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Outline

1) radiative corrections to  

    charged-current elastic scattering on nucleons

2) QED nuclear medium effects in

electron-nucleus scattering

(anti)neutrino-nucleus and
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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

- channel for reconstruction of neutrino energy

talk by Teppei Katori

Formaggio and 
Zeller 

Rev. Mod. Phys. 84, 
1307-1341 (2013)
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contact interaction at GeV energies

CCQE scattering on free nucleon

tree-level amplitude

 momentum transfer

neutrino energy

isovector Dirac and Pauli
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Radiative corrections in charged-current
elastic scattering on free nucleons
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⌫

e e

⌫

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

<latexit sha1_base64="jFb57PcJnKLCei1hVt8WUDk0xEI=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjKtbcdd0Y3LCvYBnbFk0kwbmskMSUYpQ//DjQtF3Pov7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8eXM79xRqVgsbvQkoX6Eh4KFjGBtpFsvwDLzRDrte5TzfrGEbFSpV50yRHbZrdYqyBBUPq+5LnRsNEcJLNHsF9+9QUzSiApNOFaq56BE+xmWmhFOpwUvVTTBZIyHtGeowBFVfja/egpPjDKAYSxNCQ3n6veJDEdKTaLAdEZYj9Rvbyb+5fVSHbp+xkSSairIYlGYcqhjOIsADpikRPOJIZhIZm6FZIQlJtoEVTAhfH0K/yftsu3UbOf6rNS4WMaRB0fgGJwCB9RBA1yBJmgBAiR4AE/g2bq3Hq0X63XRmrOWM4fgB6y3T1snkxc=</latexit>

⌫̄`
<latexit sha1_base64="WG9JYQJwLXTzWFcp8cZ9oeVG8+A=">AAAB7XicdVDLSgMxFM3UV62vqks3wSIIwpCZ2nbcFd24rGBboR1LJs20sZnMkGSEMvQf3LhQxK3/486/MX0IKnrgwuGce7n3niDhTGmEPqzc0vLK6lp+vbCxubW9U9zda6k4lYQ2ScxjeRNgRTkTtKmZ5vQmkRRHAaftYHQx9dv3VCoWi2s9Tqgf4YFgISNYG6nVpZzfnvSKJWSjcq3iuBDZrleplpEhyD2reh50bDRDCSzQ6BXfu/2YpBEVmnCsVMdBifYzLDUjnE4K3VTRBJMRHtCOoQJHVPnZ7NoJPDJKH4axNCU0nKnfJzIcKTWOAtMZYT1Uv72p+JfXSXXo+RkTSaqpIPNFYcqhjuH0ddhnkhLNx4ZgIpm5FZIhlphoE1DBhPD1KfyftFzbqdrO1Wmpfr6IIw8OwCE4Bg6ogTq4BA3QBATcgQfwBJ6t2Hq0XqzXeWvOWszsgx+w3j4BmGuPKQ==</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="UD0zqrn256RR3QuXxywn+gfuMJI=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiJGPGg==</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
<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>

O. T., Qing Chen, Richard J. Hill and Kevin S. McFarland, Nature Commun. 13 (2022), 1, 5286

O. T., Qing Chen, Richard J. Hill, Kevin S. McFarland and Clarence Wret  
editors suggestion in Phys. Rev. D (2022)
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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
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- formal limit of infinitely heavy nucleus

Static nucleon limit

- inclusive observables (+ ): few % level, flavor independentγ

- provides correct soft and collinear logarithms

<latexit sha1_base64="4F5C8zYHFyf/NgvLaUNdli8qYJI=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4GrItLYdd0UR3AgVbC10hpJJ0zY0mRmSjFBKN/6KGxeKuPUz3Pk3pg/xgR64cDjnXu69J0w4UxqhdyuzsLi0vJJdza2tb2xu2ds7DRWnktA6iXksmyFWlLOI1jXTnDYTSbEIOb0JB2cT/+aWSsXi6FoPExoI3ItYlxGsjdS290Tbp5xD39T5F71s23nkoGKl5BYgcgpeqVxEhqDCSdnzoOugKfJgjlrbfvM7MUkFjTThWKmWixIdjLDUjHA6zvmpogkmA9yjLUMjLKgKRtMHxvDQKB3YjaWpSMOp+n1ihIVSQxGaToF1X/32JuJfXivVXS8YsShJNY3IbFE35VDHcJIG7DBJieZDQzCRzNwKSR9LTLTJLGdC+PwU/k8aBcctO+jqOF89nceRBfvgABwBF1RAFVyAGqgDAsbgHjyCJ+vOerCerZdZa8aaz+yCH7BePwCAj5W4</latexit>

m` ⌧ E` ⌧ M

- collinear observable: cancellation of virtual vs real logs
- flavor-dependent effect, same for                     vs  

- soft-photon energy < 20 MeV, jet size: 100 for electron and 20 for muon 

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

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

⌫`n ! `�p

soft photon only
soft or collinear photon, Δθ=100

inclusive cross section

static limit, e flavor

ΔE = 20 MeV

σ/
σ L

O

0.8

0.9

1.0

Eν, GeV
0 2 4 6 8 10

static limit, μ flavor

soft photon only
soft or collinear photon, Δθ=20

inclusive cross section

ΔE = 20 MeV
σ/
σ L

O

0.8

0.9

1.0

Eν, GeV
0 2 4 6 8 10
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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>

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

⌫`n ! `�p

15

e  flavor

cross section
integrated

1.50≤θ≤150

...

ΔE = 20 MeV

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

(d
σγ

/d
Δ
θ)

/d
σ L

O

0

0.1

0.2

0.3

0.4

0.5

θ0
0 0.5 1.0 1.5

μ flavorE�+Eγ = 6 GeV
E�+Eγ = 2 GeV
E�+Eγ = 0.6 GeV

ΔE = 20 MeV
(d
σγ

/d
Δ
θ)

/d
σ L

O
0

0.002

0.004

0.006

0.008

θ0
0 5 10 15
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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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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, Phys. Lett. B 732, 315-319 (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, Phys. Rev. D 95 1, 013001 (2016)

- determine hard function at hard scale by matching

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

- cancellation of uncertainties from hard function for e/  and ratio to LOμ

νℓ n  ℓ- p
Eν = 2 GeV, ΔE = 10 MeV

leading order
soft photons only
soft and collinear photons, Δθ = 100

dσ
ν e

/d
σ ν

μ

0.9

1.0

1.1

Q2, GeV2
0 0.5 1.0 1.5

soft photons only
soft and collinear photons, Δθ = 10o

leading-order uncertainty

Eν = 2 GeV, ΔE = 10 MeV

νe n  e- p

dσ
/d
σ L

O

0.80

0.85

0.90

0.95

1.00

Q2, GeV2
0 0.5 1.0 1.5

- ratios: cancellation of uncertainty from hard function



⌫

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>

⌫

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>

13

<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>

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

e e

⌫

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

2`�
<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>

⌫

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>
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Inclusive observables

- the same gauge-invariant model for the real radiation

- arbitrary hard photons are part of the observable



14

Inclusive observables

- dependence on reconstruction of kinematics and cuts
- predict  from  measurements with neutrino beamσνe

σνμ

- kinematics                                 is reconstructed with 3 different

✓
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Electron/muon ratio

- nuclear effects: suppressed by expansion parameters squared

<latexit sha1_base64="WXGAOoh8mLRKvMyiAcEF3qegsEA="></latexit>

� (m` ! 0)

� (m` = 0)
⇡ 1 +Am2

` + ↵Bm2
` lnm`

- inclusive cross sections and flavor ratios determined by KLN
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QED nuclear medium effects  

in neutrino-nucleus and electron-nucleus 

scattering
O. T. and Ivan Vitev, Phys. Lett. B 805, 135466 (2022)
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` (k)



17

QED medium effects

- charged lepton exchanges photons with nuclear medium
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SCETG formulation

- leading-order cross sections are distorted
- EFT and full QED calculations are performed

- forward scattering is dominant process

- Glauber photons exchanged with a nuclear charge distribution

- change: integral along final lepton direction over charge and potential 
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Neutrino scattering

- permille-level distortion of cross sections: O( ) correctionα2

- smaller correction to inclusive cross section

- relative correction per nucleon <latexit sha1_base64="YBYW9K1DG5EwdOKWiBbXJyR5H9k="></latexit>
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Antineutrino scattering

- permille-level distortion of cross sections: O( ) correctionα2

- larger correction than for neutrino scattering

- relative correction per nucleon <latexit sha1_base64="YBYW9K1DG5EwdOKWiBbXJyR5H9k="></latexit>

v
�
q2?

�
=

e2

q2? + �2

IR regularization

Eνμ = 2 GeV
12
  6C νμ p  μ+ n

δσ
ν μ

/σ
ν μ

, ‰

−1

0

1

2

Q2, GeV2
0 0.5 1.0 1.5 2.0

Eνμ = 2 GeV
40
18Ar νμ p  μ+ n

SCETG, 10-10 GeV
SCETG, atomic scale
full QED, 10-10 GeV
full QED, atomic scale

δσ
ν μ

/σ
ν μ

, ‰
−2

0

2

Q2, GeV2
0 0.5 1.0 1.5 2.0

flavor-independent at GeV energies



21

SCETG formulation

- leading-order cross sections are modified
- EFT and full QED agree at GeV energies and above

- forward scattering is dominant process

- change: integral along final lepton direction over charge and potential 
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- add initial-state exchanges, no interference with final-state exchanges

<latexit sha1_base64="koXcoTpPek49m7WlhnGAXtkUBOw="></latexit>

��i ⇠
initialZ

lepton line

⇢ (z) dz

Z
d2~q?

(2⇡)2
|v (~q?) |2

⇣
�0

⇣
~k + ~q?,~k

0
⌘
� �0

⇣
~k,~k0

⌘⌘

- change: integral along initial lepton direction over charge and potential 

- Glauber photons exchanged with a nuclear charge distribution
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Electron scattering

- relative correction per nucleus after incoherent sum over nucleons

- percent-level at low momentum transfers: O( ) correctionα2

- critical new effect for electron scattering experiments
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QED nuclear medium effects at low energy

- EFT breaks: mass and kinematic effects
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E⌫ = 600 MeV
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Ee = 600 MeV
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Conclusions

- charged-current elastic electron vs muon cross-section ratios 

    evaluated from theory with sub-percent uncertainty

- permille-level QED nuclear medium effects in neutrino scattering

radiative corrections
in EFT framework

⌫
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- radiative corrections to neutrino-nucleon cross sections 

    formulated in factorization framework

- permille- to percent-level QED corrections in electron scattering



Thanks for your attention !!!
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Comparison to data

- generator NEUT + flux average over typical experiments
- lepton energy spectra with kinematics from the lepton leg

<latexit sha1_base64="drIKsE9nCCe7urM/Gjz1jL/TO10="></latexit>

Q2 = 2M (E⌫ � E`)
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Comparison to data

- muon flavor: comparable to experimental precision
- electron flavor: measurements are uncertain

- low-energy flux data from MINERvA@FERMILAB
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Comparison to data

- muon flavor: comparable to experimental precision
- electron flavor: measurements are uncertain

- medium-energy flux data from MINERvA@FERMILAB
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Radiation of hard photons

- 10-4 flavor misidentification rate for NOvA&T2K kinematics
- %-level radiation of non-collinear hard photons

- model-dependent description for radiation of hard photons

- photon energies are above 20, 40, and 80 MeV: default vs     “SIFF”
“hadronic model”

“Blunden calculation”
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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., Phys. Rev. D 102 7, 074012 (2020)
- nucleon form factors
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