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Neutrino experiments
- DUNE and Hyper-K: leading-edge 𝜈 science experiments

- measurement of 𝜈μ(𝜈μ) disappearance and 𝜈e(𝜈e) appearance

- cross sections for precise measurements and discovery of lepton CP 
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CCQE. Why should we care?

- basic process: bulk of events at Hyper-K and DUNE

- neutrino-nucleus cross sections and future accelerator-based fluxes

- best channel for reconstruction of neutrino energy
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contact interaction with form factors at GeV energies

Scattering on free nucleon

 momentum transfer

neutrino energy E⌫
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<latexit sha1_base64="t06EmZdJEMsfEhUOkMWm4BsWlfk=">AAAB63icdVBNSwMxEM3Wr1q/qh69BItQL0t222q9Fb14rGBroV1KNs22oUl2SbJCKf0LXjwo4tU/5M1/Y7atoKIPBh7vzTAzL0w40wahDye3srq2vpHfLGxt7+zuFfcP2jpOFaEtEvNYdUKsKWeStgwznHYSRbEIOb0Lx1eZf3dPlWaxvDWThAYCDyWLGMEmk2Q5Oe0XS8hFqFY5q0Hker5Xq9YtqaLKhe9Dz1oZSmCJZr/43hvEJBVUGsKx1l0PJSaYYmUY4XRW6KWaJpiM8ZB2LZVYUB1M57fO4IlVBjCKlS1p4Fz9PjHFQuuJCG2nwGakf3uZ+JfXTU1UD6ZMJqmhkiwWRSmHJobZ43DAFCWGTyzBRDF7KyQjrDAxNp6CDeHrU/g/afuuV3H9m2qpcbmMIw+OwDEoAw+cgwa4Bk3QAgSMwAN4As+OcB6dF+d10ZpzljOH4Aect0/EXo4R</latexit>
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<latexit sha1_base64="HZSZUFS13J7ka/F3AdqTJvmpZS4=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0V0Y0jS1rQLoejGZQX7wDaUyXTaDp1M4sxEKKF/4caFIm79G3f+jZO2gooeuHA4517uvcePGJXKsj6MzNLyyupadj23sbm1vZPf3WvKMBaYNHDIQtH2kSSMctJQVDHSjgRBgc9Iyx9fpn7rnghJQ36jJhHxAjTkdEAxUlq6vYPncAxP4fi4ly9YplN1q3YZWqZVLlVcNyVO9cwuQtu0ZiiABeq9/Hu3H+I4IFxhhqTs2FakvAQJRTEj01w3liRCeIyGpKMpRwGRXjK7eAqPtNKHg1Do4grO1O8TCQqknAS+7gyQGsnfXir+5XViNah4CeVRrAjH80WDmEEVwvR92KeCYMUmmiAsqL4V4hESCCsdUk6H8PUp/J80HdMums51qVC7WMSRBQfgEJwAG7igBq5AHTQABhw8gCfwbEjj0XgxXuetGWMxsw9+wHj7BJIkj48=</latexit>

- basic process: bulk of events at Hyper-K and DUNE
- best channel for reconstruction of neutrino energy
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Radiative corrections
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<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>
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<latexit sha1_base64="lDtQ+DKBD9nsPGZHMFlOEzL2gMw=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4cZiZVlt3RTcuK9gHtGPJpJk2NpMMSUYoQ//BjQtF3Po/7vwb03YEFT1w4XDOvdx7TxAzqrTjfFi5peWV1bX8emFjc2t7p7i711IikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIOxpczv31PpKKC3+hJTPwIDTkNKUbaSK0eYez2pF8sObYzB3Rsr3ZadSuGON75mVuGbmaVQIZGv/jeGwicRIRrzJBSXdeJtZ8iqSlmZFroJYrECI/RkHQN5Sgiyk/n107hkVEGMBTSFNdwrn6fSFGk1CQKTGeE9Ej99mbiX1430WHNTymPE004XiwKEwa1gLPX4YBKgjWbGIKwpOZWiEdIIqxNQAUTwten8H/S8my3bHvXlVL9IosjDw7AITgGLqiCOrgCDdAEGNyBB/AEni1hPVov1uuiNWdlM/vgB6y3T3OQjw4=</latexit>
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<latexit sha1_base64="ZG8+5J928Pvbvx++dr/PSHclWS0=">AAAB73icdVBNS8NAEJ3Ur1q/qh69LBbBU0nSauut6MVjBfsBTSmb7aZdutnE3Y1QQv+EFw+KePXvePPfuG0jqOiDgcd7M8zM82POlLbtDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ1dzv3NPpWKRuNXTmPZDPBIsYARrI3U9kQw8yvmgWLLL9gLILrv1s5pTNcR2L86dCnIyqwQZmoPiuzeMSBJSoQnHSvUcO9b9FEvNCKezgpcoGmMywSPaM1TgkKp+urh3hk6MMkRBJE0JjRbq94kUh0pNQ990hliP1W9vLv7l9RId1PspE3GiqSDLRUHCkY7Q/Hk0ZJISzaeGYCKZuRWRMZaYaBNRwYTw9Sn6n7TdslMpuzfVUuMyiyMPR3AMp+BADRpwDU1oAQEOD/AEz9ad9Wi9WK/L1pyVzRzCD1hvn2OlkDU=</latexit>
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<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>
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<latexit sha1_base64="ZG8+5J928Pvbvx++dr/PSHclWS0=">AAAB73icdVBNS8NAEJ3Ur1q/qh69LBbBU0nSauut6MVjBfsBTSmb7aZdutnE3Y1QQv+EFw+KePXvePPfuG0jqOiDgcd7M8zM82POlLbtDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ1dzv3NPpWKRuNXTmPZDPBIsYARrI3U9kQw8yvmgWLLL9gLILrv1s5pTNcR2L86dCnIyqwQZmoPiuzeMSBJSoQnHSvUcO9b9FEvNCKezgpcoGmMywSPaM1TgkKp+urh3hk6MMkRBJE0JjRbq94kUh0pNQ990hliP1W9vLv7l9RId1PspE3GiqSDLRUHCkY7Q/Hk0ZJISzaeGYCKZuRWRMZaYaBNRwYTw9Sn6n7TdslMpuzfVUuMyiyMPR3AMp+BADRpwDU1oAQEOD/AEz9ad9Wi9WK/L1pyVzRzCD1hvn2OlkDU=</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>

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>

- virtual corrections:

- real radiation:

- radiative corrections crucial for %-level oscillation program 
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- large kinematic logarithms

multiplied by

- phase-space restrictions enhance radiative corrections

- crucial dependence on detector details

!
"

! 0.2 %
<latexit sha1_base64="HYKU4LuKCwLL6zi/2lrrDL7s++M="></latexit>

multiplied by!
"

! 0.2 %
<latexit sha1_base64="HYKU4LuKCwLL6zi/2lrrDL7s++M="></latexit>

soft photons

smaller collinear logarithms

- cross sections with electron flavor are subject to large corrections

E! < ! E
<latexit sha1_base64="icz2wWzF8UZnSppvq8bOBzW3kPE=">AAAB/HicdVBdSwJBFJ21L7Mvy8dehiToSXbV0qAHqYQeDdIEV+TuOKuDM7vLzGwgi/2VXnoootd+SG/9m8aPoKIOXDiccy/33uNFnClt2x9Waml5ZXUtvZ7Z2Nza3snu7rVUGEtCmyTkoWx7oChnAW1qpjltR5KC8Di99UYXU//2jkrFwuBGjyPaFTAImM8IaCP1srl6zx2AEIDPsHtJuQZc72XzdsGeAduFYvW44pQNsYunJ04JOwsrjxZo9LLvbj8ksaCBJhyU6jh2pLsJSM0Ip5OMGysaARnBgHYMDUBQ1U1mx0/woVH62A+lqUDjmfp9IgGh1Fh4plOAHqrf3lT8y+vE2q92ExZEsaYBmS/yY451iKdJ4D6TlGg+NgSIZOZWTIYggWiTV8aE8PUp/p+0igWnVChel/O180UcabSPDtARclAF1dAVaqAmImiMHtATerburUfrxXqdt6asxUwO/YD19gkZp5PH</latexit>

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

ln2 E!

me
! 36" 100

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

ln
E!

me
! 6 " 10

<latexit sha1_base64="e5kT578u5reTdMDJ/DeGG2Bid60="></latexit>

2 ln
E!

me
ln

! E
me

! 35" 60

Radiative corrections

- radiative corrections crucial for %-level oscillation program 
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Factorization approach

- soft and collinear functions are evaluated perturbatively

me
<latexit sha1_base64="5THm1nHqqQDSUs47fG5H+VVoKsc=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBbBU0jaauut6MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG0jqOiDgcd7M8zM82POlHacDyu3srq2vpHfLGxt7+zuFfcP2ipKJIUWjXgkuz5RwJmAlmaaQzeWQEKfQ8efXM39zj1IxSJxp6cxeCEZCRYwSrSRbsMBDIolx3YWwI5drp/V3KohTvni3K1gN7NKKENzUHzvDyOahCA05USpnuvE2kuJ1IxymBX6iYKY0AkZQc9QQUJQXro4dYZPjDLEQSRNCY0X6veJlIRKTUPfdIZEj9Vvby7+5fUSHdS9lIk40SDoclGQcKwjPP8bD5kEqvnUEEIlM7diOiaSUG3SKZgQvj7F/5N22XYrdvmmWmpcZnHk0RE6RqfIRTXUQNeoiVqIohF6QE/o2eLWo/VivS5bc1Y2c4h+wHr7BI/Hjf0=</latexit>

! E
<latexit sha1_base64="sXwaMTrWY1QfDAlABTlSB7Yz4Uw=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFZK0Ne2u+ACXFewD2lAm00k7dDKJMxOhhP6EGxeKuPV33Pk3TtoKKnrgwuGce7n3Hj9mVCrL+jByK6tr6xv5zcLW9s7uXnH/oC2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3KR+Z17IiSN+K2axsQL0YjTgGKktNTtXxKmELwaFEuW6dTdul2FlmlVKzXXzYhTP7PL0DatOUpgieag+N4fRjgJCVeYISl7thUrL0VCUczIrNBPJIkRnqAR6WnKUUikl87vncETrQxhEAldXMG5+n0iRaGU09DXnSFSY/nby8S/vF6igpqXUh4ninC8WBQkDKoIZs/DIRUEKzbVBGFB9a0Qj5FAWOmICjqEr0/h/6TtmHbZdG4qpcb5Mo48OALH4BTYwAUNcA2aoAUwYOABPIFn4854NF6M10VrzljOHIIfMN4+AcTgj84=</latexit>

mµ
<latexit sha1_base64="4nKytmu4Mk4oHJ/9oO7acpOAEpU=">AAAB7HicdVBNSwMxEJ31s9avqkcvwSJ4Wnbbauut6MVjBbcttEvJpmkbmmSXJCuU0t/gxYMiXv1B3vw3pu0KKvpg4PHeDDPzooQzbTzvw1lZXVvf2Mxt5bd3dvf2CweHTR2nitCAxDxW7QhrypmkgWGG03aiKBYRp61ofD33W/dUaRbLOzNJaCjwULIBI9hYKRC9rkh7haLnegsgzy3Vzqt+xRKvdHnhl5GfWUXI0OgV3rv9mKSCSkM41rrje4kJp1gZRjid5buppgkmYzykHUslFlSH08WxM3RqlT4axMqWNGihfp+YYqH1RES2U2Az0r+9ufiX10nNoBZOmUxSQyVZLhqkHJkYzT9HfaYoMXxiCSaK2VsRGWGFibH55G0IX5+i/0mz5Pplt3RbKdavsjhycAwncAY+VKEON9CAAAgweIAneHak8+i8OK/L1hUnmzmCH3DePgElWI7q</latexit>

M
<latexit sha1_base64="vkSBACSBWPP2M5XFAv1CsLrnbJI=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFZK0Ne2u6MaN0IJ9QBvKZDppx04mYWYilNAvcONCEbd+kjv/xklbQUUPXDiccy/33uPHjEplWR9Gbm19Y3Mrv13Y2d3bPygeHnVklAhM2jhikej5SBJGOWkrqhjpxYKg0Gek60+vMr97T4SkEb9Vs5h4IRpzGlCMlJZaN8NiyTKdulu3q9AyrWql5roZceoXdhnaprVACazQHBbfB6MIJyHhCjMkZd+2YuWlSCiKGZkXBokkMcJTNCZ9TTkKifTSxaFzeKaVEQwioYsruFC/T6QolHIW+rozRGoif3uZ+JfXT1RQ81LK40QRjpeLgoRBFcHsaziigmDFZpogLKi+FeIJEggrnU1Bh/D1KfyfdBzTLptOq1JqXK7iyIMTcArOgQ1c0ADXoAnaAAMCHsATeDbujEfjxXhdtuaM1cwx+AHj7RMhw40q</latexit>

experiment or hadronic model to the theory with heavy nucleon

- determine hard function at hard scale by matching

- cross section is given by factorization formula
<latexit sha1_base64="5Ms88SIE2+Br8l2KsmWtveYseBI="></latexit>

d! ! S
!

! E
µ

"
J

!
m!

µ

"
H

!
M
µ

"
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Hard function at leading order (S=J=1)

 momentum transfer

neutrino energy⌫

e e

⌫

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

`(k0)
<latexit sha1_base64="k16LC33jMPrk1/+7piFWbg974NI=">AAAB73icdVDLSgMxFM34rPVVdekmWMS6GTLTVuuu6MZlBfuAdiiZNNOGZjJjkhHK0J9w40IRt/6OO//GTFtBRQ9cOJxzL/fe48ecKY3Qh7W0vLK6tp7byG9ube/sFvb2WypKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1eZ376nUrFI3OpJTL0QDwULGMHaSJ0e5bw0PjntF4rIRqhaPqtCZDuuU63UDKmg8oXrQsdYGYpggUa/8N4bRCQJqdCEY6W6Doq1l2KpGeF0mu8lisaYjPGQdg0VOKTKS2f3TuGxUQYwiKQpoeFM/T6R4lCpSeibzhDrkfrtZeJfXjfRQc1LmYgTTQWZLwoSDnUEs+fhgElKNJ8Ygolk5lZIRlhiok1EeRPC16fwf9JybadsuzeVYv1yEUcOHIIjUAIOOAd1cA0aoAkI4OABPIFn6856tF6s13nrkrWYOQA/YL19AlkMj4Y=</latexit>

⌫`(k)
<latexit sha1_base64="203yJzMS4sBk7g9cMFbWih+l7T8=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LBahXsImbbXeil48VrC1kISy2W7apZtN2N0IpfRnePGgiFd/jTf/jZu2goo+GHi8N8PMvDDlTGmEPqzCyura+kZxs7S1vbO7V94/6Kokk4R2SMIT2QuxopwJ2tFMc9pLJcVxyOldOL7K/bt7KhVLxK2epDSI8VCwiBGsjeT5Iuv7lPPq+LRfriAboUbtrAGR7bhOo940pI5qF64LHWPlqIAl2v3yuz9ISBZToQnHSnkOSnUwxVIzwums5GeKppiM8ZB6hgocUxVM5yfP4IlRBjBKpCmh4Vz9PjHFsVKTODSdMdYj9dvLxb88L9NRM5gykWaaCrJYFGUc6gTm/8MBk5RoPjEEE8nMrZCMsMREm5RKJoSvT+H/pOvaTs12b+qV1uUyjiI4AsegChxwDlrgGrRBBxCQgAfwBJ4tbT1aL9brorVgLWcOwQ9Yb58L1ZEb</latexit>

p(p0)
<latexit sha1_base64="xQqMXr5Veq0rk05aZr0rVkRZ7s4=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BItYL0t222q9Fb14rOC2hXYp2TTbhmazS5IVSulv8OJBEa/+IG/+G7NtBRV9MPB4b4aZeUHCmdIIfVi5ldW19Y38ZmFre2d3r7h/0FJxKgn1SMxj2QmwopwJ6mmmOe0kkuIo4LQdjK8zv31PpWKxuNOThPoRHgoWMoK1kbyknJye9YslZCNUq5zXILId16lV64ZUUeXSdaFjrAwlsESzX3zvDWKSRlRowrFSXQcl2p9iqRnhdFbopYommIzxkHYNFTiiyp/Oj53BE6MMYBhLU0LDufp9YoojpSZRYDojrEfqt5eJf3ndVId1f8pEkmoqyGJRmHKoY5h9DgdMUqL5xBBMJDO3QjLCEhNt8imYEL4+hf+Tlms7Fdu9rZYaV8s48uAIHIMycMAFaIAb0AQeIICBB/AEni1hPVov1uuiNWctZw7BD1hvnyiwjkQ=</latexit>

n(p)
<latexit sha1_base64="t06EmZdJEMsfEhUOkMWm4BsWlfk=">AAAB63icdVBNSwMxEM3Wr1q/qh69BItQL0t222q9Fb14rGBroV1KNs22oUl2SbJCKf0LXjwo4tU/5M1/Y7atoKIPBh7vzTAzL0w40wahDye3srq2vpHfLGxt7+zuFfcP2jpOFaEtEvNYdUKsKWeStgwznHYSRbEIOb0Lx1eZf3dPlWaxvDWThAYCDyWLGMEmk2Q5Oe0XS8hFqFY5q0Hker5Xq9YtqaLKhe9Dz1oZSmCJZr/43hvEJBVUGsKx1l0PJSaYYmUY4XRW6KWaJpiM8ZB2LZVYUB1M57fO4IlVBjCKlS1p4Fz9PjHFQuuJCG2nwGakf3uZ+JfXTU1UD6ZMJqmhkiwWRSmHJobZ43DAFCWGTyzBRDF7KyQjrDAxNp6CDeHrU/g/afuuV3H9m2qpcbmMIw+OwDEoAw+cgwa4Bk3QAgSMwAN4As+OcB6dF+d10ZpzljOH4Aect0/EXo4R</latexit>

E⌫
<latexit sha1_base64="5UrqopXrrQWeOWH+yinXz7yPmFM=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0jS1rS3oggeK5i20Iay2W7apZtN2N0IJfQ3ePGgiFd/kDf/jZu2goo+GHi8N8PMvCBhVCrL+jAKa+sbm1vF7dLO7t7+QfnwqCPjVGDi4ZjFohcgSRjlxFNUMdJLBEFRwEg3mF7lfveeCEljfqdmCfEjNOY0pBgpLXnXwwFPh+WKZTpNt2nXoWVa9VrDdXPiNC/sKrRNa4EKWKE9LL8PRjFOI8IVZkjKvm0lys+QUBQzMi8NUkkShKdoTPqachQR6WeLY+fwTCsjGMZCF1dwoX6fyFAk5SwKdGeE1ET+9nLxL6+fqrDhZ5QnqSIcLxeFKYMqhvnncEQFwYrNNEFYUH0rxBMkEFY6n5IO4etT+D/pOKZdNZ3bWqV1uYqjCE7AKTgHNnBBC9yANvAABhQ8gCfwbHDj0XgxXpetBWM1cwx+wHj7BCA7jug=</latexit>

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

q = k � k0
<latexit sha1_base64="HZSZUFS13J7ka/F3AdqTJvmpZS4=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0V0Y0jS1rQLoejGZQX7wDaUyXTaDp1M4sxEKKF/4caFIm79G3f+jZO2gooeuHA4517uvcePGJXKsj6MzNLyyupadj23sbm1vZPf3WvKMBaYNHDIQtH2kSSMctJQVDHSjgRBgc9Iyx9fpn7rnghJQ36jJhHxAjTkdEAxUlq6vYPncAxP4fi4ly9YplN1q3YZWqZVLlVcNyVO9cwuQtu0ZiiABeq9/Hu3H+I4IFxhhqTs2FakvAQJRTEj01w3liRCeIyGpKMpRwGRXjK7eAqPtNKHg1Do4grO1O8TCQqknAS+7gyQGsnfXir+5XViNah4CeVRrAjH80WDmEEVwvR92KeCYMUmmiAsqL4V4hESCCsdUk6H8PUp/J80HdMums51qVC7WMSRBQfgEJwAG7igBq5AHTQABhw8gCfwbEjj0XgxXuetGWMxsw9+wHj7BJIkj48=</latexit>

Llewellyn Smith (1972)

- structure-dependent functions

<latexit sha1_base64="xE/EsTbdgpIoj67IVytmOcbN9sA="></latexit>

d!
dQ2 !

M 2

E 2
!

!
"
" + r 2#

A(Q2) " #B (Q2) +
#2

1 + "
C(Q2)

$

<latexit sha1_base64="qAkjxMbfblFKeZGJxR/7Kz7bYGw=">AAACBHicbVDLSsNAFJ3UV62vqMtuBoviqiRS1I1QK6gboYJ9QBPDZDpph84kYWYilNCFG3/FjQtF3PoR7vwbp20W2nrgwuGce7n3Hj9mVCrL+jZyC4tLyyv51cLa+sbmlrm905RRIjBp4IhFou0jSRgNSUNRxUg7FgRxn5GWP7gY+60HIiSNwjs1jInLUS+kAcVIackzi7AGD84gdGIOK9BRKIGX3jm8um96N55ZssrWBHCe2BkpgQx1z/xyuhFOOAkVZkjKjm3Fyk2RUBQzMio4iSQxwgPUIx1NQ8SJdNPJEyO4r5UuDCKhK1Rwov6eSBGXcsh93cmR6stZbyz+53USFZy6KQ3jRJEQTxcFCYMqguNEYJcKghUbaoKwoPpWiPtIIKx0bgUdgj378jxpHpXt47J9WylVa1kceVAEe+AQ2OAEVME1qIMGwOARPINX8GY8GS/Gu/Exbc0Z2cwu+APj8wfIAZUE</latexit>

B = ± 4! FA GV
M

<latexit sha1_base64="tcJ72yLbNcaYSfdIX6dAtguQ+Io="></latexit>

C = !
!
GV

M

"2
+

!
GV

E

"2
+ (1 + ! )F 2

A

<latexit sha1_base64="wSYDnyShC1aOZ6/6aRnRYF/o9xM="></latexit>

A = !
!
GV

M

"2
!

!
GV

E

"2
+ (1 + ! )F 2

A ! r 2
#!

GV
M

"2
+ F 2

A ! 4! F 2
P + 4FA FP

$

- cross section is sensitive to both vector and axial contributions

<latexit sha1_base64="9tnWyBsr9WDPUR5E5tqwHQqIONk=">AAACAXicbVDLSgMxFL3js9bXqBvBTbAIrspMKepGKLpxI7RgH9CpJZNm2tBMZkgyQhnqxl9x40IRt/6FO//GtJ2Fth643MM595Lc48ecKe0439bS8srq2npuI7+5tb2za+/tN1SUSELrJOKRbPlYUc4ErWumOW3FkuLQ57TpD68nfvOBSsUicadHMe2EuC9YwAjWRurah57GCbpEXiAxSWv3pXFaRremde2CU3SmQIvEzUgBMlS79pfXi0gSUqEJx0q1XSfWnRRLzQin47yXKBpjMsR92jZU4JCqTjq9YIxOjNJDQSRNCY2m6u+NFIdKjULfTIZYD9S8NxH/89qJDi46KRNxoqkgs4eChCMdoUkcqMckJZqPDMFEMvNXRAbYZKFNaHkTgjt/8iJplIruWdGtlQuVqyyOHBzBMZyCC+dQgRuoQh0IPMIzvMKb9WS9WO/Wx2x0ycp2DuAPrM8fqRSVvg==</latexit>

! =
Q2

4M 2

<latexit sha1_base64="xC6MJJ32aS66on7VfnUtoO+Ws8E=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkiLoRim7cCBXsA5oQJtNJO3RmEmYmQolZ+CtuXCji1t9w5984bbPQ1gMXDufcy733hAmjSjvOt1VaWl5ZXSuvVzY2t7Z37N29topTiUkLxyyW3RApwqggLU01I91EEsRDRjrh6Hridx6IVDQW93qcEJ+jgaARxUgbKbAPJLyEXiQRznjgEcbyrA5v88CuOjVnCrhI3IJUQYFmYH95/RinnAiNGVKq5zqJ9jMkNcWM5BUvVSRBeIQGpGeoQJwoP5ven8Njo/RhFEtTQsOp+nsiQ1ypMQ9NJ0d6qOa9ifif10t1dOFnVCSpJgLPFkUpgzqGkzBgn0qCNRsbgrCk5laIh8iEoU1kFROCO//yImnXa+5Zzb07rTauijjK4BAcgRPggnPQADegCVoAg0fwDF7Bm/VkvVjv1sestWQVM/vgD6zPH+utlWg=</latexit>

r =
m!

2M

<latexit sha1_base64="kelcI1gciUfjTOATZa/axJjyfgI=">AAACB3icbZBNS8MwGMfT+TbnW9WjIMEheHG2Q9SLMBTBizDBvcBaS5qlW1ialiQVRunNi1/FiwdFvPoVvPltzLYedPOBkB////OQPH8/ZlQqy/o2CnPzC4tLxeXSyura+oa5udWUUSIwaeCIRaLtI0kY5aShqGKkHQuCQp+Rlj+4HPmtByIkjfidGsbEDVGP04BipLTkmbsOT+A5TK88DdlRepPBQ+golOhL3Fc9s2xVrHHBWbBzKIO86p755XQjnISEK8yQlB3bipWbIqEoZiQrOYkkMcID1CMdjRyFRLrpeI8M7mulC4NI6MMVHKu/J1IUSjkMfd0ZItWX095I/M/rJCo4c1PK40QRjicPBQmDKoKjUGCXCoIVG2pAWFD9V4j7SCCsdHQlHYI9vfIsNKsV+6Ri3x6Xaxd5HEWwA/bAAbDBKaiBa1AHDYDBI3gGr+DNeDJejHfjY9JaMPKZbfCnjM8f5+mXag==</latexit>

! = E! /M ! " ! r 2
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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

⌫

e e

⌫

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

discussed for neutrino-nucleon scattering: Graczyk (2013) 

⌫

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
<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>

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>
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Factorization approach

- soft and collinear functions determined analytically
- hard function describes physics at GeV energies

- RGE evolution of the hard function to scales

- soft and collinear functions are evaluated perturbatively

! E, m!
<latexit sha1_base64="6ByJNLQOtowSjG4Ymf94ZKVusgY=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwIMNMFpPcggt4jGBMIDOEnk4ladKz0N0TCEP+xIsHRbz6J978GzuLoKIPCh7vVVFVz485k8q2P4zMyura+kZ2M7e1vbO7Z+4f3MsoERSaNOKRaPtEAmchNBVTHNqxABL4HFr+6HLmt8YgJIvCOzWJwQvIIGR9RonSUtc03SvgiuDrMxx0XeC8a+Ztq1Cr1Jwyti27XKpWKjNSqJ07RexY9hx5tESja767vYgmAYSKciJlx7Fj5aVEKEY5THNuIiEmdEQG0NE0JAFIL51fPsUnWunhfiR0hQrP1e8TKQmknAS+7gyIGsrf3kz8y+skql/1UhbGiYKQLhb1E45VhGcx4B4TQBWfaEKoYPpWTIdEEKp0WDkdwten+H9yX7CcolW4LeXrF8s4sugIHaNT5KAKqqMb1EBNRNEYPaAn9GykxqPxYrwuWjPGcuYQ/YDx9gmWTZMA</latexit>

- calculate cross section at low energies accounting for all large logsme
<latexit sha1_base64="5THm1nHqqQDSUs47fG5H+VVoKsc=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBbBU0jaauut6MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG0jqOiDgcd7M8zM82POlHacDyu3srq2vpHfLGxt7+zuFfcP2ipKJIUWjXgkuz5RwJmAlmaaQzeWQEKfQ8efXM39zj1IxSJxp6cxeCEZCRYwSrSRbsMBDIolx3YWwI5drp/V3KohTvni3K1gN7NKKENzUHzvDyOahCA05USpnuvE2kuJ1IxymBX6iYKY0AkZQc9QQUJQXro4dYZPjDLEQSRNCY0X6veJlIRKTUPfdIZEj9Vvby7+5fUSHdS9lIk40SDoclGQcKwjPP8bD5kEqvnUEEIlM7diOiaSUG3SKZgQvj7F/5N22XYrdvmmWmpcZnHk0RE6RqfIRTXUQNeoiVqIohF6QE/o2eLWo/VivS5bc1Y2c4h+wHr7BI/Hjf0=</latexit>

! E
<latexit sha1_base64="sXwaMTrWY1QfDAlABTlSB7Yz4Uw=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFZK0Ne2u+ACXFewD2lAm00k7dDKJMxOhhP6EGxeKuPV33Pk3TtoKKnrgwuGce7n3Hj9mVCrL+jByK6tr6xv5zcLW9s7uXnH/oC2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3KR+Z17IiSN+K2axsQL0YjTgGKktNTtXxKmELwaFEuW6dTdul2FlmlVKzXXzYhTP7PL0DatOUpgieag+N4fRjgJCVeYISl7thUrL0VCUczIrNBPJIkRnqAR6WnKUUikl87vncETrQxhEAldXMG5+n0iRaGU09DXnSFSY/nby8S/vF6igpqXUh4ninC8WBQkDKoIZs/DIRUEKzbVBGFB9a0Qj5FAWOmICjqEr0/h/6TtmHbZdG4qpcb5Mo48OALH4BTYwAUNcA2aoAUwYOABPIFn4854NF6M10VrzljOHIIfMN4+AcTgj84=</latexit>

mµ
<latexit sha1_base64="4nKytmu4Mk4oHJ/9oO7acpOAEpU=">AAAB7HicdVBNSwMxEJ31s9avqkcvwSJ4Wnbbauut6MVjBbcttEvJpmkbmmSXJCuU0t/gxYMiXv1B3vw3pu0KKvpg4PHeDDPzooQzbTzvw1lZXVvf2Mxt5bd3dvf2CweHTR2nitCAxDxW7QhrypmkgWGG03aiKBYRp61ofD33W/dUaRbLOzNJaCjwULIBI9hYKRC9rkh7haLnegsgzy3Vzqt+xRKvdHnhl5GfWUXI0OgV3rv9mKSCSkM41rrje4kJp1gZRjid5buppgkmYzykHUslFlSH08WxM3RqlT4axMqWNGihfp+YYqH1RES2U2Az0r+9ufiX10nNoBZOmUxSQyVZLhqkHJkYzT9HfaYoMXxiCSaK2VsRGWGFibH55G0IX5+i/0mz5Pplt3RbKdavsjhycAwncAY+VKEON9CAAAgweIAneHak8+i8OK/L1hUnmzmCH3DePgElWI7q</latexit>

M
<latexit sha1_base64="vkSBACSBWPP2M5XFAv1CsLrnbJI=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFZK0Ne2u6MaN0IJ9QBvKZDppx04mYWYilNAvcONCEbd+kjv/xklbQUUPXDiccy/33uPHjEplWR9Gbm19Y3Mrv13Y2d3bPygeHnVklAhM2jhikej5SBJGOWkrqhjpxYKg0Gek60+vMr97T4SkEb9Vs5h4IRpzGlCMlJZaN8NiyTKdulu3q9AyrWql5roZceoXdhnaprVACazQHBbfB6MIJyHhCjMkZd+2YuWlSCiKGZkXBokkMcJTNCZ9TTkKifTSxaFzeKaVEQwioYsruFC/T6QolHIW+rozRGoif3uZ+JfXT1RQ81LK40QRjpeLgoRBFcHsaziigmDFZpogLKi+FeIJEggrnU1Bh/D1KfyfdBzTLptOq1JqXK7iyIMTcArOgQ1c0ADXoAnaAAMCHsATeDbujEfjxXhdtuaM1cwx+AHj7RMhw40q</latexit>

experiment or hadronic model to the theory with heavy nucleon

ep scattering with soft radiation only: Richard J. Hill (2016)

- determine hard function at hard scale by matching

- cross section is given by factorization formula
<latexit sha1_base64="5Ms88SIE2+Br8l2KsmWtveYseBI="></latexit>

d! ! S
!

! E
µ

"
J

!
m!

µ

"
H

!
M
µ

"
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- factorization for radiation of collinear photons

Electron vs muon jets

- negligible radiation for muons with shifted peak position 

- cone angle is defined to lepton direction

- forward-peaked radiation for electron flavor
- flavor-dependent effect, same for                     vs  

- photons of energy > 20 MeV, fixed energy in the cone

<latexit sha1_base64="F1Ifa/IN2cupgJLwWLK4VL4p51w=">AAACBnicbVDLSgMxFL3js9ZX1aUIwSIIQpkRUZdFNy4r2Ad0asmkd9rQTGZIMkIZunLjr7hxoYhbv8Gdf2P6WGjrgcDhnHu5OSdIBNfGdb+dhcWl5ZXV3Fp+fWNza7uws1vTcaoYVlksYtUIqEbBJVYNNwIbiUIaBQLrQf965NcfUGkeyzszSLAV0a7kIWfUWKldOPADqjJfpsO2j0KQhPgmJiN6f0KsX3RL7hhknnhTUoQpKu3Cl9+JWRqhNExQrZuem5hWRpXhTOAw76caE8r6tItNSyWNULeycYwhObJKh4Sxsk8aMlZ/b2Q00noQBXYyoqanZ72R+J/XTE142cq4TFKDkk0OhakgNumoE9LhCpkRA0soU9z+lbAeVZQZ21zeluDNRp4ntdOSd15yb8+K5atpHTnYh0M4Bg8uoAw3UIEqMHiEZ3iFN+fJeXHenY/J6IIz3dmDP3A+fwA835hR</latexit>

ø! ! p ! "+ n
<latexit sha1_base64="239rHg2nND3zjBjjc4H5zgk3c48=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBjSURUZdFNy4r2Ac0MUymk3boZBJmJkIJxY2/4saFIm79Cnf+jdM2C209MHA4517unBOmnCntON/WwuLS8spqaa28vrG5tW3v7DZVkklCGyThiWyHWFHOBG1opjltp5LiOOS0FQ6ux37rgUrFEnGnhyn1Y9wTLGIEayMF9n7uiWwUeJRzJJCnEzSm9ycoDeyKU3UmQPPELUgFCtQD+8vrJiSLqdCEY6U6rpNqP8dSM8LpqOxliqaYDHCPdgwVOKbKzycRRujIKF0UJdI8odFE/b2R41ipYRyayRjrvpr1xuJ/XifT0aWfM5FmmgoyPRRlHJmk4z5Ql0lKNB8agolk5q+I9LHERJvWyqYEdzbyPGmeVt3zqnN7VqldFXWU4AAO4RhcuIAa3EAdGkDgEZ7hFd6sJ+vFerc+pqMLVrGzB39gff4AIaaWmg==</latexit>

! ! n ! "! p

15

e  ßavor

cross section
integrated

1.50!"! 150

...

# E = 20 MeV

E��+E$ = 6 GeV
E��+E$ = 2 GeV
E��+E$ = 0.6 GeV

(d
%$ /
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"

)/
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LO
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0.1

0.2
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0.4

0.5
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0 0.5 1.0 1.5
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d$
LO

0

0.002

0.004

0.006
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%0
0 5 10 15

E! >E! >



12

Exclusive and inclusive observables
- cancellation of uncertainties from hard function for e/  and ratio to LO"

- dependence on reconstruction of kinematics and cuts
- predict  from  measurements with neutrino beam#$e

#$"

- kinematics                                 is reconstructed with 3 different

!

exclusive

inclusive

<latexit sha1_base64="Qv6J+tyeTXp4q4JhuHuHwvdZeN4=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw8yY9RYUwWNEs0AyhJ5OT9KkZ6G7RwhDPsGLB0W8+kXe/Bt7kggq+qDg8V4VVfW8mDOpLOvDWFldW9/YzG3lt3d29/YLB4dtGSWC0BaJeCS6HpaUs5C2FFOcdmNBceBx2vEml5nfuadCsii8U9OYugEehcxnBCst3V4NuoNC0TKderVul5FlWuVSrVrJiFOv2OfINq05irBEc1B47w8jkgQ0VIRjKXu2FSs3xUIxwuks308kjTGZ4BHtaRrigEo3nZ86Q6daGSI/ErpChebq94kUB1JOA093BliN5W8vE//yeonya27KwjhRNCSLRX7CkYpQ9jcaMkGJ4lNNMBFM34rIGAtMlE4nr0P4+hT9T9qOaVdM56ZUbFws48jBMZzAGdhQhQZcQxNaQGAED/AEzwY3Ho0X43XRumIsZ47gB4y3T3VNje8=</latexit>
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Conclusions

- radiative corrections to neutrino-nucleon cross sections


    in factorization framework

radiative corrections
in EFT framework

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

-  can be predicted from  measurements with neutrino beam#$e
#$"

- model for the hard function at percent level



Thanks for your attention !!!

14

This presentation is based upon work 

that is supported by the Visiting Scholars Award Program 

of the Universities Research Association 



15

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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- axial form factor extracted based on electromagnetic structure

- only 3 experiments performed with deuterium bubble chamber

Fermilab bubble chamber, Richard Drew

ANL 1982: 1737 events

BNL 1981: 1138 events

FNAL 1983: 362 events

world data: ~3200 events

A.S. Meyer, M. Betancourt, R. Gran and R.J. Hill (2016)

direct access to form-factor shape

CCQE scattering on free nucleon
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CCQE scattering cross section

- knowledge of vector structure stops a progress in studies of axial 

- light band: uncertainty of axial form factor

- dark band: uncertainty of fit with A1@MAMI data and charge radius
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- blue line: BBBA2005 fit of electromagnetic form factors
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Kaushik Borah, Gabriel Lee, Richard J. Hill, and O. T. , PRD (2021)


