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Outline

2) coherent elastic neutrino-nucleus scattering (CEvNS)

1) microscopic EFT for neutrino physics

3) radiative correction to neutrino spectra
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- kinematic dependence and factor X can enhance QED corrections 

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

QED corrections

multiplied by kinematic-dependent factors
↵

⇡
⇠ 0.2 %

<latexit sha1_base64="HYKU4LuKCwLL6zi/2lrrDL7s++M="></latexit>

neutral-current interactions

X
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Electroweak corrections

- electroweak corrections can be included in low-energy interactions

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

multiplied by
↵

⇡
⇠ 0.2 %

<latexit sha1_base64="HYKU4LuKCwLL6zi/2lrrDL7s++M="></latexit>

<latexit sha1_base64="f40F3uE1PltpFOq4O5g4yLla8BU="></latexit>

1

sin2 ✓W
, ln

MZ

M
, ln

Mt

M
, ...

<latexit sha1_base64="0LvvIZMUFvp4jCLjv2oJP8dmjDM="></latexit>

me,mµ,M,E⌫ ⌧ MW ,MZ ,mt,mH
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Microscopic EFT for neutrino physics
O. T. and Richard J Hill,  Phys Lett B 805 (2020) 135466

✓
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- muon lifetime measurement improves precision
- matching at order ααs: left- and right-handed couplings

MS
<latexit sha1_base64="mkpRabcheDQVQtMx4RdWfJv5DxM=">AAAB/3icbVBLS8NAGNzUV62vqODFS7AInkpSBT0WvXgRKtoHNKFstpt26T7C7kYoMQf/ihcPinj1b3jz37hpc9DWgYVhZr7dbyeMKVHadb+t0tLyyupaeb2ysbm1vWPv7rWVSCTCLSSokN0QKkwJxy1NNMXdWGLIQoo74fgq9zsPWCoi+L2exDhgcMhJRBDURurbBz6DeiRZ6gsTy29Jb+6yrG9X3Zo7hbNIvIJUQYFm3/7yBwIlDHONKFSq57mxDlIoNUEUZxU/UTiGaAyHuGcohwyrIJ3unznHRhk4kZDmcO1M1d8TKWRKTVhokvm2at7Lxf+8XqKjiyAlPE405mj2UJRQRwsnL8MZEImRphNDIJLE7OqgEZQQaVNZxZTgzX95kbTrNe+0Vr89qzYuizrK4BAcgRPggXPQANegCVoAgUfwDF7Bm/VkvVjv1scsWrKKmX3wB9bnDwgnlsA=</latexit>

MULAN (2012)

- GF: combination of parameters is precisely measured

GF = 1.1663787(6)⇥ 10�5 GeV�2
<latexit sha1_base64="h073e0rV6uIRUpdGQl9UYroM74I="></latexit>

- gauge-invariant matching of amplitudes, renormalized in        scheme

- matching to low-energy EFT


MSM = MEFT
<latexit sha1_base64="OYJyfST7BZcfh1FJIvx5rjDFjJA="></latexit>

- consider only leading in GF terms: loop corrections in α, αs 

Neutrino scattering in EFT. Matching

<latexit sha1_base64="9lo6IGbEV7Dxka0eWY4jsXRdHGU="></latexit>

Le↵ = �⌫̄`�µPL⌫` · f̄�µ
⇣
c⌫`f
L PL + c⌫`f

R PR

⌘
f
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- αs becomes too strong

- hadronic physics down to 140 MeV

- theory with leptons

- 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>

Running to low scales

⌫

?

e e

⌫

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

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

Qf
<latexit sha1_base64="b3nFdM3I7FVdDZZDSEGmnoIMHXY=">AAACF3icZVC7SgNBFJ31GeMrammz+ACrZDcWWoo2lgm6UYgh3J3cjUPmsczMCiHkE2wVf8TWQhBbSz9EW50kIsYcGDiccy/3zIlTzowNgndvanpmdm4+t5BfXFpeWS2srdeMyjTFiCqu9GUMBjmTGFlmOV6mGkHEHC/izsnAv7hBbZiS57abYkNAW7KEUbBOOqs2k2ZhOygGQ/iTJPwh20c7H4/PN4uflWbh66qlaCZQWsrBmHoYpLbRA20Z5djPX2UGU6AdaGPdUQkCTaM3jNr3d53S8hOl3ZPWH6p/N3ogjOmK2E0KsNcmv/vPHKi/5tgpmxw2ekymmUVJR5eSjPtW+YOP+y2mkVredQSoZi6sT69BA7WunrEIpcg4qaQ4dgzIlrZKAIdOKcGuFCD7rrHwfz+TpFYuhvvFctVVd0xGyJFNskX2SEgOyBE5JRUSEUra5JbckXvvwXvyXrzX0eiU97OzQcbgvX0DJw6k0A==</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>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

Qf
<latexit sha1_base64="b3nFdM3I7FVdDZZDSEGmnoIMHXY=">AAACF3icZVC7SgNBFJ31GeMrammz+ACrZDcWWoo2lgm6UYgh3J3cjUPmsczMCiHkE2wVf8TWQhBbSz9EW50kIsYcGDiccy/3zIlTzowNgndvanpmdm4+t5BfXFpeWS2srdeMyjTFiCqu9GUMBjmTGFlmOV6mGkHEHC/izsnAv7hBbZiS57abYkNAW7KEUbBOOqs2k2ZhOygGQ/iTJPwh20c7H4/PN4uflWbh66qlaCZQWsrBmHoYpLbRA20Z5djPX2UGU6AdaGPdUQkCTaM3jNr3d53S8hOl3ZPWH6p/N3ogjOmK2E0KsNcmv/vPHKi/5tgpmxw2ekymmUVJR5eSjPtW+YOP+y2mkVredQSoZi6sT69BA7WunrEIpcg4qaQ4dgzIlrZKAIdOKcGuFCD7rrHwfz+TpFYuhvvFctVVd0xGyJFNskX2SEgOyBE5JRUSEUra5JbckXvvwXvyXrzX0eiU97OzQcbgvX0DJw6k0A==</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="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>

Qf
<latexit sha1_base64="iPePgoaDxhFJKKE4mHOQWbymQHo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rFF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZ6aPTDfqnsVtw5yCrxclKGHPV+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzUKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2naEPwll9eJa1qxbusVBtX5dptHkcBTuEMLsCDa6jBPdShCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gAh6I2y</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

- integrate out top, Z, W, h


<latexit sha1_base64="7Ge8h0dYrwCHVOl6RjINm66UXMg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REKnosevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZK7R4KcUHCfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa3LqndVdR9qlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCQlo8P</latexit>

`, f
<latexit sha1_base64="7Ge8h0dYrwCHVOl6RjINm66UXMg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REKnosevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZK7R4KcUHCfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa3LqndVdR9qlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCQlo8P</latexit>

`, f

- precise mapping from electroweak to hadronic scales

<latexit sha1_base64="9lo6IGbEV7Dxka0eWY4jsXRdHGU="></latexit>

Le↵ = �⌫̄`�µPL⌫` · f̄�µ
⇣
c⌫`f
L PL + c⌫`f

R PR

⌘
f

% running effects
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Coherent elastic neutrino-nucleus scattering
O.T., Pedro Machado, Vishvas Pandey and Ryan Plestid, JHEP 2102, 097 (2021)

✓

neutrino energy < 100 MeV
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Coherent elastic neutrino-nucleus scattering

- CEvNS enters precision era with DAR sourcesπ

- at low neutrino energies (<50 MeV) nuclear state is unchanged


- first detection in 2017 at SNS, measured on CsI and Ar

- large cross section scales as squared number of neutrons N2

- rapidly developing field nowadays

<latexit sha1_base64="UcItgFwMenYqtV90Tzg8014JqwY="></latexit>

d�

dT
⇡ G2

FMA

4⇡

✓
1� MAT

2E2
⌫

◆�
N �

�
1� 4 sin2 ✓W

�
Z
�2

nucleus recoils as a whole

COHERENT, Science 357 (2017) 6356, 1123-1126 

Stodolsky (1966), Freedman (1974), Kopeliovich and Frankfurt (1974)

recoil nucleus energy T

⌫
<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>
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From quarks to nuclei

- scattering on quarks in nucleons in nucleus

⌫
<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>

fafnir.phyast.pitt.edu
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contact interaction at GeV energies

From quarks to nucleons

 momentum transfer

- neutral-current nucleon matrix elements

Q2 = �q2
<latexit sha1_base64="1tA9c8nRFKGjsGVVAm4vG/uScCU=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwY0jS1rQLoejGZQu2FdK0TKaTdujk4cxEKKGf4caFIm79Gnf+jZO2gooeuHA4517uvceLGRXSMD603Mrq2vpGfrOwtb2zu1fcP+iIKOGYtHHEIn7rIUEYDUlbUsnIbcwJCjxGut7kKvO794QLGoU3choTN0CjkPoUI6kkp9W34AU8g3d9a1AsGbpVt+tmFRq6Ua3UbDsjVv3cLENTN+YogSWag+J7bxjhJCChxAwJ4ZhGLN0UcUkxI7NCLxEkRniCRsRRNEQBEW46P3kGT5QyhH7EVYUSztXvEykKhJgGnuoMkByL314m/uU5ifRrbkrDOJEkxItFfsKgjGD2PxxSTrBkU0UQ5lTdCvEYcYSlSqmgQvj6FP5POpZulnWrVSk1Lpdx5MEROAanwAQ2aIBr0ARtgEEEHsATeNak9qi9aK+L1py2nDkEP6C9fQI4lo/t</latexit>

⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit> N N

- DAR sources: only normalizations and charge radiiπ
- form factors describe matrix elements of quark currents

N = p, n

electric and magnetic axial and pseudoscalarform factors:

<latexit sha1_base64="Phyjk2rdpQx3aw7ZfUQ57YGb29w="></latexit>

M ⇠ ⌫̄`�µPL⌫` · hN |
X

q

q̄�µ(c⌫`q
L PL + c⌫`q

R PR)q|Ni

<latexit sha1_base64="VJnijkqNB0aRa2sQeOYgmFooelA="></latexit>

M ! GE
!
Q2"

, GM
!
Q2"

, FA
!
Q2"

, FP
!
Q2"

<latexit sha1_base64="yOQmtdL7yZJieQu4fUMvT3b7Rq0="></latexit>

PL ,R =
1 ! ! 5

2

q = k ! k!
<latexit sha1_base64="HZSZUFS13J7ka/F3AdqTJvmpZS4=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0V0Y0jS1rQLoejGZQX7wDaUyXTaDp1M4sxEKKF/4caFIm79G3f+jZO2gooeuHA4517uvcePGJXKsj6MzNLyyupadj23sbm1vZPf3WvKMBaYNHDIQtH2kSSMctJQVDHSjgRBgc9Iyx9fpn7rnghJQ36jJhHxAjTkdEAxUlq6vYPncAxP4fi4ly9YplN1q3YZWqZVLlVcNyVO9cwuQtu0ZiiABeq9/Hu3H+I4IFxhhqTs2FakvAQJRTEj01w3liRCeIyGpKMpRwGRXjK7eAqPtNKHg1Do4grO1O8TCQqknAS+7gyQGsnfXir+5XViNah4CeVRrAjH80WDmEEVwvR92KeCYMUmmiAsqL4V4hESCCsdUk6H8PUp/J80HdMums51qVC7WMSRBQfgEJwAG7igBq5AHTQABhw8gCfwbEjj0XgxXuetGWMxsw9+wHj7BJIkj48=</latexit>

<latexit sha1_base64="VITMlH+i/aAsukMXeeeOGZiyouM=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiDES5gRUY9BLx4jmAUyIfR0epImPT1Dd40QQ/BXvHhQxKv/4c2/sbMcNPFBweO9KqrqhakUBj3v21laXlldW89t5De3tnd23b39mkkyzXiVJTLRjZAaLoXiVRQoeSPVnMah5PWwfzP26w9cG5GoexykvBXTrhKRYBSt1HYPA5WRQPIIi6RPAi26PTxtuwWv5E1AFok/IwWYodJ2v4JOwrKYK2SSGtP0vRRbQ6pRMMlH+SAzPKWsT7u8aamiMTet4eT6ETmxSodEibalkEzU3xNDGhsziEPbGVPsmXlvLP7nNTOMrlpDodIMuWLTRVEmCSZkHAXpCM0ZyoEllGlhbyWsRzVlaAPL2xD8+ZcXSe2s5F+UvLvzQvl6FkcOjuAYiuDDJZThFipQBQaP8Ayv8OY8OS/Ou/MxbV1yZjMH8AfO5w8QwJRU</latexit>

! (k)
<latexit sha1_base64="ciwvqZael4dbWOPAsIloI29k4Do=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYxXsKuiHoMevEYwTwgG8LspDcZMju7zPQKYQn4K148KOLV7/Dm3zh5HDSxoKGo6qa7K0ikMOi6387S8srq2npuI7+5tb2zW9jbr5s41RxqPJaxbgbMgBQKaihQQjPRwKJAQiMY3I79xiNoI2L1gMME2hHrKREKztBKncKhr1LqSwixRAen1Nei18ezTqHolt0J6CLxZqRIZqh2Cl9+N+ZpBAq5ZMa0PDfBdsY0Ci5hlPdTAwnjA9aDlqWKRWDa2eT8ET2xSpeGsbalkE7U3xMZi4wZRoHtjBj2zbw3Fv/zWimG1+1MqCRFUHy6KEwlxZiOs6BdoYGjHFrCuBb2Vsr7TDOONrG8DcGbf3mR1M/L3mXZvb8oVm5mceTIETkmJeKRK1Ihd6RKaoSTjDyTV/LmPDkvzrvzMW1dcmYzB+QPnM8fdlaUhQ==</latexit>

! (k!)
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From nucleons to nuclei

- DAR sources: factorization starting from quark levelπ
- point-nucleon form factors: distribution of nucleons in nuclei

Hoferichter et al. (2020)

- tree-level cross section⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit> A A

d!
dT

=
G2

F M A

4"

!
1 !

T
E!

!
M A T
2E 2

!

"
F2

W

#
Q2$

<latexit sha1_base64="4fcquCPzsSVlf3xkyaLzo3PIESY="></latexit>

- Q2/M2 corrections and spin-dependent terms are known

spin-0 nuclei

- flavor-independent form factor above GeV scale

- sum over nucleons with point-nucleon form factors
<latexit sha1_base64="3g7b+H5e3VQulopMt7NxhT42Kmc=">AAAB73icdVDLSgMxFM34rPVVdekmWAQXMmRqn7uiG5cV7APaYcikmTY0kxmTjFCG/oQbF4q49Xfc+Tdm2goqeuDC4Zx7ufceP+ZMaYQ+rJXVtfWNzdxWfntnd2+/cHDYUVEiCW2TiEey52NFORO0rZnmtBdLikOf064/ucr87j2VikXiVk9j6oZ4JFjACNZG6gVefA4DT3iFIrJLjVrDqUBko0q5XqtmpNSoOhfQsdEcRbBEyyu8D4YRSUIqNOFYqb6DYu2mWGpGOJ3lB4miMSYTPKJ9QwUOqXLT+b0zeGqUIQwiaUpoOFe/T6Q4VGoa+qYzxHqsfnuZ+JfXT3RQd1Mm4kRTQRaLgoRDHcHseThkkhLNp4ZgIpm5FZIxlphoE1HehPD1KfyfdEq2U7HRTbnYvFzGkQPH4AScAQfUQBNcgxZoAwI4eABP4Nm6sx6tF+t10bpiLWeOwA9Yb5/QhI/W</latexit>

f p, f n
<latexit sha1_base64="6++F0QJ8Avtkpa0FsT67Rl1gEUk="></latexit>

FW =

!
c! ! u

L + c! ! u
R!

2GF
Gn,u

E +
c! ! d

L + c! ! d
R!

2GF
Gn,d

E

"

f n + ( n " p)

<latexit sha1_base64="VITMlH+i/aAsukMXeeeOGZiyouM=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiDES5gRUY9BLx4jmAUyIfR0epImPT1Dd40QQ/BXvHhQxKv/4c2/sbMcNPFBweO9KqrqhakUBj3v21laXlldW89t5De3tnd23b39mkkyzXiVJTLRjZAaLoXiVRQoeSPVnMah5PWwfzP26w9cG5GoexykvBXTrhKRYBSt1HYPA5WRQPIIi6RPAi26PTxtuwWv5E1AFok/IwWYodJ2v4JOwrKYK2SSGtP0vRRbQ6pRMMlH+SAzPKWsT7u8aamiMTet4eT6ETmxSodEibalkEzU3xNDGhsziEPbGVPsmXlvLP7nNTOMrlpDodIMuWLTRVEmCSZkHAXpCM0ZyoEllGlhbyWsRzVlaAPL2xD8+ZcXSe2s5F+UvLvzQvl6FkcOjuAYiuDDJZThFipQBQaP8Ayv8OY8OS/Ou/MxbV1yZjMH8AfO5w8QwJRU</latexit>

! (k)
<latexit sha1_base64="ciwvqZael4dbWOPAsIloI29k4Do=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYxXsKuiHoMevEYwTwgG8LspDcZMju7zPQKYQn4K148KOLV7/Dm3zh5HDSxoKGo6qa7K0ikMOi6387S8srq2npuI7+5tb2zW9jbr5s41RxqPJaxbgbMgBQKaihQQjPRwKJAQiMY3I79xiNoI2L1gMME2hHrKREKztBKncKhr1LqSwixRAen1Nei18ezTqHolt0J6CLxZqRIZqh2Cl9+N+ZpBAq5ZMa0PDfBdsY0Ci5hlPdTAwnjA9aDlqWKRWDa2eT8ET2xSpeGsbalkE7U3xMZi4wZRoHtjBj2zbw3Fv/zWimG1+1MqCRFUHy6KEwlxZiOs6BdoYGjHFrCuBb2Vsr7TDOONrG8DcGbf3mR1M/L3mXZvb8oVm5mceTIETkmJeKRK1Ihd6RKaoSTjDyTV/LmPDkvzrvzMW1dcmYzB+QPnM8fdlaUhQ==</latexit>

! (k!)
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CEvNS cross section on spin-0 nuclei

- radiative corrections enter with the nucleus charge form factor

⌫

?

e e

⌫

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

f
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- effect of radiative corrections

- tree-level cross section⌫
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- lepton mass breaks ``flavor universality”
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Total and differential cross section

- % effect of radiative corrections on cross sections

40Ar,  E! "  = 50 MeV
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- recoil nucleus energy spectrum: one-loop vs tree level

nuclear models for point-nucleon form factors: 


Yang et al. (2019), Payne et al. (2019), Hoferichter et al. (2020), Van Dessel et al. (2020)

40Ar,  E! "  = 10 MeV

full calculation
tree-level result
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- hadronic error 0.6% at low energy, nuclear error at higher energy

Total cross section errors
- relative cross section error


!"
/"

0.9

1.0

1.1

E#, MeV
0 20 40 60 80 100

E  , MeV Nuclear Nucleon Hadronic Quark Perturbative Total

50 4 0.06 0.56 0.13 0.08 4.05

30 1.5 0.014 0.56 0.13 0.03 1.65

10 0.04 0.001 0.56 0.13 0.004 0.58

ν

- sources of uncertainty (%)


40Ar
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(Anti)neutrino energy spectra from muon, 


pion, and kaon decays
O.T., Phys. Lett. B 829, 137108 (2022)

✓
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DAR spectrum at tree levelπ

π+ ! μ+νμ

μ+ ! e+νeøνμ

Akimov et al., Science 357 6356, 1123-1126 (2017)

- flavor-dependent spectrum at tree level with prompt  lineνμ



Radiative corrections to decay of mesons
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- negligible change when normalized to experimental lifetime

π" ! μ" νμγ K" ! μ" νμγ
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- broadening of monochromatic line with elastic peak

- analytic spectra presented

- negligible change in flux-averaged cross sections due to distortion

-  10-4 change in GeV (anti)neutrino fluxes#

<latexit sha1_base64="Hk4zZa6K8k4tgVqr5oa4S0C4Yrs="></latexit>
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40 Ar
ø! µ

= (15 .1867± 0.25) ! 10! 40 cm2

!
40 Ar
ø! µ ,LO = (15 .1875± 0.25) ! 10! 40 cm2



Radiative corrections to muon decay
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- permille-level change in agreement with KLN theorem

- flavor-dependent distortions at permille level

- modern QED/EW form factors with different mass of leptons

 μ" ! e" øνeνμγ
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- analytic spectra presented in agreement with b decays within QCD

- permille change in flux-averaged cross sections due to distortion
<latexit sha1_base64="B5VYiRrHLKo4TgXNbe48OYzW0cQ="></latexit>
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!
40 Ar
! µ

= (22 .448± 0.66) ! 10! 40 cm2

!
40 Ar
! µ ,LO = (22 .454± 0.66) ! 10! 40 cm2

3-4 ‰

M. Jezabek, J.H. Kuhn, Nucl. Phys. B 320, 20 (1989)
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Conclusions

- precision four-Fermi effective theory: basis for computations 


    with sub-percent accuracy in neutrino interactions

- total and differential CEvNS cross sections    


    evaluated from theory with first rigorous error analysis

radiative corrections
in EFT framework

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

- precise neutrino spectra from muon, pion, and kaon decays



Thanks for your attention !!!
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Precise fluxes for cross-section program
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 L. Alvarez -Ruso , IFIC                                                                                             NuFact  20|21 

! STORM 
�„ Neutrinos from Stored Muons 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

�„ Feasibility at CERN: Ahdida et al., CERN-PBC-REPORT-2019-003 

Adey et al., Annu. Rev. Nucl. Part. Sci. 2015.65 
 

Precisely known flux : 
 

�ƒ Normalization (< 1%)  
�ƒ Flavor composition 
�ƒ Energy spectrum  
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Neutral current in SM

Z

e

! !! !

e
W W Z

e

! !! !

e

W W

- contribution to effective couplings

Z
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cc!! !!
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Self energy and 𝛾 Z mixing. Boson loops
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Self energy and 𝛾 Z mixing. Fermion loops

- gauge-independent contribution

- vanishing contribution to matching

- finite contribution to self energy

besides loops with t quark

Z
! !! !

"
ee

pole vs MS masses

- do not consider Higgs tadpoles (hVV): 
matching vs self energy cancellation



- cancellation of infrared and collinear singularities

! !! !
ee

"
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Matching at one loop        EFT side
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Virtual QED corrections. Fermion loop

⌫

?

e e

⌫

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

- all charged fermions contribute to elastic scattering at one loop


f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

Qf
<latexit sha1_base64="b3nFdM3I7FVdDZZDSEGmnoIMHXY=">AAACF3icZVC7SgNBFJ31GeMrammz+ACrZDcWWoo2lgm6UYgh3J3cjUPmsczMCiHkE2wVf8TWQhBbSz9EW50kIsYcGDiccy/3zIlTzowNgndvanpmdm4+t5BfXFpeWS2srdeMyjTFiCqu9GUMBjmTGFlmOV6mGkHEHC/izsnAv7hBbZiS57abYkNAW7KEUbBOOqs2k2ZhOygGQ/iTJPwh20c7H4/PN4uflWbh66qlaCZQWsrBmHoYpLbRA20Z5djPX2UGU6AdaGPdUQkCTaM3jNr3d53S8hOl3ZPWH6p/N3ogjOmK2E0KsNcmv/vPHKi/5tgpmxw2ekymmUVJR5eSjPtW+YOP+y2mkVredQSoZi6sT69BA7WunrEIpcg4qaQ4dgzIlrZKAIdOKcGuFCD7rrHwfz+TpFYuhvvFctVVd0xGyJFNskX2SEgOyBE5JRUSEUra5JbckXvvwXvyXrzX0eiU97OzQcbgvX0DJw6k0A==</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="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>

?
<latexit sha1_base64="mw1bJo/9DNp8DutHGImvRCvU1iE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQW8GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+k2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+zOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5EjjMc=</latexit>

Qf
<latexit sha1_base64="iPePgoaDxhFJKKE4mHOQWbymQHo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rFF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZ6aPTDfqnsVtw5yCrxclKGHPV+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzUKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2naEPwll9eJa1qxbusVBtX5dptHkcBTuEMLsCDa6jBPdShCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gAh6I2y</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

- lepton mass breaks ``flavor universality”

- lepton loops

- origin of flavor dependence

c! e µ
L = c! µ e

L != c! µ µ
L = c! e e

L

<latexit sha1_base64="EPWDT5sjUqDKAHZ3zSP6Uiazyow="></latexit>

A A

! ! ! = !
!

f

c! ! f
L + c! ! f

R"
2GF

Qf !
"
Q2, mf

#

<latexit sha1_base64="4VOfHMkbZydX5St9A4eYoZ1+HuU="></latexit>

<latexit sha1_base64="9lo6IGbEV7Dxka0eWY4jsXRdHGU="></latexit>

Le↵ = �⌫̄`�µPL⌫` · f̄�µ
⇣
c⌫`f
L PL + c⌫`f

R PR

⌘
f
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- description in terms of quarks is invalid at CEvNS kinematics


Light-quark contribution

- light quarks
⌫

?

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>

Qf , T3
f

<latexit sha1_base64="FnpmYibfdextFAaxjzLNRmwmnkY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkLeix6MVjC/3CNobNdtMu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zM82POlLbtbyu3sbm1vZPfLeztHxweFY9POipKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1J3dzv/tEpWKRaOlpTN0QjwQLGMHaSA9NL7hCrceqF3jFkl22F0DrxMlICTI0vOLXYBiRJKRCE46V6jt2rN0US80Ip7PCIFE0xmSCR7RvqMAhVW66uHiGLowyREEkTQmNFurviRSHSk1D33SGWI/VqjcX//P6iQ5u3JSJONFUkOWiIOFIR2j+PhoySYnmU0MwkczcisgYS0y0CalgQnBWX14nnUrZqZYrzVqpfpvFkYczOIdLcOAa6nAPDWgDAQHP8ApvlrJerHfrY9mas7KZU/gD6/MHKe+P7g==</latexit>

! QCD = 4 ! (3)
!! (0) sin2 "W ! 2! (3)

3! (0)

<latexit sha1_base64="2ndh9aPXpF/eJ4geGAfignOKCZs="></latexit>

Q2 ! ! 2
QCD

<latexit sha1_base64="SinusU05d9YGzCIJzVlaFbFKPNg="></latexit>

- flavor independent N N

- non-perturbative light-quark contribution: error at low energy 

- chiral symmetry approximation


