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3) Radiative corrections in neutrino physics

1) Neutrino sources across energy scales

2) Cross sections on electrons, nucleons, and nuclei



Neutrino interactions 
across energy scales 
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Nature sources

- cosmological, cosmogenic, supernova background: to be detected

U.F. Katz, Ch. Spiering, Prog. Part. Nucl. Phys. 67, 651-704 (2012)
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Reactor (anti)neutrinos

- first detected neutrinos; antineutrinos from nuclear beta decays

A. Bernstein, N. Bowden, B.L. Goldblum, P. Huber,  
I. Jovanovic, J. Mattingly, Rev. Mod. Phys. 92, 011003 (2020)
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Artificial neutrinos: accelerator

www.fnal.govAkimov et al., Science 357 6356, 1123-1126 (2017)

decay at rest decay in flight

Coherent and CCM T2K, NOvA, MiniBooNE, MicroBooNE
MINERvA, MINOS, NuTeV

SBN, DUNE, HyperK, ESSnuSB

- precise measurements of neutrino properties, EW, and BSM search
- physics program relies on neutrino cross sections in MeV-TeV range 

meson decay: monochromatic line

<latexit sha1_base64="cf4iCj2nBGQsA1J3cIEFNLgWqKM=">AAACCnicdVDNSgMxGMzW//q36tFLtAiCsOzW2tqb6MVjBatCty7Z9KsNzWaXJCuUpWcvvooXD4p49Qm8+TZm2woqOhAyzHwfyUyYcKa0635Yhanpmdm5+YXi4tLyyqq9tn6h4lRSaNKYx/IqJAo4E9DUTHO4SiSQKORwGfZPcv/yFqRisTjXgwTaEbkRrMso0UYK7C0/Sq/3sK9jDPkt0gCwHxKZGToMjBvYJdcp12t17wC7jntQOaxVc1KuV7197DnuCCU0QSOw3/1OTNMIhKacKNXy3ES3MyI1oxyGRT9VkBDaJzfQMlSQCFQ7G0UZ4h2jdHA3luYIjUfq942MREoNotBMRkT31G8vF//yWqnuHrYzJpJUg6Djh7opxyZ43gvuMAlU84EhhEpm/oppj0hCtWmvaEr4Sor/Jxdlx6s63lmldHQ8qWMebaJttIs8VENH6BQ1UBNRdIce0BN6tu6tR+vFeh2PFqzJzgb6AevtE3Qamis=</latexit>

µ+ ! e+⌫e⌫̄µ
<latexit sha1_base64="tXhKJ0hf0V/9pEHQivWUPCw07+w=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWARBCEktc9d0Y3LCvYBTQyT6bQdOpmEmYlQQjf+ihsXirj1M9z5N07aCip6YOBwzr3cOSeIGZXKtj+MpeWV1bX13EZ+c2t7Z9fc22/LKBGYtHDEItENkCSMctJSVDHSjQVBYcBIJxhfZn7njghJI36jJjHxQjTkdEAxUlryzUM3prdn0FURdMMkYzzxNfPNgm0V69W6U4a2ZZdLtWolI8V6xTmHjmXPUAALNH3z3e1HOAkJV5ghKXuOHSsvRUJRzMg07yaSxAiP0ZD0NOUoJNJLZwGm8EQrfTiIhH5cwZn6fSNFoZSTMNCTIVIj+dvLxL+8XqIGNS+lPE4U4Xh+aJAwqONmbcA+FQQrNtEEYUH1XyEeIYGw0p3ldQlfSeH/pF20nIrlXJcKjYtFHTlwBI7BKXBAFTTAFWiCFsBgCh7AE3g27o1H48V4nY8uGYudA/ADxtsnyGKV6w==</latexit>

⇡+ ! µ+⌫µ

<latexit sha1_base64="jg/o5cJdxeAJwIhyQ5ZnGNWYT5A=">AAAB/nicdZDLSsNAFIYn9VbrLSqu3AwWQRBCUnvdFd0IbirYCzSxTKbTduhkEmYmQgkFX8WNC0Xc+hzufBsnbQUV/WHg4z/nMOf8fsSoVLb9YWSWlldW17LruY3Nre0dc3evJcNYYNLEIQtFx0eSMMpJU1HFSCcSBAU+I21/fJHW23dESBryGzWJiBegIacDipHSVs88uLo9ha4KoRvEKfG4p6ln5m2rUKvUnBK0LbtUrFbKKRRqZecMOpY9Ux4s1OiZ724/xHFAuMIMSdl17Eh5CRKKYkamOTeWJEJ4jIakq5GjgEgvma0/hcfa6cNBKPTjCs7c7xMJCqScBL7uDJAayd+11Pyr1o3VoOollEexIhzPPxrEDOpz0yxgnwqCFZtoQFhQvSvEIyQQVjqxnA7h61L4P7QKllO2nOtivn6+iCMLDsEROAEOqIA6uAQN0AQYJOABPIFn4954NF6M13lrxljM7IMfMt4+AQfjlO0=</latexit>

K+ ! µ+⌫µ

<latexit sha1_base64="6WpTLJC50GY8PIB2TnXTfV4mlsU=">AAACAHicdVDLSgMxFM34rPVVdeHCTbAIgjDM1D53RTeCmwr2AX2RSW/b0ExmSDJCKd34K25cKOLWz3Dn35hpK6jogcDJOfeSnOOFnCntOB/W0vLK6tp6YiO5ubW9s5va26+pIJIUqjTggWx4RAFnAqqaaQ6NUALxPQ51b3QZ+/U7kIoF4laPQ2j7ZCBYn1GijdRNHV53znBLB7gVso6DIb6JqAvdVNqxM6VCyc1hx3Zy2WIhH5NMKe+eY9d2ZkijBSrd1HurF9DIB6EpJ0o1XSfU7QmRmlEO02QrUhASOiIDaBoqiA+qPZkFmOITo/RwP5DmCI1n6veNCfGVGvuemfSJHqrfXiz+5TUj3S+2J0yEkQZB5w/1I45N4LgN3GMSqOZjQwiVzPwV0yGRhGrTWdKU8JUU/09qGdvN2+5NNl2+WNSRQEfoGJ0iFxVQGV2hCqoiiqboAT2hZ+veerRerNf56JK12DlAP2C9fQKnt5Uy</latexit>

K+ ! ⇡0e+⌫e
<latexit sha1_base64="j8bSfSA3Dj1VaW8IzSqxX1ujdWY=">AAACBHicdVBLSwMxGMzWV62vVY+9BIsgCMtu7fNW9CJ4qWAf0N2WbJq2odnskmSFUnrw4l/x4kERr/4Ib/4bs20FFR0ITGa+j2TGjxiVyrY/jNTK6tr6Rnozs7W9s7tn7h80ZRgLTBo4ZKFo+0gSRjlpKKoYaUeCoMBnpOWPLxK/dUuEpCG/UZOIeAEacjqgGCkt9czsVfcUuiqEbkS7NnSDOLnzuKdZz8zZVr5arjpFaFt2sVAplxKSr5acM+hY9hw5sES9Z767/RDHAeEKMyRlx7Ej5U2RUBQzMsu4sSQRwmM0JB1NOQqI9KbzEDN4rJU+HIRCH67gXP2+MUWBlJPA15MBUiP520vEv7xOrAYVb0p5FCvC8eKhQcygDp00AvtUEKzYRBOEBdV/hXiEBMJK95bRJXwlhf+TZt5ySpZzXcjVzpd1pEEWHIET4IAyqIFLUAcNgMEdeABP4Nm4Nx6NF+N1MZoyljuH4AeMt0/vaJcM</latexit>

K+ ! ⇡0µ+⌫µ

<latexit sha1_base64="UoaNlyWQQ9yEiUBoqZk/pJToDBk="></latexit>

K0
L ! ⇡±e⌥⌫e

<latexit sha1_base64="r9MggjGJ2Fl7C21TFF66z4NVvRk="></latexit>

K0
L ! ⇡±µ⌥⌫µ
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Artificial neutrinos: IsoDAR

- well-understood fluxes and cross sections at low energies

<latexit sha1_base64="3uojS95adeM+e2s80jYcx0QTL/c="></latexit>

p +9Be !8Li + 2p

<latexit sha1_base64="xC8Nt+v1Qd9JKozIdMNxtPG9PIE="></latexit>

n +7Li !8Li + �
<latexit sha1_base64="+FEYaMIDEFH+i5m15hFsJwHF+tU="></latexit>

7Li

<latexit sha1_base64="FEeCqVWDkGYfy2xzxfcBPRcmqMs=">AAACBXicdVDJSgNBEO1xN25Rj3poDIIXh55R43iTePEYwSyQGUNPp2Iaexa6e4Qw5OLFX/HiQRGv/oM3/8bOIqjog4LHe1VU1QtTwZUm5MOamp6ZnZtfWCwsLa+srhXXN+oqySSDGktEIpshVSB4DDXNtYBmKoFGoYBGeHM29Bu3IBVP4kvdTyGI6HXMu5xRbaR2cfvKw35PpZRBvu+keoD9iOqejPIKDNrFErHJwfGR42Jiu95R+YAYQtyTsudhxyYjlNAE1Xbx3e8kLIsg1kxQpVoOSXWQU6k5EzAo+JkCs+qGXkPL0JhGoIJ89MUA7xqlg7uJNBVrPFK/T+Q0UqofhaZzeKL67Q3Fv7xWprtekPM4zTTEbLyomwmsEzyMBHe4BKZF3xDKJDe3YtajkjJtgiuYEL4+xf+Tums7Zdu5OCydViZxLKAttIP2kIOO0Sk6R1VUQwzdoQf0hJ6te+vRerFex61T1mRmE/2A9fYJRGCYeA==</latexit>

8Be
<latexit sha1_base64="6geGUg6DrC+G8IHyhbIma70lKPs=">AAAB8XicdVDNSgMxGMzWv1r/qh69BIvgaclubbveil48VrCt2C4lm2bb0Gx2SbJCWfoWXjwo4tW38ebbmG0rqOhAYJj5PjLfBAlnSiP0YRVWVtfWN4qbpa3tnd298v5BR8WpJLRNYh7L2wArypmgbc00p7eJpDgKOO0Gk8vc795TqVgsbvQ0oX6ER4KFjGBtpLt+hPVYRlkyG5QryEbVRs1xIbJdr1avIkOQe173POjYaI4KWKI1KL/3hzFJIyo04VipnoMS7WdYakY4nZX6qaIJJhM8oj1DBY6o8rN54hk8McoQhrE0T2g4V79vZDhSahoFZjJPqH57ufiX10t16PkZE0mqqSCLj8KUQx3D/Hw4ZJISzaeGYCKZyQrJGEtMtCmpZEr4uhT+Tzqu7dRt5/qs0rxY1lEER+AYnAIHNEATXIEWaAMCBHgAT+DZUtaj9WK9LkYL1nLnEPyA9fYJgj2RfA==</latexit>p

J.R. Alonso et al., IsoDAR@Yemilab, 2022

<latexit sha1_base64="uMy9PClRVv9asyUvH6JYSa2DWzU="></latexit>

p +9Be !9B+ n
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<latexit sha1_base64="57wbu3OtXe83e0Ysqj2R39QJ+r0="></latexit>

8Li !8Be + e� + ⌫̄e



Cross sections on 
electrons, nucleons, and nuclei
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q, l
<latexit sha1_base64="9eb84m51aXJUu0O06wiTacQ777U=">AAAB63icdVDLSgMxFM34rPVVdekmWAQXMsz04bS7ohuXFewD2qFk0kwbmmTGJCOUob/gxoUibv0hd/6NmbaCih64cDjnXu69J4gZVdpxPqyV1bX1jc3cVn57Z3dvv3Bw2FZRIjFp4YhFshsgRRgVpKWpZqQbS4J4wEgnmFxlfueeSEUjcaunMfE5GgkaUox0Jt2dQzYoFB27VPfqbhU6tlOt1DwvI6X6hVuGru3MUQRLNAeF9/4wwgknQmOGlOq5Tqz9FElNMSOzfD9RJEZ4gkakZ6hAnCg/nd86g6dGGcIwkqaEhnP1+0SKuFJTHphOjvRY/fYy8S+vl+iw5qdUxIkmAi8WhQmDOoLZ43BIJcGaTQ1BWFJzK8RjJBHWJp68CeHrU/g/aZdst2yXbirFxuUyjhw4BifgDLjAAw1wDZqgBTAYgwfwBJ4tbj1aL9bronXFWs4cgR+w3j4B37+OJA==</latexit>

p, n
<latexit sha1_base64="VFuhQ7HZTnKkDLh/Kib+1WeUcF8=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4kGGmD6fdFd24rGAf0A4lk2ba0CQzJBmhDP0FNy4UcesPufNvzLQVVPTAhcM593LvPUHMqNKO82Hl1tY3Nrfy24Wd3b39g+LhUUdFicSkjSMWyV6AFGFUkLammpFeLAniASPdYHqd+d17IhWNxJ2excTnaCxoSDHSmRRfQDEslhy73PAabg06tlOr1j0vI+XGpVuBru0sUAIrtIbF98EowgknQmOGlOq7Tqz9FElNMSPzwiBRJEZ4isakb6hAnCg/Xdw6h2dGGcEwkqaEhgv1+0SKuFIzHphOjvRE/fYy8S+vn+iw7qdUxIkmAi8XhQmDOoLZ43BEJcGazQxBWFJzK8QTJBHWJp6CCeHrU/g/6ZRtt2KXb6ul5tUqjjw4AafgHLjAA01wA1qgDTCYgAfwBJ4tbj1aL9brsjVnrWaOwQ9Yb5/hQI4l</latexit>

N
<latexit sha1_base64="qe+pbAYeMCliaNvBwdSNBH4ZYBQ=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFZK0Ne2u6MaVtGAf0IYymU7asZNJmJkIJfQL3LhQxK2f5M6/cdJWUNEDFw7n3Mu99/gxo1JZ1oeRW1vf2NzKbxd2dvf2D4qHRx0ZJQKTNo5YJHo+koRRTtqKKkZ6sSAo9Bnp+tOrzO/eEyFpxG/VLCZeiMacBhQjpaXWzbBYskyn7tbtKrRMq1qpuW5GnPqFXYa2aS1QAis0h8X3wSjCSUi4wgxJ2betWHkpEopiRuaFQSJJjPAUjUlfU45CIr10cegcnmllBINI6OIKLtTvEykKpZyFvu4MkZrI314m/uX1ExXUvJTyOFGE4+WiIGFQRTD7Go6oIFixmSYIC6pvhXiCBMJKZ1PQIXx9Cv8nHce0y6bTqpQal6s48uAEnIJzYAMXNMA1aII2wICAB/AEno0749F4MV6XrTljNXMMfsB4+wQjR40r</latexit>
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Neutral- and charged-current processes

⌫

e e

⌫

<latexit sha1_base64="hlEoz5iZCA+c2SAOsHsGDEQXdaI="></latexit>

⌫

e ⌫

e

<latexit sha1_base64="7nlTwNFcBzOB/iPeq9AWQ+uWkic="></latexit>

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

Z
<latexit sha1_base64="GpG16vhOVy3ltGaV7TYonW+MyRY=">AAAB6HicdVDLSsNAFJ3UV42vqks3g0VwFZLWmnYhFt24bME+sA1lMp20YycPZiZCCf0CNy4Ucasf496N+DdOWhUreODC4Zx7OfdeN2JUSNP80DILi0vLK9lVfW19Y3Mrt73TFGHMMWngkIW87SJBGA1IQ1LJSDviBPkuIy13dJ76rRvCBQ2DSzmOiOOjQUA9ipFUUv2ql8ubRqFiV6wSNA2zdFS27ZQUKsdWEVqGOUX+9FU/iV7e9Vov99bthzj2SSAxQ0J0LDOSToK4pJiRid6NBYkQHqEB6SgaIJ8IJ5kuOoEHSulDL+SqAgmn6u+JBPlCjH1XdfpIDoV+8MdM1R9zLkp6ZSehQRRLEuBZkhczKEOYng37lBMs2VgRhDlVy0I8RBxhqZ6jnvB9KfyfNAuGVTQKdTNfPQMzZMEe2AeHwAI2qIILUAMNgAEBt+AePGjX2p32qD3NWjPa18wumIP2/AmJ3JCP</latexit>

neutral current charged current

⌫
<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>

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

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

1

p2Z �M2
Z

<latexit sha1_base64="zkCR6Lgt8k02Ny9RfzWNKNli57E="></latexit>

1

p2W �M2
W

<latexit sha1_base64="6uegYx62/btDDn7L1b9IITlurik="></latexit>

N⌫ ⇠
Z

dE⌫�⌫ (E⌫)⇥ � (E⌫)⇥R (E⌫ , E
rec
⌫ )

<latexit sha1_base64="XmpBSy3/Lt0FrMs9h6x+T7uuseY="></latexit>

- cross sections determine neutrino-induced events

⌫ e
⌫e

<latexit sha1_base64="7nlTwNFcBzOB/iPeq9AWQ+uWkic="></latexit>

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

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

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

1

p2W �M2
W

<latexit sha1_base64="6uegYx62/btDDn7L1b9IITlurik="></latexit>

- charged current (only): threshold to produce lepton and recoil
- neutral current: no thresholds

- contact interactions at GeV energy scale and below
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Neutral- and charged-current processes

⌫

e e

⌫

<latexit sha1_base64="hlEoz5iZCA+c2SAOsHsGDEQXdaI="></latexit>

⌫

e ⌫

e

<latexit sha1_base64="7nlTwNFcBzOB/iPeq9AWQ+uWkic="></latexit>

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

Z
<latexit sha1_base64="GpG16vhOVy3ltGaV7TYonW+MyRY=">AAAB6HicdVDLSsNAFJ3UV42vqks3g0VwFZLWmnYhFt24bME+sA1lMp20YycPZiZCCf0CNy4Ucasf496N+DdOWhUreODC4Zx7OfdeN2JUSNP80DILi0vLK9lVfW19Y3Mrt73TFGHMMWngkIW87SJBGA1IQ1LJSDviBPkuIy13dJ76rRvCBQ2DSzmOiOOjQUA9ipFUUv2ql8ubRqFiV6wSNA2zdFS27ZQUKsdWEVqGOUX+9FU/iV7e9Vov99bthzj2SSAxQ0J0LDOSToK4pJiRid6NBYkQHqEB6SgaIJ8IJ5kuOoEHSulDL+SqAgmn6u+JBPlCjH1XdfpIDoV+8MdM1R9zLkp6ZSehQRRLEuBZkhczKEOYng37lBMs2VgRhDlVy0I8RBxhqZ6jnvB9KfyfNAuGVTQKdTNfPQMzZMEe2AeHwAI2qIILUAMNgAEBt+AePGjX2p32qD3NWjPa18wumIP2/AmJ3JCP</latexit>

neutral current charged current

⌫
<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>

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

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

1

p2Z �M2
Z

<latexit sha1_base64="zkCR6Lgt8k02Ny9RfzWNKNli57E="></latexit>

1

p2W �M2
W

<latexit sha1_base64="6uegYx62/btDDn7L1b9IITlurik="></latexit>

N⌫ ⇠
Z

dE⌫�⌫ (E⌫)⇥ � (E⌫)⇥R (E⌫ , E
rec
⌫ )

<latexit sha1_base64="XmpBSy3/Lt0FrMs9h6x+T7uuseY="></latexit>

- cross sections determine neutrino-induced events

⌫ e
⌫e

<latexit sha1_base64="7nlTwNFcBzOB/iPeq9AWQ+uWkic="></latexit>

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

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

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

1

p2W �M2
W

<latexit sha1_base64="6uegYx62/btDDn7L1b9IITlurik="></latexit>

- charged current (only): threshold to produce lepton and recoil
- neutral current: no thresholds

- contact interactions at GeV energy scale and below
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Neutrino-electron scattering

- historically: precise EW physics and BSM searches 
- channel for in-situ flux constraints at accelerator experiments
- solar neutrinos@Super-K, SNO, Borexino
- recent observation of Glashow resonance by IceCube

⌫

e e

⌫

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

⌫

e e

⌫

<latexit sha1_base64="hlEoz5iZCA+c2SAOsHsGDEQXdaI="></latexit>

⌫

e ⌫

e

<latexit sha1_base64="7nlTwNFcBzOB/iPeq9AWQ+uWkic="></latexit>

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

Z
<latexit sha1_base64="GpG16vhOVy3ltGaV7TYonW+MyRY=">AAAB6HicdVDLSsNAFJ3UV42vqks3g0VwFZLWmnYhFt24bME+sA1lMp20YycPZiZCCf0CNy4Ucasf496N+DdOWhUreODC4Zx7OfdeN2JUSNP80DILi0vLK9lVfW19Y3Mrt73TFGHMMWngkIW87SJBGA1IQ1LJSDviBPkuIy13dJ76rRvCBQ2DSzmOiOOjQUA9ipFUUv2ql8ubRqFiV6wSNA2zdFS27ZQUKsdWEVqGOUX+9FU/iV7e9Vov99bthzj2SSAxQ0J0LDOSToK4pJiRid6NBYkQHqEB6SgaIJ8IJ5kuOoEHSulDL+SqAgmn6u+JBPlCjH1XdfpIDoV+8MdM1R9zLkp6ZSehQRRLEuBZkhczKEOYng37lBMs2VgRhDlVy0I8RBxhqZ6jnvB9KfyfNAuGVTQKdTNfPQMzZMEe2AeHwAI2qIILUAMNgAEBt+AePGjX2p32qD3NWjPa18wumIP2/AmJ3JCP</latexit>

neutral current charged current
⌫

<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="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>

GF =

p
2g2

8M2
W

<latexit sha1_base64="S/FIAL5U8oTc01ucOMuRhAKp83c="></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="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>

1

p2Z �M2
Z

<latexit sha1_base64="zkCR6Lgt8k02Ny9RfzWNKNli57E="></latexit>

1

p2W �M2
W

<latexit sha1_base64="6uegYx62/btDDn7L1b9IITlurik="></latexit>

gPL, gPR
<latexit sha1_base64="vTdK3GoGbu833XHDatOQ/MbXP7U="></latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

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

- Fermi theory at GeV energies and below, σ ∼ m

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>

Weinberg (1967), 't Hooft (1971)

- s-channel resonant enhancement at vector-boson pole (PeV scale)
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- quadratic dependence -> linear dependence -> resonance

Absolute cross section
- hadronic loops introduce the main error 

⌫̄ee ! ⌫̄ee(�)
<latexit sha1_base64="VhYDy8AXtkzlR0XR7R7AkNw1bkM=">AAACGnicbVBNSwMxFMzW7/pV9eglWIR6Kbsq6LHoxaOCrUJ3KW/T1zaYZJckK5Slv8OLf8WLB0W8iRf/jWm7B6sOBIaZ93iZiVPBjfX9L680N7+wuLS8Ul5dW9/YrGxtt0ySaYZNlohE38ZgUHCFTcutwNtUI8hY4E18dz72b+5RG56oaztMMZLQV7zHGVgndSpBKMEOtMzDGHQeqmzUQYo0tAmdVWphH6SEg1GnUvXr/gT0LwkKUiUFLjuVj7CbsEyiskyAMe3AT22Ug7acCRyVw8xgCuwO+th2VIFEE+WTaCO675Qu7SXaPWXpRP25kYM0ZihjNzkOYn57Y/E/r53Z3mmUc5VmFhWbHuplgrrg455ol2tkVgwdAaa5+ytlA9DArGuz7EoIfkf+S1qH9eCofnh1XG2cFXUsk12yR2okICekQS7IJWkSRh7IE3khr96j9+y9ee/T0ZJX7OyQGXif3ykcoOc=</latexit>

⌫̄µe ! ⌫̄µe(�)
<latexit sha1_base64="i0gE92HZ2bdw10Vck6xbhixeHYI=">AAACHnicbVDLSgMxFM3UV62vUZdugkWomzJTFV0W3bisYB/QGcqdNG1Dk8yQZIQy9Evc+CtuXCgiuNK/MX0stPVA4HDOvdycEyWcaeN5305uZXVtfSO/Wdja3tndc/cPGjpOFaF1EvNYtSLQlDNJ64YZTluJoiAiTpvR8GbiNx+o0iyW92aU0FBAX7IeI2Cs1HEvAgFmoEQWRKCyQKbjTiBSTHFgYryolYI+CAGn445b9MreFHiZ+HNSRHPUOu5n0I1JKqg0hIPWbd9LTJiBMoxwOi4EqaYJkCH0adtSCYLqMJvGG+MTq3RxL1b2SYOn6u+NDITWIxHZyUkYvehNxP+8dmp6V2HGZJIaKsnsUC/l2EafdIW7TFFi+MgSIIrZv2IyAAXE2EYLtgR/MfIyaVTK/lm5cnderF7P68ijI3SMSshHl6iKblEN1RFBj+gZvaI358l5cd6dj9lozpnvHKI/cL5+AKN7osE=</latexit>

⌫ee ! ⌫ee(�)
<latexit sha1_base64="2ayvB0avm26HjG0XtRYq1Rc0YI8=">AAACEnicbVDLSgMxFM34rPVVdekmWIR2U2aqoMuiG5cV7AM6Q8mkt21okhmSjFCG+QY3/oobF4q4deXOvzF9gNp6IHByzr0k54QxZ9q47pezsrq2vrGZ28pv7+zu7RcODps6ShSFBo14pNoh0cCZhIZhhkM7VkBEyKEVjq4nfuselGaRvDPjGAJBBpL1GSXGSt1C2RfEDJVIU18mWRcwYN9E+OdW8gdECFLOuoWiW3GnwMvEm5MimqPeLXz6vYgmAqShnGjd8dzYBClRhlEOWd5PNMSEjsgAOpZKIkAH6TRShk+t0sP9SNkjDZ6qvzdSIrQei9BOTgLoRW8i/ud1EtO/DFIm48SApLOH+gnHNvSkH9xjCqjhY0sIVcz+FdMhUYQa22LeluAtRl4mzWrFO6tUb8+Ltat5HTl0jE5QCXnoAtXQDaqjBqLoAT2hF/TqPDrPzpvzPhtdceY7R+gPnI9vszWddQ==</latexit>

⌫µe ! ⌫µe(�)
<latexit sha1_base64="vcOaNM2buubuUNRov0SweycNHy4=">AAACEnicbVDNS8MwHE39nPOr6tFLcAjbZbRT0OPQi8cJ7gPWUtIs3cKStCSpMMr+Bi/+K148KOLVkzf/G9OtoG4+CLy89/uRvBcmjCrtOF/Wyura+sZmaau8vbO7t28fHHZUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDcfXud+9J1LRWNzpSUJ8joaCRhQjbaTArnkc6ZHkmSfSwOMpJNDTMfy5Vb0h4hzVpoFdcerODHCZuAWpgAKtwP70BjFOOREaM6RU33US7WdIaooZmZa9VJEE4TEakr6hAnGi/GwWaQpPjTKAUSzNERrO1N8bGeJKTXhoJvMAatHLxf+8fqqjSz+jIkk1EXj+UJQyaELn/cABlQRrNjEEYUnNXyEeIYmwNi2WTQnuYuRl0mnU3bN64/a80rwq6iiBY3ACqsAFF6AJbkALtAEGD+AJvIBX69F6tt6s9/noilXsHIE/sD6+AU8vnTc=</latexit>
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Neutrino-nucleon scattering (CC)

Fermilab bubble chamber, Richard Drew

- data from deuterium bubble chambers in 1980th

- CH2-C subtraction results are anticipated

- 4-Fermi theory + ChPT @ and < pion-mass scale

- production thresholds: muon ~ 110 MeV, tau ~ 3.5 GeV

- elastic scattering -> pion production -> deep inelastic scattering

- provide nucleon axial form factor

- target for many lattice QCD groups

⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit>- only electron flavor for supernova, solar, and reactor neutrinos
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Neutrino-nucleon scattering (CC)

- acknowledged discrepancy: lattice QCD <-> experimental data

0.2 0.4 1.0 4.0 10.0
E‹/GeV

0.3

0.5

0.7

0.9

1.1

1.3

1.5
‡

(E
‹
)/

10
≠

38
cm

2

BBBA05
z exp, vector
z exp, D2 axial
z exp, LQCD axial

A.S. Meyer, A. Walker-Loud, C. Wilkinson, Ann. Rev. of  72, 010622-120608 (2022)
A.S. Meyer, M. Betancourt, R. Gran, and R.J. Hill, PRD (2016)

Kaushik Borah, Gabriel Lee, Richard J. Hill, and O. T. , PRD (2021)

- knowledge of vector structure stops a progress in studies of axial 
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Neutrino-nucleus scattering
- NC scattering across all energies -> neutrino floor

- CC with electron flavor for supernova, solar, and reactor neutrinos
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Formaggio and Zeller (2013)

- same open channels as at nucleon level

- binding effects, Fermi motion, Pauli blocking
- meson exchange, 2p-2h, final-state interaction
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Neutrino cross sections at CIPANP-2022

- Camilo Mariani: Electron Scattering Cross-Sections for Neutrinos@JLab

Other days

Wednesday, August 31

- Vishvas Pandey: Theory Overview of Coherent Elastic  

     and Inelastic Neutrino-Nucleus Scattering

- Alejandro Ramirez Delgado: Neutrino-induced production in C, CH, Fe and Pb 

     at  ~ 6 GeVEν

- Joshua Barrow: , : Brightening Future of Neutrino Oscillation Measurementse4ν μ4ν

- Nina Coyle: Neutrino Cross Sections and New Physics Searches

- Maria Martinez-Casales: A Consideration of NOvA Cross Sections

- Yin Lin: Neutrino-nucleon quasi-elastic scattering from lattice QCD

- Michael Wagman: Precise Lattice Calculations for Neutrino Scattering



Radiative corrections 
in neutrino physics 

(at MeV-GeV energies)

q, l
<latexit sha1_base64="9eb84m51aXJUu0O06wiTacQ777U=">AAAB63icdVDLSgMxFM34rPVVdekmWAQXMsz04bS7ohuXFewD2qFk0kwbmmTGJCOUob/gxoUibv0hd/6NmbaCih64cDjnXu69J4gZVdpxPqyV1bX1jc3cVn57Z3dvv3Bw2FZRIjFp4YhFshsgRRgVpKWpZqQbS4J4wEgnmFxlfueeSEUjcaunMfE5GgkaUox0Jt2dQzYoFB27VPfqbhU6tlOt1DwvI6X6hVuGru3MUQRLNAeF9/4wwgknQmOGlOq5Tqz9FElNMSOzfD9RJEZ4gkakZ6hAnCg/nd86g6dGGcIwkqaEhnP1+0SKuFJTHphOjvRY/fYy8S+vl+iw5qdUxIkmAi8WhQmDOoLZ43BIJcGaTQ1BWFJzK8RjJBHWJp68CeHrU/g/aZdst2yXbirFxuUyjhw4BifgDLjAAw1wDZqgBTAYgwfwBJ4tbj1aL9bronXFWs4cgR+w3j4B37+OJA==</latexit>

p, n
<latexit sha1_base64="VFuhQ7HZTnKkDLh/Kib+1WeUcF8=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4kGGmD6fdFd24rGAf0A4lk2ba0CQzJBmhDP0FNy4UcesPufNvzLQVVPTAhcM593LvPUHMqNKO82Hl1tY3Nrfy24Wd3b39g+LhUUdFicSkjSMWyV6AFGFUkLammpFeLAniASPdYHqd+d17IhWNxJ2excTnaCxoSDHSmRRfQDEslhy73PAabg06tlOr1j0vI+XGpVuBru0sUAIrtIbF98EowgknQmOGlOq7Tqz9FElNMSPzwiBRJEZ4isakb6hAnCg/Xdw6h2dGGcEwkqaEhgv1+0SKuFIzHphOjvRE/fYy8S+vn+iw7qdUxIkmAi8XhQmDOoLZ43BEJcGazQxBWFJzK8QTJBHWJp6CCeHrU/g/6ZRtt2KXb6ul5tUqjjw4AafgHLjAA01wA1qgDTCYgAfwBJ4tbj1aL9brsjVnrWaOwQ9Yb5/hQI4l</latexit>

N
<latexit sha1_base64="qe+pbAYeMCliaNvBwdSNBH4ZYBQ=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFZK0Ne2u6MaVtGAf0IYymU7asZNJmJkIJfQL3LhQxK2f5M6/cdJWUNEDFw7n3Mu99/gxo1JZ1oeRW1vf2NzKbxd2dvf2D4qHRx0ZJQKTNo5YJHo+koRRTtqKKkZ6sSAo9Bnp+tOrzO/eEyFpxG/VLCZeiMacBhQjpaXWzbBYskyn7tbtKrRMq1qpuW5GnPqFXYa2aS1QAis0h8X3wSjCSUi4wgxJ2betWHkpEopiRuaFQSJJjPAUjUlfU45CIr10cegcnmllBINI6OIKLtTvEykKpZyFvu4MkZrI314m/uX1ExXUvJTyOFGE4+WiIGFQRTD7Go6oIFixmSYIC6pvhXiCBMJKZ1PQIXx9Cv8nHce0y6bTqpQal6s48uAEnIJzYAMXNMA1aII2wICAB/AEno0749F4MV6XrTljNXMMfsB4+wQjR40r</latexit>
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<latexit sha1_base64="/lG40eIxe+6FW7goF9UvX0I+sak=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh0Zf9MsVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqndVdRuXldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmzI22</latexit>

Qi

<latexit sha1_base64="7OBmC1tAp5TCURFK1tUWjsYEfrk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dii/YA2lM120q7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivd13uPvVLZrbgzkGXi5aQMOWq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrnFe+y4tYvytWbPI4CHMMJnIEHV1CFO6hBAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEoUI23</latexit>

Qj

<latexit sha1_base64="UD0zqrn256RR3QuXxywn+gfuMJI=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiJGPGg==</latexit>�
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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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Neutrino-lepton, neutrino-quark scattering
O.T. and Richard J Hill, Phys. Lett.  B 805, 3, 135466 (2020)

✓known at permille level

couplings of effective Lagrangian are precisely determined

Le↵ = �⌫̄l�µPL⌫l · f̄�µ(c⌫lf
L PL + c⌫lf

R PR)f
<latexit sha1_base64="UVXhnxspS4oH0HE5xci62sDuQaQ="></latexit>

Le↵ = �2
p
2GF

X

` 6=`0

⌫̄`0�
µPL⌫` ¯̀�µPL`

0 � cqq
0 X

q 6=q0

¯̀�µPL⌫` q̄�µPLq
0

<latexit sha1_base64="TouH0HwtxpRKAR0gRfYfBKsla+0="></latexit>

NC

CC

leading in GF terms with loop expansion in α, αs within Standard Model

https://youtu.be/mrW4aYjP57wposter at Neutrino 2020:

https://youtu.be/mrW4aYjP57w
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Neutrino-electron scattering
O.T. and Richard J Hill, Phys. Rev.  D 101 3, 033006 (2020)

⌫

e e

⌫

<latexit sha1_base64="oNfCjRrq8zoJemqLbd02P0qnjCg="></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>

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>

⌫
<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>

⌫

?

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>

�
<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>

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>

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

⌫

e e

⌫

�

<latexit sha1_base64="Vyvx3X5jZYZEWvFnX/w4toSEXes="></latexit>

⌫

e e

⌫

�
<latexit sha1_base64="dJ9TbxvWZzUMjNlXRKSHuWWpzD0="></latexit>

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

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

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

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

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>

2

✓

known analytically at permille level for NOvA and DUNE, solar ν
percent-level predictions for MINERvA

https://youtu.be/mrW4aYjP57w
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⌫
<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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<latexit sha1_base64="XRd+mefTQDYicjyqT1uibo+OXsI="></latexit>
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<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>

�
<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>

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>

A A

flavor-dependent 
at percent level 40Ar

for Coherent and CCM

https://uky.zoom.us/rec/play/7l91jKeDig1Ud-TGGtgZM2RK9usXAj5dOw1yqYbNLGXgHTTPSLdesgGGUg1n2HT24Jy-kk49ITE-MbRm.DXSDtmLj5SDWNbFi?_x_zm_rhtaid=218&_x_zm_rtaid=IbEUjvkYQru3VTf4yW1T2A.1620188066719.012e82cf6be20cbbdd4273894f64e31b&autoplay=true&continueMode=true&startTime=1616695428000
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Neutrinos from muon, pion and kaon decays
O. T., Phys. Lett. B 829, 137108 (2022)

flavor-dependence is clarified 

flavor-dependence at tree-level

to permille level analytically

 μ+ → e+νeν̄μγ

< 0.1 ‰

✓

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

energy spectra from πDAR

π+ → μ+νμ

μ+ → e+νeν̄μ

π+ → μ+νμγ

K+ → μ+νμγ

3-4 ‰

first QED/EW form factors with different mass
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- scale separation introduces large flavor-dependent QED logarithms

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

<latexit sha1_base64="/lG40eIxe+6FW7goF9UvX0I+sak=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh0Zf9MsVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqndVdRuXldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmzI22</latexit>

Qi

<latexit sha1_base64="7OBmC1tAp5TCURFK1tUWjsYEfrk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dii/YA2lM120q7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivd13uPvVLZrbgzkGXi5aQMOWq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrnFe+y4tYvytWbPI4CHMMJnIEHV1CFO6hBAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEoUI23</latexit>

Qj

<latexit sha1_base64="UD0zqrn256RR3QuXxywn+gfuMJI=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiJGPGg==</latexit>�

QED corrections

multiplied by
↵

⇡
⇠ 0.2 %

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

or

<latexit sha1_base64="H+tnSxlWqurW6AeFj0e0pHVlQtY=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4GrItPbhriiCywq2FjplyKRpG5pkhiQjlNKNv+LGhSJu/Qx3/o3pQ1DRAxcO59zLvfdECWfaIPThZJaWV1bXsuu5jc2t7R13d6+p41QR2iAxj1UrwppyJmnDMMNpK1EUi4jT22h4MfVv76jSLJY3ZpTQjsB9yXqMYGOl0D0QIYUB51CEgUhn7DIMZBq6eeShYqXkFyDyCtVSuYgsQYWzcrUKfQ/NkAcL1EP3PejGJBVUGsKx1m0fJaYzxsowwukkF6SaJpgMcZ+2LZVYUN0Zzx6YwGOrdGEvVrakgTP1+8QYC61HIrKdApuB/u1Nxb+8dmp61c6YySQ1VJL5ol7KoYnhNA3YZYoSw0eWYKKYvRWSAVaYGJtZzobw9Sn8nzQLnl/20PVpvna+iCMLDsEROAE+qIAauAJ10AAETMADeALPzr3z6Lw4r/PWjLOY2Qc/4Lx9AsWMlec=</latexit>

me ⌧ mµ ⌧ E⌫

<latexit sha1_base64="B3bWhtMDEO6lvs3Vdle54UWvkKw="></latexit>

ln
E⌫

me
⇠ 6� 10

<latexit sha1_base64="yyDyySfbMqR26E+GQVsEuPeoDMQ="></latexit>

ln2
E⌫

me
⇠ 36� 100



<latexit sha1_base64="UD0zqrn256RR3QuXxywn+gfuMJI=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiJGPGg==</latexit>�

<latexit sha1_base64="UD0zqrn256RR3QuXxywn+gfuMJI=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiJGPGg==</latexit>�

⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit> n
<latexit sha1_base64="YvkE8I9gUc6U3oPz4ozQ1QZhM9g=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmu2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k+u537mnUrFI3OppTL0QjwQLGMHaSE0xKBQd21kAOXapdl51K4Y4pcsLt4zczCpChsag8N4fRiQJqdCEY6V6rhNrL8VSM8LpLN9PFI0xmeAR7RkqcEiVly4OnaFTowxREElTQqOF+n0ixaFS09A3nSHWY/Xbm4t/eb1EBzUvZSJONBVkuShIONIRmn+NhkxSovnUEEwkM7ciMsYSE22yyZsQvj5F/5N2yXbLdqlZKdavsjhycAwncAYuVKEON9CAFhCg8ABP8GzdWY/Wi/W6bF2xspkj+AHr7RMdKY0m</latexit>

p
<latexit sha1_base64="yxYJQnHnno6SLVQ78MjBwRdWooY=">AAAB6HicdVBNS8NAEN34WetX1aOXxSJ4Cklbbb0VvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsIKvpg4PHeDDPz/JgzpR3nw1pZXVvf2Mxt5bd3dvf2CweHbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeNPrud+5x6kYpG41dMYvJCMBAsYJdpIzXhQKDq2swB27FLtvOpWDHFKlxduGbuZVUQZGoPCe38Y0SQEoSknSvVcJ9ZeSqRmlMMs308UxIROyAh6hgoSgvLSxaEzfGqUIQ4iaUpovFC/T6QkVGoa+qYzJHqsfntz8S+vl+ig5qVMxIkGQZeLgoRjHeH513jIJFDNp4YQKpm5FdMxkYRqk03ehPD1Kf6ftEu2W7ZLzUqxfpXFkUPH6ASdIRdVUR3doAZqIYoAPaAn9GzdWY/Wi/W6bF2xspkj9APW2ycgMY0o</latexit>

`�
<latexit sha1_base64="lDtQ+DKBD9nsPGZHMFlOEzL2gMw=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4cZiZVlt3RTcuK9gHtGPJpJk2NpMMSUYoQ//BjQtF3Po/7vwb03YEFT1w4XDOvdx7TxAzqrTjfFi5peWV1bX8emFjc2t7p7i711IikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIOxpczv31PpKKC3+hJTPwIDTkNKUbaSK0eYez2pF8sObYzB3Rsr3ZadSuGON75mVuGbmaVQIZGv/jeGwicRIRrzJBSXdeJtZ8iqSlmZFroJYrECI/RkHQN5Sgiyk/n107hkVEGMBTSFNdwrn6fSFGk1CQKTGeE9Ej99mbiX1430WHNTymPE004XiwKEwa1gLPX4YBKgjWbGIKwpOZWiEdIIqxNQAUTwten8H/S8my3bHvXlVL9IosjDw7AITgGLqiCOrgCDdAEGNyBB/AEni1hPVov1uuiNWdlM/vgB6y3T3OQjw4=</latexit>

⌫`
<latexit sha1_base64="ZG8+5J928Pvbvx++dr/PSHclWS0=">AAAB73icdVBNS8NAEJ3Ur1q/qh69LBbBU0nSauut6MVjBfsBTSmb7aZdutnE3Y1QQv+EFw+KePXvePPfuG0jqOiDgcd7M8zM82POlLbtDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ1dzv3NPpWKRuNXTmPZDPBIsYARrI3U9kQw8yvmgWLLL9gLILrv1s5pTNcR2L86dCnIyqwQZmoPiuzeMSBJSoQnHSvUcO9b9FEvNCKezgpcoGmMywSPaM1TgkKp+urh3hk6MMkRBJE0JjRbq94kUh0pNQ990hliP1W9vLv7l9RId1PspE3GiqSDLRUHCkY7Q/Hk0ZJISzaeGYCKZuRWRMZaYaBNRwYTw9Sn6n7TdslMpuzfVUuMyiyMPR3AMp+BADRpwDU1oAQEOD/AEz9ad9Wi9WK/L1pyVzRzCD1hvn2OlkDU=</latexit>

⌫

e e

⌫

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

`�
<latexit sha1_base64="lDtQ+DKBD9nsPGZHMFlOEzL2gMw=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4cZiZVlt3RTcuK9gHtGPJpJk2NpMMSUYoQ//BjQtF3Po/7vwb03YEFT1w4XDOvdx7TxAzqrTjfFi5peWV1bX8emFjc2t7p7i711IikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIOxpczv31PpKKC3+hJTPwIDTkNKUbaSK0eYez2pF8sObYzB3Rsr3ZadSuGON75mVuGbmaVQIZGv/jeGwicRIRrzJBSXdeJtZ8iqSlmZFroJYrECI/RkHQN5Sgiyk/n107hkVEGMBTSFNdwrn6fSFGk1CQKTGeE9Ej99mbiX1430WHNTymPE004XiwKEwa1gLPX4YBKgjWbGIKwpOZWiEdIIqxNQAUTwten8H/S8my3bHvXlVL9IosjDw7AITgGLqiCOrgCDdAEGNyBB/AEni1hPVov1uuiNWdlM/vgB6y3T3OQjw4=</latexit>

⌫`
<latexit sha1_base64="ZG8+5J928Pvbvx++dr/PSHclWS0=">AAAB73icdVBNS8NAEJ3Ur1q/qh69LBbBU0nSauut6MVjBfsBTSmb7aZdutnE3Y1QQv+EFw+KePXvePPfuG0jqOiDgcd7M8zM82POlLbtDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ1dzv3NPpWKRuNXTmPZDPBIsYARrI3U9kQw8yvmgWLLL9gLILrv1s5pTNcR2L86dCnIyqwQZmoPiuzeMSBJSoQnHSvUcO9b9FEvNCKezgpcoGmMywSPaM1TgkKp+urh3hk6MMkRBJE0JjRbq94kUh0pNQ990hliP1W9vLv7l9RId1PspE3GiqSDLRUHCkY7Q/Hk0ZJISzaeGYCKZuRWRMZaYaBNRwYTw9Sn6n7TdslMpuzfVUuMyiyMPR3AMp+BADRpwDU1oAQEOD/AEz9ad9Wi9WK/L1pyVzRzCD1hvn2OlkDU=</latexit>

n
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factorization for radiative corrections with model for hard function

precise predictions for flavor ratios and radiative corrections

in exclusive and inclusive observables with GeV neutrino beams
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- critical dependence on details of experimental analysis
- predict  from  measurements with neutrino beamσνe

σνμ ✓

10-20% hadronic uncertainties  
cancel for e/  ratioμ

O. T., Qing Chen, Richard J. Hill, Kevin S. 
McFarland, and Clarence Wret (2021, 2022)

- theory and 1st-ever complete calculation
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SCETG: Soft-collinear effective theory (Glauber) 
QED: quantum electrodynamics
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QED nuclear medium effects
- theory and 1st-ever estimate by two methods:

- permille-level for 𝜈e A -> eA’, percent-level for eA -> eA
- critical new effect for electron scattering experiments

O. T. and Ivan Vitev (2022)
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Conclusions

- radiative corrections for precise flux determinations

- total and differential , CEvNS,  and    

    flavor ratios evaluated from theory with rigorous error analysis

νe νℓn → ℓ−p ν̄ℓp → ℓ+n

- QED nuclear effects in neutrino and electron scattering

- neutrino cross sections is the main tool to access neutrinos 

- various production and interaction mechanisms at all energy scales

- radiative corrections (1-20%) for consistent uncertainty estimates

- interplay of nuclear and particle physics, astrophysics and cosmology
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Main theoretical uncertainty
- kinematics is suppressed by electron mass: 

- description in terms of quarks is invalid for GeV neutrino energies 
⌫

?

e e

⌫
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- hadronic correction is the main error in theory

% level correction
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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
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Total and differential cross section

- % effect of radiative corrections on cross sections

40Ar,  Eνμ = 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,  Eνμ = 10 MeV

full calculation
tree-level result
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Hadronic model at GeV scale

- exchange of photon between the charged lepton and nucleons

- best determination of hard function

- add self energy for charged particles

- assume onshell form for each interaction with dipole form factors

- reproduce soft and collinear regions of SCET
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Error budget

- uncertainty of permille level for the ratio to LO result 

- add perturbative uncertainty by variation of scale

- uncertainties from hard function

Kaushik Borah, Gabriel Lee, Richard J. Hill and O.T. (2020)
Meyer, Betancourt, Gran and Hill (2016)- nucleon form factors
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