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Neutrino fluxes and cross sections
• Neutrino fluxes depend on perturbative QCD

(e.g., heavy flavor) and  more complex incorporation
of QCD in light meson production.
• Standard model neutrino and antineutrino

cross sections depend on detector target nucleon PDFs.
• Monte Carlo modeling of neutrino interactions (Vishvas Pandey)

• Standard model results are the basis for Beyond the Standard Model 
searches/constraints.
• BSM physics with neutrinos (Kevin Kelly)
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Neutrino fluxes at the FPF
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pp ! ⇡,K, hyperons, charm hadrons, b hadrons,W,Z
<latexit sha1_base64="eOGv/fPdiyEkiyx7z2jr2AKeozc="></latexit>

,! ⌫e, ⌫̄e, ⌫µ, ⌫̄µ, ⌫⌧ , ⌫̄⌧
<latexit sha1_base64="mOFfqEhjN4VyffYaaTxCG+cyOrw=">AAACM3icbZBNSwMxEIaz9avWr6pHL8EieJCyWwV7LHgRTwpWhW4ps2nahmaTJZlVSul/8uIf8SCIB0W8+h/M1kX8Gkjy5J0ZknmjRAqLvv/oFWZm5+YXioulpeWV1bXy+saF1alhvMm01OYqAsulULyJAiW/SgyHOJL8MhoeZfnLa26s0OocRwlvx9BXoicYoJM65ZNwoPXQiP4AwRh9Q0OVdvheGIHJye1hnH4pU85OhG+iu5Q65Ypf9adB/0KQQ4Xkcdop34ddzdKYK2QSrG0FfoLtMRgUTPJJKUwtT4ANoc9bDhXE3LbH05kndMcpXdrTxi2FdKp+7xhDbO0ojlxlDDiwv3OZ+F+ulWKv3h4LlaTIFft8qJdKippmBtKuMJyhHDkAZoT7K2UDMMDQ2ZyZEPwe+S9c1KrBfrV2dlBp1HM7imSLbJNdEpBD0iDH5JQ0CSO35IE8kxfvznvyXr23z9KCl/dskh/hvX8AVfar3g==</latexit>

arXiv:1804.04413, Buontempo et al.
W & heavy flavor

charm hadrons, b hadrons
<latexit sha1_base64="Wo7vKU3vwVAClQV23nKBeJsGABI=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCCylJFeyy4MZlBXuBNpTJZNIOnUuYmQgldOvGV3HjQhG3voE738ZpGkRbfxj4+M85nDl/mDCqjed9OSura+sbm6Wt8vbO7t6+e3DY1jJVmLSwZFJ1Q6QJo4K0DDWMdBNFEA8Z6YTj61m9c0+UplLcmUlCAo6GgsYUI2OtgQuzvuIQj5DifThCkZJCn8Pwh6cDt+JVvVxwGfwCKqBQc+B+9iOJU06EwQxp3fO9xAQZUoZiRqblfqpJgvAYDUnPokCc6CDLL5nCU+tEMJbKPmFg7v6eyBDXesJD28mRGenF2sz8r9ZLTVwPMiqS1BCB54vilEEj4SwWGFFFsGETCwgrav+ah4KwseGVbQj+4snL0K5V/Ytq7fay0qgXcZTAMTgBZ8AHV6ABbkATtAAGD+AJvIBX59F5dt6c93nrilPMHIE/cj6+Ad4Bmcc=</latexit>

⇡,K, hyperons
<latexit sha1_base64="OY7f3ck2NcVewUnt664YhFBxs6g=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwUUpSBbssuBHcVLAPaEKZTCft0HmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd774kSRrXxvG9nZXVtfWOzsFXc3tnd23cPDltapgqTJpZMqk6ENGFUkKahhpFOogjiESPtaHQ99dsPRGkqxb0ZJyTkaCBoTDEyVuq5x0FCy7flLFAcDq2vpNCTnlvyKt4McJn4OSmBHI2e+xX0JU45EQYzpHXX9xITZkgZihmZFINUkwThERqQrqUCcaLDbHb9BJ5ZpQ9jqWwJA2fq74kMca3HPLKdHJmhXvSm4n9eNzVxLcyoSFJDBJ4vilMGjYTTKGCfKoING1uCsKL2VoiHSCFsbGBFG4K/+PIyaVUr/kWlendZqtfyOArgBJyCc+CDK1AHN6ABmgCDR/AMXsGb8+S8OO/Ox7x1xclnjsAfOJ8/PMGVEA==</latexit>

Monte Carlo generators
NLO QCD calculations

shown from Monte Carlo generators

• parton distribution functions (PDFs, intrinsic charm?)
• QCD renormalization/factorization scales
• transverse momentum? (kT, smearing)
• fragmentation

�
<latexit sha1_base64="q0tj+g5uj0UySeZi8Zu/v5/E3oo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx48VLAf0Iay2W6apbubsLsRSuhf8OJBEa/+IW/+GzdtDtr6YODx3gwz84KEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfQ293tPVGkWy0czS6gv8ESykBFscml4r6NRtebW3QXQOvEKUoMC7VH1aziOSSqoNIRjrQeemxg/w8owwum8Mkw1TTCZ4gkdWCqxoNrPFrfO0YVVxiiMlS1p0EL9PZFhofVMBLZTYBPpVS8X//MGqQmbfsZkkhoqyXJRmHJkYpQ/jsZMUWL4zBJMFLO3IhJhhYmx8VRsCN7qy+uk26h7V/XGw3Wt1SziKMMZnMMleHADLbiDNnSAQATP8ApvjnBenHfnY9lacoqZU/gD5/MH6iCOHw==</latexit>

AdvSND-Near �
<latexit sha1_base64="q0tj+g5uj0UySeZi8Zu/v5/E3oo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx48VLAf0Iay2W6apbubsLsRSuhf8OJBEa/+IW/+GzdtDtr6YODx3gwz84KEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfQ293tPVGkWy0czS6gv8ESykBFscml4r6NRtebW3QXQOvEKUoMC7VH1aziOSSqoNIRjrQeemxg/w8owwum8Mkw1TTCZ4gkdWCqxoNrPFrfO0YVVxiiMlS1p0EL9PZFhofVMBLZTYBPpVS8X//MGqQmbfsZkkhoqyXJRmHJkYpQ/jsZMUWL4zBJMFLO3IhJhhYmx8VRsCN7qy+uk26h7V/XGw3Wt1SziKMMZnMMleHADLbiDNnSAQATP8ApvjnBenHfnY9lacoqZU/gD5/MH6iCOHw==</latexit>

Focus on far forward region



Monte Carlo results
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• Kaon, pion, charm: different 
energies and neutrino flavors.

• Especially for pions and 
kaons, need propagation 
through forward LHC 
infrastructure.

• Large uncertainties in charm
contribution (LO in MC).

• More consistency in light 
hadron contributions.

⌫e + ⌫̄e
<latexit sha1_base64="DoV+XcDIYhdjjl2gZt1wSvXFUng=">AAAB+HicbZDLSsNAFIYn9VbrpVGXboJFEISSVEGXBTe6q2Av0IQwmZ60QyeTMBehlj6JGxeKuPVR3Pk2TtMstPWHgY//nMM580cZo1K57rdVWlvf2Nwqb1d2dvf2q/bBYUemWhBok5SlohdhCYxyaCuqGPQyATiJGHSj8c283n0EIWnKH9QkgyDBQ05jSrAyVmhXfa5DOPcjLHIK7Zpbd3M5q+AVUEOFWqH95Q9SohPgijAsZd9zMxVMsVCUMJhVfC0hw2SMh9A3yHECMpjmh8+cU+MMnDgV5nHl5O7viSlOpJwkkelMsBrJ5drc/K/W1yq+DqaUZ1oBJ4tFsWaOSp15Cs6ACiCKTQxgIqi51SEjLDBRJquKCcFb/vIqdBp176LeuL+sNe+KOMroGJ2gM+ShK9REt6iF2oggjZ7RK3qznqwX6936WLSWrGLmCP2R9fkDkweTDg==</latexit>

, ⌫µ + ⌫̄µ
<latexit sha1_base64="Fc2rFx4YIEIFQ6HTfk4oRTl6fJA=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASLIChlpgq6LLjRXQV7gc4wZNK0DU0yQy5CHYqv4saFIm59D3e+jWk7C239IfDxn3M4J3+cMqq05307haXlldW14nppY3Nre8fd3WuqxEhMGjhhiWzHSBFGBWloqhlpp5IgHjPSiofXk3rrgUhFE3GvRykJOeoL2qMYaWtF7sFZIEwUcHMaxEjmHLllr+JNBRfBz6EMctUj9yvoJthwIjRmSKmO76U6zJDUFDMyLgVGkRThIeqTjkWBOFFhNr1+DI+t04W9RNonNJy6vycyxJUa8dh2cqQHar42Mf+rdYzuXYUZFanRRODZop5hUCdwEgXsUkmwZiMLCEtqb4V4gCTC2gZWsiH4819ehGa14p9XqncX5dptHkcRHIIjcAJ8cAlq4AbUQQNg8AiewSt4c56cF+fd+Zi1Fpx8Zh/8kfP5Az8alR4=</latexit>

Fast neutrino flux simulation

Kling & Nevay

620 m

620 m

⌘min ' 8.2
<latexit sha1_base64="LbMBRgVmjA9O5u4n0iFh9Iy5K7w=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET8tuFMwx4MVjBPOA7LLMTjrJkJnZdWZWCEu8+CtePCji1b/w5t84eRw0saChqOqmuytOOdPG876dldW19Y3NwlZxe2d3b790cNjUSaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98VsPoDRL5J0ZpRAK0pesxygxVopKxwEYEuWBElgwOQ40E3CPq24lKpU915sCLxN/TspojnpU+gq6Cc0ESEM50brje6kJc6IMoxzGxSDTkBI6JH3oWCqJAB3m0w/G+MwqXdxLlC1p8FT9PZETofVIxLZTEDPQi95E/M/rZKZXDXMm08yApLNFvYxjk+BJHLjLFFDDR5YQqpi9FdMBUYQaG1rRhuAvvrxMmhXXv3Art5flmjePo4BO0Ck6Rz66QjV0g+qogSh6RM/oFb05T86L8+58zFpXnPnMEfoD5/MHpiOWTA==</latexit>

⌘min ' 8.2
<latexit sha1_base64="LbMBRgVmjA9O5u4n0iFh9Iy5K7w=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET8tuFMwx4MVjBPOA7LLMTjrJkJnZdWZWCEu8+CtePCji1b/w5t84eRw0saChqOqmuytOOdPG876dldW19Y3NwlZxe2d3b790cNjUSaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98VsPoDRL5J0ZpRAK0pesxygxVopKxwEYEuWBElgwOQ40E3CPq24lKpU915sCLxN/TspojnpU+gq6Cc0ESEM50brje6kJc6IMoxzGxSDTkBI6JH3oWCqJAB3m0w/G+MwqXdxLlC1p8FT9PZETofVIxLZTEDPQi95E/M/rZKZXDXMm08yApLNFvYxjk+BJHLjLFFDDR5YQqpi9FdMBUYQaG1rRhuAvvrxMmhXXv3Art5flmjePo4BO0Ck6Rz66QjV0g+qogSh6RM/oFb05T86L8+58zFpXnPnMEfoD5/MHpiOWTA==</latexit>

⌘min ' 7.5
<latexit sha1_base64="aN4e686s0+AIc1itaZb48SvTR8s=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7UYnHgBePEcwDsssyO+kkQ2Zm15lZISzx4q948aCIV//Cm3/j5HHQxIKGoqqb7q4o4Uwb1/12ciura+sb+c3C1vbO7l5x/6Cp41RRaNCYx6odEQ2cSWgYZji0EwVERBxa0fB64rceQGkWyzszSiAQpC9Zj1FirBQWj3wwJMx8JbBgcuxrJuAeV8uXYbHklt0p8DLx5qSE5qiHxS+/G9NUgDSUE607npuYICPKMMphXPBTDQmhQ9KHjqWSCNBBNv1gjE+t0sW9WNmSBk/V3xMZEVqPRGQ7BTEDvehNxP+8Tmp6V0HGZJIakHS2qJdybGI8iQN3mQJq+MgSQhWzt2I6IIpQY0Mr2BC8xZeXSbNS9s7LlduLUs2dx5FHx+gEnSEPVVEN3aA6aiCKHtEzekVvzpPz4rw7H7PWnDOfOUR/4Hz+AKkplk4=</latexit>

⌘min ' 7.5
<latexit sha1_base64="aN4e686s0+AIc1itaZb48SvTR8s=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7UYnHgBePEcwDsssyO+kkQ2Zm15lZISzx4q948aCIV//Cm3/j5HHQxIKGoqqb7q4o4Uwb1/12ciura+sb+c3C1vbO7l5x/6Cp41RRaNCYx6odEQ2cSWgYZji0EwVERBxa0fB64rceQGkWyzszSiAQpC9Zj1FirBQWj3wwJMx8JbBgcuxrJuAeV8uXYbHklt0p8DLx5qSE5qiHxS+/G9NUgDSUE607npuYICPKMMphXPBTDQmhQ9KHjqWSCNBBNv1gjE+t0sW9WNmSBk/V3xMZEVqPRGQ7BTEDvehNxP+8Tmp6V0HGZJIakHS2qJdybGI8iQN3mQJq+MgSQhWzt2I6IIpQY0Mr2BC8xZeXSbNS9s7LlduLUs2dx5FHx+gEnSEPVVEN3aA6aiCKHtEzekVvzpPz4rw7H7PWnDOfOUR/4Hz+AKkplk4=</latexit>

3000 fb�1
<latexit sha1_base64="9SW45gj1t/VUQi5kcgLYctg/Ky0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgxpK0gl0W3LisYB/QxDKZTtqhM5MwMxFCiL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7TxAzqrTjfFuljc2t7Z3ybmVv/+DwyD4+6akokZh0ccQiOQiQIowK0tVUMzKIJUE8YKQfzG7mfv+RSEUjca/TmPgcTQQNKUbaSCO72nQcx4OZJzkMg/whu3TzkV1z6s4CcJ24BamBAp2R/eWNI5xwIjRmSKmh68Taz5DUFDOSV7xEkRjhGZqQoaECcaL8bHF8Ds+NMoZhJE0JDRfq74kMcaVSHphOjvRUrXpz8T9vmOiw5WdUxIkmAi8XhQmDOoLzJOCYSoI1Sw1BWFJzK8RTJBHWJq+KCcFdfXmd9Bp1t1lv3F3V2q0ijjI4BWfgArjgGrTBLeiALsAgBc/gFbxZT9aL9W59LFtLVjFTBX9gff4AnzaTcQ==</latexit>

See also: Kling & Nevay, 2105.08270 



Monte Carlo and NLO results 

February 1, 2022 Mary Hall Reno 5

⌫⌧ + ⌫̄⌧
<latexit sha1_base64="9SuSuN1rvY/JP8bf8ZVVCEkoWWg=">AAAB/nicbVDLSsNAFL3xWesrKq7cBIsgCCWpgi4LbnRXwT6gCWEynbRDJ5MwD6GEgr/ixoUibv0Od/6N0zaCth64cOace5l7T5QxKpXrfllLyyura+uljfLm1vbOrr2335KpFpg0ccpS0YmQJIxy0lRUMdLJBEFJxEg7Gl5P/PYDEZKm/F6NMhIkqM9pTDFSRgrtQ5/r0FdIn/kREj+P0K64VXcKZ5F4BalAgUZof/q9FOuEcIUZkrLruZkKciQUxYyMy76WJEN4iPqkayhHCZFBPl1/7JwYpefEqTDFlTNVf0/kKJFylESmM0FqIOe9ifif19UqvgpyyjOtCMezj2LNHJU6kyycHhUEKzYyBGFBza4OHiCBsDKJlU0I3vzJi6RVq3rn1drdRaV+W8RRgiM4hlPw4BLqcAMNaAKGHJ7gBV6tR+vZerPeZ61LVjFzAH9gfXwDaSqVzA==</latexit>

⌘min ' 8.2
<latexit sha1_base64="LbMBRgVmjA9O5u4n0iFh9Iy5K7w=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET8tuFMwx4MVjBPOA7LLMTjrJkJnZdWZWCEu8+CtePCji1b/w5t84eRw0saChqOqmuytOOdPG876dldW19Y3NwlZxe2d3b790cNjUSaYoNGjCE9WOiQbOJDQMMxzaqQIiYg6teHg98VsPoDRL5J0ZpRAK0pesxygxVopKxwEYEuWBElgwOQ40E3CPq24lKpU915sCLxN/TspojnpU+gq6Cc0ESEM50brje6kJc6IMoxzGxSDTkBI6JH3oWCqJAB3m0w/G+MwqXdxLlC1p8FT9PZETofVIxLZTEDPQi95E/M/rZKZXDXMm08yApLNFvYxjk+BJHLjLFFDDR5YQqpi9FdMBUYQaG1rRhuAvvrxMmhXXv3Art5flmjePo4BO0Ck6Rz66QjV0g+qogSh6RM/oFb05T86L8+58zFpXnPnMEfoD5/MHpiOWTA==</latexit>

⌘min ' 7.5
<latexit sha1_base64="aN4e686s0+AIc1itaZb48SvTR8s=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7UYnHgBePEcwDsssyO+kkQ2Zm15lZISzx4q948aCIV//Cm3/j5HHQxIKGoqqb7q4o4Uwb1/12ciura+sb+c3C1vbO7l5x/6Cp41RRaNCYx6odEQ2cSWgYZji0EwVERBxa0fB64rceQGkWyzszSiAQpC9Zj1FirBQWj3wwJMx8JbBgcuxrJuAeV8uXYbHklt0p8DLx5qSE5qiHxS+/G9NUgDSUE607npuYICPKMMphXPBTDQmhQ9KHjqWSCNBBNv1gjE+t0sW9WNmSBk/V3xMZEVqPRGQ7BTEDvehNxP+8Tmp6V0HGZJIakHS2qJdybGI8iQN3mQJq+MgSQhWzt2I6IIpQY0Mr2BC8xZeXSbNS9s7LlduLUs2dx5FHx+gEnSEPVVEN3aA6aiCKHtEzekVvzpPz4rw7H7PWnDOfOUR/4Hz+AKkplk4=</latexit>

3000 fb�1
<latexit sha1_base64="9SW45gj1t/VUQi5kcgLYctg/Ky0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgxpK0gl0W3LisYB/QxDKZTtqhM5MwMxFCiL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7TxAzqrTjfFuljc2t7Z3ybmVv/+DwyD4+6akokZh0ccQiOQiQIowK0tVUMzKIJUE8YKQfzG7mfv+RSEUjca/TmPgcTQQNKUbaSCO72nQcx4OZJzkMg/whu3TzkV1z6s4CcJ24BamBAp2R/eWNI5xwIjRmSKmh68Taz5DUFDOSV7xEkRjhGZqQoaECcaL8bHF8Ds+NMoZhJE0JDRfq74kMcaVSHphOjvRUrXpz8T9vmOiw5WdUxIkmAi8XhQmDOoLzJOCYSoI1Sw1BWFJzK8RTJBHWJq+KCcFdfXmd9Bp1t1lv3F3V2q0ijjI4BWfgArjgGrTBLeiALsAgBc/gFbxZT9aL9W59LFtLVjFTBX9gff4AnzaTcQ==</latexit>

Kling & Nevay

LO MC NLO QCD

Bai et al.

• SIBYLL 2.3d tuned to charm production data, DPMJet & Pythia are not.
• NLO QCD can quantify errors: large scale dependence an indication of need for 

higher order terms (green), PDF uncertainty (PROSA, orange).
See also: Kling & Nevay, 2105.08270, Bai et al., 2112.11605

Note: different 𝜂!"#



Numbers of CC events
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Sibyll 2.3d/DPMJET 3.2017

NLO QCD• PDFs, including at large x, 
particularly important for HE 
neutrinos from charm.

• Plenty of room for 
improvements in MC 
modeling, beyond NLO QCD 
charm production.

• Fast neutrino flux 
simulation tool  useful 
for modeling.



Neutrino cross sections
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Formaggio & Zeller, RMP 84 (2012) 1207 • Deep-inelastic scattering (DIS) at high 
energies: charged current (CC) and neutral 
current (NC)

• DIS at lower energies, impact of hadronic final 
state invariant mass W and momentum 
transfer Q

• Quasi-elastic (QE) and resonant (RES) 
scattering

• Scattering with electrons



Deep-inelastic scattering (DIS)
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Garcia Soto

Differences in evaluations for E>300 GeV:
• Minimum Q0 in structure functions
• Bodek-Yang extrapolates to Q0=0

• Treatment of heavy flavor (most 
relevant, neutrino production of 
charm)

• Parton distribution functions.

⌫µ � Fe
<latexit sha1_base64="QfSDR1sRKQdZdqKdgr5pvij8JAQ=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwY0mqYJcFQVxWsA9oQphMJ+3QmUmYR6GE/okbF4q49U/c+TdO2yy09cCFwzn3cu89ccao0p737ZQ2Nre2d8q7lb39g8Mj9/iko1IjMWnjlKWyFyNFGBWkralmpJdJgnjMSDce38397oRIRVPxpKcZCTkaCppQjLSVItcNhIkCbq7yQHJ4T2aRW/Vq3gJwnfgFqYICrcj9CgYpNpwIjRlSqu97mQ5zJDXFjMwqgVEkQ3iMhqRvqUCcqDBfXD6DF1YZwCSVtoSGC/X3RI64UlMe206O9EitenPxP69vdNIIcyoyo4nAy0WJYVCncB4DHFBJsGZTSxCW1N4K8QhJhLUNq2JD8FdfXiedes2/rtUfb6rNRhFHGZyBc3AJfHALmuABtEAbYDABz+AVvDm58+K8Ox/L1pJTzJyCP3A+fwAiQ5NM</latexit>

⌫̄µ � Fe
<latexit sha1_base64="W6sWE6wXZNJjo3vqDmDiv8jPBJ4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0tSBbssCOKygn1AE8JkOm2HzkzCPIQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5wyqrTnfTuFldW19Y3iZmlre2d3z90/aKnESEyaOGGJ7MRIEUYFaWqqGemkkiAeM9KOR9dTv/1ApKKJuNfjlIQcDQTtU4y0lSL3KIiRDISJAm7Os0ByeEMmkVv2Kt4McJn4OSmDHI3I/Qp6CTacCI0ZUqrre6kOMyQ1xYxMSoFRJEV4hAaka6lAnKgwm10/gadW6cF+Im0JDWfq74kMcaXGPLadHOmhWvSm4n9e1+h+LcyoSI0mAs8X9Q2DOoHTKGCPSoI1G1uCsKT2VoiHSCKsbWAlG4K/+PIyaVUr/kWlendZrtfyOIrgGJyAM+CDK1AHt6ABmgCDR/AMXsGb8+S8OO/Ox7y14OQzh+APnM8fMg2VBQ==</latexit>

Q0 ! 0
<latexit sha1_base64="1WvItYj/+bC168UQpwfRH/T8WiY=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZcFNy5bsA9oh5JJM21oJjMmd4Qy9CfcuFDErb/jzr8xbWehrQcCh3PuJfecIJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFK3ebA7WNM3EG54lbdBcg68XJSgRyNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLe2fkwipDEsbaPoVkof7eyGhkzDQK7GREcWxWvbn4n9dLMbz1M6GSFLliy4/CVBIbcR6eDIXmDOXUEsq0sLcSNqaaMrQVlWwJ3mrkddKuVb2raq15XanX8jqKcAbncAke3EAd7qEBLWAg4Rle4c15dF6cd+djOVpw8p1T+APn8wfo4I8t</latexit>

Q0 = 1.0 GeV
<latexit sha1_base64="xX7Z9xJfhzGbKgRIxr9RkQNMqdk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5BUQTdCwYUuW7APaEKYTCft0JlJmJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954oZVRp1/22Siura+sb5c3K1vbO7p69f9BWSSYxaeGEJbIbIUUYFaSlqWakm0qCeMRIJxrdTP3OA5GKJuJej1MScDQQNKYYaSOF9lEzdK+h57jQh7kvObwl7UloV13HnQEuE68gVVCgEdpffj/BGSdCY4aU6nluqoMcSU0xI5OKnymSIjxCA9IzVCBOVJDPrp/AU6P0YZxIU0LDmfp7IkdcqTGPTCdHeqgWvan4n9fLdHwV5FSkmSYCzxfFGYM6gdMoYJ9KgjUbG4KwpOZWiIdIIqxNYBUTgrf48jJp1xzv3Kk1L6r1WhFHGRyDE3AGPHAJ6uAONEALYPAInsEreLOerBfr3fqYt5asYuYQ/IH1+QNHHJMk</latexit>

Q0 = 1.64 GeV
<latexit sha1_base64="bs1/zZIc9q1gghdbRiJonaiwOP0=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPIWkFvUiFDzosQXbCk0Im+2mXbq7CbsboYSCf8WLB0W8+ju8+W/ctjlo64OBx3szzMyLUkaVdt1vq7Syura+Ud6sbG3v7O7Z+wcdlWQSkzZOWCIfIqQIo4K0NdWMPKSSIB4x0o1GN1O/+0ikoom41+OUBBwNBI0pRtpIoX3UCt1r6DkXdejD3Jcc3pLOJLSrruPOAJeJV5AqKNAM7S+/n+CME6ExQ0r1PDfVQY6kppiRScXPFEkRHqEB6RkqECcqyGfnT+CpUfowTqQpoeFM/T2RI67UmEemkyM9VIveVPzP62U6vgpyKtJME4Hni+KMQZ3AaRawTyXBmo0NQVhScyvEQyQR1iaxignBW3x5mXRqjnfu1Fr1aqNWxFEGx+AEnAEPXIIGuANN0AYY5OAZvII368l6sd6tj3lrySpmDsEfWJ8/yLeTaA==</latexit>

[large Q0, blue dashed line, neutrino 
energy below limit of applicability]



Deep-inelastic scattering (DIS)
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Garcia Soto Conclusions:
• Agreement when minimum Q0 is equal for 

same PDFs.
• Treatment of heavy flavor is not producing 

discrepancies (red dashed and dotted 
agree).

• Parton distribution functions are 
sufficiently different:
• input PDFs, with disagreement 

0.01<x<0.6
• (consequence, blue and red curves 

disagree).

⌫µ � Fe
<latexit sha1_base64="QfSDR1sRKQdZdqKdgr5pvij8JAQ=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwY0mqYJcFQVxWsA9oQphMJ+3QmUmYR6GE/okbF4q49U/c+TdO2yy09cCFwzn3cu89ccao0p737ZQ2Nre2d8q7lb39g8Mj9/iko1IjMWnjlKWyFyNFGBWkralmpJdJgnjMSDce38397oRIRVPxpKcZCTkaCppQjLSVItcNhIkCbq7yQHJ4T2aRW/Vq3gJwnfgFqYICrcj9CgYpNpwIjRlSqu97mQ5zJDXFjMwqgVEkQ3iMhqRvqUCcqDBfXD6DF1YZwCSVtoSGC/X3RI64UlMe206O9EitenPxP69vdNIIcyoyo4nAy0WJYVCncB4DHFBJsGZTSxCW1N4K8QhJhLUNq2JD8FdfXiedes2/rtUfb6rNRhFHGZyBc3AJfHALmuABtEAbYDABz+AVvDm58+K8Ox/L1pJTzJyCP3A+fwAiQ5NM</latexit>

Q0 = 1.0 GeV
<latexit sha1_base64="xX7Z9xJfhzGbKgRIxr9RkQNMqdk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5BUQTdCwYUuW7APaEKYTCft0JlJmJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954oZVRp1/22Siura+sb5c3K1vbO7p69f9BWSSYxaeGEJbIbIUUYFaSlqWakm0qCeMRIJxrdTP3OA5GKJuJej1MScDQQNKYYaSOF9lEzdK+h57jQh7kvObwl7UloV13HnQEuE68gVVCgEdpffj/BGSdCY4aU6nluqoMcSU0xI5OKnymSIjxCA9IzVCBOVJDPrp/AU6P0YZxIU0LDmfp7IkdcqTGPTCdHeqgWvan4n9fLdHwV5FSkmSYCzxfFGYM6gdMoYJ9KgjUbG4KwpOZWiIdIIqxNYBUTgrf48jJp1xzv3Kk1L6r1WhFHGRyDE3AGPHAJ6uAONEALYPAInsEreLOerBfr3fqYt5asYuYQ/IH1+QNHHJMk</latexit>

Q0 = 1.64 GeV
<latexit sha1_base64="bs1/zZIc9q1gghdbRiJonaiwOP0=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPIWkFvUiFDzosQXbCk0Im+2mXbq7CbsboYSCf8WLB0W8+ju8+W/ctjlo64OBx3szzMyLUkaVdt1vq7Syura+Ud6sbG3v7O7Z+wcdlWQSkzZOWCIfIqQIo4K0NdWMPKSSIB4x0o1GN1O/+0ikoom41+OUBBwNBI0pRtpIoX3UCt1r6DkXdejD3Jcc3pLOJLSrruPOAJeJV5AqKNAM7S+/n+CME6ExQ0r1PDfVQY6kppiRScXPFEkRHqEB6RkqECcqyGfnT+CpUfowTqQpoeFM/T2RI67UmEemkyM9VIveVPzP62U6vgpyKtJME4Hni+KMQZ3AaRawTyXBmo0NQVhScyvEQyQR1iaxignBW3x5mXRqjnfu1Fr1aqNWxFEGx+AEnAEPXIIGuANN0AYY5OAZvII368l6sd6tj3lrySpmDsEfWJ8/yLeTaA==</latexit>

• Important region of x-Q2 space for DIS needs further study



DIS low-Q and low-W
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W 2 = Q2(1/x� 1) +m2
N

<latexit sha1_base64="ZQ0IedwIP7L6IpU4cXsfNy5SNJA=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCRaxJFOxGKLhxJS3YB7RpmEynduhkEmYmYg3FX3HjQhG3/oc7/8Zpm4W2HrhwOOde7r3HjxiVyrK+jczC4tLySnY1t7a+sbllbu/UZRgLTGo4ZKFo+kgSRjmpKaoYaUaCoMBnpOEPrsZ+454ISUN+q4YRcQN0x2mPYqS05Jl7jY5zWe04Bfv04cQ+Og68m47jmXmraE0A54mdkjxIUfHMr3Y3xHFAuMIMSdmyrUi5CRKKYkZGuXYsSYTwAN2RlqYcBUS6yeT6ETzUShf2QqGLKzhRf08kKJByGPi6M0CqL2e9sfif14pVr+QmlEexIhxPF/ViBlUIx1HALhUEKzbUBGFB9a0Q95FAWOnAcjoEe/bleVJ3ivZZ0ame58ulNI4s2AcHoABscAHK4BpUQA1g8AiewSt4M56MF+Pd+Ji2Zox0Zhf8gfH5A7/gks4=</latexit>

� res : mN +m⇡ < W . 1.4 GeV
<latexit sha1_base64="HFUTJa9Jbj460ZG3gFZ+uGW87D0=">AAACH3icbVDLSgMxFM34rPVVdekmWARBKDO1aBEXBQVdSQX7gE4ZMultG5rMDElGKEP/xI2/4saFIuKuf2PazkJbDwQO55zLzT1+xJnStj22lpZXVtfWMxvZza3tnd3c3n5dhbGkUKMhD2XTJwo4C6CmmebQjCQQ4XNo+IPrid94AqlYGDzqYQRtQXoB6zJKtJG83Ll7A1wT7OLElQJLUKNLLLz7U+G5EbtquByUUkxgp1BKM7dQH3m5vF2wp8CLxElJHqWoerlvtxPSWECgKSdKtRw70u2ESM0oh1HWjRVEhA5ID1qGBkSAaifT+0b42Cgd3A2leYHGU/X3REKEUkPhm6Qguq/mvYn4n9eKdbfcTlgQxRoCOlvUjTnWIZ6UhTtMAtV8aAihkpm/YtonklBtKs2aEpz5kxdJvVhwzgrFh1K+Uk7ryKBDdIROkIMuUAXdoSqqIYqe0St6Rx/Wi/VmfVpfs+iSlc4coD+wxj9wSqFT</latexit>

more res : 1.4 GeV . W . 1.8� 2 GeV
<latexit sha1_base64="/ZNze62tkBfYxvBmxRybY8AsBNY=">AAACLHicbVDLSgMxFM3UV62vUZdugkVw4zBTCxZXhS50WcE+oFNKJr1tQ5OZIckIZegHufFXBHFhEbd+h+kDqa0HAodzzuXmniDmTGnXnViZjc2t7Z3sbm5v/+DwyD4+qasokRRqNOKRbAZEAWch1DTTHJqxBCICDo1gWJn6jSeQikXhox7F0BakH7Ieo0QbqWNXUl8KLCIJPpagxrfYc4o+nql3UB/7HJRSTOBc45d6TumqsJTp2HnXcWfA68RbkDxaoNqx3/xuRBMBoaacKNXy3Fi3UyI1oxzGOT9REBM6JH1oGRoSAaqdzo4d4wujdHEvkuaFGs/U5YmUCKVGIjBJQfRArXpT8T+vleheqZ2yME40hHS+qJdwrCM8bQ53mQSq+cgQQiUzf8V0QCSh2vSbMyV4qyevk3rB8a6dwkMxXy4t6siiM3SOLpGHblAZ3aMqqiGKntEr+kAT68V6tz6tr3k0Yy1mTtEfWN8/l0el7Q==</latexit>

• For Wmin=1.4 GeV, Q0=Qmin<1 GeV give 3-
5% of the cross section for E>100 GeV.

• Wmin<1.4 GeV, with CKMT extrapolation, 
<1-2 % for E>100 GeV.

• Important region of x-Q2 space needs further study

Low Q extrapolations: Bodek-Yang 

Capella et al. (CKMT)/Bertini et al.

Jeong & Reno

above Δ resonance



Neutral current scattering
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Ismail, Mammen Abraham, Kling

150 fb�1
<latexit sha1_base64="vnkecdJSi4dvZeljugCPzwiiSdg=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCF0tSFXssePFYwX5AU8tmu2mX7iZhdyOWkL/ixYMiXv0j3vw3btsctPXBwOO9GWbm+TFnSjvOt1VYW9/Y3Cpul3Z29/YP7MNyW0WJJLRFIh7Jro8V5SykLc00p91YUix8Tjv+5Gbmdx6pVCwK7/U0pn2BRyELGMHaSAO77F45Hko9KVDgZw/puZsN7IpTdeZAq8TNSQVyNAf2lzeMSCJoqAnHSvVcJ9b9FEvNCKdZyUsUjTGZ4BHtGRpiQVU/nd+eoVOjDFEQSVOhRnP190SKhVJT4ZtOgfVYLXsz8T+vl+ig3k9ZGCeahmSxKEg40hGaBYGGTFKi+dQQTCQztyIyxhITbeIqmRDc5ZdXSbtWdS+qtbvLSqOex1GEYziBM3DhGhpwC01oAYEneIZXeLMy68V6tz4WrQUrnzmCP7A+fwAyqJM6</latexit>

3000 fb�1
<latexit sha1_base64="9SW45gj1t/VUQi5kcgLYctg/Ky0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgxpK0gl0W3LisYB/QxDKZTtqhM5MwMxFCiL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7TxAzqrTjfFuljc2t7Z3ybmVv/+DwyD4+6akokZh0ccQiOQiQIowK0tVUMzKIJUE8YKQfzG7mfv+RSEUjca/TmPgcTQQNKUbaSCO72nQcx4OZJzkMg/whu3TzkV1z6s4CcJ24BamBAp2R/eWNI5xwIjRmSKmh68Taz5DUFDOSV7xEkRjhGZqQoaECcaL8bHF8Ds+NMoZhJE0JDRfq74kMcaVSHphOjvRUrXpz8T9vmOiw5WdUxIkmAi8XhQmDOoLzJOCYSoI1Sw1BWFJzK8RTJBHWJq+KCcFdfXmd9Bp1t1lv3F3V2q0ijjI4BWfgArjgGrTBLeiALsAgBc/gFbxZT9aL9W59LFtLVjFTBX9gff4AnzaTcQ==</latexit>

• Neural network to 
separate neutrino NC 
events from neutral 
hadron background 
events.

• Sensitivity to
neutrino flux
uncertainty reduced
in NC/CC ratio.

• Apply to constraints on BSM physics.
See also: Ismail, Mammen Abraham, Kling, 2012.10500
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Neutrino elastic and resonant scattering

NC Elastic
NC Resonant

⌫p ! ⌫p
<latexit sha1_base64="0/4UZM9u2lfvYa35w18IDiX4DTE=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq2GXBjcsK9gGdoWTSTBuaScYkUyhDv8ONC0Xc+jHu/BvT6Sy09cDlHs65l9ycMOFMG9f9djY2t7Z3dkt75f2Dw6PjyslpR8tUEdomkkvVC7GmnAnaNsxw2ksUxXHIaTec3C387pQqzaR4NLOEBjEeCRYxgo2VAl+kKPGNzPugUnVrbg60TryCVKFAa1D58oeSpDEVhnCsdd9zExNkWBlGOJ2X/VTTBJMJHtG+pQLHVAdZfvQcXVpliCKpbAmDcvX3RoZjrWdxaCdjbMZ61VuI/3n91ESNIGMiSQ0VZPlQlHJkJFokgIZMUWL4zBJMFLO3IjLGChNjcyrbELzVL6+TTr3mXdfqDzfVZqOIowTncAFX4MEtNOEeWtAGAk/wDK/w5kydF+fd+ViObjjFzhn8gfP5A2a7kdM=</latexit>

⌫p ! � ! ⌫⇡p, m� �mp ⇠ 300 GeV
<latexit sha1_base64="HuiPoiKe0EAfVK1pBBMtdwjSE5Q=">AAACJ3icbZDLSgMxFIYz3q23qks3wSK40DLTCnYlgoIuFWwVmjJk0tMaTDIhyQhl6Nu48VXcCCqiS9/E9LLQ6g+Bn++cw8n5Ey24dWH4GUxNz8zOzS8sFpaWV1bXiusbDZtmhkGdpSI1Nwm1ILiCuuNOwI02QGUi4Dq5OxnUr+/BWJ6qK9fT0JK0q3iHM+o8iotHRGVYE5eSUxCOeoMHhGiO9R7BMh7xfRlrYrnE1TDEBOfESHwGjX5cLIXlcCj810RjU0JjXcTFF9JOWSZBOSaotc0o1K6VU+M4E9AvkMyCpuyOdqHpraISbCsf3tnHO560cSc1/imHh/TnRE6ltT2Z+E5J3a2drA3gf7Vm5jq1Vs6VzhwoNlrUyQT2aQxCw21ugDnR84Yyw/1fMbulhjLnoy34EKLJk/+aRqUcVcuVy4PScW0cxwLaQttoF0XoEB2jc3SB6oihB/SEXtFb8Bg8B+/Bx6h1KhjPbKJfCr6+AV3XpFQ=</latexit>

• CC quasi-elastic and CC resonant interactions
• NC elastic and NC resonant
• Cross sections do not increase with energy as DIS does, so overall small numbers

Background to light DM scattering with protons, e.g., 

Trojanowski

See also, Batell et al., 2107.00666



𝜈̅! + 𝑒" resonance scattering
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Plestid and Brdar

See also: Brdar, de Gouvea, Machado & Plestid 2112.03283

Rho at E=580 GeV ⇢� ! ⇡�⇡0
<latexit sha1_base64="6QL7sffEbshfxlQqq9DAH3sk+3Y=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEN5akCnZZcOOygn1AE8tkOmmHTiZhZiLUUPwVNy4Ucet/uPNvnLZZaOuBGQ7n3Mu99wQJZ0o7zrdVWFldW98obpa2tnd29+z9g5aKU0lok8Q8lp0AK8qZoE3NNKedRFIcBZy2g9H11G8/UKlYLO70OKF+hAeChYxgbaSefeTJYXx/7ukYeQkzxHxOzy47FWcGtEzcnJQhR6Nnf3n9mKQRFZpwrFTXdRLtZ1hqRjidlLxU0QSTER7QrqECR1T52Wz7CTo1Sh+FsTRPaDRTf3dkOFJqHAWmMsJ6qBa9qfif1011WPMzJpJUU0Hmg8KUI3PrNArUZ5ISzceGYCKZ2RWRIZaYaBNYyYTgLp68TFrVintRqd5eluu1PI4iHMMJnIELV1CHG2hAEwg8wjO8wpv1ZL1Y79bHvLRg5T2H8AfW5w9iupR/</latexit>

• displaced vertices
• small pi-pi opening angle
• reconstruct invariant mass



Summary
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• Flux predictions and corresponding uncertainties is an area of continued work. 
• Neutrino cross section measurements are key physics goals, especially for tau 

neutrinos. 
• Interesting standard model physics, backgrounds to BSM searches in subdominant 

processes. 
• Strong ties to other topics discussed in this workshop.

Jianming Bian



Overleaf draft

February 1, 2022 Mary Hall Reno 15

As we have a complete draft:
Please add authorship with affiliation to the Neutrino Section.
Please add acknowledgments to draft.


