU0k9w40IRt36RO//G9CGo6IELh3Pu5d57woQzbRD6cDJr6xubW9nt3M7u3v5B/vCopeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vpr77XuqNIvlnZkkNBB4KFnECDZWuhV92s8XkItKlXKtBpFbrF74Jd8SVKz5VR96LlqgAFZo9PPvvUFMUkGlIRxr3fVQYoIpVoYRTme5XqppgskYD2nXUokF1cF0ceoMnlllAKNY2ZIGLtTvE1MstJ6I0HYKbEb6tzcX//K6qYmqwZTJJDVUkuWiKOXQxHD+NxwwRYnhE0swUczeCskIK0yMTSdnQ/j6FP5PWkXX813vplyoX67iyIITcArOgQcqoA6uQQM0AQFD8ACewLPDnUfnxXldtmac1cwx+AHn7RPSII4s</latexit>me

- coupling constants from SM + small QED corrections 
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- one-loop matching with explicit scheme dependence

- Wilson coefficient  depends on scheme and scale Cr
β

- NDR scheme for 𝛾5 with a=-1 for evanescent operators E

- Fermi coupling is scale independentMZ
<latexit sha1_base64="Z982f1amNq6H5eUnLkLx+QwIM0k=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJa027K3XjRmjRPrANZTKdtEMnD2YmQgn9BDcuFHHr1r/wC9y58VuctCpW8MCFwzn3cu89TsiokIbxrqWWlldW19LrmY3Nre2d7O5eSwQRx6SJAxbwjoMEYdQnTUklI52QE+Q5jLSd8Vnit28IFzTwr+QkJLaHhj51KUZSSZcX/et+NmfohYpVMUvQ0I3SSdmyElKonJpFaOrGDLnqQeODvtRe6/3sW28Q4MgjvsQMCdE1jVDaMeKSYkammV4kSIjwGA1JV1EfeUTY8ezUKcwrZQDdgKvyJZypvydi5Akx8RzV6SE5Epn8HzNRf8yFVdIt2zH1w0gSH883uRGDMoDJ43BAOcGSTRRBmFN1LMQjxBGWKh4Vwven8H/SKuhmUS80VBo1MEcaHIIjcAxMYIEqOAd10AQYDMEtuAcPGtPutEftad6a0r5m9sECtOdPWH+Rrw==</latexit>

mb
<latexit sha1_base64="agrK2VR1EhHFgJtKJUwzKJ7C/lw=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDd5AvGLpVtatmGRq6UT6r2HZKrOq5WYKmbsxRqB01P+hL/bUxyL/1hyGOfRJIzJAQPdOIpJMgLilmZJbrx4JECE/QiPQUDZBPhJPMT53BolKG0Au5qkDCufp7IkG+EFPfVZ0+kmORK/4xU/XHXFolvYqT0CCKJQnwYpMXMyhDmD4Oh5QTLNlUEYQ5VcdCPEYcYaniUSF8fwr/J21LN0u61VRp1MECWXAMTsApMIENauASNEALYDACt+AePGhMu9MetadFa0b7mjkES9CePwGVX5HX</latexit>

m⌧
<latexit sha1_base64="v4U/eD7i/qLVzUQOx/ARY9cjvOs=">AAAB7XicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjsgX7gDaUyXTSjp08mJkIJfQf3LhQxK0r/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ktOIOD4aBdSjGEkltf1BX6J4kC8YulW1q2YZGrpRPqvYdkqs6rlZgqZuzFGoHTU/6Ev9tTHIv/WHIY59EkjMkBA904ikkyAuKWZkluvHgkQIT9CI9BQNkE+Ek8yvncGiUobQC7mqQMK5+nsiQb4QU99VnT6SY5Er/jFT9cdcWiW9ipPQIIolCfBikxczKEOY/g6HlBMs2VQRhDlVx0I8RhxhqRJSIXx/Cv8nbUs3S7rVVGnUwQJZcAxOwCkwgQ1q4BI0QAtgcA1uwT140ELtTnvUnhatGe1r5hAsQXv+BPQMkzk=</latexit>

mc
<latexit sha1_base64="xguVl6SeAwFNaqUcbQMSi6cKV5E=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDPMgXDN2q2lWzDA3dKJ9VbDslVvXcLEFTN+Yo1I6aH/Sl/toY5N/6wxDHPgkkZkiInmlE0kkQlxQzMsv1Y0EihCdoRHqKBsgnwknmp85gUSlD6IVcVSDhXP09kSBfiKnvqk4fybHIFf+YqfpjLq2SXsVJaBDFkgR4scmLGZQhTB+HQ8oJlmyqCMKcqmMhHiOOsFTxqBC+P4X/k7almyXdaqo06mCBLDgGJ+AUmMAGNXAJGqAFMBiBW3APHjSm3WmP2tOiNaN9zRyCJWjPn5bjkdg=</latexit>

Semileptonic operators and muon decay

�↵���µPL ⌦ �µ���↵PL = 4 (1 + a (4� d)) �µPL ⌦ �µPL + E (a)
<latexit sha1_base64="KR1qcdQ2r4hz4RhijdfFAnWgcEo="></latexit>

Buras and Weisz (1990)

scheme
independent

scheme
dependent

||

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q0
<latexit sha1_base64="PFwuxqpwKJbrGNXoIgWnT6InKOE=">AAAB6HicZVDLSgNBEJz1GeMr6lGRwRD0FHbjQY9BLx4TMQ9IljA76U3GzM6uM7NCWHL05sGLile/Ir/h0W/wJ5w8EJMUNBRV3VR3exFnStv2t7W0vLK6tp7aSG9ube/sZvb2qyqMJYUKDXko6x5RwJmAimaaQz2SQAKPQ83rXY/82iNIxUJxp/sRuAHpCOYzSrSRbh9OW5msnbfHwIvEmZJs8WhY/nk6HpZama9mO6RxAEJTTpRqOHak3YRIzSiHQboZK4gI7ZEONAwVJADlJuNNBzhnlDb2Q2lKaDxW/08kJFCqH3imMyC6q9K5OXOk/pkzUdq/dBMmoliDoJMkP+ZYh3h0N24zCVTzviGESmaWxbRLJKEapPmBM3/xIqkW8s55vlA2z7hCE6TQITpBZ8hBF6iIblAJVRBFPnpGr+jNurderHfrY9K6ZE1nDtAMrM9fZM6Qcw==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

q
<latexit sha1_base64="xmdN5OwYgRObB1FnH/KITWmrhD8=">AAAB53icZVDJSgNBEK2JW4xb1KMijSHgKczEgx6DXjwmYBZIhtDTqSRNeha7e4Qw5OjJgxcVr/5FfsOj3+BP2FkQkzwoeLxXxasqLxJcadv+tlJr6xubW+ntzM7u3v5B9vCopsJYMqyyUISy4VGFggdY1VwLbEQSqe8JrHuD24lff0SpeBjc62GErk97Ae9yRrWRKg/tbM4u2FOQVeLMSa50Oq78PJ2Ny+3sV6sTstjHQDNBlWo6dqTdhErNmcBRphUrjCgb0B42DQ2oj8pNpouOSN4oHdINpalAk6n6fyKhvlJD3zOdPtV9lckvmRP1z1yI0t1rN+FBFGsM2CypGwuiQzI5m3S4RKbF0BDKJDfLEtankjKN0vzAWb54ldSKBeeyUKyYZ9zADGk4gXO4AAeuoAR3UIYqMEB4hld4s7j1Yr1bH7PWlDWfOYYFWJ+/BIWQQg==</latexit>

W
<latexit sha1_base64="iwDr9lDME/gocupjs2b0usOSKsA=">AAAB6HicdVDLSsNAFJ3UV42vqks3g6XgKiStNe1CLLpx2YJ9QBvKZDppx04ezEyEEvoFblwo4lY/xr0b8W+ctCpW8MCFwzn3cu69bsSokKb5oWWWlldW17Lr+sbm1vZObnevJcKYY9LEIQt5x0WCMBqQpqSSkU7ECfJdRtru+CL12zeECxoGV3ISEcdHw4B6FCOppEa7n8ubRrFqV60yNA2zfFyx7ZQUqydWCVqGOUP+7FU/jV7e9Xo/99YbhDj2SSAxQ0J0LTOSToK4pJiRqd6LBYkQHqMh6SoaIJ8IJ5ktOoUFpQygF3JVgYQz9fdEgnwhJr6rOn0kR0Iv/DFT9cdciJJexUloEMWSBHie5MUMyhCmZ8MB5QRLNlEEYU7VshCPEEdYqueoJ3xfCv8nraJhlYxiw8zXzsEcWXAADsERsIANauAS1EETYEDALbgHD9q1dqc9ak/z1oz2NbMPFqA9fwKFUJCM</latexit>

W
<latexit sha1_base64="iwDr9lDME/gocupjs2b0usOSKsA=">AAAB6HicdVDLSsNAFJ3UV42vqks3g6XgKiStNe1CLLpx2YJ9QBvKZDppx04ezEyEEvoFblwo4lY/xr0b8W+ctCpW8MCFwzn3cu69bsSokKb5oWWWlldW17Lr+sbm1vZObnevJcKYY9LEIQt5x0WCMBqQpqSSkU7ECfJdRtru+CL12zeECxoGV3ISEcdHw4B6FCOppEa7n8ubRrFqV60yNA2zfFyx7ZQUqydWCVqGOUP+7FU/jV7e9Xo/99YbhDj2SSAxQ0J0LTOSToK4pJiRqd6LBYkQHqMh6SoaIJ8IJ5ktOoUFpQygF3JVgYQz9fdEgnwhJr6rOn0kR0Iv/DFT9cdciJJexUloEMWSBHie5MUMyhCmZ8MB5QRLNlEEYU7VshCPEEdYqueoJ3xfCv8nraJhlYxiw8zXzsEcWXAADsERsIANauAS1EETYEDALbgHD9q1dqc9ak/z1oz2NbMPFqA9fwKFUJCM</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

+...
<latexit sha1_base64="nhDUZWAESigrF1+TcxW0GWfEZsY=">AAAB6nicZVBNS8NAEJ3Ur7Z+VT16WSwFQQhJPeix6MVjBfuBbSib7aZdutmE3Y1YQv+CBy9avHr3t3j01+imLWLrg4HHezO8mfFjzpR2nC8rt7a+sbmVLxS3d3b39ksHh00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aPrzG89UKlYJO70OKZeiAeCBYxgnUlntm33SmXHdmZA/4m7IOVaIZ7efzx+13ulz24/IklIhSYcK9VxnVh7KZaaEU4nxW6iaIzJCA9ox1CBQ6q8dLbrBFWM0kdBJE0JjWbq34kUh0qNQ990hlgPVbGyYmbqr7kUpYNLL2UiTjQVZJ4UJBzpCGWXoz6TlGg+NgQTycyyiAyxxERTaX7grl78nzSrtntuV2/NM65gjjwcwwmcggsXUIMbqEMDCAzhCV7g1eLWszW13uatOWsxcwRLsN5/AA0nkMs=</latexit>

for quarks

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

<latexit sha1_base64="EDG8GSMjRFOp4AlzJSuMSLClgjE="></latexit>

LLEFT ⇠ GF ēL�⇢µL ⌫̄µL�
⇢⌫eL +GFVudC

r
�(a, µ)ēL�⇢⌫eL ūL�

⇢dL
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- updated value for NLO anomalous dimension

MZ
<latexit sha1_base64="Z982f1amNq6H5eUnLkLx+QwIM0k=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJa027K3XjRmjRPrANZTKdtEMnD2YmQgn9BDcuFHHr1r/wC9y58VuctCpW8MCFwzn3cu89TsiokIbxrqWWlldW19LrmY3Nre2d7O5eSwQRx6SJAxbwjoMEYdQnTUklI52QE+Q5jLSd8Vnit28IFzTwr+QkJLaHhj51KUZSSZcX/et+NmfohYpVMUvQ0I3SSdmyElKonJpFaOrGDLnqQeODvtRe6/3sW28Q4MgjvsQMCdE1jVDaMeKSYkammV4kSIjwGA1JV1EfeUTY8ezUKcwrZQDdgKvyJZypvydi5Akx8RzV6SE5Epn8HzNRf8yFVdIt2zH1w0gSH883uRGDMoDJ43BAOcGSTRRBmFN1LMQjxBGWKh4Vwven8H/SKuhmUS80VBo1MEcaHIIjcAxMYIEqOAd10AQYDMEtuAcPGtPutEftad6a0r5m9sECtOdPWH+Rrw==</latexit>

mb
<latexit sha1_base64="agrK2VR1EhHFgJtKJUwzKJ7C/lw=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDd5AvGLpVtatmGRq6UT6r2HZKrOq5WYKmbsxRqB01P+hL/bUxyL/1hyGOfRJIzJAQPdOIpJMgLilmZJbrx4JECE/QiPQUDZBPhJPMT53BolKG0Au5qkDCufp7IkG+EFPfVZ0+kmORK/4xU/XHXFolvYqT0CCKJQnwYpMXMyhDmD4Oh5QTLNlUEYQ5VcdCPEYcYaniUSF8fwr/J21LN0u61VRp1MECWXAMTsApMIENauASNEALYDACt+AePGhMu9MetadFa0b7mjkES9CePwGVX5HX</latexit>

m⌧
<latexit sha1_base64="v4U/eD7i/qLVzUQOx/ARY9cjvOs=">AAAB7XicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjsgX7gDaUyXTSjp08mJkIJfQf3LhQxK0r/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ktOIOD4aBdSjGEkltf1BX6J4kC8YulW1q2YZGrpRPqvYdkqs6rlZgqZuzFGoHTU/6Ev9tTHIv/WHIY59EkjMkBA904ikkyAuKWZkluvHgkQIT9CI9BQNkE+Ek8yvncGiUobQC7mqQMK5+nsiQb4QU99VnT6SY5Er/jFT9cdcWiW9ipPQIIolCfBikxczKEOY/g6HlBMs2VQRhDlVx0I8RhxhqRJSIXx/Cv8nbUs3S7rVVGnUwQJZcAxOwCkwgQ1q4BI0QAtgcA1uwT140ELtTnvUnhatGe1r5hAsQXv+BPQMkzk=</latexit>

mc
<latexit sha1_base64="xguVl6SeAwFNaqUcbQMSi6cKV5E=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDPMgXDN2q2lWzDA3dKJ9VbDslVvXcLEFTN+Yo1I6aH/Sl/toY5N/6wxDHPgkkZkiInmlE0kkQlxQzMsv1Y0EihCdoRHqKBsgnwknmp85gUSlD6IVcVSDhXP09kSBfiKnvqk4fybHIFf+YqfpjLq2SXsVJaBDFkgR4scmLGZQhTB+HQ8oJlmyqCMKcqmMhHiOOsFTxqBC+P4X/k7almyXdaqo06mCBLDgGJ+AUmMAGNXAJGqAFMBiBW3APHjSm3WmP2tOiNaN9zRyCJWjPn5bjkdg=</latexit>

LEFT running

Buras and Weisz (1990)

<latexit sha1_base64="QLSk7EhWs+Pzui1+a7ihzcVCxKg="></latexit>

µ
dCr

� (a, µ)

dµ
=

✓
�0

↵

⇡
+ �1

⇣↵
⇡

⌘2
+ �se

↵

⇡

↵s

4⇡

◆
Cr

� (a, µ)

- one renormalization group equation +  runningα, αs

- 2 anomalous dimensions verified by 3+ groups
<latexit sha1_base64="auSVtVlE4Oe4NCT3mbAkTarYxyo=">AAACBnicdVDLSsNAFJ34rPVVdSnCYBHcGJJa+1gIRTcuK9gHtCFMppN26EwSZiZCCV258VfcuFDErd/gzr9x0kZQ0QMXzpxzL3Pv8SJGpbKsD2NhcWl5ZTW3ll/f2NzaLuzstmUYC0xaOGSh6HpIEkYD0lJUMdKNBEHcY6TjjS9Tv3NLhKRhcKMmEXE4GgbUpxgpLbmFg/4QcY5cC57Dk4wnkkxh+rbdQtEyS/Vq3a5Ay7TOyrVaKSWlesU+hbZpzVAEGZpu4b0/CHHMSaAwQ1L2bCtSToKEopiRab4fSxIhPEZD0tM0QJxIJ5mdMYVHWhlAPxS6AgVn6veJBHEpJ9zTnRypkfztpeJfXi9Wfs1JaBDFigR4/pEfM6hCmGYCB1QQrNhEE4QF1btCPEICYaWTy+sQvi6F/5N2ybQrpn1dLjYusjhyYB8cgmNggypogCvQBC2AwR14AE/g2bg3Ho0X43XeumBkM3vgB4y3T44Gl0Y=</latexit>

�0 = ��se = �1

-  and  are combined at the diagram levelγse γ1
<latexit sha1_base64="mqugq7veTAeh9NxlAUl2KkMieYg="></latexit>

�NDR
1 (a) =

ñ

18
(2a+ 1)

- effective fermion number  corrections ~ UCN  precisionñ τ
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Effective field theory for  decayβ

αs becomes too strong going to lower energies

hadron physics 

photons, neutrinos, electrons, external nucleons 

integrate out GeV particles 

MZ
<latexit sha1_base64="Z982f1amNq6H5eUnLkLx+QwIM0k=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJa027K3XjRmjRPrANZTKdtEMnD2YmQgn9BDcuFHHr1r/wC9y58VuctCpW8MCFwzn3cu89TsiokIbxrqWWlldW19LrmY3Nre2d7O5eSwQRx6SJAxbwjoMEYdQnTUklI52QE+Q5jLSd8Vnit28IFzTwr+QkJLaHhj51KUZSSZcX/et+NmfohYpVMUvQ0I3SSdmyElKonJpFaOrGDLnqQeODvtRe6/3sW28Q4MgjvsQMCdE1jVDaMeKSYkammV4kSIjwGA1JV1EfeUTY8ezUKcwrZQDdgKvyJZypvydi5Akx8RzV6SE5Epn8HzNRf8yFVdIt2zH1w0gSH883uRGDMoDJ43BAOcGSTRRBmFN1LMQjxBGWKh4Vwven8H/SKuhmUS80VBo1MEcaHIIjcAxMYIEqOAd10AQYDMEtuAcPGtPutEftad6a0r5m9sECtOdPWH+Rrw==</latexit>

mb
<latexit sha1_base64="agrK2VR1EhHFgJtKJUwzKJ7C/lw=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDd5AvGLpVtatmGRq6UT6r2HZKrOq5WYKmbsxRqB01P+hL/bUxyL/1hyGOfRJIzJAQPdOIpJMgLilmZJbrx4JECE/QiPQUDZBPhJPMT53BolKG0Au5qkDCufp7IkG+EFPfVZ0+kmORK/4xU/XHXFolvYqT0CCKJQnwYpMXMyhDmD4Oh5QTLNlUEYQ5VcdCPEYcYaniUSF8fwr/J21LN0u61VRp1MECWXAMTsApMIENauASNEALYDACt+AePGhMu9MetadFa0b7mjkES9CePwGVX5HX</latexit>

m⌧
<latexit sha1_base64="v4U/eD7i/qLVzUQOx/ARY9cjvOs=">AAAB7XicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjsgX7gDaUyXTSjp08mJkIJfQf3LhQxK0r/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ktOIOD4aBdSjGEkltf1BX6J4kC8YulW1q2YZGrpRPqvYdkqs6rlZgqZuzFGoHTU/6Ev9tTHIv/WHIY59EkjMkBA904ikkyAuKWZkluvHgkQIT9CI9BQNkE+Ek8yvncGiUobQC7mqQMK5+nsiQb4QU99VnT6SY5Er/jFT9cdcWiW9ipPQIIolCfBikxczKEOY/g6HlBMs2VQRhDlVx0I8RhxhqRJSIXx/Cv8nbUs3S7rVVGnUwQJZcAxOwCkwgQ1q4BI0QAtgcA1uwT140ELtTnvUnhatGe1r5hAsQXv+BPQMkzk=</latexit>

mc
<latexit sha1_base64="xguVl6SeAwFNaqUcbQMSi6cKV5E=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDPMgXDN2q2lWzDA3dKJ9VbDslVvXcLEFTN+Yo1I6aH/Sl/toY5N/6wxDHPgkkZkiInmlE0kkQlxQzMsv1Y0EihCdoRHqKBsgnwknmp85gUSlD6IVcVSDhXP09kSBfiKnvqk4fybHIFf+YqfpjLq2SXsVJaBDFkgR4scmLGZQhTB+HQ8oJlmyqCMKcqmMhHiOOsFTxqBC+P4X/k7almyXdaqo06mCBLDgGJ+AUmMAGNXAJGqAFMBiBW3APHjSm3WmP2tOiNaN9zRyCJWjPn5bjkdg=</latexit>

m⇡
<latexit sha1_base64="wrkky59xaKSyqQlBuf9qS2sZUBs=">AAAB7HicdVDLSsNAFJ3UV62vquDGzWApuApJqrbuSt24bMG0hTaUyXTSDp1MwsxEKKHf4MaFIm7d+Rd+gTs3fovTh2IFD1w4nHMv997jx4xKZVkfRmZldW19I7uZ29re2d3L7x80ZZQITFwcsUi0fSQJo5y4iipG2rEgKPQZafmjq6nfuiVC0ojfqHFMvBANOA0oRkpLbtjrxrSXL1imNQO0TKdyXrbPNLGcywu7BO2FVageNT7pa+2t3su/d/sRTkLCFWZIyo5txcpLkVAUMzLJdRNJYoRHaEA6mnIUEumls2MnsKiVPgwioYsrOFN/T6QolHIc+rozRGooc8U/5lT9MZdWqaDipZTHiSIczzcFCYMqgtPXYZ8KghUba4KwoPpYiIdIIKx0QDqE70/h/6TpmHbJdBo6jRqYIwuOwQk4BTYogyq4BnXgAgwouAMP4NHgxr3xZDzPWzPGYuYQLMF4+QLrLpKZ</latexit>

dynamical pions

S. Ando et al., Phys. Lett. B 595, 250 (2004)

this talk

full content of Standard Model (SM) 

Vincenzo Cirigliano, Jordy de Vries, Leendert Hayen, 

Emanuele Mereghetti, and Andre Walker-Loud, Phys. Rev. Lett. 129, 12801 (2022)

O.T., R. J Hill, Phys. Lett. B 805, 3, 135466 (2020)

W. Dekens, P. Stoffer, JHEP 07, 107 (2019)

integrate out top, Z, W, h

<latexit sha1_base64="zd5TpA9n6MS5cR+CH0BdIN+q3y8=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJtnba7ohuXFe0D2qFk0kwbmmSGJCOU0k9w40IRt36RO//G9CGo6IELh3Pu5d57woQzbRD6cDJr6xubW9nt3M7u3v5B/vCopeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vpr77XuqNIvlnZkkNBB4KFnECDZWuhV92s8XkItKlXKtBpFbrF74Jd8SVKz5VR96LlqgAFZo9PPvvUFMUkGlIRxr3fVQYoIpVoYRTme5XqppgskYD2nXUokF1cF0ceoMnlllAKNY2ZIGLtTvE1MstJ6I0HYKbEb6tzcX//K6qYmqwZTJJDVUkuWiKOXQxHD+NxwwRYnhE0swUczeCskIK0yMTSdnQ/j6FP5PWkXX813vplyoX67iyIITcArOgQcqoA6uQQM0AQFD8ACewLPDnUfnxXldtmac1cwx+AHn7RPSII4s</latexit>me

- coupling constants from SM + small QED corrections 
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ChPT notations

- notations for next slides

<latexit sha1_base64="KNVs/+za+i+U36/mWHD8tzV/dBo=">AAACOnicbVDLSsNAFJ3UV42vqEs3g0URxJKIqBuh6saFi1bsA5oQJtNJO3TycGYilNDvcuNXuHPhxoUibv0Ap22otnph4Jxzz+XOPV7MqJCm+azlZmbn5hfyi/rS8srqmrG+URNRwjGp4ohFvOEhQRgNSVVSyUgj5gQFHiN1r3s56NfvCRc0Cm9lLyZOgNoh9SlGUkmuUUltz0/v+n23BnfP4Jhdw/0fcgNtWx+z8ynjwaTRNQpm0RwW/AusDBRAVmXXeLJbEU4CEkrMkBBNy4ylkyIuKWakr9uJIDHCXdQmTQVDFBDhpMPT+3BHKS3oR1y9UMKh+nsiRYEQvcBTzgDJjpjuDcT/es1E+qdOSsM4kSTEo0V+wqCM4CBH2KKcYMl6CiDMqforxB3EEZYqbV2FYE2f/BfUDovWcdGqHBVKF1kcebAFtsEesMAJKIErUAZVgMEDeAFv4F171F61D+1zZM1p2cwmmCjt6xvg5qze</latexit>

qV = qL + qR

qA = qL � qR

<latexit sha1_base64="fylA625oO79vze/dhDrP8c3gy7w=">AAACAXicbZBNS8MwGMfT+TbrW9WL4CU4FEEcrYh6EYZePE5wL7CWkWbpFpamJUkHo8yLX8WLB0W8+i28+W1Mux508w+BX/7P85A8fz9mVCrb/jZKC4tLyyvlVXNtfWNzy9reacooEZg0cMQi0faRJIxy0lBUMdKOBUGhz0jLH95m9daICEkj/qDGMfFC1Oc0oBgpbXWtvRE8uoYMngjouibKL6cZd62KXbVzwXlwCqiAQvWu9eX2IpyEhCvMkJQdx46VlyKhKGZkYrqJJDHCQ9QnHY0chUR6ab7BBB5qpweDSOjDFczd3xMpCqUch77uDJEayNlaZv5X6yQquPJSyuNEEY6nDwUJgyqCWRywRwXBio01ICyo/ivEAyQQVjo0U4fgzK48D82zqnNRde7PK7WbIo4y2AcH4Bg44BLUwB2ogwbA4BE8g1fwZjwZL8a78TFtLRnFzC74I+PzB2olk6w=</latexit>

v = l + r

a = l � r

u = ei
⇡aTa

2 q = qaTa

uµ = i
�
u† (@µ � irµ + iqRAµ)u� u (@µ � ilµ + iqLAµ)u

†�

D̃µ = @µ +
1

2

⇥
u†, @µu

⇤
� i

2
u†rµu� i

2
ulµu

†

c±µ = � i

2

�
u (i@µqL + [lµ,qL])u

† ± u† (i@µqR + [rµ,qR])u
�

QL = uqLu
†, QR = u†qRu, Q± =

QL ±QR

2

<latexit sha1_base64="P3eDaua4PEjsSadz5hw5S4tC2/I="></latexit>

- SU(2) strong interaction low-energy effective theory
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Electromagnetic coupling constants

- 5 LECs enter  decay in 2 combinationsβ

- SU(2) strong interaction Lagrangian with 


extension of S. Steininger’s Ph.D. thesis

- spurion-dependent operators relevant to  decay
β
<latexit sha1_base64="hRoXxfq5vJYt8Ib8voiHOp0aeQM="></latexit>

O13 =< Q2
+ +Q2

� > u · S
O1 =< Q2

+ �Q2
� > u · S

O2 =< Q+ >
2
u · S

<latexit sha1_base64="GXid4oKBnCHM90/DwwibLAwmUMU=">AAACCXicbVC7SgNBFL0bXzG+Vi1tBoNgY9gVUQuVoI2FRSLmAcmyzE5mkyGzD2ZmhbBsa+Ov2FgoYusf2Pk3Th6gJh64cOace5l7jxdzJpVlfRm5ufmFxaX8cmFldW19w9zcqssoEYTWSMQj0fSwpJyFtKaY4rQZC4oDj9OG178a+o17KiSLwjs1iKkT4G7IfEaw0pJrorO0TTBPq1nm3qAD9PO6RRfoHFmuWbRK1gholtgTUoQJKq752e5EJAloqAjHUrZsK1ZOioVihNOs0E4kjTHp4y5taRrigEonHV2SoT2tdJAfCV2hQiP190SKAykHgac7A6x6ctobiv95rUT5p07KwjhRNCTjj/yEIxWhYSyowwQlig80wUQwvSsiPSwwUTq8gg7Bnj55ltQPS/Zxya4eFcuXkzjysAO7sA82nEAZrqECNSDwAE/wAq/Go/FsvBnv49acMZnZhj8wPr4BBbGYmw==</latexit>

< QL �QR >= 0
<latexit sha1_base64="lrsH3XSEv9sTrHgZaKCCNjWnhjU="></latexit>

Le2p
⇡N = e2

14X

i=1

giN̄OiN

<latexit sha1_base64="hEqTzWXA7gG+N7+UkJeKLx/sigI=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GpJpp+qu6MZlRfuAdiiZNDMNzTxIMkIp/QQ3LhRx6xe582/MtBVU9MCFwzn3cu89fiq40gh9WIWV1bX1jeJmaWt7Z3evvH/QVkkmKWvRRCSy6xPFBI9ZS3MtWDeVjES+YB1/fJX7nXsmFU/iOz1JmReRMOYBp0Qb6TYctAflCrIRcqsuhsjGDnZdx5Aaql44dYiNlaMClmgOyu/9YUKziMWaCqJUD6NUe1MiNaeCzUr9TLGU0DEJWc/QmERMedP5qTN4YpQhDBJpKtZwrn6fmJJIqUnkm86I6JH67eXiX14v08G5N+VxmmkW08WiIBNQJzD/Gw65ZFSLiSGESm5uhXREJKHapFMyIXx9Cv8nbcfGdRvf1CqNy2UcRXAEjsEpwOAMNMA1aIIWoCAED+AJPFvCerRerNdFa8FazhyCH7DePgF5ho3w</latexit>gV



20

Electromagnetic coupling constants

- coupling constants in terms of non-perturbative physics

- 2-point functions: product of quark currents in LEFT 

<latexit sha1_base64="2265sly+GTEqrTUo0+eb7h+fE5M="></latexit>

T�⇢
V aV b (v, k)forward Compton tensor

<latexit sha1_base64="MmZf3IXtfr0Vs2qLGrpEFr3fefE="></latexit>

g9N̄TcN = �2"abce2

F 2
0

Z
ddk

(2⇡)d
g�⇢k · v

(k2 � �2 + i")2

Z
ddxeik·x < N |qTb��q (x) qTa�⇢q(0)|N >

<latexit sha1_base64="Oz9CtnhDh4Erp19+Zjz3zdrQXxI="></latexit>

g9N̄TcN =
i"abce2

F 2
0

vµ
@

@rµ

0

@
Z

ddxeir·x < N | �2W (qV ,qA)

�qV b (x) �qV a (0)

�����
q=0

|N >

1

A
�����
rµ=0

<latexit sha1_base64="5jsP4X2Uom92lNl3RqPNLxmkbrI="></latexit>

Lspurions
4�Fermi = �eAµqqV �

µq + ...

- relevant Lagrangian in LEFT

+ PT loopsχ
+ LEFT counterterms
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Electroweak coupling constants

- SU(2) weak interaction Lagrangian with


- scattering amplitude determined by spurion’s physical values


- 8 LECs enter physical observables in 2 combinations

- spurion-dependent operators


<latexit sha1_base64="1MzYWtpR6WJaE2f0XT1tWAL6yo0="></latexit>

O1 = [QL,QW
L ]

O2 = [QR,QW
L ]

<latexit sha1_base64="NRfUuZs8UwDiqSCutm5uSX+J1zA="></latexit>

O3 = {QL,QW
L }

O4 = {QR,QW
L }

<latexit sha1_base64="OqbvounKrtqmYJTOQoXufGWI3jk="></latexit>

O5 =< QLQW
L >

O6 =< QRQW
L >

<latexit sha1_base64="iqWsiyizzf+pSHSV19ybdFVq9H4=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiQi6kKl6MaFixbsA9oYJtNJO3TyYGYi1BD8FTcuFHHrf7jzb5y2WWjrgQuHc+7l3nu8mDOpLOvbmJtfWFxaLqwUV9fWNzbNre2GjBJBaJ1EPBItD0vKWUjriilOW7GgOPA4bXqD65HffKBCsii8U8OYOgHuhcxnBCstuebuedohmKe1LLtvurfoEl0gyzVLVtkaA80SOyclyFF1za9ONyJJQENFOJaybVuxclIsFCOcZsVOImmMyQD3aFvTEAdUOun4+gwdaKWL/EjoChUaq78nUhxIOQw83Rlg1ZfT3kj8z2snyj9zUhbGiaIhmSzyE45UhEZRoC4TlCg+1AQTwfStiPSxwETpwIo6BHv65VnSOCrbJ2W7dlyqXOVxFGAP9uEQbDiFCtxAFepA4BGe4RXejCfjxXg3Piatc0Y+swN/YHz+AHe4k+0=</latexit>

< QW
L >= 0

<latexit sha1_base64="68UcCz9UARMOUUlh+O8bgQanXew="></latexit>

T = e2 ((V1 + V2 + V3 + V4)v
µ � (A1 +A2 +A3 +A4)S

µ) ēL�µ⌫eN̄
0TaN

<latexit sha1_base64="K466lwo+ZvQpntaThqI5zxZ8UKQ="></latexit>

Le2p
⇡N` = e2

6X

i=1

(Viv
µ �AiS

µ
) ēL�µ⌫eN̄vOiNv + h.c.
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Electroweak coupling constants

- 2 correlation functions determine all electroweak LECs

- functional derivatives of generating functional                         

w.r.t. isoscalar and isovector spurious


- vector-vector and vector-axial products of quark currents

<latexit sha1_base64="9faNe2ObNKr2vz5Na3EY2Yz0vE0="></latexit>

T =

e2 ((V1 + V2 + V3 + V4)v
µ � (A1 +A2 +A3 +A4)S

µ) ēL�µ⌫eN̄
0TaN =

Z
ddx < e⌫̄eN

0|
✓
"abc
2

�2W (qV ,qA,qW )

�qV b (x) �qW c (0)
+ i

�2W (qV ,qA,qW )

�qV 0 (x) �qWa (0)

◆�����
q=0

|N >
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HB PT to EFT matchingχ π

- LECs in terms of correlation functions

- vector and axial products of quark currents

/

- EFT counterterms from  couplings in baryon sectorπ χPT

<latexit sha1_base64="5qHfhl68YRyMcUkNAVRl/eoL79A="></latexit>

LCT
lept = e2X6e (i@µ + eAµ) �

µe

- purely leptonic counterterm

/

<latexit sha1_base64="Ki++Gbfbffmk1KT/SRZcmDCYCKc="></latexit>

gV = 1 + e2

�X6

2
+ 2 (V1 + V2 + V3 + V4)� g9

�
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One-loop result

- agreement with current algebra evaluation

- clear illustration of leading logarithms

- same Regge and resonance inputs as in traditional approach

- updates in elastic; DIS is part of running in LEFT

<latexit sha1_base64="LTMFU4vHYjS/2WY1WYjR56UnxjA="></latexit>

gV (µ�) = 1� ↵

2⇡

"
5

8
+

3

4
ln

µ2
�

µ2
0

+ ln
µ2
0

M2
Z

#

� e2
Z

id4q

(2⇡)4
⌫2 +Q2

Q4


T3(⌫, Q2)

2⌫
� 2

3

1

Q2 + µ2
0

�
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Low-energy running of gV

MZ
<latexit sha1_base64="Z982f1amNq6H5eUnLkLx+QwIM0k=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJa027K3XjRmjRPrANZTKdtEMnD2YmQgn9BDcuFHHr1r/wC9y58VuctCpW8MCFwzn3cu89TsiokIbxrqWWlldW19LrmY3Nre2d7O5eSwQRx6SJAxbwjoMEYdQnTUklI52QE+Q5jLSd8Vnit28IFzTwr+QkJLaHhj51KUZSSZcX/et+NmfohYpVMUvQ0I3SSdmyElKonJpFaOrGDLnqQeODvtRe6/3sW28Q4MgjvsQMCdE1jVDaMeKSYkammV4kSIjwGA1JV1EfeUTY8ezUKcwrZQDdgKvyJZypvydi5Akx8RzV6SE5Epn8HzNRf8yFVdIt2zH1w0gSH883uRGDMoDJ43BAOcGSTRRBmFN1LMQjxBGWKh4Vwven8H/SKuhmUS80VBo1MEcaHIIjcAxMYIEqOAd10AQYDMEtuAcPGtPutEftad6a0r5m9sECtOdPWH+Rrw==</latexit>

mb
<latexit sha1_base64="agrK2VR1EhHFgJtKJUwzKJ7C/lw=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDd5AvGLpVtatmGRq6UT6r2HZKrOq5WYKmbsxRqB01P+hL/bUxyL/1hyGOfRJIzJAQPdOIpJMgLilmZJbrx4JECE/QiPQUDZBPhJPMT53BolKG0Au5qkDCufp7IkG+EFPfVZ0+kmORK/4xU/XHXFolvYqT0CCKJQnwYpMXMyhDmD4Oh5QTLNlUEYQ5VcdCPEYcYaniUSF8fwr/J21LN0u61VRp1MECWXAMTsApMIENauASNEALYDACt+AePGhMu9MetadFa0b7mjkES9CePwGVX5HX</latexit>

m⌧
<latexit sha1_base64="v4U/eD7i/qLVzUQOx/ARY9cjvOs=">AAAB7XicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjsgX7gDaUyXTSjp08mJkIJfQf3LhQxK0r/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ktOIOD4aBdSjGEkltf1BX6J4kC8YulW1q2YZGrpRPqvYdkqs6rlZgqZuzFGoHTU/6Ev9tTHIv/WHIY59EkjMkBA904ikkyAuKWZkluvHgkQIT9CI9BQNkE+Ek8yvncGiUobQC7mqQMK5+nsiQb4QU99VnT6SY5Er/jFT9cdcWiW9ipPQIIolCfBikxczKEOY/g6HlBMs2VQRhDlVx0I8RhxhqRJSIXx/Cv8nbUs3S7rVVGnUwQJZcAxOwCkwgQ1q4BI0QAtgcA1uwT140ELtTnvUnhatGe1r5hAsQXv+BPQMkzk=</latexit>

mc
<latexit sha1_base64="xguVl6SeAwFNaqUcbQMSi6cKV5E=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDPMgXDN2q2lWzDA3dKJ9VbDslVvXcLEFTN+Yo1I6aH/Sl/toY5N/6wxDHPgkkZkiInmlE0kkQlxQzMsv1Y0EihCdoRHqKBsgnwknmp85gUSlD6IVcVSDhXP09kSBfiKnvqk4fybHIFf+YqfpjLq2SXsVJaBDFkgR4scmLGZQhTB+HQ8oJlmyqCMKcqmMhHiOOsFTxqBC+P4X/k7almyXdaqo06mCBLDgGJ+AUmMAGNXAJGqAFMBiBW3APHjSm3WmP2tOiNaN9zRyCJWjPn5bjkdg=</latexit>

m⇡
<latexit sha1_base64="wrkky59xaKSyqQlBuf9qS2sZUBs=">AAAB7HicdVDLSsNAFJ3UV62vquDGzWApuApJqrbuSt24bMG0hTaUyXTSDp1MwsxEKKHf4MaFIm7d+Rd+gTs3fovTh2IFD1w4nHMv997jx4xKZVkfRmZldW19I7uZ29re2d3L7x80ZZQITFwcsUi0fSQJo5y4iipG2rEgKPQZafmjq6nfuiVC0ojfqHFMvBANOA0oRkpLbtjrxrSXL1imNQO0TKdyXrbPNLGcywu7BO2FVageNT7pa+2t3su/d/sRTkLCFWZIyo5txcpLkVAUMzLJdRNJYoRHaEA6mnIUEumls2MnsKiVPgwioYsrOFN/T6QolHIc+rozRGooc8U/5lT9MZdWqaDipZTHiSIczzcFCYMqgtPXYZ8KghUba4KwoPpYiIdIIKx0QDqE70/h/6TpmHbJdBo6jRqYIwuOwQk4BTYogyq4BnXgAgwouAMP4NHgxr3xZDzPWzPGYuYQLMF4+QLrLpKZ</latexit>

matching scale

<latexit sha1_base64="zd5TpA9n6MS5cR+CH0BdIN+q3y8=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJtnba7ohuXFe0D2qFk0kwbmmSGJCOU0k9w40IRt36RO//G9CGo6IELh3Pu5d57woQzbRD6cDJr6xubW9nt3M7u3v5B/vCopeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vpr77XuqNIvlnZkkNBB4KFnECDZWuhV92s8XkItKlXKtBpFbrF74Jd8SVKz5VR96LlqgAFZo9PPvvUFMUkGlIRxr3fVQYoIpVoYRTme5XqppgskYD2nXUokF1cF0ceoMnlllAKNY2ZIGLtTvE1MstJ6I0HYKbEb6tzcX//K6qYmqwZTJJDVUkuWiKOXQxHD+NxwwRYnhE0swUczeCskIK0yMTSdnQ/j6FP5PWkXX813vplyoX67iyIITcArOgQcqoA6uQQM0AQFD8ACewLPDnUfnxXldtmac1cwx+AHn7RPSII4s</latexit>me

- first time evolution with NLO anomalous dimension

Gimenez (1991)

- one renormalization group equation +  runningα

- well-known heavy-light anomalous dimension

-  is combined at the diagram levelγ̃1

- inclusion of  ~ UCN  precisionγ̃1 τ

<latexit sha1_base64="lVhJinHOlYFk02bbdZYQelUAGdg="></latexit>

µ
dgV (µ)

dµ
=

✓
�̃0

↵

⇡
+ �̃1

⇣↵
⇡

⌘2
◆

gV (µ)

<latexit sha1_base64="JXUMzojXlsMQcluK2foKcIUcNQ8="></latexit>

�̃0 = �3

4

<latexit sha1_base64="Nung3yv1jFzsjLdQps6XvXEUciY="></latexit>

�̃1 =
5ñ

24
+

5

32
� ⇡2

6
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Effect of running
MZ

<latexit sha1_base64="Z982f1amNq6H5eUnLkLx+QwIM0k=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJa027K3XjRmjRPrANZTKdtEMnD2YmQgn9BDcuFHHr1r/wC9y58VuctCpW8MCFwzn3cu89TsiokIbxrqWWlldW19LrmY3Nre2d7O5eSwQRx6SJAxbwjoMEYdQnTUklI52QE+Q5jLSd8Vnit28IFzTwr+QkJLaHhj51KUZSSZcX/et+NmfohYpVMUvQ0I3SSdmyElKonJpFaOrGDLnqQeODvtRe6/3sW28Q4MgjvsQMCdE1jVDaMeKSYkammV4kSIjwGA1JV1EfeUTY8ezUKcwrZQDdgKvyJZypvydi5Akx8RzV6SE5Epn8HzNRf8yFVdIt2zH1w0gSH883uRGDMoDJ43BAOcGSTRRBmFN1LMQjxBGWKh4Vwven8H/SKuhmUS80VBo1MEcaHIIjcAxMYIEqOAd10AQYDMEtuAcPGtPutEftad6a0r5m9sECtOdPWH+Rrw==</latexit>

mb
<latexit sha1_base64="agrK2VR1EhHFgJtKJUwzKJ7C/lw=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDd5AvGLpVtatmGRq6UT6r2HZKrOq5WYKmbsxRqB01P+hL/bUxyL/1hyGOfRJIzJAQPdOIpJMgLilmZJbrx4JECE/QiPQUDZBPhJPMT53BolKG0Au5qkDCufp7IkG+EFPfVZ0+kmORK/4xU/XHXFolvYqT0CCKJQnwYpMXMyhDmD4Oh5QTLNlUEYQ5VcdCPEYcYaniUSF8fwr/J21LN0u61VRp1MECWXAMTsApMIENauASNEALYDACt+AePGhMu9MetadFa0b7mjkES9CePwGVX5HX</latexit>

m⌧
<latexit sha1_base64="v4U/eD7i/qLVzUQOx/ARY9cjvOs=">AAAB7XicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjsgX7gDaUyXTSjp08mJkIJfQf3LhQxK0r/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ktOIOD4aBdSjGEkltf1BX6J4kC8YulW1q2YZGrpRPqvYdkqs6rlZgqZuzFGoHTU/6Ev9tTHIv/WHIY59EkjMkBA904ikkyAuKWZkluvHgkQIT9CI9BQNkE+Ek8yvncGiUobQC7mqQMK5+nsiQb4QU99VnT6SY5Er/jFT9cdcWiW9ipPQIIolCfBikxczKEOY/g6HlBMs2VQRhDlVx0I8RhxhqRJSIXx/Cv8nbUs3S7rVVGnUwQJZcAxOwCkwgQ1q4BI0QAtgcA1uwT140ELtTnvUnhatGe1r5hAsQXv+BPQMkzk=</latexit>

mc
<latexit sha1_base64="xguVl6SeAwFNaqUcbQMSi6cKV5E=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDPMgXDN2q2lWzDA3dKJ9VbDslVvXcLEFTN+Yo1I6aH/Sl/toY5N/6wxDHPgkkZkiInmlE0kkQlxQzMsv1Y0EihCdoRHqKBsgnwknmp85gUSlD6IVcVSDhXP09kSBfiKnvqk4fybHIFf+YqfpjLq2SXsVJaBDFkgR4scmLGZQhTB+HQ8oJlmyqCMKcqmMhHiOOsFTxqBC+P4X/k7almyXdaqo06mCBLDgGJ+AUmMAGNXAJGqAFMBiBW3APHjSm3WmP2tOiNaN9zRyCJWjPn5bjkdg=</latexit>

m⇡
<latexit sha1_base64="wrkky59xaKSyqQlBuf9qS2sZUBs=">AAAB7HicdVDLSsNAFJ3UV62vquDGzWApuApJqrbuSt24bMG0hTaUyXTSDp1MwsxEKKHf4MaFIm7d+Rd+gTs3fovTh2IFD1w4nHMv997jx4xKZVkfRmZldW19I7uZ29re2d3L7x80ZZQITFwcsUi0fSQJo5y4iipG2rEgKPQZafmjq6nfuiVC0ojfqHFMvBANOA0oRkpLbtjrxrSXL1imNQO0TKdyXrbPNLGcywu7BO2FVageNT7pa+2t3su/d/sRTkLCFWZIyo5txcpLkVAUMzLJdRNJYoRHaEA6mnIUEumls2MnsKiVPgwioYsrOFN/T6QolHIc+rozRGooc8U/5lT9MZdWqaDipZTHiSIczzcFCYMqgtPXYZ8KghUba4KwoPpYiIdIIKx0QDqE70/h/6TpmHbJdBo6jRqYIwuOwQk4BTYogyq4BnXgAgwouAMP4NHgxr3xZDzPWzPGYuYQLMF4+QLrLpKZ</latexit>

matching scale

<latexit sha1_base64="zd5TpA9n6MS5cR+CH0BdIN+q3y8=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJtnba7ohuXFe0D2qFk0kwbmmSGJCOU0k9w40IRt36RO//G9CGo6IELh3Pu5d57woQzbRD6cDJr6xubW9nt3M7u3v5B/vCopeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vpr77XuqNIvlnZkkNBB4KFnECDZWuhV92s8XkItKlXKtBpFbrF74Jd8SVKz5VR96LlqgAFZo9PPvvUFMUkGlIRxr3fVQYoIpVoYRTme5XqppgskYD2nXUokF1cF0ceoMnlllAKNY2ZIGLtTvE1MstJ6I0HYKbEb6tzcX//K6qYmqwZTJJDVUkuWiKOXQxHD+NxwwRYnhE0swUczeCskIK0yMTSdnQ/j6FP5PWkXX813vplyoX67iyIITcArOgQcqoA6uQQM0AQFD8ACewLPDnUfnxXldtmac1cwx+AHn7RPSII4s</latexit>me

- cancellation of various contributions -> 0.07 % effect

- renormalization group equations

<latexit sha1_base64="QLSk7EhWs+Pzui1+a7ihzcVCxKg="></latexit>

µ
dCr

� (a, µ)

dµ
=

✓
�0
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⇡
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⇣↵
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+ �se
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<latexit sha1_base64="lVhJinHOlYFk02bbdZYQelUAGdg="></latexit>

µ
dgV (µ)

dµ
=

✓
�̃0

↵

⇡
+ �̃1

⇣↵
⇡

⌘2
◆

gV (µ)

- resummed result with leading  correctionsααs
<latexit sha1_base64="QWYb0AdjO4lXxLjMkj6yw5cxiy0="></latexit>

gV (µ� = me)� 1 = (2.499± 0.012)%

<latexit sha1_base64="mS0T1t91G3yS34n7aE49k1CSmk8="></latexit>

g1�loop
V (µ� = me)� 1 = (2.430± 0.012)%

- one-loop result without  contributionsααs
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Low-energy description

- two coupling constants predict all observables

A. Sirlin, Phys. Rev. 164, 50 (1967)

S. Ando et al., Phys. Lett. B 595, 250 (2004)

- four-fermion interaction between leptons and heavy nucleons


- radiative corrections formulated in modern EFT language


vector and axial-vector 
counterterms (diagrams c, e, g)

data Standard Model
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Decay rate and neutron lifetime

- separation of UV-finite Coulomb-enhanced corrections

- non-relativistic Fermi function and  ~ UCN  precisionα2/β τ

- remove dependence on UV regulator (nucleon radius)

- include  consistently with matching to pNRQEDα2/β
idea from Hoang (1997), Czarnecki and Melnikov (1997) and others
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Vud from neutron decay

- clean neutron lifetime extraction vs superallowed  decaysβ
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- in agreement with superallowed  decays, similar errorβ

- extraction with UCN  lifetime and PERKEO-III τ λ

- extraction with PDG lifetime and λ

Hardy and Towner (2020)

-  from electron spin correlation measurementsλ
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Conclusions

- updated extraction of Vud

- radiative corrections in effective field theory approach

- electroweak large logs and Coulomb enhancement 

Standard Model -> LEFT-> HB  -> EFTχPT π/ 

- next-to-leading logarithm resummation

radiative corrections
in EFT framework

νe

e
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Thanks for your attention !!!
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slide of Albert Young@INT Workshop “New physics searches at the precision frontier” 
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