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OUTLINE

❖                weak production
❖ motivation
❖ ground state, interaction vertex, internuclear cascade
❖ results

❖      quasi-elastic production
❖ interaction vertex (form factors)
❖ results

νl + A → l− + Λc + X

ν̄l + A → l+ + Y + X
Y = Λ, Σ±, Σ0

Λ, Σ±, Σ0

Λc
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MOTIVATION

• Why is this process important from the point of 
view of neutrino studies?

Strange production 
processes are 

suppressed by factor 
cot2 θC ≈ 20
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MOTIVATION

• For neutrino oscillation analysis: an important 
source of pion production (E<600 MeV)

• Estimate the role of nuclear effects in the strange 
baryon electroweak production 
• ground state (spectral functions vs Fermi gas)
• internuclear cascade for outgoing hyperons

S.K. Singh, M.J. Vicente Vacas
Phys.Rev. D74 (2006) 053009

 5



THREE INGREDIENTS

ground state internuclear cascade
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<latexit sha1_base64="1geheZ8OEVc4P/xyjJq8gn3vuMI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJJWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O6u0nVJrH8sFMEvQjOpQ85IwaazXu++WKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8njKMIJnMI5eHAFNbiDOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/BHzucPppOM0g==</latexit><latexit sha1_base64="1geheZ8OEVc4P/xyjJq8gn3vuMI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJJWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O6u0nVJrH8sFMEvQjOpQ85IwaazXu++WKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8njKMIJnMI5eHAFNbiDOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/BHzucPppOM0g==</latexit><latexit sha1_base64="1geheZ8OEVc4P/xyjJq8gn3vuMI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJJWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O6u0nVJrH8sFMEvQjOpQ85IwaazXu++WKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8njKMIJnMI5eHAFNbiDOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/BHzucPppOM0g==</latexit><latexit sha1_base64="1geheZ8OEVc4P/xyjJq8gn3vuMI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJJWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O6u0nVJrH8sFMEvQjOpQ85IwaazXu++WKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8njKMIJnMI5eHAFNbiDOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/BHzucPppOM0g==</latexit>

Y
<latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit><latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit><latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit><latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit>

ν̄l + A → l+ + Y + X
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IMPULSE APPROXIMATION

W�
<latexit sha1_base64="FZqc0KM1ZmR/HRKn9GIkZ7EhlZc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8GJJRNBj0YvHivYD2lg220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0vLDy8M8POvEEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo5tpvfWESvNYPphxgn5EB5KHnFFjrfvW41mvXHGr7kxkGbwcKpCr3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5K3VRjQtmIDrBjUdIItZ/NVp2QE+v0SRgr+6QhM/f3REYjrcdRYDsjaoZ6sTY1/6t1UhNe+RmXSWpQsvlHYSqIicn0btLnCpkRYwuUKW53JWxIFWXGplOyIXiLJy9D87zqWb67qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOC/Ou/Mxby04+cwh/JHz+QPRyI16</latexit><latexit sha1_base64="FZqc0KM1ZmR/HRKn9GIkZ7EhlZc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8GJJRNBj0YvHivYD2lg220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0vLDy8M8POvEEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo5tpvfWESvNYPphxgn5EB5KHnFFjrfvW41mvXHGr7kxkGbwcKpCr3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5K3VRjQtmIDrBjUdIItZ/NVp2QE+v0SRgr+6QhM/f3REYjrcdRYDsjaoZ6sTY1/6t1UhNe+RmXSWpQsvlHYSqIicn0btLnCpkRYwuUKW53JWxIFWXGplOyIXiLJy9D87zqWb67qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOC/Ou/Mxby04+cwh/JHz+QPRyI16</latexit><latexit sha1_base64="FZqc0KM1ZmR/HRKn9GIkZ7EhlZc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8GJJRNBj0YvHivYD2lg220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0vLDy8M8POvEEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo5tpvfWESvNYPphxgn5EB5KHnFFjrfvW41mvXHGr7kxkGbwcKpCr3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5K3VRjQtmIDrBjUdIItZ/NVp2QE+v0SRgr+6QhM/f3REYjrcdRYDsjaoZ6sTY1/6t1UhNe+RmXSWpQsvlHYSqIicn0btLnCpkRYwuUKW53JWxIFWXGplOyIXiLJy9D87zqWb67qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOC/Ou/Mxby04+cwh/JHz+QPRyI16</latexit><latexit sha1_base64="FZqc0KM1ZmR/HRKn9GIkZ7EhlZc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8GJJRNBj0YvHivYD2lg220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0vLDy8M8POvEEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo5tpvfWESvNYPphxgn5EB5KHnFFjrfvW41mvXHGr7kxkGbwcKpCr3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5K3VRjQtmIDrBjUdIItZ/NVp2QE+v0SRgr+6QhM/f3REYjrcdRYDsjaoZ6sTY1/6t1UhNe+RmXSWpQsvlHYSqIicn0btLnCpkRYwuUKW53JWxIFWXGplOyIXiLJy9D87zqWb67qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOC/Ou/Mxby04+cwh/JHz+QPRyI16</latexit>

⌫̄l
<latexit sha1_base64="wfRF1eCqDQmFc0TGAEGv5RnA7HM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNTTJDLkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxln2vj+t1daW9/Y3CpvV3Z29/YPqodHbZ1aRWiLpDxV3RhrypmkLcMMp91MUSxiTjvx+HZW7zxRpVkqH8wko5HAQ8kSRrBx1mMYYxVK2+f9as2v+3OhVQgKqEGhZr/6FQ5SYgWVhnCsdS/wMxPlWBlGOJ1WQqtphskYD2nPocSC6iifLzxFZ84ZoCRV7kmD5u7viRwLrScidp0Cm5Fers3M/2o9a5LrKGcys4ZKsvgosRyZFM2uRwOmKDF84gATxdyuiIywwsS4jCouhGD55FVoX9QDx/eXtcZNEUcZTuAUziGAK2jAHTShBQQEPMMrvHnKe/HevY9Fa8krZo7hj7zPH90KkG8=</latexit><latexit sha1_base64="wfRF1eCqDQmFc0TGAEGv5RnA7HM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNTTJDLkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxln2vj+t1daW9/Y3CpvV3Z29/YPqodHbZ1aRWiLpDxV3RhrypmkLcMMp91MUSxiTjvx+HZW7zxRpVkqH8wko5HAQ8kSRrBx1mMYYxVK2+f9as2v+3OhVQgKqEGhZr/6FQ5SYgWVhnCsdS/wMxPlWBlGOJ1WQqtphskYD2nPocSC6iifLzxFZ84ZoCRV7kmD5u7viRwLrScidp0Cm5Fers3M/2o9a5LrKGcys4ZKsvgosRyZFM2uRwOmKDF84gATxdyuiIywwsS4jCouhGD55FVoX9QDx/eXtcZNEUcZTuAUziGAK2jAHTShBQQEPMMrvHnKe/HevY9Fa8krZo7hj7zPH90KkG8=</latexit><latexit sha1_base64="wfRF1eCqDQmFc0TGAEGv5RnA7HM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNTTJDLkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxln2vj+t1daW9/Y3CpvV3Z29/YPqodHbZ1aRWiLpDxV3RhrypmkLcMMp91MUSxiTjvx+HZW7zxRpVkqH8wko5HAQ8kSRrBx1mMYYxVK2+f9as2v+3OhVQgKqEGhZr/6FQ5SYgWVhnCsdS/wMxPlWBlGOJ1WQqtphskYD2nPocSC6iifLzxFZ84ZoCRV7kmD5u7viRwLrScidp0Cm5Fers3M/2o9a5LrKGcys4ZKsvgosRyZFM2uRwOmKDF84gATxdyuiIywwsS4jCouhGD55FVoX9QDx/eXtcZNEUcZTuAUziGAK2jAHTShBQQEPMMrvHnKe/HevY9Fa8krZo7hj7zPH90KkG8=</latexit><latexit sha1_base64="wfRF1eCqDQmFc0TGAEGv5RnA7HM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNTTJDLkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxln2vj+t1daW9/Y3CpvV3Z29/YPqodHbZ1aRWiLpDxV3RhrypmkLcMMp91MUSxiTjvx+HZW7zxRpVkqH8wko5HAQ8kSRrBx1mMYYxVK2+f9as2v+3OhVQgKqEGhZr/6FQ5SYgWVhnCsdS/wMxPlWBlGOJ1WQqtphskYD2nPocSC6iifLzxFZ84ZoCRV7kmD5u7viRwLrScidp0Cm5Fers3M/2o9a5LrKGcys4ZKsvgosRyZFM2uRwOmKDF84gATxdyuiIywwsS4jCouhGD55FVoX9QDx/eXtcZNEUcZTuAUziGAK2jAHTShBQQEPMMrvHnKe/HevY9Fa8krZo7hj7zPH90KkG8=</latexit> l+

<latexit sha1_base64="As9l1+4XwI4zLG3Cij9BRDtqmB4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFEISSiKDHohePFe0HtLFstpN26WYTdjdCCf0JXjwo4tVf5M1/47bNQVtfWHh4Z4adeYNEcG1c99sprKyurW8UN0tb2zu7e+X9g6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjfTeusJleaxfDDjBP2IDiQPOaPGWvfi8axXrrhVdyayDF4OFchV75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixKGmE2s9mq07IiXX6JIyVfdKQmft7IqOR1uMosJ0RNUO9WJua/9U6qQmv/IzLJDUo2fyjMBXExGR6N+lzhcyIsQXKFLe7EjakijJj0ynZELzFk5eheV71LN9dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sj5/AHuvo2N</latexit><latexit sha1_base64="As9l1+4XwI4zLG3Cij9BRDtqmB4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFEISSiKDHohePFe0HtLFstpN26WYTdjdCCf0JXjwo4tVf5M1/47bNQVtfWHh4Z4adeYNEcG1c99sprKyurW8UN0tb2zu7e+X9g6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjfTeusJleaxfDDjBP2IDiQPOaPGWvfi8axXrrhVdyayDF4OFchV75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixKGmE2s9mq07IiXX6JIyVfdKQmft7IqOR1uMosJ0RNUO9WJua/9U6qQmv/IzLJDUo2fyjMBXExGR6N+lzhcyIsQXKFLe7EjakijJj0ynZELzFk5eheV71LN9dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sj5/AHuvo2N</latexit><latexit sha1_base64="As9l1+4XwI4zLG3Cij9BRDtqmB4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFEISSiKDHohePFe0HtLFstpN26WYTdjdCCf0JXjwo4tVf5M1/47bNQVtfWHh4Z4adeYNEcG1c99sprKyurW8UN0tb2zu7e+X9g6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjfTeusJleaxfDDjBP2IDiQPOaPGWvfi8axXrrhVdyayDF4OFchV75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixKGmE2s9mq07IiXX6JIyVfdKQmft7IqOR1uMosJ0RNUO9WJua/9U6qQmv/IzLJDUo2fyjMBXExGR6N+lzhcyIsQXKFLe7EjakijJj0ynZELzFk5eheV71LN9dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sj5/AHuvo2N</latexit><latexit sha1_base64="As9l1+4XwI4zLG3Cij9BRDtqmB4=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tFEISSiKDHohePFe0HtLFstpN26WYTdjdCCf0JXjwo4tVf5M1/47bNQVtfWHh4Z4adeYNEcG1c99sprKyurW8UN0tb2zu7e+X9g6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjfTeusJleaxfDDjBP2IDiQPOaPGWvfi8axXrrhVdyayDF4OFchV75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixKGmE2s9mq07IiXX6JIyVfdKQmft7IqOR1uMosJ0RNUO9WJua/9U6qQmv/IzLJDUo2fyjMBXExGR6N+lzhcyIsQXKFLe7EjakijJj0ynZELzFk5eheV71LN9dVGrXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sj5/AHuvo2N</latexit>

N
<latexit sha1_base64="1geheZ8OEVc4P/xyjJq8gn3vuMI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJJWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O6u0nVJrH8sFMEvQjOpQ85IwaazXu++WKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8njKMIJnMI5eHAFNbiDOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/BHzucPppOM0g==</latexit><latexit sha1_base64="1geheZ8OEVc4P/xyjJq8gn3vuMI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJJWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O6u0nVJrH8sFMEvQjOpQ85IwaazXu++WKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8njKMIJnMI5eHAFNbiDOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/BHzucPppOM0g==</latexit><latexit sha1_base64="1geheZ8OEVc4P/xyjJq8gn3vuMI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJJWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O6u0nVJrH8sFMEvQjOpQ85IwaazXu++WKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8njKMIJnMI5eHAFNbiDOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/BHzucPppOM0g==</latexit><latexit sha1_base64="1geheZ8OEVc4P/xyjJq8gn3vuMI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJJWrAf0Iay2U7atZtN2N0IJfQXePGgiFd/kjf/jds2B219YeHhnRl25g0SwbVx3W+nsLa+sblV3C7t7O7tH5QPj1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/O6u0nVJrH8sFMEvQjOpQ85IwaazXu++WKW3XnIqvg5VCBXPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXYuSRqj9bL7olJxZZ0DCWNknDZm7vycyGmk9iQLbGVEz0su1mflfrZua8NrPuExSg5ItPgpTQUxMZleTAVfIjJhYoExxuythI6ooMzabkg3BWz55FVoXVc9y47JSu8njKMIJnMI5eHAFNbiDOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/BHzucPppOM0g==</latexit>

Y
<latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit><latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit><latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit><latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit>

ν̄l + p → l+ + Λ

ν̄l + p → l+ + Σ0

ν̄l + n → l+ + Σ−

ν̄l + p → l+ + n

SU(3)

e− + p → e− + p
e− + n → e− + n
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FORM FACTORS
Form factors are obtained assuming SU(3) symmetry

Tcc
<latexit sha1_base64="2NUfnjx8p/93hl5ZlzkgnwoEWpY=">AAACAXicbZDLSsNAFIYn9VbrLepGcBMsgquSiKDLohuXFXqDNoTJ9KQdOrkwcyKWEDe+ihsXirj1Ldz5Nk7bLLT1wMDH/58zZ+b3E8EV2va3UVpZXVvfKG9WtrZ3dvfM/YO2ilPJoMViEcuuTxUIHkELOQroJhJo6Avo+OObqd+5B6l4HDVxkoAb0mHEA84oaskzj/oIDzi7J/NFCnnW9DLG8twzq3bNnpW1DE4BVVJUwzO/+oOYpSFEyARVqufYCboZlciZgLzSTxUklI3pEHoaIxqCcrPZ5tw61crACmKpT4TWTP09kdFQqUno686Q4kgtelPxP6+XYnDlZjxKUoSIzRcFqbAwtqZxWAMugaGYaKBMcv1Wi42opAx1aBUdgrP45WVon9cczXcX1fp1EUeZHJMTckYccknq5JY0SIsw8kieySt5M56MF+Pd+Ji3loxi5pD8KePzBwjKl+Q=</latexit><latexit sha1_base64="2NUfnjx8p/93hl5ZlzkgnwoEWpY=">AAACAXicbZDLSsNAFIYn9VbrLepGcBMsgquSiKDLohuXFXqDNoTJ9KQdOrkwcyKWEDe+ihsXirj1Ldz5Nk7bLLT1wMDH/58zZ+b3E8EV2va3UVpZXVvfKG9WtrZ3dvfM/YO2ilPJoMViEcuuTxUIHkELOQroJhJo6Avo+OObqd+5B6l4HDVxkoAb0mHEA84oaskzj/oIDzi7J/NFCnnW9DLG8twzq3bNnpW1DE4BVVJUwzO/+oOYpSFEyARVqufYCboZlciZgLzSTxUklI3pEHoaIxqCcrPZ5tw61crACmKpT4TWTP09kdFQqUno686Q4kgtelPxP6+XYnDlZjxKUoSIzRcFqbAwtqZxWAMugaGYaKBMcv1Wi42opAx1aBUdgrP45WVon9cczXcX1fp1EUeZHJMTckYccknq5JY0SIsw8kieySt5M56MF+Pd+Ji3loxi5pD8KePzBwjKl+Q=</latexit><latexit sha1_base64="2NUfnjx8p/93hl5ZlzkgnwoEWpY=">AAACAXicbZDLSsNAFIYn9VbrLepGcBMsgquSiKDLohuXFXqDNoTJ9KQdOrkwcyKWEDe+ihsXirj1Ldz5Nk7bLLT1wMDH/58zZ+b3E8EV2va3UVpZXVvfKG9WtrZ3dvfM/YO2ilPJoMViEcuuTxUIHkELOQroJhJo6Avo+OObqd+5B6l4HDVxkoAb0mHEA84oaskzj/oIDzi7J/NFCnnW9DLG8twzq3bNnpW1DE4BVVJUwzO/+oOYpSFEyARVqufYCboZlciZgLzSTxUklI3pEHoaIxqCcrPZ5tw61crACmKpT4TWTP09kdFQqUno686Q4kgtelPxP6+XYnDlZjxKUoSIzRcFqbAwtqZxWAMugaGYaKBMcv1Wi42opAx1aBUdgrP45WVon9cczXcX1fp1EUeZHJMTckYccknq5JY0SIsw8kieySt5M56MF+Pd+Ji3loxi5pD8KePzBwjKl+Q=</latexit><latexit sha1_base64="2NUfnjx8p/93hl5ZlzkgnwoEWpY=">AAACAXicbZDLSsNAFIYn9VbrLepGcBMsgquSiKDLohuXFXqDNoTJ9KQdOrkwcyKWEDe+ihsXirj1Ldz5Nk7bLLT1wMDH/58zZ+b3E8EV2va3UVpZXVvfKG9WtrZ3dvfM/YO2ilPJoMViEcuuTxUIHkELOQroJhJo6Avo+OObqd+5B6l4HDVxkoAb0mHEA84oaskzj/oIDzi7J/NFCnnW9DLG8twzq3bNnpW1DE4BVVJUwzO/+oOYpSFEyARVqufYCboZlciZgLzSTxUklI3pEHoaIxqCcrPZ5tw61crACmKpT4TWTP09kdFQqUno686Q4kgtelPxP6+XYnDlZjxKUoSIzRcFqbAwtqZxWAMugaGYaKBMcv1Wi42opAx1aBUdgrP45WVon9cczXcX1fp1EUeZHJMTckYccknq5JY0SIsw8kieySt5M56MF+Pd+Ji3loxi5pD8KePzBwjKl+Q=</latexit>
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<latexit sha1_base64="Q2IX7BvsYV/2dOI4KOWTP518NdE="></latexit><latexit sha1_base64="Q2IX7BvsYV/2dOI4KOWTP518NdE="></latexit><latexit sha1_base64="Q2IX7BvsYV/2dOI4KOWTP518NdE="></latexit><latexit sha1_base64="Q2IX7BvsYV/2dOI4KOWTP518NdE="></latexit>

experimental input

Eckhart-Wigner theorem: the most general SU(3) invariant matrix element 
build from three octets of SU(3) has 2 possible terms (symmetric and 
antisymmetric).

octet of hyperons

charge current
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<latexit sha1_base64="wB1fjDz0ldPvAlGo/VyfpasxcRI="></latexit><latexit sha1_base64="wB1fjDz0ldPvAlGo/VyfpasxcRI="></latexit><latexit sha1_base64="wB1fjDz0ldPvAlGo/VyfpasxcRI="></latexit><latexit sha1_base64="wB1fjDz0ldPvAlGo/VyfpasxcRI="></latexit>

hH 0|jµcc|Hi = ū(p0)�µ
u(p)

�
DTr

�
Tcc{H, H̄

0}
�
+ F Tr

�
Tcc[H, H̄

0]
��

<latexit sha1_base64="29mflUoLunE3mz6rLdxkMgUEajA="></latexit><latexit sha1_base64="29mflUoLunE3mz6rLdxkMgUEajA="></latexit><latexit sha1_base64="29mflUoLunE3mz6rLdxkMgUEajA="></latexit><latexit sha1_base64="29mflUoLunE3mz6rLdxkMgUEajA="></latexit>



FORM FACTORS
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<latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit>

N → Y vertex has axial-vector structure with 6 form factors
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<latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit>

obtained from             form factors
(combination of F, D experimental 
values and Clebsh-Gordan coefficients)

N → N

N → Y vertex has axial-vector structure with 6 form factors
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<latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit>

obtained from             form factors
(combination of F, D experimental 
values and Clebsh-Gordan coefficients)

N → N

N → Y

small lepton mass

vertex has axial-vector structure with 6 form factors
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<latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit><latexit sha1_base64="R5HtlDEpMetUryESwyU4yXNLkYc="></latexit>

obtained from             form factors
(combination of F, D experimental 
values and Clebsh-Gordan coefficients)

N → N

N → Y

G-invariance

small lepton mass

vertex has axial-vector structure with 6 form factors
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GROUND STATE

⌫̄l
<latexit sha1_base64="wfRF1eCqDQmFc0TGAEGv5RnA7HM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNTTJDLkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxln2vj+t1daW9/Y3CpvV3Z29/YPqodHbZ1aRWiLpDxV3RhrypmkLcMMp91MUSxiTjvx+HZW7zxRpVkqH8wko5HAQ8kSRrBx1mMYYxVK2+f9as2v+3OhVQgKqEGhZr/6FQ5SYgWVhnCsdS/wMxPlWBlGOJ1WQqtphskYD2nPocSC6iifLzxFZ84ZoCRV7kmD5u7viRwLrScidp0Cm5Fers3M/2o9a5LrKGcys4ZKsvgosRyZFM2uRwOmKDF84gATxdyuiIywwsS4jCouhGD55FVoX9QDx/eXtcZNEUcZTuAUziGAK2jAHTShBQQEPMMrvHnKe/HevY9Fa8krZo7hj7zPH90KkG8=</latexit><latexit sha1_base64="wfRF1eCqDQmFc0TGAEGv5RnA7HM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNTTJDLkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxln2vj+t1daW9/Y3CpvV3Z29/YPqodHbZ1aRWiLpDxV3RhrypmkLcMMp91MUSxiTjvx+HZW7zxRpVkqH8wko5HAQ8kSRrBx1mMYYxVK2+f9as2v+3OhVQgKqEGhZr/6FQ5SYgWVhnCsdS/wMxPlWBlGOJ1WQqtphskYD2nPocSC6iifLzxFZ84ZoCRV7kmD5u7viRwLrScidp0Cm5Fers3M/2o9a5LrKGcys4ZKsvgosRyZFM2uRwOmKDF84gATxdyuiIywwsS4jCouhGD55FVoX9QDx/eXtcZNEUcZTuAUziGAK2jAHTShBQQEPMMrvHnKe/HevY9Fa8krZo7hj7zPH90KkG8=</latexit><latexit sha1_base64="wfRF1eCqDQmFc0TGAEGv5RnA7HM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNTTJDLkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxln2vj+t1daW9/Y3CpvV3Z29/YPqodHbZ1aRWiLpDxV3RhrypmkLcMMp91MUSxiTjvx+HZW7zxRpVkqH8wko5HAQ8kSRrBx1mMYYxVK2+f9as2v+3OhVQgKqEGhZr/6FQ5SYgWVhnCsdS/wMxPlWBlGOJ1WQqtphskYD2nPocSC6iifLzxFZ84ZoCRV7kmD5u7viRwLrScidp0Cm5Fers3M/2o9a5LrKGcys4ZKsvgosRyZFM2uRwOmKDF84gATxdyuiIywwsS4jCouhGD55FVoX9QDx/eXtcZNEUcZTuAUziGAK2jAHTShBQQEPMMrvHnKe/HevY9Fa8krZo7hj7zPH90KkG8=</latexit><latexit sha1_base64="wfRF1eCqDQmFc0TGAEGv5RnA7HM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNTTJDLkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxln2vj+t1daW9/Y3CpvV3Z29/YPqodHbZ1aRWiLpDxV3RhrypmkLcMMp91MUSxiTjvx+HZW7zxRpVkqH8wko5HAQ8kSRrBx1mMYYxVK2+f9as2v+3OhVQgKqEGhZr/6FQ5SYgWVhnCsdS/wMxPlWBlGOJ1WQqtphskYD2nPocSC6iifLzxFZ84ZoCRV7kmD5u7viRwLrScidp0Cm5Fers3M/2o9a5LrKGcys4ZKsvgosRyZFM2uRwOmKDF84gATxdyuiIywwsS4jCouhGD55FVoX9QDx/eXtcZNEUcZTuAUziGAK2jAHTShBQQEPMMrvHnKe/HevY9Fa8krZo7hj7zPH90KkG8=</latexit>

l+
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We will use two models for 
spectral function

P. Fernandez de Cordoba, E. Oset
Phys. Rev. C46 (1992) 1697-1709

O. Benhar, A. Fabrocini, S. Fantoni, and I. Sick, 
Nucl. Phys. A 579, 493

dσ
dEk′�dΩ( ̂k′�)

=
G2

F sin2 θC

4π2

| ⃗k ′�|

| ⃗k |
L(ν̄)

μσ (k, k′�)Wμσ(q)

⃗k

⃗k ′�

q = k − k′�

L(ν̄)
μσ (k, k′�) = kμk′�σ + k′�μkσ − gμσk ⋅ k′�− iϵμσαβk′�αkβ
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GROUND STATE (1)
• Semi-phenomenological model for nucleon self-energy              in 

nuclear medium, satisfying low density theorem.

NN interaction taken 
from scattering data

polarisation effects using 
empirical spin-isospin 

interaction 

P. Fernandez de Cordoba, E. Oset
Phys. Rev. C46 (1992) 1697-1709

ReΣ(p, E) = −
1
π

𝒫∫
∞

EF

dE′�
ImΣ(p, E′�)

E − E′�
+

1
π

𝒫∫
EF

−∞
dE′�

ImΣ(p, E′ �)
E − E′�

Σ(p, E)
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GROUND STATE (I)
• Spectral functions:

• Local density approximation (LDA)

SLDA
p,h (p, E) = ∓

1
π

ImΣ(p, E)

(E − p 2/2m − ReΣ(p, E ))2 + ImΣ(p, E )2

Wμν
LDA(q) = 2∫ d3r∫

d3p
(2π)3 ∫ dE SLDA

h (E, p, ρ)
M
Ep

MY

EY
p+q

δ(E + q0 − EY
p+q(ρ))Aμν(p, q)
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Aμν(p, q) = ⟨p | ( jμ
cc)† |p + q⟩⟨p + q | jν

cc |p⟩ matrix element for a 
single nucleon



GROUND STATE (II)
• Impulse Approximation

O. Benhar, D. Day and I. Sick, 
Rev. Mod. Phys. 80, 189
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quently discuss scaling and the related superscaling. For
light nuclei and nonrelativistic final states, exact calcula-
tions can be performed. For lower momentum transfers,
an alternative approach, the use of the Euclidean re-
sponse, is available and presented. We then study the
results obtained after a longitudinal/transverse !L /T"
separation of the cross section, and their impact on the
Coulomb sum rule. A bothersome correction, namely,
the effect of Coulomb distortion on the cross sections, is
addressed as well. We also show how data for an impor-
tant model system for nuclear theory, infinite nuclear
matter, can be obtained. Last, we address other fields of
quasielastic scattering and discuss their common aspects.

II. ELECTRON-NUCLEUS SCATTERING IN THE
IMPULSE APPROXIMATION

A. Electron-nucleus cross section

The differential cross section of the process

e + A → e! + X , !1"

in which an electron of initial four-momentum ke
#!Ee ,ke" scatters off a nuclear target to a state of four-
momentum ke!#!Ee! ,ke!", the target final state being un-
detected, can be written in the Born approximation as
!Itzykson and Zuber, 1980"

d2!

d"e!dEe!
=

#2

Q4

Ee!

Ee
L $%W$%, !2"

where #=1/137 is the fine-structure constant, d"e! is the
differential solid angle in the direction specified by ke!,
Q2=−q2, and q=ke−ke!#!& ,q" is the four-momentum
transfer.

The tensor L $%, which can be written neglecting the
lepton mass as

L $% = 2$ke
$ke!

% + ke
%ke!

$ − g$%!keke!"% , !3"

where g$%#diag!1,−1,−1,−1" and !keke!"=EeEe!
−ke ·ke! is fully specified by the measured electron kine-
matic variables. All information on target structure is
contained in the tensor W$%, whose definition involves
the initial and final nuclear states &0' and &X', carrying
four-momenta p0 and pX, as well as the nuclear current
operator J$,

W$% = (
X

)0&J$&X')X&J%&0''!4"!p0 + q − pX" , !4"

where the sum includes all hadronic final states.
The most general expression of the target tensor of

Eq. !4", fulfilling the requirements of Lorentz covari-
ance, conservation of parity, and gauge invariance, can
be written in terms of two structure functions W1 and W2
as

W$% = W1*− g$% +
q$q%

q2 +
+

W2

M2*p0
$ −

!p0q"
q2 q$+*p0

% −
!p0q"

q2 q%+ , !5"

where M is the target mass and the structure functions
depend on the two scalars Q2 and !p0q". In the target
rest frame, !p0q"=m& and W1 and W2 become functions
of the measured momentum and energy transfer &q& and
&.

Substitution of Eq. !5" into Eq. !2" leads to

d2!

d"e!dEe!
= * d!

d"e!
+

M

( ,W2!&q&,&" + 2W1!&q&,&"tan2)

2- , !6"

where ) and !d! /d"e!"M=#2 cos2!) /2" /4Ee sin4!) /2" de-
note the electron scattering angle and the Mott cross
section, respectively.

The right-hand side of Eq. !6" can be rewritten sin-
gling out the contributions of scattering processes in-
duced by longitudinally !L " and transversely !T" polar-
ized virtual photons. The resulting expression is

d2!

d"e!dEe!
= * d!

d"e!
+

M
, Q4

&q&4
RL !&q&,&"

+ *1
2

Q2

&q&2
+ tan2)

2
+RT!&q&,&"- , !7"

where the longitudinal and transverse structure func-
tions are trivially related to W1 and W2 through

RT!&q&,&" = 2W1!&q&,&" !8"

and

Q2

&q&2
RL !&q&,&" = W2!&q&,&" −

Q2

&q&2
W1!&q&,&" . !9"

In principle, calculations of W$% of Eq. !4" at moder-
ate momentum transfer !&q & * 0.5 GeV/c" can be carried
out within nuclear many-body theory !NMBT", using
nonrelativistic wave functions to describe the initial and
final states and expanding the current operator in pow-
ers of &q & /m !Carlson and Schiavilla, 1998", where m is
the nucleon mass. The available results for medium-
heavy targets have been obtained mostly using the
mean-field approach, supplemented by inclusion of
model residual interactions to take into account long-
range correlations !Dellafiore et al., 1985".

FIG. 2. Schematic representation of the IA regime, in which
the nuclear cross section is replaced by the incoherent sum of
cross sections describing scattering off individual nucleons, the
recoiling !A−1"-nucleon system acting as a spectator.

191Benhar, Day, and Sick: Inclusive quasielastic electron-nucleus …

Rev. Mod. Phys., Vol. 80, No. 1, January–March 2008

| f⟩ = |p′�⟩ ⊗ |R⟩

Wμν(q) = ∫ d3pdE
M
Ep

SCBF
h (p, E)Aμν(p, q)

SCBF
h (p, E) = ∑

R

|⟨i | | [ |p⟩ ⊗ |R⟩] |2 × δ(E + ER − Ei)

⟨i |
state factorisation

⟨i |Jμ | f ⟩ → ∑
k

⟨i | [ |p⟩ ⊗ R⟩]⟨p |∑
i

ji
μ |p′�⟩



GROUND STATE (II)
• Spectral function has two contributions:

O. Benhar, A. Fabrocini, S. Fantoni, and I. Sick, 
Nucl. Phys. A 579, 493

SCBF
h (p, E) = S̄1h

h (p, E) + S̄corr
h (p, E)

S̄1h
h (p, E) = ∑

α∈{F}

Zα |ϕα(p) |2 Fα(E − eα)

• Modified mean-field scheme:

sum over single particle states

• Correlated Basis Function for nuclear matter (LDA)

S̄corr
h (p, E) = ∫ dr3 ρA(r) S̄corr

h,NM(p, E, ρA) high energy and momentum 
region of the SF
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COMPARISON OF TWO 
APPROACHES

�������������������������
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J. E. S., N. Rocco, A. Lovato, and J. Nieves
Phys. Rev. C 97, 035506

scaling properties of 
the nuclear 

responses using both 
spectral functions
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COMPARISON OF SPECTRAL 
FUNCTIONS

Spectral function v Local Fermi gas

dσ
d cos θdq0

���������������

��� ��� ��� ��� ��� ��� ��� ��� ��� ���ԓᅼ�ԓDP
Tᅲ஥ ԓԠ Ј(��

਷ΚЈ +K
ϵ �J2o)

ԠЈ (J2o)

~ᅸᇋ �φϩ P ݂ ဆ � ᅷ� � ԍ- Ӻηᇌ � � :2o- ᅲ஥ � ��ੋ
*"6@a6Y7Ѓ

*"6@a6
G6:

quasi elastic peak position

towards higher q0 when we 
‘’dress’’ incoming nucleon

this effect compensated 
when we include hyperon’s 
potential

V(ρ) = − 30
ρ
ρ0

MeV
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COMPARISON OF SPECTRAL 
FUNCTIONS

dσ
d cos θdq0
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G6:

Similar results when we use both spectral functions

yXy
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yXk
yXj
yX9
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yXe
yXd
yX3
yXN
RXy
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ԠЈ (J2o)

~ᅸᇋ �φϩ P ݂ ဆ � ᅷ� � ԍ- Ӻηᇌ � � :2o- ᅲ஥ � ��ੋ
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INTERNUCLEAR CASCADE

• Monte Carlo cascade (MCC)

• semi-classical approach to describe 
final state interactions of outgoing 
hyperon

• in this approach, the cascade does not 
influence kinematics of outgoing lepton

• generate events according to dσ
d cos θdq0

 18



INTERNUCLEAR CASCADE

hyperon’s kinetic energy below 30 MeV

repeat steps while hyperon is still inside 
nucleus

hyperon gets out of nucleus
STOP

generate primary vertex
make the first step of outgoing hyperon

 19



INTERNUCLEAR CASCADE

produced
hyperon

at distance r
with 

momentum p’

~p 0
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SEMI-CLASSICAL PROCEDURE: 
We divide the hyperon’s path through the nucleus into small 
steps. 

THE FIRST STEP
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INTERNUCLEAR CASCADE

dr

dr

no interaction

new hyperon
new direction

….
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INTERNUCLEAR CASCADE
ONE STEP

What is the probability of interaction of hyperon Y1 on the way dl?

Generate a nucleon from the 
Fermi sea

For each possible final hyperon Yi 
calculate the probability of 

interaction (per length)

Pi =
⇥
⇢p�[Y1+p!Yi+Ni](Einv)

+⇢n�[Y1+n!Yi+Ni](Einv)
⇤

<latexit sha1_base64="YxcpHPfGdGciTm4UcQUqLuOn8Mo="></latexit><latexit sha1_base64="YxcpHPfGdGciTm4UcQUqLuOn8Mo="></latexit><latexit sha1_base64="YxcpHPfGdGciTm4UcQUqLuOn8Mo="></latexit><latexit sha1_base64="YxcpHPfGdGciTm4UcQUqLuOn8Mo="></latexit>

P =
X

i

Pi dl
<latexit sha1_base64="lAshN+FrQwr+mkXTu/KT64xiN4Y=">AAACB3icbZDLSsNAFIZPvNZ6q7oUZLAILqQkIuhGKLpxWcFeoAlhMpm0QyeTMDMRSujOja/ixoUibn0Fd76N0zaCtv4w8M1/zmHm/EHKmdK2/WUtLC4tr6yW1srrG5tb25Wd3ZZKMklokyQ8kZ0AK8qZoE3NNKedVFIcB5y2g8H1uN6+p1KxRNzpYUq9GPcEixjB2lh+5SB3CeaoMbp0VRb77OfqM/cEhdyvVO2aPRGaB6eAKhRq+JVPN0xIFlOhCcdKdR071V6OpWaE01HZzRRNMRngHu0aFDimyssne4zQkXFCFCXSHKHRxP09keNYqWEcmM4Y676arY3N/2rdTEcXXs5EmmkqyPShKONIJ2gcCgqZpETzoQFMJDN/RaSPJSbaRFc2ITizK89D67TmGL49q9avijhKsA+HcAwOnEMdbqABTSDwAE/wAq/Wo/VsvVnv09YFq5jZgz+yPr4B9veYtQ==</latexit><latexit sha1_base64="lAshN+FrQwr+mkXTu/KT64xiN4Y=">AAACB3icbZDLSsNAFIZPvNZ6q7oUZLAILqQkIuhGKLpxWcFeoAlhMpm0QyeTMDMRSujOja/ixoUibn0Fd76N0zaCtv4w8M1/zmHm/EHKmdK2/WUtLC4tr6yW1srrG5tb25Wd3ZZKMklokyQ8kZ0AK8qZoE3NNKedVFIcB5y2g8H1uN6+p1KxRNzpYUq9GPcEixjB2lh+5SB3CeaoMbp0VRb77OfqM/cEhdyvVO2aPRGaB6eAKhRq+JVPN0xIFlOhCcdKdR071V6OpWaE01HZzRRNMRngHu0aFDimyssne4zQkXFCFCXSHKHRxP09keNYqWEcmM4Y676arY3N/2rdTEcXXs5EmmkqyPShKONIJ2gcCgqZpETzoQFMJDN/RaSPJSbaRFc2ITizK89D67TmGL49q9avijhKsA+HcAwOnEMdbqABTSDwAE/wAq/Wo/VsvVnv09YFq5jZgz+yPr4B9veYtQ==</latexit><latexit sha1_base64="lAshN+FrQwr+mkXTu/KT64xiN4Y=">AAACB3icbZDLSsNAFIZPvNZ6q7oUZLAILqQkIuhGKLpxWcFeoAlhMpm0QyeTMDMRSujOja/ixoUibn0Fd76N0zaCtv4w8M1/zmHm/EHKmdK2/WUtLC4tr6yW1srrG5tb25Wd3ZZKMklokyQ8kZ0AK8qZoE3NNKedVFIcB5y2g8H1uN6+p1KxRNzpYUq9GPcEixjB2lh+5SB3CeaoMbp0VRb77OfqM/cEhdyvVO2aPRGaB6eAKhRq+JVPN0xIFlOhCcdKdR071V6OpWaE01HZzRRNMRngHu0aFDimyssne4zQkXFCFCXSHKHRxP09keNYqWEcmM4Y676arY3N/2rdTEcXXs5EmmkqyPShKONIJ2gcCgqZpETzoQFMJDN/RaSPJSbaRFc2ITizK89D67TmGL49q9avijhKsA+HcAwOnEMdbqABTSDwAE/wAq/Wo/VsvVnv09YFq5jZgz+yPr4B9veYtQ==</latexit><latexit sha1_base64="lAshN+FrQwr+mkXTu/KT64xiN4Y=">AAACB3icbZDLSsNAFIZPvNZ6q7oUZLAILqQkIuhGKLpxWcFeoAlhMpm0QyeTMDMRSujOja/ixoUibn0Fd76N0zaCtv4w8M1/zmHm/EHKmdK2/WUtLC4tr6yW1srrG5tb25Wd3ZZKMklokyQ8kZ0AK8qZoE3NNKedVFIcB5y2g8H1uN6+p1KxRNzpYUq9GPcEixjB2lh+5SB3CeaoMbp0VRb77OfqM/cEhdyvVO2aPRGaB6eAKhRq+JVPN0xIFlOhCcdKdR071V6OpWaE01HZzRRNMRngHu0aFDimyssne4zQkXFCFCXSHKHRxP09keNYqWEcmM4Y676arY3N/2rdTEcXXs5EmmkqyPShKONIJ2gcCgqZpETzoQFMJDN/RaSPJSbaRFc2ITizK89D67TmGL49q9avijhKsA+HcAwOnEMdbqABTSDwAE/wAq/Wo/VsvVnv09YFq5jZgz+yPr4B9veYtQ==</latexit>

Calculate the total probability of 
interaction. 

we calculate Einv
<latexit sha1_base64="jYCh/rEBfA237ca+IU4Dm9Qkb6A=">AAAB9XicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosiuCxgv2ANpbNdtMu3WzC7qRaQv6HFw+KePW/ePPfuG1z0NYXFh7emWFnXj8WXKPjfFuFldW19Y3iZmlre2d3r7x/0NRRoihr0EhEqu0TzQSXrIEcBWvHipHQF6zlj66n9daYKc0jeY+TmHkhGUgecErQWA83vbSL7AlTLsdZ1itXnKozk70Mbg4VyFXvlb+6/YgmIZNIBdG64zoxeilRyKlgWambaBYTOiID1jEoSci0l862zuwT4/TtIFLmSbRn7u+JlIRaT0LfdIYEh3qxNjX/q3USDC49c1GcIJN0/lGQCBsjexqB3eeKURQTA4Qqbna16ZAoQtEEVTIhuIsnL0PzrOoavjuv1K7yOIpwBMdwCi5cQA1uoQ4NoKDgGV7hzXq0Xqx362PeWrDymUP4I+vzB1EIkwg=</latexit><latexit sha1_base64="jYCh/rEBfA237ca+IU4Dm9Qkb6A=">AAAB9XicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosiuCxgv2ANpbNdtMu3WzC7qRaQv6HFw+KePW/ePPfuG1z0NYXFh7emWFnXj8WXKPjfFuFldW19Y3iZmlre2d3r7x/0NRRoihr0EhEqu0TzQSXrIEcBWvHipHQF6zlj66n9daYKc0jeY+TmHkhGUgecErQWA83vbSL7AlTLsdZ1itXnKozk70Mbg4VyFXvlb+6/YgmIZNIBdG64zoxeilRyKlgWambaBYTOiID1jEoSci0l862zuwT4/TtIFLmSbRn7u+JlIRaT0LfdIYEh3qxNjX/q3USDC49c1GcIJN0/lGQCBsjexqB3eeKURQTA4Qqbna16ZAoQtEEVTIhuIsnL0PzrOoavjuv1K7yOIpwBMdwCi5cQA1uoQ4NoKDgGV7hzXq0Xqx362PeWrDymUP4I+vzB1EIkwg=</latexit><latexit sha1_base64="jYCh/rEBfA237ca+IU4Dm9Qkb6A=">AAAB9XicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosiuCxgv2ANpbNdtMu3WzC7qRaQv6HFw+KePW/ePPfuG1z0NYXFh7emWFnXj8WXKPjfFuFldW19Y3iZmlre2d3r7x/0NRRoihr0EhEqu0TzQSXrIEcBWvHipHQF6zlj66n9daYKc0jeY+TmHkhGUgecErQWA83vbSL7AlTLsdZ1itXnKozk70Mbg4VyFXvlb+6/YgmIZNIBdG64zoxeilRyKlgWambaBYTOiID1jEoSci0l862zuwT4/TtIFLmSbRn7u+JlIRaT0LfdIYEh3qxNjX/q3USDC49c1GcIJN0/lGQCBsjexqB3eeKURQTA4Qqbna16ZAoQtEEVTIhuIsnL0PzrOoavjuv1K7yOIpwBMdwCi5cQA1uoQ4NoKDgGV7hzXq0Xqx362PeWrDymUP4I+vzB1EIkwg=</latexit><latexit sha1_base64="jYCh/rEBfA237ca+IU4Dm9Qkb6A=">AAAB9XicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosiuCxgv2ANpbNdtMu3WzC7qRaQv6HFw+KePW/ePPfuG1z0NYXFh7emWFnXj8WXKPjfFuFldW19Y3iZmlre2d3r7x/0NRRoihr0EhEqu0TzQSXrIEcBWvHipHQF6zlj66n9daYKc0jeY+TmHkhGUgecErQWA83vbSL7AlTLsdZ1itXnKozk70Mbg4VyFXvlb+6/YgmIZNIBdG64zoxeilRyKlgWambaBYTOiID1jEoSci0l862zuwT4/TtIFLmSbRn7u+JlIRaT0LfdIYEh3qxNjX/q3USDC49c1GcIJN0/lGQCBsjexqB3eeKURQTA4Qqbna16ZAoQtEEVTIhuIsnL0PzrOoavjuv1K7yOIpwBMdwCi5cQA1uoQ4NoKDgGV7hzXq0Xqx362PeWrDymUP4I+vzB1EIkwg=</latexit>

     taken from scattering dataσ
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INTERNUCLEAR CASCADE
ONE STEP

Monte Carlo: generate x and 
check if interaction took place

x 2 [0, 1]
<latexit sha1_base64="w4FfFpcMj7DW2y1qId9MRaCBIEs=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8CAlEUGPRS8eK9haSEPZbDft0s0m7E7EEvozvHhQxKu/xpv/xm2bg7a+sPDwzgw784apFAZd99sprayurW+UNytb2zu7e9X9g7ZJMs14iyUy0Z2QGi6F4i0UKHkn1ZzGoeQP4ehmWn945NqIRN3jOOVBTAdKRIJRtJb/RLpCEd8984JetebW3ZnIMngF1KBQs1f96vYTlsVcIZPUGN9zUwxyqlEwySeVbmZ4StmIDrhvUdGYmyCfrTwhJ9bpkyjR9ikkM/f3RE5jY8ZxaDtjikOzWJua/9X8DKOrIBcqzZArNv8oyiTBhEzvJ32hOUM5tkCZFnZXwoZUU4Y2pYoNwVs8eRna53XP8t1FrXFdxFGGIziGU/DgEhpwC01oAYMEnuEV3hx0Xpx352PeWnKKmUP4I+fzB4f/kBg=</latexit><latexit sha1_base64="w4FfFpcMj7DW2y1qId9MRaCBIEs=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8CAlEUGPRS8eK9haSEPZbDft0s0m7E7EEvozvHhQxKu/xpv/xm2bg7a+sPDwzgw784apFAZd99sprayurW+UNytb2zu7e9X9g7ZJMs14iyUy0Z2QGi6F4i0UKHkn1ZzGoeQP4ehmWn945NqIRN3jOOVBTAdKRIJRtJb/RLpCEd8984JetebW3ZnIMngF1KBQs1f96vYTlsVcIZPUGN9zUwxyqlEwySeVbmZ4StmIDrhvUdGYmyCfrTwhJ9bpkyjR9ikkM/f3RE5jY8ZxaDtjikOzWJua/9X8DKOrIBcqzZArNv8oyiTBhEzvJ32hOUM5tkCZFnZXwoZUU4Y2pYoNwVs8eRna53XP8t1FrXFdxFGGIziGU/DgEhpwC01oAYMEnuEV3hx0Xpx352PeWnKKmUP4I+fzB4f/kBg=</latexit><latexit sha1_base64="w4FfFpcMj7DW2y1qId9MRaCBIEs=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8CAlEUGPRS8eK9haSEPZbDft0s0m7E7EEvozvHhQxKu/xpv/xm2bg7a+sPDwzgw784apFAZd99sprayurW+UNytb2zu7e9X9g7ZJMs14iyUy0Z2QGi6F4i0UKHkn1ZzGoeQP4ehmWn945NqIRN3jOOVBTAdKRIJRtJb/RLpCEd8984JetebW3ZnIMngF1KBQs1f96vYTlsVcIZPUGN9zUwxyqlEwySeVbmZ4StmIDrhvUdGYmyCfrTwhJ9bpkyjR9ikkM/f3RE5jY8ZxaDtjikOzWJua/9X8DKOrIBcqzZArNv8oyiTBhEzvJ32hOUM5tkCZFnZXwoZUU4Y2pYoNwVs8eRna53XP8t1FrXFdxFGGIziGU/DgEhpwC01oAYMEnuEV3hx0Xpx352PeWnKKmUP4I+fzB4f/kBg=</latexit><latexit sha1_base64="w4FfFpcMj7DW2y1qId9MRaCBIEs=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8CAlEUGPRS8eK9haSEPZbDft0s0m7E7EEvozvHhQxKu/xpv/xm2bg7a+sPDwzgw784apFAZd99sprayurW+UNytb2zu7e9X9g7ZJMs14iyUy0Z2QGi6F4i0UKHkn1ZzGoeQP4ehmWn945NqIRN3jOOVBTAdKRIJRtJb/RLpCEd8984JetebW3ZnIMngF1KBQs1f96vYTlsVcIZPUGN9zUwxyqlEwySeVbmZ4StmIDrhvUdGYmyCfrTwhJ9bpkyjR9ikkM/f3RE5jY8ZxaDtjikOzWJua/9X8DKOrIBcqzZArNv8oyiTBhEzvJ32hOUM5tkCZFnZXwoZUU4Y2pYoNwVs8eRna53XP8t1FrXFdxFGGIziGU/DgEhpwC01oAYMEnuEV3hx0Xpx352PeWnKKmUP4I+fzB4f/kBg=</latexit>

x >
X

i

Pi dl
<latexit sha1_base64="3fN8h2bIJ05DI1IUTcONLoSMZcE=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWwYWURARdSdGNywr2Ak0Ik8m0HTqZhJmJWELd+CpuXCji1rdw59s4bbPQ1h8GPv5zDmfOH6acKe0439bC4tLyympprby+sbm1be/sNlWSSUIbJOGJbIdYUc4EbWimOW2nkuI45LQVDq7H9dY9lYol4k4PU+rHuCdYlxGsjRXY+w+XyFNZHLDcI5ij+ihg3gmKeGBXnKozEZoHt4AKFKoH9pcXJSSLqdCEY6U6rpNqP8dSM8LpqOxliqaYDHCPdgwKHFPl55MLRujIOBHqJtI8odHE/T2R41ipYRyazhjrvpqtjc3/ap1Mdy/8nIk001SQ6aJuxpFO0DgOFDFJieZDA5hIZv6KSB9LTLQJrWxCcGdPnofmadU1fHtWqV0VcZTgAA7hGFw4hxrcQB0aQOARnuEV3qwn68V6tz6mrQtWMbMHf2R9/gBHgpYe</latexit><latexit sha1_base64="3fN8h2bIJ05DI1IUTcONLoSMZcE=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWwYWURARdSdGNywr2Ak0Ik8m0HTqZhJmJWELd+CpuXCji1rdw59s4bbPQ1h8GPv5zDmfOH6acKe0439bC4tLyympprby+sbm1be/sNlWSSUIbJOGJbIdYUc4EbWimOW2nkuI45LQVDq7H9dY9lYol4k4PU+rHuCdYlxGsjRXY+w+XyFNZHLDcI5ij+ihg3gmKeGBXnKozEZoHt4AKFKoH9pcXJSSLqdCEY6U6rpNqP8dSM8LpqOxliqaYDHCPdgwKHFPl55MLRujIOBHqJtI8odHE/T2R41ipYRyazhjrvpqtjc3/ap1Mdy/8nIk001SQ6aJuxpFO0DgOFDFJieZDA5hIZv6KSB9LTLQJrWxCcGdPnofmadU1fHtWqV0VcZTgAA7hGFw4hxrcQB0aQOARnuEV3qwn68V6tz6mrQtWMbMHf2R9/gBHgpYe</latexit><latexit sha1_base64="3fN8h2bIJ05DI1IUTcONLoSMZcE=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWwYWURARdSdGNywr2Ak0Ik8m0HTqZhJmJWELd+CpuXCji1rdw59s4bbPQ1h8GPv5zDmfOH6acKe0439bC4tLyympprby+sbm1be/sNlWSSUIbJOGJbIdYUc4EbWimOW2nkuI45LQVDq7H9dY9lYol4k4PU+rHuCdYlxGsjRXY+w+XyFNZHLDcI5ij+ihg3gmKeGBXnKozEZoHt4AKFKoH9pcXJSSLqdCEY6U6rpNqP8dSM8LpqOxliqaYDHCPdgwKHFPl55MLRujIOBHqJtI8odHE/T2R41ipYRyazhjrvpqtjc3/ap1Mdy/8nIk001SQ6aJuxpFO0DgOFDFJieZDA5hIZv6KSB9LTLQJrWxCcGdPnofmadU1fHtWqV0VcZTgAA7hGFw4hxrcQB0aQOARnuEV3qwn68V6tz6mrQtWMbMHf2R9/gBHgpYe</latexit><latexit sha1_base64="3fN8h2bIJ05DI1IUTcONLoSMZcE=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWwYWURARdSdGNywr2Ak0Ik8m0HTqZhJmJWELd+CpuXCji1rdw59s4bbPQ1h8GPv5zDmfOH6acKe0439bC4tLyympprby+sbm1be/sNlWSSUIbJOGJbIdYUc4EbWimOW2nkuI45LQVDq7H9dY9lYol4k4PU+rHuCdYlxGsjRXY+w+XyFNZHLDcI5ij+ihg3gmKeGBXnKozEZoHt4AKFKoH9pcXJSSLqdCEY6U6rpNqP8dSM8LpqOxliqaYDHCPdgwKHFPl55MLRujIOBHqJtI8odHE/T2R41ipYRyazhjrvpqtjc3/ap1Mdy/8nIk001SQ6aJuxpFO0DgOFDFJieZDA5hIZv6KSB9LTLQJrWxCcGdPnofmadU1fHtWqV0VcZTgAA7hGFw4hxrcQB0aQOARnuEV3qwn68V6tz6mrQtWMbMHf2R9/gBHgpYe</latexit>

Randomly choose one interaction 
channel.

Generate direction of new 
hyperon. Check if outgoing 

nucleon is above Fermi level.

P⇤!⌃+
<latexit sha1_base64="+0wwE5W+ZrTqWv6INjK9ezJf5nI=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUBIRdFl048JFRfuAJoabyaQdOnkwMxFKyNaNv+LGhSJu/QN3/o2TtgttPTBwOOce5t7jp5xJZVnfxsLi0vLKamWtur6xubVt7uy2ZZIJQlsk4Yno+iApZzFtKaY47aaCQuRz2vGHl6XfeaBCsiS+U6OUuhH0YxYyAkpLnomdCNSAAM+bhZc71zoZgKMS55b1I7g/LjyzZtWtMfA8saekhqZoeuaXEyQki2isCAcpe7aVKjcHoRjhtKg6maQpkCH0aU/TGCIq3Xx8SYEPtRLgMBH6xQqP1d+JHCIpR5GvJ8u95axXiv95vUyF527O4jRTNCaTj8KMY5XgshYcMEGJ4iNNgAimd8VkAAKI0uVVdQn27MnzpH1StzW/Oa01LqZ1VNA+OkBHyEZnqIGuUBO1EEGP6Bm9ojfjyXgx3o2PyeiCMc3soT8wPn8A6QSacg==</latexit><latexit sha1_base64="+0wwE5W+ZrTqWv6INjK9ezJf5nI=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUBIRdFl048JFRfuAJoabyaQdOnkwMxFKyNaNv+LGhSJu/QN3/o2TtgttPTBwOOce5t7jp5xJZVnfxsLi0vLKamWtur6xubVt7uy2ZZIJQlsk4Yno+iApZzFtKaY47aaCQuRz2vGHl6XfeaBCsiS+U6OUuhH0YxYyAkpLnomdCNSAAM+bhZc71zoZgKMS55b1I7g/LjyzZtWtMfA8saekhqZoeuaXEyQki2isCAcpe7aVKjcHoRjhtKg6maQpkCH0aU/TGCIq3Xx8SYEPtRLgMBH6xQqP1d+JHCIpR5GvJ8u95axXiv95vUyF527O4jRTNCaTj8KMY5XgshYcMEGJ4iNNgAimd8VkAAKI0uVVdQn27MnzpH1StzW/Oa01LqZ1VNA+OkBHyEZnqIGuUBO1EEGP6Bm9ojfjyXgx3o2PyeiCMc3soT8wPn8A6QSacg==</latexit><latexit sha1_base64="+0wwE5W+ZrTqWv6INjK9ezJf5nI=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUBIRdFl048JFRfuAJoabyaQdOnkwMxFKyNaNv+LGhSJu/QN3/o2TtgttPTBwOOce5t7jp5xJZVnfxsLi0vLKamWtur6xubVt7uy2ZZIJQlsk4Yno+iApZzFtKaY47aaCQuRz2vGHl6XfeaBCsiS+U6OUuhH0YxYyAkpLnomdCNSAAM+bhZc71zoZgKMS55b1I7g/LjyzZtWtMfA8saekhqZoeuaXEyQki2isCAcpe7aVKjcHoRjhtKg6maQpkCH0aU/TGCIq3Xx8SYEPtRLgMBH6xQqP1d+JHCIpR5GvJ8u95axXiv95vUyF527O4jRTNCaTj8KMY5XgshYcMEGJ4iNNgAimd8VkAAKI0uVVdQn27MnzpH1StzW/Oa01LqZ1VNA+OkBHyEZnqIGuUBO1EEGP6Bm9ojfjyXgx3o2PyeiCMc3soT8wPn8A6QSacg==</latexit><latexit sha1_base64="+0wwE5W+ZrTqWv6INjK9ezJf5nI=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUBIRdFl048JFRfuAJoabyaQdOnkwMxFKyNaNv+LGhSJu/QN3/o2TtgttPTBwOOce5t7jp5xJZVnfxsLi0vLKamWtur6xubVt7uy2ZZIJQlsk4Yno+iApZzFtKaY47aaCQuRz2vGHl6XfeaBCsiS+U6OUuhH0YxYyAkpLnomdCNSAAM+bhZc71zoZgKMS55b1I7g/LjyzZtWtMfA8saekhqZoeuaXEyQki2isCAcpe7aVKjcHoRjhtKg6maQpkCH0aU/TGCIq3Xx8SYEPtRLgMBH6xQqP1d+JHCIpR5GvJ8u95axXiv95vUyF527O4jRTNCaTj8KMY5XgshYcMEGJ4iNNgAimd8VkAAKI0uVVdQn27MnzpH1StzW/Oa01LqZ1VNA+OkBHyEZnqIGuUBO1EEGP6Bm9ojfjyXgx3o2PyeiCMc3soT8wPn8A6QSacg==</latexit>

P⇤!⌃0
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More     after MCC is switched on:
are heavier so 
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Λ
Σ±, Σ0 Σ → Λ
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RESULTS (I)
total cross section

yXy

yXR

yXk

yXj

yX9

yX8

yXe

��� � ��� � ��� �

LP J**

J**ᅼ�ԏ(��
਷ΚЈ +K

ϵ )

Ӻηᇌ (:2o)

~ᅸᇋ �φϩ P ݂ ဋЈ � ᅷ� � ԍ

G6:
G.� a6
*"6 a6 yXy

yXk

yX9

yXe

yX3

RXy

RXk

��� � ��� � ��� �

LP J**

J**ᅼ�ԃ(��
਷ΚЈ +K

ϵ )
Ӻηᇌ (:2o)

~ᅸᇋ �φϩ P ݂ ဋ਷ � ᅷ� � ԍ

G6:
G.� a6
*"6 a6

Clebsh-Gordan relation 
between the form factors 

σ(ν̄μ + A → μ+ + Σ− + X)
σ(ν̄μ + A → μ+ + Σ0 + X)

= 2

(MCC modifies this relation) 25



RESULTS (I)

yXy

yX8

RXy

RX8

kXy

kX8

jXy

jX8

��� � ��� � ��� �
LP J**

J**

ᅼ�ԏ(��
਷ΚЈ +K

ϵ )

Ӻηᇌ (:2o)

~ᅸᇋ �φϩ P ݂ ဆ � ᅷ� � ԍ

G6:
G.� a6
*"6 a6yXy

yXR

yXk

yXj

yX9

yX8

yXe

��� � ��� � ��� �

LP J**

J**ᅼ�ԏ(��
਷ΚЈ +K

ϵ )

Ӻηᇌ (:2o)

~ᅸᇋ �φϩ P ݂ ဋЈ � ᅷ� � ԍ

G6:
G.� a6
*"6 a6

yXy

yXk

yX9

yXe

yX3

RXy

RXk

��� � ��� � ��� �

LP J**

J**ᅼ�ԃ(��
਷ΚЈ +K

ϵ )

Ӻηᇌ (:2o)

~ᅸᇋ �φϩ P ݂ ဋ਷ � ᅷ� � ԍ

G6:
G.� a6
*"6 a6 yXyy

yXyR
yXyk
yXyj
yXy9
yXy8
yXye
yXyd
yXy3

��� � ��� � ��� �

J**
ᅼ�	ԏ�

ԃ
(��਷ΚЈ +K
ϵ )

Ӻηᇌ (:2o)

~ᅸᇋ �φϩ P ݂ ဋ� � ᅷ� � ԍ

G6:
G.� a6
*"6 a6

total cross section

Internuclear cascade does not change the total cross section when summed 
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produced 
through 
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RESULTS (1I)
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RESULTS (III)
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• shaded region: the 
results are not 
trustworthy

• MCC redistributes 
hyperons towards 
lower energies

• different behaviour 
for Λ / Σ−, Σ0
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OUTLINE

❖      quasi-elastic production
❖ interaction vertex (form factors)
❖ results

νl + A → l− + Λc + XΛc
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MOTIVATION FOR ΛC WEAK 
PRODUCTION

• Background for rare processes (e.g. trident processes 
e.g.                 )

• Minerva and DUNE sensitive to charm production

• Until recently, the form factors could not be well 
constrained. Recent BESIII results for the decay 
width                        made possible some first 
realistic estimates of the cross section

ΛC → Λ + ν̄l + l−

νμ → νμl−l+
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INPUT DATA
• In the limit of unbroken SU(3) we can relate the form-

factors for             and             with a flavour SU(3) 
rotation (CG coefficient        )

• We use form factors from the models consistent with 
the experimental results of BESIII: 

• Some groups give predictions for both            and 
form factors

3/2
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Λc → Λ Λc → N

BR = (3.63 ± 0.38 ± 0.20) %

Λc → Λ Λc → N



MODELS USED IN THE 
COMPARISON

Lattice QCD
S. Meinel, Phys. Rev. D97, 034511 (2018) 
S. Meinel, Phys. Rev. Lett. 118, 082001 (2017) 

MIT bag model and NRQM
R. Perez-Marcial, R. Huerta, A. Garcia, and M. Avila-Aoki, Phys. Rev. D40, 2955 (1989) 

Nonrelativistic quark model (HO basis)
M. M. Hussain and W. Roberts, Phys. Rev. D95, 053005 (2017)

Covariant confined quark model
T. Gutsche, M. A. Ivanov, J. G. Korner, V. E. Lyubovitskij, and P. Santorelli, Phys. Rev. D90, 114033 (2014) 
T. Gutsche, M. A. Ivanov, J. G. Korner, V. E. Lyubovitskij, and P. Santorelli, Phys. Rev. D93, 034008 (2016) 

BR: 3.80+/- 0.19%

BR: 3.84%

BR: 2.78%

BR: 3.00%, 3.66%
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IMPORTANT REMARKS

• For the decays

• We extrapolate form-factors to a region of 
Q2>0 taking care that we do not go too high

• We limit our calculation to Eν<5 GeV (Minerva, 
DUNE peak energy)

Q2 ∈ (−1.4,0) GeV2 (Q2 = ⃗q 2 − ω2)
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The bulk of cross 
section lies at low Q2

The extrapolation of 
the form factors to the 

region of higher Q2 

introduces 
uncertainties
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VARIOUS MODELS FOR FORM 
FACTORS
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q2 dependence of the 

form factors
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dq2

LQCD, NRHOCM, RCQM 
have similar q2 behaviour
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FORM FACTORS

• Restrictions when using the same form factors:

• fitted to the data at Q2<0 (decay), while used for Q2>0

• Different contributions coming from distinct form 
factors in decay processes and cross section (some are 
not as much constrained)

• SU(3) breaking effects are on the level of 20-30%
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RESULTS

SU(3) breaking effects 
~25-50% 
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RESULTS
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σ(E = 3 GeV)/N = (0.9+0.2
−0.1) × 10−40 cm2

σ(E = 5 GeV)/N = (4.5+2.0
−0.9) × 10−40 cm2

DUNE peak

Minerva peak
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CONCLUSIONS

• Large effects of internuclear 
cascade (total cross section, energy 
distribution of outgoing hyperons)

• ground state description affects  
          does not affect much q2 
distribution

• Two spectral functions give similar 
predictions

• Experimentally may be measured
• First predictions of  

production with models 
constrained with BESIII BR 
measurements

• Large dependence on the form-
factors parametrisation 
(theoretical uncertainty)

• No input data to simulate 
internuclear cascade

Strange hyperon production Charm hyperon production
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Q2 DEPENDENCE OF THE 
FORM FACTORS
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σ(Λc)
σ(CC)

= (1.54 ± 0.35(stat) ± 0.18(syst)) × 10−2

CHORUS result for E=27 GeV



PION PRODUCTION FROM 
HYPERONS

low enough energies faster than for the ! and " cases.
These two factors could partially compensate for the
tan2!c suppression.

We show in Fig. 10 our results for pion production,
obtained using the experimental branching ratios for the
hyperons and the previous calculations for the hyperon
production cross sections. We also show results derived
from the # production cross section in 16O of Ref. [26]
which incorporated pion absorption. In that paper, only the
total number of pions (or #’s) was obtained. In order to
compare with the current results, we have used the corre-
sponding isospin factors to assign the charges of the pions
(relative weights for p! #0 ! p"!, p! #0 ! n"0 and
n ! #! ! n"! are 1=9, 2=9 and 1), thus neglecting
possible pion charge exchange reactions. We see that at
low energies pions from hyperon decays dominate and the
# mechanism becomes dominant at energies above
550 MeV for negative pions and 650 MeV for neutral
pions. The importance of the hyperon mechanisms would
be larger for heavier nuclei, where pion absorption would
suppress more strongly other competing mechanisms
which produce the pions inside the nucleons.

V. SUMMARY AND CONCLUSIONS

We have studied the weak charged current induced
quasielastic production of ! and " hyperons from nucle-
ons and nuclei. The transition form factors for the nucleon-
hyperon transitions determined from an analysis of experi-
mental data on neutrino-nucleon scattering and semilep-
tonic decays of hyperons using Cabibbo theory with SU(3)
symmetry have been applied to calculate the the total and
differential cross sections for lepton and hyperon produc-
tion from nucleon and nuclear targets. The nuclear medium
and final state interaction effects have been calculated for

the hyperon production from nuclear targets like 16O and
56Fe which are proposed to be used in future detectors for
neutrino oscillations and proton decay search experiments.
These are calculated in a local Fermi gas model for the
nuclei and a simple energy dependent parametrization for
the hyperon-nucleon scattering cross sections. The hy-
peron energy distribution for the quasielastic production
of !, "" and "0 hyperons induced by antineutrinos and
the effect of final state interactions on their energy distri-
bution has been studied. The energy distribution of "",
which are produced only as a consequence of final state
interactions has also been presented. Finally the total cross
sections for pion production due to decays of hyperons has
been presented and compared with the pion production
cross sections from # production. The main conclusions
that can be drawn from our present study are:

(i) The differential cross sections d#
dq2 are more sensi-

tive to the axial vector dipole mass for the case of !
production than " production. However this sensi-
tivity is not as large as compared to the sensitivity
of d#

dq2 to the axial vector dipole mass for neutrino-
nucleon scattering in the #S# 0 sector.

(ii) The effect of nuclear medium effects on d#
dq2 and

total cross section # on the hyperon production is
quite small.

(iii) The effect of final state interaction is to increase the
cross sections for ! production and to decrease the
cross section for "! and "0 production. The
strength of production cross section shifts towards
the lower energy of the produced hyperon as a
result of final state interactions. The most interest-
ing aspect of the final state interaction is that it
leads to the production of "" hyperons which is of
the order of 10% of the "! production cross sec-
tions from oxygen targets around 1 GeV. This
proportion increases with mass and charge of the
nucleus.

(iv) The hyperon production is dominated by ! pro-
duction and the production cross section for "0 is
small at lower energies but could approach 30% of
! production as the energy increases and becomes
larger than 1.0 GeV.

(v) At low energies, the nuclear pion production in-
duced by antineutrinos through the production of
hyperons and their subsequent decays can become
important as compared to the antineutrino pion
production through the excitation and subsequent
decays of # resonance. This, for example, happens
for neutrino energies E< 550$650% MeV% for the
case of antineutrino induced "!$"0% production at
intermediate energies from 16O target.
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FIG. 10. Cross section for " production via an intermediate
hyperon induced by a muonic antineutrino divided by the num-
ber of protons as a function of the antineutrino energy. Results
compared with pions produced via # excitation.
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