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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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Our work

- quantification of perturbative/nonperturbative uncertainties
- shift of central value by ~1 error of radiative corrections 

- detailed error budget and perturbative corrections
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<latexit sha1_base64="BidbF0DuRTmdJ640ief2kIdxdY0=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQpLWtN0V3bisYB/YxjKZTNqhk0mYmQgl7V+4caGIW//GnX/j9CGo6IELh3Pu5d57/IRRqSzrw1hZXVvf2Mxt5bd3dvf2CweHLRmnApMmjlksOj6ShFFOmooqRjqJICjyGWn7o8uZ374nQtKY36hxQrwIDTgNKUZKS7eTVj9Lg+nkzukXipZplSrlWg1aplM9d0uuJpZTc6sutE1rjiJYotEvvPeCGKcR4QozJGXXthLlZUgoihmZ5nupJAnCIzQgXU05ioj0svnFU3iqlQCGsdDFFZyr3ycyFEk5jnzdGSE1lL+9mfiX101VWPUyypNUEY4Xi8KUQRXD2fswoIJgxcaaICyovhXiIRIIKx1SXofw9Sn8n7Qc03ZN+7pcrF8s48iBY3ACzoANKqAOrkADNAEGHDyAJ/BsSOPReDFeF60rxnLmCPyA8fYJPeSRTw==</latexit>
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<latexit sha1_base64="tFjps1exzkIt+efrB0XOAApm1F0=">AAAB/nicdVDLSsNAFJ34rPVVFVduBovgKiRpTdtd0Y3LivYBTSyT6aQdOpmEmYlQQsFfceNCEbd+hzv/xulDUNEDl3s4517mzgkSRqWyrA9jaXlldW09t5Hf3Nre2S3s7bdknApMmjhmsegESBJGOWkqqhjpJIKgKGCkHYwupn77jghJY36jxgnxIzTgNKQYKS31CoceYskQwXnrXd860GNaL1qmVaqUazVomU71zC25mlhOza260DatGYpggUav8O71Y5xGhCvMkJRd20qUnyGhKGZkkvdSSRKER2hAuppyFBHpZ7PzJ/BEK30YxkIXV3Cmft/IUCTlOAr0ZITUUP72puJfXjdVYdXPKE9SRTiePxSmDKoYTrOAfSoIVmysCcKC6lshHiKBsNKJ5XUIXz+F/5OWY9quaV+Vi/XzRRw5cASOwSmwQQXUwSVogCbAIAMP4Ak8G/fGo/FivM5Hl4zFzgH4AePtE7o6lVw=</latexit>
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New EFT approach

W

e

νep

n

- neutron is heavier than proton by 1.3 MeV and can decay  

- neutron lifetime is around 15 mins 
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- four-fermion interaction between leptons and heavy nucleons 

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

- systematic approach to determine low-energy coupling constants

<latexit sha1_base64="dF9nhRQmRmHKm3nHO25MGnv/eiQ="></latexit>

Le↵ = �
p
2GFVude�µPL⌫e ·N (gV v

µ � 2gAS
µ) ⌧+N

New EFT approach
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Low-energy description

- two coupling constants predict all observables

A. Sirlin, Phys. Rev. (1967)

S. Ando et al., Phys. Lett. B (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

<latexit sha1_base64="APZkri6liybCBiV04+Zhkr0/D6g=">AAAB+3icbVDLSgMxFL1TX7W+al26CRbBjWVGRF0W3bgRKtgHtMOQSTNtaJIZkoxYhv6KGxeKuPVH3Pk3pu0stPXAvRzOuZfcnDDhTBvX/XYKK6tr6xvFzdLW9s7uXnm/0tJxqghtkpjHqhNiTTmTtGmY4bSTKIpFyGk7HN1M/fYjVZrF8sGME+oLPJAsYgQbKwXliggo6mkm0F2QoFPbrVh1a+4MaJl4OalCjkZQ/ur1Y5IKKg3hWOuu5ybGz7AyjHA6KfVSTRNMRnhAu5ZKLKj2s9ntE3RslT6KYmVLGjRTf29kWGg9FqGdFNgM9aI3Ff/zuqmJrvyMySQ1VJL5Q1HKkYnRNAjUZ4oSw8eWYKKYvRWRIVaYGBtXyYbgLX55mbTOat5Fzbs/r9av8ziKcAhHcAIeXEIdbqEBTSDwBM/wCm/OxHlx3p2P+WjByXcO4A+czx/+u5Me</latexit>

me ⇠ Mp �Mn

<latexit sha1_base64="LR7qUACdZBk3hAh/PVvvrLMlkGo="></latexit>

Le↵ = �
p
2GFVude�µPL⌫e ·N (gV v

µ � 2gAS
µ
) ⌧+N +O
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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 (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. (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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HB PT to EFT matchingχ π

- LECs in terms of correlation functions

/

- EFT counterterms from  couplings in baryon sectorπ χPT

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

LCT
lept = e2X6e (i@µ + eAµ) �

µe

- purely leptonic counterterm

/

gV = Cr
�

✓
1 + e2


�X6

2
+ 2 (V1 + V2 + V3 + V4)� g9

�◆

<latexit sha1_base64="6RT3bDqqsR0FHzsB4nl/tb8vPrw="></latexit>

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

EW + electromagnetic
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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>
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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="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

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

µ
dCr

� (a, µ)

dµ
=

✓
�0

↵

⇡
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⌘2
+ �se

↵

⇡

↵s
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◆
Cr

� (a, µ)

<latexit sha1_base64="2eFE0bQXKDjShlJxbVPvRxRxxcY="></latexit>

LLEFT ⇠ GFVudC
r
�(a, µ)ēL�⇢⌫eL ūL�
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Vud from neutron decay

- clean neutron lifetime extraction vs superallowed  decaysβ

<latexit sha1_base64="adhdMju40M2AnEpk7rIWraKrKuA="></latexit>

|V 0+!0+

ud | = 0.97373(31)

- 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

vs
<latexit sha1_base64="r40WiN1IZMAsTuc4EatgFMxxtYo="></latexit>

�TOT = 7.735(27)%

<latexit sha1_base64="5JntoOi7FzjQcrmRDwVALueVatw="></latexit>

|Vud|2 ⌧n
�
1 + 3�2

�✓
1 +�TOT

◆
= 5283.321(5) s

�EFT

TOT
= 7.761(27)%

<latexit sha1_base64="4JDNzo7RLTTbfO8ckHKqAhWstpI="></latexit>

V n, PDG
ud = 0.97430(2)�f (13)�R(82)�(28)⌧n [88]total

<latexit sha1_base64="af76H6iIUYNxFfiCLkK8odH+hC4="></latexit>

V n, best
ud = 0.97402(2)�f (13)�R(35)�(20)⌧n [42]total
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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 logarithms and resummation

radiative corrections
in EFT framework

νe

e

pn
+ scheme-dependence
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Axial-vector coupling constant

Vincenzo Cirigliano, Wouter Dekens, Emanuele Mereghetti, and O.T.,  
Phys.Rev.D (2025)
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- need framework to interpret QCD calculations of gA
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� =
gA
gV

Axial-vector coupling constant

- per-mille level measurements of the ratio 

- can we predict the axial-vector coupling constant from theory? 

- lattice QCD is appropriate tool: %-level precision for gA 

- QED is not included in these calculations 

�µ =< p|u (�µ � �µ�5)u|n >

<latexit sha1_base64="FnkYVism0mU9YZRzRvqMA06ii9A="></latexit>



16

HB PT to EFT matchingχ π

- LECs in terms of correlation functions

- 2pt and 3pt correlation functions = EW + electromagnetic

/

- EFT counterterms from  couplings in baryon sectorπ χPT

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

LCT
lept = e2X6e (i@µ + eAµ) �

µe

- purely leptonic counterterm

/

gA = g(0)A Cr
�

 
1 + e2

"
�X6

2
+ 2 (A1 +A2 +A3 +A4) +

g11 + g12

4g(0)A

#

+
e2

g(0)A

✓
g1 + g2 + g13 +

g11 � g12
4

◆!
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2pt contributions

- same non-perturbative inputs as in -box diagramγW
- similar expressions for 2pt contributions to gV and gA

- IR: no dependence on photon and pion masses, κ

- UV: construct OPE-subtracted object

- scheme dependence through a

- independent of μ0✓
�Xr

6

2
+ 2 (V r

1 + V r
2 )� g9

◆
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1

(4⇡)2
3

2

 
1� ln

µ2
�

µ2

!

 
�Xr

6

2
+ 2 (Ar

1 +Ar
2) +

gr11 + gr12

4g(0)A

!
(µ�, µ) =

1

(4⇡)2
3

2

 
1� ln

µ2
�

µ2

!

2 (V r
3 + V r

4 ) (a, µ) =
1

(4⇡)2


1

2
ln

µ2

µ2
0

+
3� 8a

12

�
+

Z
id4q

(2⇡)4
tV A,0 (q, v, µ0)

q2

2 (Ar
3 +Ar
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1

(4⇡)2


1

2
ln

µ2

µ2
0

+
3� 8a

12

�
+

Z
id4q

(2⇡)4
tV V,0 (q, v, µ0)

q2
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- LEFT contains unexplored 2pt correlation function

- unexplored isospin structure from LEFT side of matching

"abc⌧ cijS
⇢
��0 < N (k,�0, j) |T

⇥
q�µ⌧ bq(x) q�⌫�5⌧

aq(0)
⇤
|N (k,�, j) >
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Electroweak coupling constants
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b⇢b�
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id4q
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⌘
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2
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= mb⇢b�
@

@r�

0

@
Z
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1

A

������
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Z
id4q

(2⇡)4
tV A (q, v)

q2
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- Ward identities provide new sum rules

- equivalence of 2 representations:

Ward identities

radiative corrections to gA

pseudoscalar-vector-vector axial-vector-vector-vector
Ward identities

2pt + 3pt contributions EW+electromagnetic

gauge-independent pieces gauge-dependent terms
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NLO HBChPT Lagrangian

- new way to calculate all NLO HBChPT LECs

Lp2

⇡N + Le2

⇡N = Nv

"
(v ·r)2 �r2

2mN
� ig(0)A

2mN
{S ·r, v · u}+ c1h�+i+

0

B@c2 �

⇣
g(0)A

⌘2

8mN

1

CA (v · u)2 + c3u · u

+

✓
c4 +

1

4mN

◆
[Sµ, S⌫ ]uµu⌫ + c5�̃+ � i [Sµ, S⌫ ]

4mN

✓
(1 + 1)f

+
µ⌫ +

1

2
(0 � 1)hf+

µ⌫i
◆#

Nv

+ e2F 2
⇡ Nv

⇣
f1hQ̃2

+ �Q2
�i+ f2Q̃+hQ+i+ f3hQ̃2

+ +Q2
�i+ f4hQ+i2 + f5Q�hQ+i

⌘
Nv

<latexit sha1_base64="AG2JF+OAjleHozALK9v0z4cnym8="></latexit>

- to account for  corrections, include recoil and NLO
mπ

Λχ

α
π

- all LECs are expressed as 1pt and 2pt correlation functions

- apply spurion technique with various derivatives

- leading-order Lagrangian:

Lp2

⇡ + Le2

⇡ + Lp
⇡N =

F 2
⇡

4
huµu

µi+ e2Z⇡F
4
⇡ hQLQRi+Nviv ·rNv + g(0)A NvS · uNv
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Conclusions

- framework to determine all NLO HBChPT LECs

- radiative corrections in effective field theory approach

- framework to precisely determine gA: 2 alternative ways

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

- future: evaluation of 2pt and 3pt correlation functions

νe

e

pn

radiative corrections
in EFT framework
+ scheme-dependence
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Hadronic uncertainty in low-energy  

neutral-current process

✓

(anti)neutrino-electron scattering with beam energy < 1 TeV 

CEvNS with beam energy < 100 MeV

O.T., arXiv (2025)
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- description in terms of quarks is invalid 

Light-quark contribution

Q2 ⌧ ⇤2
QCD
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- light quarks

- SU(3) chiral symmetry approximation

- flavor independent A A

- non-perturbative light-quark contribution: error at low energy 
O.T., Pedro Machado, Vishvas Pandey, and Ryan Plestid, JHEP (2021)

O.T. and Richard J Hill,  Phys Lett B (2020)
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- charge-charge  and charge-isospin  correlators: Πγγ Π3γ

Light-quark contribution

⌫
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e e
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⌫
<latexit sha1_base64="Q5QBoJHXaSX6KvHmV3PNna1aMJc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBgMY3b</latexit>

Qq

<latexit sha1_base64="DzulHRx+xn0d7qvuLpt5yWoDk7s=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hyiOBDZkdemHC7Ow6M2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fjpvt577BVLbtmdg6wSLyMlyFDrFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7JXKV/WK6XqTRZHHk7gFM7Bgyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AM96NwQ==</latexit>

Qq, ⌧
3
q

<latexit sha1_base64="mHG6rTg+EwncHoM2xnuQadMbaXQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REK3osevHYgv2ANobNdtMu3WzS3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzz485U9q2v63c2vrG5lZ+u7Czu7d/UDw8aqookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH97P/NaYSsUi8agnMXVD3BcsYARrI7l1b3SBuhonT1feyCuW7LI9B1olTkZKkKHmFb+6vYgkIRWacKxUx7Fj7aZYakY4nRa6iaIxJkPcpx1DBQ6pctP50VN0ZpQeCiJpSmg0V39PpDhUahL6pjPEeqCWvZn4n9dJdHDrpkzEiaaCLBYFCUc6QrMEUI9JSjSfGIKJZOZWRAZYYqJNTgUTgrP88ippXpadSvm6XilV77I48nACp3AODtxAFR6gBg0gMIJneIU3a2y9WO/Wx6I1Z2Uzx/AH1ucPyBiReA==</latexit>

q

<latexit sha1_base64="ox2J9wU5/a5grioONlZ5bjLmtd4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN41jP0=</latexit>

q

<latexit sha1_base64="ox2J9wU5/a5grioONlZ5bjLmtd4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN41jP0=</latexit>

- spurion technique in ChPT 

�
qµq⌫ � q2gµ⌫

�
⇧��

�
q2
�
= 4i⇡2

Z
ddxeiq·xh0|T

⇥
Jµ
� (x) J⌫

� (0)
⇤
|0i,

�
qµq⌫ � q2gµ⌫

�
⇧3�

�
q2
�
= 4i⇡2

Z
ddxeiq·xh0|T

⇥
Jµ
3 (x) J⌫

� (0)
⇤
|0i,

<latexit sha1_base64="M7RKU6J3n0dBIIG8KR86Q3bLuNM="></latexit>

- SU(2) relation between charge and isospin:

- exact relation within validity of ChPT:  =  Πγγ Π3γ

A A

chiral field u

<latexit sha1_base64="HYR38oDLZP6EpTDjSZL2xNa5uto=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1atXLZq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP5EWNAQ==</latexit>

J� ⇠ <
�
u†@µu� u@µu

†� �uQu† � u†Qu
�
>,

J3 ⇠ <
�
u†@µu� u@µu

†�
✓
u
⌧3

2
u† � u† ⌧

3

2
u

◆
>,

<latexit sha1_base64="ZBWr6OGVCeyMCobSKmg2piqn/Eo="></latexit>

Q =
1

2
+

⌧3

2

<latexit sha1_base64="EjWQ5wRwHW1CCzS4nzEIFfVqYy0="></latexit>

O.T., arXiv (2025)
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Conclusions

⌫

?

e e

⌫

<latexit sha1_base64="62PY9jMj5nB0TpZKRdxb4+FFpdY="></latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</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="Q5QBoJHXaSX6KvHmV3PNna1aMJc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBgMY3b</latexit>

⌫
<latexit sha1_base64="Q5QBoJHXaSX6KvHmV3PNna1aMJc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBgMY3b</latexit>

Qq

<latexit sha1_base64="DzulHRx+xn0d7qvuLpt5yWoDk7s=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hyiOBDZkdemHC7Ow6M2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fjpvt577BVLbtmdg6wSLyMlyFDrFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7JXKV/WK6XqTRZHHk7gFM7Bgyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AM96NwQ==</latexit>

Qq, ⌧
3
q

<latexit sha1_base64="mHG6rTg+EwncHoM2xnuQadMbaXQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REK3osevHYgv2ANobNdtMu3WzS3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzz485U9q2v63c2vrG5lZ+u7Czu7d/UDw8aqookYQ2SMQj2faxopwJ2tBMc9qOJcWhz2nLH97P/NaYSsUi8agnMXVD3BcsYARrI7l1b3SBuhonT1feyCuW7LI9B1olTkZKkKHmFb+6vYgkIRWacKxUx7Fj7aZYakY4nRa6iaIxJkPcpx1DBQ6pctP50VN0ZpQeCiJpSmg0V39PpDhUahL6pjPEeqCWvZn4n9dJdHDrpkzEiaaCLBYFCUc6QrMEUI9JSjSfGIKJZOZWRAZYYqJNTgUTgrP88ippXpadSvm6XilV77I48nACp3AODtxAFR6gBg0gMIJneIU3a2y9WO/Wx6I1Z2Uzx/AH1ucPyBiReA==</latexit>

q

<latexit sha1_base64="ox2J9wU5/a5grioONlZ5bjLmtd4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN41jP0=</latexit>

q

<latexit sha1_base64="ox2J9wU5/a5grioONlZ5bjLmtd4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN41jP0=</latexit>

A A
reduction of uncertainty

by a factor ~35

first ChPT analysis

of charge-isospin correlator

✓
neutral currents
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Thanks for your attention !!!


