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CCQE. Why should we care?

- basic process @ SBN
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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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CCQE scattering on free nucleon
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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

Elastic scattering on free nucleon
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- 1st measurement of axial form factor on “free” protons

- idea of scattering on molecular hydrogen realized !!!

background nuclear events
constrained by scattering of ν

T. Cai et al., MINERvA Collaboration, Nature (2023), 614, 48-53

MINERvA result with free protons
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⌫µp ! µ+n

muon kinematic selection

5580 events over 

12500 background

talk of K. McFarland
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deuterium fit for FA
PNDME FA
hydrogen data

νμp  μ+ n

θμ ≤ 200   1.5 GeV ≤ pμ ≤ 20 GeV
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- 2-3  tension between lattice QCD and deuterium dataσ
- MINERvA hydrogen data consistent with LQCD and deuterium

- 1  agreement for each bin besides two at small Q2≲ σ

- PNDME 2023 axial-vector form factor as representative of lattice QCD

Lattice QCD vs MINERvA

O. T., Rajan Gupta, and Tanmoy Bhattacharya, Phys.Rev.D 108 (2023) 7, 074514

talk of R. Gupta

https://arxiv.org/search/?searchtype=author&query=Bhattacharya%2C+T
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- estimates for 700 kg of H in Straw Tube Tracker at near detector


- order of magnitude improvement in axial form factor and radius
- DUNE will probe vector form factors and isospin symmetry

DUNE projections

H. Duyang, B. Guo, S. R. Mishra, and R. Petti (2016)

δrA :

0.16 fm

Roberto Petti, O. T., and Richard J. Hill, letter in Phys. Rev. D 109 5 (2024)

0.02 fm
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vector FFs
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Radiative corrections in charged-current
elastic scattering on free nucleons
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<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="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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- electron flavor: 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
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/d
Δ
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/d
σ L

O
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0.2
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0.5
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/d
σ L

O
0
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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

◆

<latexit sha1_base64="qumEn/R+IBw2SNg1C0Q3lXyW2ZY=">AAACCnicdVDLSsNAFJ34rPUVdelmtAiuQlJrH7uiG5cKVoUmlMnk1g5OJmFmIpRQt278FTcuFHHrF7jzb5zUCip6YOBwzj3MvSdMOVPadd+tqemZ2bn50kJ5cWl5ZdVeWz9TSSYpdGjCE3kREgWcCehopjlcpBJIHHI4D68OC//8GqRiiTjVwxSCmFwK1meUaCP17C2fC+xzE4jIjR8TPZBxDmJABIUYhFajnl1xnWqr0fLq2HXc/VqzWS1ItVX39rDnuGNU0ATHPfvNjxKaFWnKiVJdz011kBOpGeUwKvuZgpTQK3IJXUMFiUEF+fiUEd4xSoT7iTRPaDxWvydyEis1jEMzWSyrfnuF+JfXzXS/GeRMpJkGQT8/6mcc6wQXveCISaCaDw0hVDKzK6YDIgnVpr2yKeHrUvw/Oas6Xt3xTmqV9sGkjhLaRNtoF3mogdroCB2jDqLoFt2jR/Rk3VkP1rP18jk6ZU0yG+gHrNcP5CibtA==</latexit>

ln� enhancements

SCET power expansion parameter
<latexit sha1_base64="1m3dN6YL0KbOrcTOtgmXhjArpMk="></latexit>

� ⇠
m2

µ

E2
⌫

⇠ (�✓)2 ⇠ �E

E⌫

power corrections are large at lowest muon (anti)neutrino E @ SBND
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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

◆



14

Exclusive observables

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

- 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>

15

<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>

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>

Inclusive observables

- the same gauge-invariant model for the real radiation

- arbitrary hard photons are part of the observable
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Inclusive observables

- dependence on reconstruction of kinematics and cuts
- precise prediction for ratios /σνe

σνμ

- kinematics                                 is reconstructed with 3 different
<latexit sha1_base64="Qv6J+tyeTXp4q4JhuHuHwvdZeN4=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw8yY9RYUwWNEs0AyhJ5OT9KkZ6G7RwhDPsGLB0W8+kXe/Bt7kggq+qDg8V4VVfW8mDOpLOvDWFldW9/YzG3lt3d29/YLB4dtGSWC0BaJeCS6HpaUs5C2FFOcdmNBceBx2vEml5nfuadCsii8U9OYugEehcxnBCst3V4NuoNC0TKderVul5FlWuVSrVrJiFOv2OfINq05irBEc1B47w8jkgQ0VIRjKXu2FSs3xUIxwuks308kjTGZ4BHtaRrigEo3nZ86Q6daGSI/ErpChebq94kUB1JOA093BliN5W8vE//yeonya27KwjhRNCSLRX7CkYpQ9jcaMkGJ4lNNMBFM34rIGAtMlE4nr0P4+hT9T9qOaVdM56ZUbFws48jBMZzAGdhQhQZcQxNaQGAED/AEzwY3Ho0X43XRumIsZ47gB4y3T3VNje8=</latexit>

EX

<latexit sha1_base64="hchYZC5AwO9vSl+oCx9p8yPE0v0="></latexit>

Q2 = 2M (E⌫ � EX)
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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”

17

hadronic 

model
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Conclusions

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


    evaluated from theory with sub-percent uncertainty

radiative corrections
in EFT framework

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

- radiative corrections to neutrino-nucleon cross sections


    formulated in factorization framework
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QED medium effects

- charged lepton exchanges photons with nuclear medium

<latexit sha1_base64="+dHldEKx54A/U4xwyhfx0qiv39s=">AAAB8nicbVDJSgNBEO1xjXGLevTSGAQPIcxIUI9BLx4jmAVmhtDT6Uma9DL0IoQhn+HFgyJe/Rpv/o2dZA6a+KDg8V4VVfWSjFFtfP/bW1vf2NzaLu2Ud/f2Dw4rR8cdLa3CpI0lk6qXIE0YFaRtqGGklymCeMJINxnfzfzuE1GaSvFoJhmJORoKmlKMjJPCSNgaJDUYcduvVP26PwdcJUFBqqBAq1/5igYSW06EwQxpHQZ+ZuIcKUMxI9NyZDXJEB6jIQkdFYgTHefzk6fw3CkDmErlShg4V39P5IhrPeGJ6+TIjPSyNxP/80Jr0ps4pyKzhgi8WJRaBo2Es//hgCqCDZs4grCi7laIR0ghbFxKZRdCsPzyKulc1oOreuOhUW3eFnGUwCk4AxcgANegCe5BC7QBBhI8g1fw5hnvxXv3Phata14xcwL+wPv8AfsLkGs=</latexit>⌫, e, µ

<latexit sha1_base64="OnSKe/4KIPv/tH7AcaM09xXkNHI=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8SNiVoB6DXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hoduq3nqg2TMkHO05oKPBAspgRbJ3UpOeoK9JeqexX/BnQMglyUoYc9V7pq9tXJBVUWsKxMZ3AT2yYYW0Z4XRS7KaGJpiM8IB2HJVYUBNms2sn6NQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY2vw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVR0IQSLLy+T5kUluKxU76vl2k0eRwGO4QTOIIArqMEd1KEBBB7hGV7hzVPei/fufcxbV7x85gj+wPv8Ad5mjq4=</latexit>e, µO. T. and Ivan Vitev, Phys. Lett. B 805, 135466 (2022)
O. T. and Ivan Vitev, Phys. Rev. D 108 9, 9 (2023)

O. T. and Ivan Vitev, Phys. Rev. D XXX X, X (2024)
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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 

<latexit sha1_base64="o1y7MpQOEGCuchnBzwoeSOQFxsw="></latexit>

k0 ⇠
⇣
�, 1,

p
�
⌘
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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>

v
�
q2?

�
=

e2

q2? + �2

νμ n  μ- p
Eνμ = 2 GeV

40
18Ar

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

δσ
ν μ

/σ
ν μ

, ‰
−1

0

1

Q2, GeV2
0 0.5 1.0 1.5 2.0

νμ n  μ- p
Eνμ = 2 GeV

12
  6C

δσ
ν μ

/σ
ν μ

, ‰

0

1

Q2, GeV2
0 0.5 1.0 1.5 2.0

IR regularization

flavor-independent at GeV energies



22

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>
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SCETG formulation

- leading-order cross sections are distorted
- EFT and full QED agree above the lepton mass scale

- forward scattering is dominant process

- change: integral along final lepton direction over charge and potential 
<latexit sha1_base64="lVkgLro1lHXcGd3H7eD7cLFLnoI="></latexit>
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- add initial-state exchanges, no interference with final-state exchanges
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- change: integral along initial lepton direction over charge and potential 

- Glauber photons exchanged with a nuclear charge distribution



24

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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O. T. and Ivan Vitev, Phys. Lett. B 805, 135466 (2022)
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QED medium effects

- >10000 interactions along the lepton trajectory resumed
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SCETG only
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Broadening of electron tracks

- multiple re-scattering generates transverse momentum

- Glauber exchange induces 10-30 MeV transverse momentum

- exact resummation vs Gaussian approximation: nuclear size scale
O. T. and Ivan Vitev, Phys. Rev. D 108 9, 9 (2023)
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Broadening of electron tracks

- r. m. s. deflection angle after multiple rescattering

- sizable deflection of electron tracks
<latexit sha1_base64="bxZxMAWIwkGW1sFEfjpIyB4pCSk="></latexit>q
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- nucleus approximated as sphere of constant density
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Effect on unpolarized cross section
- initial and final re-scattering is taken into account
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- percent-level electron-nucleus cross-section suppression

- nucleus approximated as sphere of constant density

- momentum transfer from electron kinematics 



29

Effect on unpolarized cross section

- only final re-scattering present
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- nucleus approximated as sphere of constant density

- neutrino-nucleus: percent-level at kinematic endpoints
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Effect on unpolarized cross section

- antineutrino-nucleus: percent-level at kinematic endpoints

- nucleus approximated as sphere of constant density

- only final re-scattering present
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QED medium-induced radiation
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- >10000 interactions along the lepton trajectory resumed

SCETG only
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QED medium-induced radiation

- separation of scales: exact resummation of medium effects

O. T. and Ivan Vitev, Phys. Rev. D XXX X, X (2024)

broadening with radiation: pT spectrum is multiplied with soft (collinear) 

function in vacuum for observables including soft (collinear) photons

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)

soft (collinear) functions in vacuum:

relative cross-section correction at each order in expansion on number of 

re-scatterings: the same for soft, collinear, and no-radiation cases

vanishing spectrum of soft or collinear medium-induced photons
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Conclusions

QED nuclear medium

effects

verified: SCETG works perfectly at GeV energies

formulation of

broadening and radiation: SCETG

virtual corrections at 1st order in opacity: SCETG and full QED
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Cross sections at 600 MeV beam energy

- QED and SCETG significantly differ at 100 of MeV energy

1st order in opacity
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Conclusions

QED nuclear medium

effects

found: a) sizable deflection of charged lepton tracks


            b) multiple rescattering: %-level corrections at GeV energies


     c) vanishing nuclear medium-induced photon energy spectra


     d) radiation sizably (~10-20 %) modifies broadening

verified: SCETG works perfectly at GeV energies

formulation of

broadening and radiation: SCETG

virtual corrections at 1st order in opacity: SCETG and full QED

but not for 100th MeV !!!



Thanks for your attention !!!
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