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Outline

2) coherent elastic neutrino-nucleus scattering (CEvNS)

1) microscopic EFT for neutrino physics

3) charged-current scattering on nucleons



3

Neutrino interactions

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

- all charged particles couple to real and virtual photons

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

<latexit sha1_base64="/lG40eIxe+6FW7goF9UvX0I+sak=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh0Zf9MsVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqndVdRuXldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmzI22</latexit>

Qi

<latexit sha1_base64="7OBmC1tAp5TCURFK1tUWjsYEfrk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dii/YA2lM120q7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivd13uPvVLZrbgzkGXi5aQMOWq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrnFe+y4tYvytWbPI4CHMMJnIEHV1CFO6hBAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEoUI23</latexit>

Qj

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

<latexit sha1_base64="UD0zqrn256RR3QuXxywn+gfuMJI=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rPj3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiJGPGg==</latexit>�
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- all charged particles couple to real and virtual photons

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

<latexit sha1_base64="/lG40eIxe+6FW7goF9UvX0I+sak=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh0Zf9MsVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqndVdRuXldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmzI22</latexit>

Qi

<latexit sha1_base64="7OBmC1tAp5TCURFK1tUWjsYEfrk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dii/YA2lM120q7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivd13uPvVLZrbgzkGXi5aQMOWq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrnFe+y4tYvytWbPI4CHMMJnIEHV1CFO6hBAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEoUI23</latexit>

Qj

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

QED corrections
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-                   suppression by electromagnetic coupling constant

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

<latexit sha1_base64="/lG40eIxe+6FW7goF9UvX0I+sak=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh0Zf9MsVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqndVdRuXldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmzI22</latexit>

Qi

<latexit sha1_base64="7OBmC1tAp5TCURFK1tUWjsYEfrk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dii/YA2lM120q7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivd13uPvVLZrbgzkGXi5aQMOWq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrnFe+y4tYvytWbPI4CHMMJnIEHV1CFO6hBAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEoUI23</latexit>

Qj

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

QED corrections

↵

⇡
⇠ 0.2 %

<latexit sha1_base64="HYKU4LuKCwLL6zi/2lrrDL7s++M="></latexit>
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- scale separation introduces large flavor-dependent QED logarithms

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

<latexit sha1_base64="/lG40eIxe+6FW7goF9UvX0I+sak=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh0Zf9MsVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqndVdRuXldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmzI22</latexit>

Qi

<latexit sha1_base64="7OBmC1tAp5TCURFK1tUWjsYEfrk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dii/YA2lM120q7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivd13uPvVLZrbgzkGXi5aQMOWq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrnFe+y4tYvytWbPI4CHMMJnIEHV1CFO6hBAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AEoUI23</latexit>

Qj

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

QED corrections

multiplied by
↵

⇡
⇠ 0.2 %

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

or

<latexit sha1_base64="H+tnSxlWqurW6AeFj0e0pHVlQtY=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4GrItPbhriiCywq2FjplyKRpG5pkhiQjlNKNv+LGhSJu/Qx3/o3pQ1DRAxcO59zLvfdECWfaIPThZJaWV1bXsuu5jc2t7R13d6+p41QR2iAxj1UrwppyJmnDMMNpK1EUi4jT22h4MfVv76jSLJY3ZpTQjsB9yXqMYGOl0D0QIYUB51CEgUhn7DIMZBq6eeShYqXkFyDyCtVSuYgsQYWzcrUKfQ/NkAcL1EP3PejGJBVUGsKx1m0fJaYzxsowwukkF6SaJpgMcZ+2LZVYUN0Zzx6YwGOrdGEvVrakgTP1+8QYC61HIrKdApuB/u1Nxb+8dmp61c6YySQ1VJL5ol7KoYnhNA3YZYoSw0eWYKKYvRWSAVaYGJtZzobw9Sn8nzQLnl/20PVpvna+iCMLDsEROAE+qIAauAJ10AAETMADeALPzr3z6Lw4r/PWjLOY2Qc/4Lx9AsWMlec=</latexit>

me ⌧ mµ ⌧ E⌫

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

ln
E⌫

me
⇠ 6� 10

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

ln2
E⌫

me
⇠ 36� 100



multiplied by target nucleus charge

8

- Coulomb corrections are enhanced by nucleus charge factor

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

<latexit sha1_base64="/lG40eIxe+6FW7goF9UvX0I+sak=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh0Zf9MsVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqndVdRuXldptHkcRTuAUzsGDa6jBPdShCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmzI22</latexit>

Qi

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

QED corrections

↵

⇡
⇠ 0.2 %

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

<latexit sha1_base64="W7PYNmvJpnrWsrd5k+URDDlqq44=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSapbeOu6MZlBduKbSiT6SQdOpmEmYlQQj/CjQtF3Po97vwbpw9BRQ9cOJxzL/feE6ScKY3Qh1VYWV1b3yhulra2d3b3yvsHHZVkktA2SXgibwOsKGeCtjXTnN6mkuI44LQbjC9nfveeSsUScaMnKfVjHAkWMoK1kbp3sB9F0BmUK8hG1UbNcSGyXa9WryJDkHte9zzo2GiOCliiNSi/94cJyWIqNOFYqZ6DUu3nWGpGOJ2W+pmiKSZjHNGeoQLHVPn5/NwpPDHKEIaJNCU0nKvfJ3IcKzWJA9MZYz1Sv72Z+JfXy3To+TkTaaapIItFYcahTuDsdzhkkhLNJ4ZgIpm5FZIRlphok1DJhPD1KfyfdFzbqdvo+qzSvFjGUQRH4BicAgc0QBNcgRZoAwLG4AE8gWcrtR6tF+t10VqwljOH4Aest095SI8F</latexit>

Z � 1

talk by Ryan Plestid

<latexit sha1_base64="oxfxUD1e+IWlG4/194gtKQ7SLIw=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVw45AZ+9wV3bisYB/YDiWTZtrQzIMkUyhD/8SNC0Xc+ifu/BszbQUVPXDhcM693HuPF3MmFUIfRm5tfWNzK79d2Nnd2z8wD4/aMkoEoS0S8Uh0PSwpZyFtKaY47caC4sDjtONNrjO/M6VCsii8U7OYugEehcxnBCstDUzzHvY5lVKyANrowkEDs4gsp16t22WILFQu1aqVjDj1in0JbQstUAQrNAfme38YkSSgoSIcS9mzUazcFAvFCKfzQj+RNMZkgke0p2mIAyrddHH5HJ5pZQj9SOgKFVyo3ydSHEg5CzzdGWA1lr+9TPzL6yXKr7kpC+NE0ZAsF/kJhyqCWQxwyAQlis80wUQwfSskYywwUTqsgg7h61P4P2k7ll2x0G2p2LhaxZEHJ+AUnAMbVEED3IAmaAECpuABPIFnIzUejRfjddmaM1Yzx+AHjLdP5D+Sig==</latexit>

Z . 10� 20
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- kinematic dependence and factor X can enhance QED corrections 

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

QED corrections

multiplied by kinematic-dependent factors
↵

⇡
⇠ 0.2 %

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

neutral-current interactions

X
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Electroweak corrections

- electroweak corrections can be included in low-energy interactions

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

multiplied by
↵

⇡
⇠ 0.2 %

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

<latexit sha1_base64="f40F3uE1PltpFOq4O5g4yLla8BU="></latexit>

1

sin2 ✓W
, ln

MZ

M
, ln

Mt

M
, ...

<latexit sha1_base64="0LvvIZMUFvp4jCLjv2oJP8dmjDM="></latexit>

me,mµ,M,E⌫ ⌧ MW ,MZ ,mt,mH
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Microscopic EFT for neutrino physics
O. T. and Richard J Hill,  Phys Lett B 805 (2020) 135466
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Neutrino scattering in EFT. Matching
- tree-level matching to low-energy EFT 

⌫

e e

⌫

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

⌫

e e

⌫

<latexit sha1_base64="hlEoz5iZCA+c2SAOsHsGDEQXdaI="></latexit>

⌫

e ⌫

e

<latexit sha1_base64="7nlTwNFcBzOB/iPeq9AWQ+uWkic="></latexit>

W
<latexit sha1_base64="iwDr9lDME/gocupjs2b0usOSKsA=">AAAB6HicdVDLSsNAFJ3UV42vqks3g6XgKiStNe1CLLpx2YJ9QBvKZDppx04ezEyEEvoFblwo4lY/xr0b8W+ctCpW8MCFwzn3cu69bsSokKb5oWWWlldW17Lr+sbm1vZObnevJcKYY9LEIQt5x0WCMBqQpqSSkU7ECfJdRtru+CL12zeECxoGV3ISEcdHw4B6FCOppEa7n8ubRrFqV60yNA2zfFyx7ZQUqydWCVqGOUP+7FU/jV7e9Xo/99YbhDj2SSAxQ0J0LTOSToK4pJiRqd6LBYkQHqMh6SoaIJ8IJ5ktOoUFpQygF3JVgYQz9fdEgnwhJr6rOn0kR0Iv/DFT9cdciJJexUloEMWSBHie5MUMyhCmZ8MB5QRLNlEEYU7VshCPEEdYqueoJ3xfCv8nraJhlYxiw8zXzsEcWXAADsERsIANauAS1EETYEDALbgHD9q1dqc9ak/z1oz2NbMPFqA9fwKFUJCM</latexit>

Z
<latexit sha1_base64="GpG16vhOVy3ltGaV7TYonW+MyRY=">AAAB6HicdVDLSsNAFJ3UV42vqks3g0VwFZLWmnYhFt24bME+sA1lMp20YycPZiZCCf0CNy4Ucasf496N+DdOWhUreODC4Zx7OfdeN2JUSNP80DILi0vLK9lVfW19Y3Mrt73TFGHMMWngkIW87SJBGA1IQ1LJSDviBPkuIy13dJ76rRvCBQ2DSzmOiOOjQUA9ipFUUv2ql8ubRqFiV6wSNA2zdFS27ZQUKsdWEVqGOUX+9FU/iV7e9Vov99bthzj2SSAxQ0J0LDOSToK4pJiRid6NBYkQHqEB6SgaIJ8IJ5kuOoEHSulDL+SqAgmn6u+JBPlCjH1XdfpIDoV+8MdM1R9zLkp6ZSehQRRLEuBZkhczKEOYng37lBMs2VgRhDlVy0I8RBxhqZ6jnvB9KfyfNAuGVTQKdTNfPQMzZMEe2AeHwAI2qIILUAMNgAEBt+AePGjX2p32qD3NWjPa18wumIP2/AmJ3JCP</latexit>

neutral current charged current
⌫

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

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

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

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

GF =

p
2g2

8M2
W

<latexit sha1_base64="S/FIAL5U8oTc01ucOMuRhAKp83c="></latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

gPL, gPR
<latexit sha1_base64="vTdK3GoGbu833XHDatOQ/MbXP7U="></latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

<latexit sha1_base64="9lo6IGbEV7Dxka0eWY4jsXRdHGU="></latexit>

Le↵ = �⌫̄`�µPL⌫` · f̄�µ
⇣
c⌫`f
L PL + c⌫`f

R PR

⌘
f
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- masses of W and Z are large: integrate out W and Z at tree level

- tree-level matching to low-energy EFT 

⌫

e e

⌫

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

⌫

e e

⌫

<latexit sha1_base64="hlEoz5iZCA+c2SAOsHsGDEQXdaI="></latexit>

⌫

e ⌫

e

<latexit sha1_base64="7nlTwNFcBzOB/iPeq9AWQ+uWkic="></latexit>

W
<latexit sha1_base64="iwDr9lDME/gocupjs2b0usOSKsA=">AAAB6HicdVDLSsNAFJ3UV42vqks3g6XgKiStNe1CLLpx2YJ9QBvKZDppx04ezEyEEvoFblwo4lY/xr0b8W+ctCpW8MCFwzn3cu69bsSokKb5oWWWlldW17Lr+sbm1vZObnevJcKYY9LEIQt5x0WCMBqQpqSSkU7ECfJdRtru+CL12zeECxoGV3ISEcdHw4B6FCOppEa7n8ubRrFqV60yNA2zfFyx7ZQUqydWCVqGOUP+7FU/jV7e9Xo/99YbhDj2SSAxQ0J0LTOSToK4pJiRqd6LBYkQHqMh6SoaIJ8IJ5ktOoUFpQygF3JVgYQz9fdEgnwhJr6rOn0kR0Iv/DFT9cdciJJexUloEMWSBHie5MUMyhCmZ8MB5QRLNlEEYU7VshCPEEdYqueoJ3xfCv8nraJhlYxiw8zXzsEcWXAADsERsIANauAS1EETYEDALbgHD9q1dqc9ak/z1oz2NbMPFqA9fwKFUJCM</latexit>

Z
<latexit sha1_base64="GpG16vhOVy3ltGaV7TYonW+MyRY=">AAAB6HicdVDLSsNAFJ3UV42vqks3g0VwFZLWmnYhFt24bME+sA1lMp20YycPZiZCCf0CNy4Ucasf496N+DdOWhUreODC4Zx7OfdeN2JUSNP80DILi0vLK9lVfW19Y3Mrt73TFGHMMWngkIW87SJBGA1IQ1LJSDviBPkuIy13dJ76rRvCBQ2DSzmOiOOjQUA9ipFUUv2ql8ubRqFiV6wSNA2zdFS27ZQUKsdWEVqGOUX+9FU/iV7e9Vov99bthzj2SSAxQ0J0LDOSToK4pJiRid6NBYkQHqEB6SgaIJ8IJ5kuOoEHSulDL+SqAgmn6u+JBPlCjH1XdfpIDoV+8MdM1R9zLkp6ZSehQRRLEuBZkhczKEOYng37lBMs2VgRhDlVy0I8RBxhqZ6jnvB9KfyfNAuGVTQKdTNfPQMzZMEe2AeHwAI2qIILUAMNgAEBt+AePGjX2p32qD3NWjPa18wumIP2/AmJ3JCP</latexit>

neutral current charged current
⌫

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

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

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

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

GF =

p
2g2

8M2
W

<latexit sha1_base64="S/FIAL5U8oTc01ucOMuRhAKp83c="></latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

1

p2Z �M2
Z

<latexit sha1_base64="zkCR6Lgt8k02Ny9RfzWNKNli57E="></latexit>

1

p2W �M2
W

<latexit sha1_base64="6uegYx62/btDDn7L1b9IITlurik="></latexit>

gPL, gPR
<latexit sha1_base64="vTdK3GoGbu833XHDatOQ/MbXP7U="></latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

Neutrino scattering in EFT. Matching

<latexit sha1_base64="9lo6IGbEV7Dxka0eWY4jsXRdHGU="></latexit>

Le↵ = �⌫̄`�µPL⌫` · f̄�µ
⇣
c⌫`f
L PL + c⌫`f

R PR

⌘
f
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- tree-level matching to low-energy EFT 

cL = 2
p
2GF

�
sin2 ✓W � 0.5 + �⌫,⌫e

�
<latexit sha1_base64="ynM2bfblRwt6aLjll2sdUmK2Ejk="></latexit>

cR = 2
p
2GF sin2 ✓W

<latexit sha1_base64="u/FMGMO3nn+w9HKfNQ+219GtlrM="></latexit>

⌫

e e

⌫

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

⌫

e e

⌫

<latexit sha1_base64="hlEoz5iZCA+c2SAOsHsGDEQXdaI="></latexit>

⌫

e ⌫

e

<latexit sha1_base64="7nlTwNFcBzOB/iPeq9AWQ+uWkic="></latexit>

W
<latexit sha1_base64="iwDr9lDME/gocupjs2b0usOSKsA=">AAAB6HicdVDLSsNAFJ3UV42vqks3g6XgKiStNe1CLLpx2YJ9QBvKZDppx04ezEyEEvoFblwo4lY/xr0b8W+ctCpW8MCFwzn3cu69bsSokKb5oWWWlldW17Lr+sbm1vZObnevJcKYY9LEIQt5x0WCMBqQpqSSkU7ECfJdRtru+CL12zeECxoGV3ISEcdHw4B6FCOppEa7n8ubRrFqV60yNA2zfFyx7ZQUqydWCVqGOUP+7FU/jV7e9Xo/99YbhDj2SSAxQ0J0LTOSToK4pJiRqd6LBYkQHqMh6SoaIJ8IJ5ktOoUFpQygF3JVgYQz9fdEgnwhJr6rOn0kR0Iv/DFT9cdciJJexUloEMWSBHie5MUMyhCmZ8MB5QRLNlEEYU7VshCPEEdYqueoJ3xfCv8nraJhlYxiw8zXzsEcWXAADsERsIANauAS1EETYEDALbgHD9q1dqc9ak/z1oz2NbMPFqA9fwKFUJCM</latexit>

Z
<latexit sha1_base64="GpG16vhOVy3ltGaV7TYonW+MyRY=">AAAB6HicdVDLSsNAFJ3UV42vqks3g0VwFZLWmnYhFt24bME+sA1lMp20YycPZiZCCf0CNy4Ucasf496N+DdOWhUreODC4Zx7OfdeN2JUSNP80DILi0vLK9lVfW19Y3Mrt73TFGHMMWngkIW87SJBGA1IQ1LJSDviBPkuIy13dJ76rRvCBQ2DSzmOiOOjQUA9ipFUUv2ql8ubRqFiV6wSNA2zdFS27ZQUKsdWEVqGOUX+9FU/iV7e9Vov99bthzj2SSAxQ0J0LDOSToK4pJiRid6NBYkQHqEB6SgaIJ8IJ5kuOoEHSulDL+SqAgmn6u+JBPlCjH1XdfpIDoV+8MdM1R9zLkp6ZSehQRRLEuBZkhczKEOYng37lBMs2VgRhDlVy0I8RBxhqZ6jnvB9KfyfNAuGVTQKdTNfPQMzZMEe2AeHwAI2qIILUAMNgAEBt+AePGjX2p32qD3NWjPa18wumIP2/AmJ3JCP</latexit>

neutral current charged current
Weinberg (1967), 't Hooft (1971)

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

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

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

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

GF =

p
2g2

8M2
W

<latexit sha1_base64="S/FIAL5U8oTc01ucOMuRhAKp83c="></latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

⌫e
<latexit sha1_base64="eZWwDnG3lUqP/m5o4wlELu6hwok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8nsz62K9U3Zo7B1klXkGqUKDZr3z1BgnLYpSGCap113NTE+RUGc4ETsu9TGNK2ZgOsWuppDHqIJ8fOyXnVhmQKFG2pCFz9fdETmOtJ3FoO2NqRnrZm4n/ed3MRDdBzmWaGZRssSjKBDEJmX1OBlwhM2JiCWWK21sJG1FFmbH5lG0I3vLLq6RVr3mXtfrDVbVxW8RRglM4gwvw4BoacA9N8IEBh2d4hTdHOi/Ou/OxaF1zipkT+APn8wfV/46z</latexit>

1

p2Z �M2
Z

<latexit sha1_base64="zkCR6Lgt8k02Ny9RfzWNKNli57E="></latexit>

1

p2W �M2
W

<latexit sha1_base64="6uegYx62/btDDn7L1b9IITlurik="></latexit>

gPL, gPR
<latexit sha1_base64="vTdK3GoGbu833XHDatOQ/MbXP7U="></latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

gPL
<latexit sha1_base64="WACIZ9xy7lcf77hWVEjAxj2JXl4=">AAACAHicdVDLSsNAFJ34rPUVdeFCkcFScFWSVG3dFd24cNGCfUAbwmQ6bYdOHsxMhBKyEfwSNy4UcVf8DHd+gz/h9CVW8MCFwzn3cu89bsiokIbxqS0sLi2vrKbW0usbm1vb+s5uTQQRx6SKAxbwhosEYdQnVUklI42QE+S5jNTd/tXIr98RLmjg38pBSGwPdX3aoRhJJTn6fhe2PCR73IvLiTOjN4mjZ4ycMQY0clbxrGCeKmJYF+dmHppTK1M6HFa+Ho6GZUf/aLUDHHnEl5ghIZqmEUo7RlxSzEiSbkWChAj3UZc0FfWRR4Qdjx9IYFYpbdgJuCpfwrH6eyJGnhADz1WdowtFOvvHHKk/5twq2SnaMfXDSBIfTzZ1IgZlAEdxwDblBEs2UARhTtWxEPcQR1iq0FQIs0/h/6Rm5cx8zqqoNC7BBClwAI7BCTBBAZTANSiDKsAgAY/gGbxo99qT9qq9TVoXtOnMHpiD9v4NYCuaww==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

couplings to electron

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

- masses of W and Z are large: integrate out W and Z at tree level

Neutrino scattering in EFT. Matching

<latexit sha1_base64="9lo6IGbEV7Dxka0eWY4jsXRdHGU="></latexit>

Le↵ = �⌫̄`�µPL⌫` · f̄�µ
⇣
c⌫`f
L PL + c⌫`f

R PR

⌘
f
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- muon lifetime measurement improves precision
- matching at order ααs: left- and right-handed couplings

MS
<latexit sha1_base64="mkpRabcheDQVQtMx4RdWfJv5DxM=">AAAB/3icbVBLS8NAGNzUV62vqODFS7AInkpSBT0WvXgRKtoHNKFstpt26T7C7kYoMQf/ihcPinj1b3jz37hpc9DWgYVhZr7dbyeMKVHadb+t0tLyyupaeb2ysbm1vWPv7rWVSCTCLSSokN0QKkwJxy1NNMXdWGLIQoo74fgq9zsPWCoi+L2exDhgcMhJRBDURurbBz6DeiRZ6gsTy29Jb+6yrG9X3Zo7hbNIvIJUQYFm3/7yBwIlDHONKFSq57mxDlIoNUEUZxU/UTiGaAyHuGcohwyrIJ3unznHRhk4kZDmcO1M1d8TKWRKTVhokvm2at7Lxf+8XqKjiyAlPE405mj2UJRQRwsnL8MZEImRphNDIJLE7OqgEZQQaVNZxZTgzX95kbTrNe+0Vr89qzYuizrK4BAcgRPggXPQANegCVoAgUfwDF7Bm/VkvVjv1scsWrKKmX3wB9bnDwgnlsA=</latexit>

MULAN (2012)

- GF: combination of parameters is precisely measured

GF = 1.1663787(6)⇥ 10�5 GeV�2
<latexit sha1_base64="h073e0rV6uIRUpdGQl9UYroM74I="></latexit>

- gauge-invariant matching of amplitudes, renormalized in        scheme

- matching to low-energy EFT 

MSM = MEFT
<latexit sha1_base64="OYJyfST7BZcfh1FJIvx5rjDFjJA="></latexit>

- consider only leading in GF terms: loop corrections in α, αs 

Neutrino scattering in EFT. Matching

<latexit sha1_base64="9lo6IGbEV7Dxka0eWY4jsXRdHGU="></latexit>

Le↵ = �⌫̄`�µPL⌫` · f̄�µ
⇣
c⌫`f
L PL + c⌫`f

R PR

⌘
f
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Running to low scales

- αs becomes too strong

- hadronic physics down to 140 MeV

- integrate out GeV particles

MZ
<latexit sha1_base64="Z982f1amNq6H5eUnLkLx+QwIM0k=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJa027K3XjRmjRPrANZTKdtEMnD2YmQgn9BDcuFHHr1r/wC9y58VuctCpW8MCFwzn3cu89TsiokIbxrqWWlldW19LrmY3Nre2d7O5eSwQRx6SJAxbwjoMEYdQnTUklI52QE+Q5jLSd8Vnit28IFzTwr+QkJLaHhj51KUZSSZcX/et+NmfohYpVMUvQ0I3SSdmyElKonJpFaOrGDLnqQeODvtRe6/3sW28Q4MgjvsQMCdE1jVDaMeKSYkammV4kSIjwGA1JV1EfeUTY8ezUKcwrZQDdgKvyJZypvydi5Akx8RzV6SE5Epn8HzNRf8yFVdIt2zH1w0gSH883uRGDMoDJ43BAOcGSTRRBmFN1LMQjxBGWKh4Vwven8H/SKuhmUS80VBo1MEcaHIIjcAxMYIEqOAd10AQYDMEtuAcPGtPutEftad6a0r5m9sECtOdPWH+Rrw==</latexit>

mb
<latexit sha1_base64="agrK2VR1EhHFgJtKJUwzKJ7C/lw=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDd5AvGLpVtatmGRq6UT6r2HZKrOq5WYKmbsxRqB01P+hL/bUxyL/1hyGOfRJIzJAQPdOIpJMgLilmZJbrx4JECE/QiPQUDZBPhJPMT53BolKG0Au5qkDCufp7IkG+EFPfVZ0+kmORK/4xU/XHXFolvYqT0CCKJQnwYpMXMyhDmD4Oh5QTLNlUEYQ5VcdCPEYcYaniUSF8fwr/J21LN0u61VRp1MECWXAMTsApMIENauASNEALYDACt+AePGhMu9MetadFa0b7mjkES9CePwGVX5HX</latexit>

m⌧
<latexit sha1_base64="v4U/eD7i/qLVzUQOx/ARY9cjvOs=">AAAB7XicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjsgX7gDaUyXTSjp08mJkIJfQf3LhQxK0r/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ktOIOD4aBdSjGEkltf1BX6J4kC8YulW1q2YZGrpRPqvYdkqs6rlZgqZuzFGoHTU/6Ev9tTHIv/WHIY59EkjMkBA904ikkyAuKWZkluvHgkQIT9CI9BQNkE+Ek8yvncGiUobQC7mqQMK5+nsiQb4QU99VnT6SY5Er/jFT9cdcWiW9ipPQIIolCfBikxczKEOY/g6HlBMs2VQRhDlVx0I8RhxhqRJSIXx/Cv8nbUs3S7rVVGnUwQJZcAxOwCkwgQ1q4BI0QAtgcA1uwT140ELtTnvUnhatGe1r5hAsQXv+BPQMkzk=</latexit>

mc
<latexit sha1_base64="xguVl6SeAwFNaqUcbQMSi6cKV5E=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDPMgXDN2q2lWzDA3dKJ9VbDslVvXcLEFTN+Yo1I6aH/Sl/toY5N/6wxDHPgkkZkiInmlE0kkQlxQzMsv1Y0EihCdoRHqKBsgnwknmp85gUSlD6IVcVSDhXP09kSBfiKnvqk4fybHIFf+YqfpjLq2SXsVJaBDFkgR4scmLGZQhTB+HQ8oJlmyqCMKcqmMhHiOOsFTxqBC+P4X/k7almyXdaqo06mCBLDgGJ+AUmMAGNXAJGqAFMBiBW3APHjSm3WmP2tOiNaN9zRyCJWjPn5bjkdg=</latexit>

m⇡
<latexit sha1_base64="wrkky59xaKSyqQlBuf9qS2sZUBs=">AAAB7HicdVDLSsNAFJ3UV62vquDGzWApuApJqrbuSt24bMG0hTaUyXTSDp1MwsxEKKHf4MaFIm7d+Rd+gTs3fovTh2IFD1w4nHMv997jx4xKZVkfRmZldW19I7uZ29re2d3L7x80ZZQITFwcsUi0fSQJo5y4iipG2rEgKPQZafmjq6nfuiVC0ojfqHFMvBANOA0oRkpLbtjrxrSXL1imNQO0TKdyXrbPNLGcywu7BO2FVageNT7pa+2t3su/d/sRTkLCFWZIyo5txcpLkVAUMzLJdRNJYoRHaEA6mnIUEumls2MnsKiVPgwioYsrOFN/T6QolHIc+rozRGooc8U/5lT9MZdWqaDipZTHiSIczzcFCYMqgtPXYZ8KghUba4KwoPpYiIdIIKx0QDqE70/h/6TpmHbJdBo6jRqYIwuOwQk4BTYogyq4BnXgAgwouAMP4NHgxr3xZDzPWzPGYuYQLMF4+QLrLpKZ</latexit>

⌫

?

e e

⌫

<latexit sha1_base64="62PY9jMj5nB0TpZKRdxb4+FFpdY="></latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

Qf
<latexit sha1_base64="b3nFdM3I7FVdDZZDSEGmnoIMHXY=">AAACF3icZVC7SgNBFJ31GeMrammz+ACrZDcWWoo2lgm6UYgh3J3cjUPmsczMCiHkE2wVf8TWQhBbSz9EW50kIsYcGDiccy/3zIlTzowNgndvanpmdm4+t5BfXFpeWS2srdeMyjTFiCqu9GUMBjmTGFlmOV6mGkHEHC/izsnAv7hBbZiS57abYkNAW7KEUbBOOqs2k2ZhOygGQ/iTJPwh20c7H4/PN4uflWbh66qlaCZQWsrBmHoYpLbRA20Z5djPX2UGU6AdaGPdUQkCTaM3jNr3d53S8hOl3ZPWH6p/N3ogjOmK2E0KsNcmv/vPHKi/5tgpmxw2ekymmUVJR5eSjPtW+YOP+y2mkVredQSoZi6sT69BA7WunrEIpcg4qaQ4dgzIlrZKAIdOKcGuFCD7rrHwfz+TpFYuhvvFctVVd0xGyJFNskX2SEgOyBE5JRUSEUra5JbckXvvwXvyXrzX0eiU97OzQcbgvX0DJw6k0A==</latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

Qf
<latexit sha1_base64="b3nFdM3I7FVdDZZDSEGmnoIMHXY=">AAACF3icZVC7SgNBFJ31GeMrammz+ACrZDcWWoo2lgm6UYgh3J3cjUPmsczMCiHkE2wVf8TWQhBbSz9EW50kIsYcGDiccy/3zIlTzowNgndvanpmdm4+t5BfXFpeWS2srdeMyjTFiCqu9GUMBjmTGFlmOV6mGkHEHC/izsnAv7hBbZiS57abYkNAW7KEUbBOOqs2k2ZhOygGQ/iTJPwh20c7H4/PN4uflWbh66qlaCZQWsrBmHoYpLbRA20Z5djPX2UGU6AdaGPdUQkCTaM3jNr3d53S8hOl3ZPWH6p/N3ogjOmK2E0KsNcmv/vPHKi/5tgpmxw2ekymmUVJR5eSjPtW+YOP+y2mkVredQSoZi6sT69BA7WunrEIpcg4qaQ4dgzIlrZKAIdOKcGuFCD7rrHwfz+TpFYuhvvFctVVd0xGyJFNskX2SEgOyBE5JRUSEUra5JbckXvvwXvyXrzX0eiU97OzQcbgvX0DJw6k0A==</latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

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

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

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

- integrate out top, Z, W, h 

<latexit sha1_base64="7Ge8h0dYrwCHVOl6RjINm66UXMg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REKnosevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZK7R4KcUHCfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa3LqndVdR9qlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCQlo8P</latexit>

`, f
<latexit sha1_base64="7Ge8h0dYrwCHVOl6RjINm66UXMg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REKnosevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZK7R4KcUHCfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa3LqndVdR9qlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCQlo8P</latexit>

`, f

% running effects

- theory with leptons
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- αs becomes too strong

- hadronic physics down to 140 MeV

- theory with leptons

- integrate out GeV particles

MZ
<latexit sha1_base64="Z982f1amNq6H5eUnLkLx+QwIM0k=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJa027K3XjRmjRPrANZTKdtEMnD2YmQgn9BDcuFHHr1r/wC9y58VuctCpW8MCFwzn3cu89TsiokIbxrqWWlldW19LrmY3Nre2d7O5eSwQRx6SJAxbwjoMEYdQnTUklI52QE+Q5jLSd8Vnit28IFzTwr+QkJLaHhj51KUZSSZcX/et+NmfohYpVMUvQ0I3SSdmyElKonJpFaOrGDLnqQeODvtRe6/3sW28Q4MgjvsQMCdE1jVDaMeKSYkammV4kSIjwGA1JV1EfeUTY8ezUKcwrZQDdgKvyJZypvydi5Akx8RzV6SE5Epn8HzNRf8yFVdIt2zH1w0gSH883uRGDMoDJ43BAOcGSTRRBmFN1LMQjxBGWKh4Vwven8H/SKuhmUS80VBo1MEcaHIIjcAxMYIEqOAd10AQYDMEtuAcPGtPutEftad6a0r5m9sECtOdPWH+Rrw==</latexit>

mb
<latexit sha1_base64="agrK2VR1EhHFgJtKJUwzKJ7C/lw=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDd5AvGLpVtatmGRq6UT6r2HZKrOq5WYKmbsxRqB01P+hL/bUxyL/1hyGOfRJIzJAQPdOIpJMgLilmZJbrx4JECE/QiPQUDZBPhJPMT53BolKG0Au5qkDCufp7IkG+EFPfVZ0+kmORK/4xU/XHXFolvYqT0CCKJQnwYpMXMyhDmD4Oh5QTLNlUEYQ5VcdCPEYcYaniUSF8fwr/J21LN0u61VRp1MECWXAMTsApMIENauASNEALYDACt+AePGhMu9MetadFa0b7mjkES9CePwGVX5HX</latexit>

m⌧
<latexit sha1_base64="v4U/eD7i/qLVzUQOx/ARY9cjvOs=">AAAB7XicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjsgX7gDaUyXTSjp08mJkIJfQf3LhQxK0r/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ktOIOD4aBdSjGEkltf1BX6J4kC8YulW1q2YZGrpRPqvYdkqs6rlZgqZuzFGoHTU/6Ev9tTHIv/WHIY59EkjMkBA904ikkyAuKWZkluvHgkQIT9CI9BQNkE+Ek8yvncGiUobQC7mqQMK5+nsiQb4QU99VnT6SY5Er/jFT9cdcWiW9ipPQIIolCfBikxczKEOY/g6HlBMs2VQRhDlVx0I8RhxhqRJSIXx/Cv8nbUs3S7rVVGnUwQJZcAxOwCkwgQ1q4BI0QAtgcA1uwT140ELtTnvUnhatGe1r5hAsQXv+BPQMkzk=</latexit>

mc
<latexit sha1_base64="xguVl6SeAwFNaqUcbQMSi6cKV5E=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWApuApJak27K3XjskX7gDaUyXTSDp08mJkIJfQT3LhQxK1b/8IvcOfGb3HSqljBAxcO59zLvfe4EaNCGsa7lllZXVvfyG7mtrZ3dvfy+wdtEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nEnF6nfuSFc0DC4ltOIOD4aBdSjGEklXfkDPMgXDN2q2lWzDA3dKJ9VbDslVvXcLEFTN+Yo1I6aH/Sl/toY5N/6wxDHPgkkZkiInmlE0kkQlxQzMsv1Y0EihCdoRHqKBsgnwknmp85gUSlD6IVcVSDhXP09kSBfiKnvqk4fybHIFf+YqfpjLq2SXsVJaBDFkgR4scmLGZQhTB+HQ8oJlmyqCMKcqmMhHiOOsFTxqBC+P4X/k7almyXdaqo06mCBLDgGJ+AUmMAGNXAJGqAFMBiBW3APHjSm3WmP2tOiNaN9zRyCJWjPn5bjkdg=</latexit>

m⇡
<latexit sha1_base64="wrkky59xaKSyqQlBuf9qS2sZUBs=">AAAB7HicdVDLSsNAFJ3UV62vquDGzWApuApJqrbuSt24bMG0hTaUyXTSDp1MwsxEKKHf4MaFIm7d+Rd+gTs3fovTh2IFD1w4nHMv997jx4xKZVkfRmZldW19I7uZ29re2d3L7x80ZZQITFwcsUi0fSQJo5y4iipG2rEgKPQZafmjq6nfuiVC0ojfqHFMvBANOA0oRkpLbtjrxrSXL1imNQO0TKdyXrbPNLGcywu7BO2FVageNT7pa+2t3su/d/sRTkLCFWZIyo5txcpLkVAUMzLJdRNJYoRHaEA6mnIUEumls2MnsKiVPgwioYsrOFN/T6QolHIc+rozRGooc8U/5lT9MZdWqaDipZTHiSIczzcFCYMqgtPXYZ8KghUba4KwoPpYiIdIIKx0QDqE70/h/6TpmHbJdBo6jRqYIwuOwQk4BTYogyq4BnXgAgwouAMP4NHgxr3xZDzPWzPGYuYQLMF4+QLrLpKZ</latexit>

Running to low scales

⌫

?

e e

⌫

<latexit sha1_base64="62PY9jMj5nB0TpZKRdxb4+FFpdY="></latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

Qf
<latexit sha1_base64="b3nFdM3I7FVdDZZDSEGmnoIMHXY=">AAACF3icZVC7SgNBFJ31GeMrammz+ACrZDcWWoo2lgm6UYgh3J3cjUPmsczMCiHkE2wVf8TWQhBbSz9EW50kIsYcGDiccy/3zIlTzowNgndvanpmdm4+t5BfXFpeWS2srdeMyjTFiCqu9GUMBjmTGFlmOV6mGkHEHC/izsnAv7hBbZiS57abYkNAW7KEUbBOOqs2k2ZhOygGQ/iTJPwh20c7H4/PN4uflWbh66qlaCZQWsrBmHoYpLbRA20Z5djPX2UGU6AdaGPdUQkCTaM3jNr3d53S8hOl3ZPWH6p/N3ogjOmK2E0KsNcmv/vPHKi/5tgpmxw2ekymmUVJR5eSjPtW+YOP+y2mkVredQSoZi6sT69BA7WunrEIpcg4qaQ4dgzIlrZKAIdOKcGuFCD7rrHwfz+TpFYuhvvFctVVd0xGyJFNskX2SEgOyBE5JRUSEUra5JbckXvvwXvyXrzX0eiU97OzQcbgvX0DJw6k0A==</latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

Qf
<latexit sha1_base64="b3nFdM3I7FVdDZZDSEGmnoIMHXY=">AAACF3icZVC7SgNBFJ31GeMrammz+ACrZDcWWoo2lgm6UYgh3J3cjUPmsczMCiHkE2wVf8TWQhBbSz9EW50kIsYcGDiccy/3zIlTzowNgndvanpmdm4+t5BfXFpeWS2srdeMyjTFiCqu9GUMBjmTGFlmOV6mGkHEHC/izsnAv7hBbZiS57abYkNAW7KEUbBOOqs2k2ZhOygGQ/iTJPwh20c7H4/PN4uflWbh66qlaCZQWsrBmHoYpLbRA20Z5djPX2UGU6AdaGPdUQkCTaM3jNr3d53S8hOl3ZPWH6p/N3ogjOmK2E0KsNcmv/vPHKi/5tgpmxw2ekymmUVJR5eSjPtW+YOP+y2mkVredQSoZi6sT69BA7WunrEIpcg4qaQ4dgzIlrZKAIdOKcGuFCD7rrHwfz+TpFYuhvvFctVVd0xGyJFNskX2SEgOyBE5JRUSEUra5JbckXvvwXvyXrzX0eiU97OzQcbgvX0DJw6k0A==</latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

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

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

Qf
<latexit sha1_base64="iPePgoaDxhFJKKE4mHOQWbymQHo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rFF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZ6aPTDfqnsVtw5yCrxclKGHPV+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzUKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2naEPwll9eJa1qxbusVBtX5dptHkcBTuEMLsCDa6jBPdShCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gAh6I2y</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

- integrate out top, Z, W, h 

<latexit sha1_base64="7Ge8h0dYrwCHVOl6RjINm66UXMg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REKnosevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZK7R4KcUHCfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa3LqndVdR9qlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCQlo8P</latexit>

`, f
<latexit sha1_base64="7Ge8h0dYrwCHVOl6RjINm66UXMg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REKnosevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZK7R4KcUHCfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa3LqndVdR9qlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCQlo8P</latexit>

`, f

- precise mapping from electroweak to hadronic scales

<latexit sha1_base64="9lo6IGbEV7Dxka0eWY4jsXRdHGU="></latexit>

Le↵ = �⌫̄`�µPL⌫` · f̄�µ
⇣
c⌫`f
L PL + c⌫`f

R PR

⌘
f
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Neutrino-electron scattering
O. T. and Richard J Hill, Phys. Rev.  D 101 (2020) 3, 033006

https://youtu.be/mrW4aYjP57wposter at Neutrino 2020:

⌫

e e

⌫

<latexit sha1_base64="oNfCjRrq8zoJemqLbd02P0qnjCg="></latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit> e

<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

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

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

⌫

?

e e

⌫

<latexit sha1_base64="62PY9jMj5nB0TpZKRdxb4+FFpdY="></latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

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

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

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

?
<latexit sha1_base64="mw1bJo/9DNp8DutHGImvRCvU1iE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQW8GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+k2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+zOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5EjjMc=</latexit>

f
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Coherent elastic neutrino-nucleus scattering
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Coherent elastic neutrino-nucleus scattering

- CEvNS enters precision era with DAR sourcesπ

- at low neutrino energies (<50 MeV) nuclear state is unchanged 

- first detection in 2017 at SNS, measured on CsI and Ar

- large cross section scales as squared number of neutrons N2

- rapidly developing field nowadays
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nucleus recoils as a whole 

COHERENT, Science 357 (2017) 6356, 1123-1126 

Stodolsky (1966), Freedman (1974), Kopeliovich and Frankfurt (1974)

recoil nucleus energy T
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From quarks to nuclei

- scattering on quarks in nucleons in nucleus

⌫
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contact interaction at GeV energies

From quarks to nucleons

 momentum transfer

- neutral-current nucleon matrix elements

Q2 = �q2
<latexit sha1_base64="1tA9c8nRFKGjsGVVAm4vG/uScCU=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwY0jS1rQLoejGZQu2FdK0TKaTdujk4cxEKKGf4caFIm79Gnf+jZO2gooeuHA4517uvceLGRXSMD603Mrq2vpGfrOwtb2zu1fcP+iIKOGYtHHEIn7rIUEYDUlbUsnIbcwJCjxGut7kKvO794QLGoU3choTN0CjkPoUI6kkp9W34AU8g3d9a1AsGbpVt+tmFRq6Ua3UbDsjVv3cLENTN+YogSWag+J7bxjhJCChxAwJ4ZhGLN0UcUkxI7NCLxEkRniCRsRRNEQBEW46P3kGT5QyhH7EVYUSztXvEykKhJgGnuoMkByL314m/uU5ifRrbkrDOJEkxItFfsKgjGD2PxxSTrBkU0UQ5lTdCvEYcYSlSqmgQvj6FP5POpZulnWrVSk1Lpdx5MEROAanwAQ2aIBr0ARtgEEEHsATeNak9qi9aK+L1py2nDkEP6C9fQI4lo/t</latexit>
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- DAR sources: only normalizations and charge radiiπ
- form factors describe matrix elements of quark currents

N = p, n

electric and magnetic axial and pseudoscalarform factors:
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<latexit sha1_base64="VITMlH+i/aAsukMXeeeOGZiyouM=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiDES5gRUY9BLx4jmAUyIfR0epImPT1Dd40QQ/BXvHhQxKv/4c2/sbMcNPFBweO9KqrqhakUBj3v21laXlldW89t5De3tnd23b39mkkyzXiVJTLRjZAaLoXiVRQoeSPVnMah5PWwfzP26w9cG5GoexykvBXTrhKRYBSt1HYPA5WRQPIIi6RPAi26PTxtuwWv5E1AFok/IwWYodJ2v4JOwrKYK2SSGtP0vRRbQ6pRMMlH+SAzPKWsT7u8aamiMTet4eT6ETmxSodEibalkEzU3xNDGhsziEPbGVPsmXlvLP7nNTOMrlpDodIMuWLTRVEmCSZkHAXpCM0ZyoEllGlhbyWsRzVlaAPL2xD8+ZcXSe2s5F+UvLvzQvl6FkcOjuAYiuDDJZThFipQBQaP8Ayv8OY8OS/Ou/MxbV1yZjMH8AfO5w8QwJRU</latexit>

⌫ (k)
<latexit sha1_base64="ciwvqZael4dbWOPAsIloI29k4Do=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYxXsKuiHoMevEYwTwgG8LspDcZMju7zPQKYQn4K148KOLV7/Dm3zh5HDSxoKGo6qa7K0ikMOi6387S8srq2npuI7+5tb2zW9jbr5s41RxqPJaxbgbMgBQKaihQQjPRwKJAQiMY3I79xiNoI2L1gMME2hHrKREKztBKncKhr1LqSwixRAen1Nei18ezTqHolt0J6CLxZqRIZqh2Cl9+N+ZpBAq5ZMa0PDfBdsY0Ci5hlPdTAwnjA9aDlqWKRWDa2eT8ET2xSpeGsbalkE7U3xMZi4wZRoHtjBj2zbw3Fv/zWimG1+1MqCRFUHy6KEwlxZiOs6BdoYGjHFrCuBb2Vsr7TDOONrG8DcGbf3mR1M/L3mXZvb8oVm5mceTIETkmJeKRK1Ihd6RKaoSTjDyTV/LmPDkvzrvzMW1dcmYzB+QPnM8fdlaUhQ==</latexit>

⌫ (k0)
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From nucleons to nuclei

- DAR sources: factorization starting from quark levelπ
- point-nucleon form factors: distribution of nucleons in nuclei

Hoferichter et al. (2020)

- tree-level cross section⌫

e e

⌫

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

d�

dT
=

G2
FMA

4⇡

✓
1� T

E⌫
� MAT

2E2
⌫

◆
F2
W

�
Q2

�

<latexit sha1_base64="4fcquCPzsSVlf3xkyaLzo3PIESY="></latexit>

- Q2/M2 corrections and spin-dependent terms are known

spin-0 nuclei

- flavor-independent form factor above GeV scale

- sum over nucleons with point-nucleon form factors
<latexit sha1_base64="3g7b+H5e3VQulopMt7NxhT42Kmc=">AAAB73icdVDLSgMxFM34rPVVdekmWAQXMmRqn7uiG5cV7APaYcikmTY0kxmTjFCG/oQbF4q49Xfc+Tdm2goqeuDC4Zx7ufceP+ZMaYQ+rJXVtfWNzdxWfntnd2+/cHDYUVEiCW2TiEey52NFORO0rZnmtBdLikOf064/ucr87j2VikXiVk9j6oZ4JFjACNZG6gVefA4DT3iFIrJLjVrDqUBko0q5XqtmpNSoOhfQsdEcRbBEyyu8D4YRSUIqNOFYqb6DYu2mWGpGOJ3lB4miMSYTPKJ9QwUOqXLT+b0zeGqUIQwiaUpoOFe/T6Q4VGoa+qYzxHqsfnuZ+JfXT3RQd1Mm4kRTQRaLgoRDHcHseThkkhLNp4ZgIpm5FZIxlphoE1HehPD1KfyfdEq2U7HRTbnYvFzGkQPH4AScAQfUQBNcgxZoAwI4eABP4Nm6sx6tF+t10bpiLWeOwA9Yb5/QhI/W</latexit>

fp, fn
<latexit sha1_base64="6++F0QJ8Avtkpa0FsT67Rl1gEUk="></latexit>

FW =

 
c⌫`u
L + c⌫`u

Rp
2GF

Gn,u
E +

c⌫`d
L + c⌫`d

Rp
2GF

Gn,d
E

!
fn + (n $ p)

<latexit sha1_base64="VITMlH+i/aAsukMXeeeOGZiyouM=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiDES5gRUY9BLx4jmAUyIfR0epImPT1Dd40QQ/BXvHhQxKv/4c2/sbMcNPFBweO9KqrqhakUBj3v21laXlldW89t5De3tnd23b39mkkyzXiVJTLRjZAaLoXiVRQoeSPVnMah5PWwfzP26w9cG5GoexykvBXTrhKRYBSt1HYPA5WRQPIIi6RPAi26PTxtuwWv5E1AFok/IwWYodJ2v4JOwrKYK2SSGtP0vRRbQ6pRMMlH+SAzPKWsT7u8aamiMTet4eT6ETmxSodEibalkEzU3xNDGhsziEPbGVPsmXlvLP7nNTOMrlpDodIMuWLTRVEmCSZkHAXpCM0ZyoEllGlhbyWsRzVlaAPL2xD8+ZcXSe2s5F+UvLvzQvl6FkcOjuAYiuDDJZThFipQBQaP8Ayv8OY8OS/Ou/MxbV1yZjMH8AfO5w8QwJRU</latexit>

⌫ (k)
<latexit sha1_base64="ciwvqZael4dbWOPAsIloI29k4Do=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYxXsKuiHoMevEYwTwgG8LspDcZMju7zPQKYQn4K148KOLV7/Dm3zh5HDSxoKGo6qa7K0ikMOi6387S8srq2npuI7+5tb2zW9jbr5s41RxqPJaxbgbMgBQKaihQQjPRwKJAQiMY3I79xiNoI2L1gMME2hHrKREKztBKncKhr1LqSwixRAen1Nei18ezTqHolt0J6CLxZqRIZqh2Cl9+N+ZpBAq5ZMa0PDfBdsY0Ci5hlPdTAwnjA9aDlqWKRWDa2eT8ET2xSpeGsbalkE7U3xMZi4wZRoHtjBj2zbw3Fv/zWimG1+1MqCRFUHy6KEwlxZiOs6BdoYGjHFrCuBb2Vsr7TDOONrG8DcGbf3mR1M/L3mXZvb8oVm5mceTIETkmJeKRK1Ihd6RKaoSTjDyTV/LmPDkvzrvzMW1dcmYzB+QPnM8fdlaUhQ==</latexit>

⌫ (k0)
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CEvNS cross section on spin-0 nuclei

- radiative corrections enter with the nucleus charge form factor

⌫

?

e e

⌫

<latexit sha1_base64="62PY9jMj5nB0TpZKRdxb4+FFpdY="></latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>

Qf
<latexit sha1_base64="b3nFdM3I7FVdDZZDSEGmnoIMHXY=">AAACF3icZVC7SgNBFJ31GeMrammz+ACrZDcWWoo2lgm6UYgh3J3cjUPmsczMCiHkE2wVf8TWQhBbSz9EW50kIsYcGDiccy/3zIlTzowNgndvanpmdm4+t5BfXFpeWS2srdeMyjTFiCqu9GUMBjmTGFlmOV6mGkHEHC/izsnAv7hBbZiS57abYkNAW7KEUbBOOqs2k2ZhOygGQ/iTJPwh20c7H4/PN4uflWbh66qlaCZQWsrBmHoYpLbRA20Z5djPX2UGU6AdaGPdUQkCTaM3jNr3d53S8hOl3ZPWH6p/N3ogjOmK2E0KsNcmv/vPHKi/5tgpmxw2ekymmUVJR5eSjPtW+YOP+y2mkVredQSoZi6sT69BA7WunrEIpcg4qaQ4dgzIlrZKAIdOKcGuFCD7rrHwfz+TpFYuhvvFctVVd0xGyJFNskX2SEgOyBE5JRUSEUra5JbckXvvwXvyXrzX0eiU97OzQcbgvX0DJw6k0A==</latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</latexit>

�
<latexit sha1_base64="xCrXyBYaW3OLP43sakS6BcVoAgY=">AAACGnicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgomBCuDu5G8fMY5mZFUJIaW+r+CGp7cTWxm/wI3SSiBhzYOBwzr3cMydKODM2CD68mdm5+YXFzFJ2eWV1bT23sVkzKtUUq1Rxpa8iMMiZxKplluNVohFExPEy6pwN/cs71IYpeWG7CTYEtCWLGQXrpFq9DUJAM7cf5IMR/GkS/pD90s6g8nm/Oyg3c1/1lqKpQGkpB2OuwyCxjR5oyyjHfraeGkyAdqCN145KEGgavVHavn/glJYfK+2etP5I/bvRA2FMV0RuUoC9MdmDf+ZQ/TUnTtn4pNFjMkktSjq+FKfct8of/t1vMY3U8q4jQDVzYX16AxqodQ1NRChUjZMKimPHgGxpqwRw6BRi7EoBsu8aC//3M01qxXx4lC9WXHWnZIwM2SZ75JCE5JiUyDkpkyqh5JY8kEfy5D17L96r9zYenfF+drbIBLz3b9ckpZk=</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

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

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

?
<latexit sha1_base64="mw1bJo/9DNp8DutHGImvRCvU1iE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQW8GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+k2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+zOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5EjjMc=</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

A A

FW

�
Q2

�
! FW

�
Q2

�
+

↵

⇡
[�⌫` + �QCD]Fch(Q

2)

<latexit sha1_base64="XRd+mefTQDYicjyqT1uibo+OXsI="></latexit>

- effect of radiative corrections

- tree-level cross section⌫

e e

⌫

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

d�

dT
=

G2
FMA

4⇡

✓
1� T

E⌫
� MAT

2E2
⌫

◆
F2
W

�
Q2

�

<latexit sha1_base64="4fcquCPzsSVlf3xkyaLzo3PIESY="></latexit>

<latexit sha1_base64="VITMlH+i/aAsukMXeeeOGZiyouM=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiDES5gRUY9BLx4jmAUyIfR0epImPT1Dd40QQ/BXvHhQxKv/4c2/sbMcNPFBweO9KqrqhakUBj3v21laXlldW89t5De3tnd23b39mkkyzXiVJTLRjZAaLoXiVRQoeSPVnMah5PWwfzP26w9cG5GoexykvBXTrhKRYBSt1HYPA5WRQPIIi6RPAi26PTxtuwWv5E1AFok/IwWYodJ2v4JOwrKYK2SSGtP0vRRbQ6pRMMlH+SAzPKWsT7u8aamiMTet4eT6ETmxSodEibalkEzU3xNDGhsziEPbGVPsmXlvLP7nNTOMrlpDodIMuWLTRVEmCSZkHAXpCM0ZyoEllGlhbyWsRzVlaAPL2xD8+ZcXSe2s5F+UvLvzQvl6FkcOjuAYiuDDJZThFipQBQaP8Ayv8OY8OS/Ou/MxbV1yZjMH8AfO5w8QwJRU</latexit>

⌫ (k)
<latexit sha1_base64="ciwvqZael4dbWOPAsIloI29k4Do=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYxXsKuiHoMevEYwTwgG8LspDcZMju7zPQKYQn4K148KOLV7/Dm3zh5HDSxoKGo6qa7K0ikMOi6387S8srq2npuI7+5tb2zW9jbr5s41RxqPJaxbgbMgBQKaihQQjPRwKJAQiMY3I79xiNoI2L1gMME2hHrKREKztBKncKhr1LqSwixRAen1Nei18ezTqHolt0J6CLxZqRIZqh2Cl9+N+ZpBAq5ZMa0PDfBdsY0Ci5hlPdTAwnjA9aDlqWKRWDa2eT8ET2xSpeGsbalkE7U3xMZi4wZRoHtjBj2zbw3Fv/zWimG1+1MqCRFUHy6KEwlxZiOs6BdoYGjHFrCuBb2Vsr7TDOONrG8DcGbf3mR1M/L3mXZvb8oVm5mceTIETkmJeKRK1Ihd6RKaoSTjDyTV/LmPDkvzrvzMW1dcmYzB+QPnM8fdlaUhQ==</latexit>

⌫ (k0)
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Virtual QED corrections. Fermion loop

⌫

?

e e

⌫

<latexit sha1_base64="62PY9jMj5nB0TpZKRdxb4+FFpdY="></latexit>

- all charged fermions contribute to elastic scattering at one loop 

f
<latexit sha1_base64="W0Cd3NqFKV/2uVsCn5yScPns9ik=">AAACFXicZVC7SgNBFJ31GeMraqnIoghWyW4stAzaWCZgHhCD3J3c1SHzWGZmhRBSWtkq/koaO7G19hv8CJ08EGMODBzOuZd75kQJZ8YGwac3N7+wuLScWcmurq1vbOa2tmtGpZpilSqudCMCg5xJrFpmOTYSjSAijvWoczH06/eoDVPyynYTbAm4lSxmFKyTKvFN7jDIByP4sySckMPS3qDy9bA/KN/kvq/biqYCpaUcjGmGQWJbPdCWUY797HVqMAHagVtsOipBoGn1RkH7/pFT2n6stHvS+iP170YPhDFdEblJAfbOZI/+mUP115w6ZeOzVo/JJLUo6fhSnHLfKn/4bb/NNFLLu44A1cyF9ekdaKDWlTMVoVA1Tioojh0Dsq2tEsChU4ixKwXIvmss/N/PLKkV8+FJvlhx1Z2TMTJklxyQYxKSU1Iil6RMqoQSJI/kiTx7L96r9+a9j0fnvMnODpmC9/EDwYSjbg==</latexit>
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- lepton mass breaks ``flavor universality”

- lepton loops

- origin of flavor dependence
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- description in terms of quarks is invalid at CEvNS kinematics 

Light-quark contribution

- light quarks
⌫

?
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- flavor independent N N

- non-perturbative light-quark contribution: error at low energy 

- chiral symmetry approximation
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Total and differential cross section

- % effect of radiative corrections on cross sections

40Ar,  Eνμ = 50 MeV
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- recoil nucleus energy spectrum: one-loop vs tree level 
nuclear models for point-nucleon form factors:  

Yang et al. (2019), Payne et al. (2019), Hoferichter et al. (2020), Van Dessel et al. (2020)

40Ar,  Eνμ = 10 MeV

full calculation
tree-level result
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- hadronic error 0.6% at low energy, nuclear error at higher energy

Total cross section errors
- relative cross section error 

δσ
/σ

0.9

1.0

1.1

Eν, MeV
0 20 40 60 80 100

E  , MeV Nuclear Nucleon Hadronic Quark Perturbative Total

50 4 0.06 0.56 0.13 0.08 4.05

30 1.5 0.014 0.56 0.13 0.03 1.65

10 0.04 0.001 0.56 0.13 0.004 0.58

ν

- sources of uncertainty (%) 

40Ar
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Flavor difference

- factor 3-6 change in precisely predicted electron-muon asymmetry

- well described by point-nucleus limit 

- kinematic dependence: full result vs point-nucleus limit 

40Ar,  Eν = 30 MeV
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40Ar,  Eν = 30 MeV

full calculation
point-nucleus limit
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Radiative corrections in CCQE
on free nucleons

Qing Chen, Richard J. Hill, Kevin S. McFarland and O. T. (arXiv: to appear)

✓
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CCQE. Why should we care?

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

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

- best channel for reconstruction of neutrino energy

Noemi Rocco
talk at Neutrino 2020

Formaggio 
and Zeller 

(2013)
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contact interaction at GeV energies

CCQE scattering on free nucleon

tree-level amplitude

 momentum transfer

neutrino energy

isovector Dirac and Pauli

⌫
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- large kinematic logarithms enhance radiative corrections

multiplied by

- phase-space restrictions enhance radiative corrections

- crucial dependence on detector details

Radiative corrections in CCQE
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soft photons

smaller collinear logarithms

- CCQE with electron flavor is subject to large corrections

- radiative corrections crucial for %-level oscillation program 
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- formal limit of infinitely heavy nucleus

Static nucleon limit

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

- provides correct soft and collinear logarithms
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- collinear observable: cancellation of virtual vs real logs
- flavor-dependent effect, same for                     vs  

- soft-photon energy < 20 MeV, jet size: 100 for electron and 20 for muon 
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- factorization for radiation of collinear photons

Electron vs muon jets

- negligible radiation for muons with shifted peak position 

- cone angle is defined to lepton direction

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

- photons of energy > 20 MeV, fixed energy in the cone
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- cross section is given by factorization formula

Factorization approach

- determine hard function at hard scale by matching
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Interaction with nucleons

9. Quantum chromodynamics 39

reasonably stable world average value of αs(M2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)  

0.1
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e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)
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τ decays (N3LO)

1000

 (NLO
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Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [379],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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- QCD running coupling

- hadrons are correct degrees of freedom at GeV energy
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Hadronic model at GeV scale

- exchange of photon between the charged lepton and nucleons

- gauge-dependent vertex and gauge-dependent form factors

- add self energy for charged particles

- assume onshell form for each interaction with dipole form factors

- best determination of hard function by matching to low-energy EFT
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Factorization approach

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

- RGE evolution of the hard function to scales

- soft and collinear functions are evaluated perturbatively
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- calculate cross section at low energies accounting for all large logs
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 model to the theory with heavy nucleon

ep scattering with soft radiation only: Hill (2016)

- determine hard function at hard scale by matching

- cross section is given by factorization formula
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Exclusive case: assignment of errors

- uncertainty of per mille level for the ratio to LO result 

- add perturbative errors by variation of scale

- uncertainties from hard function
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Cross section. Electron flavor 

- cancellation of error from hard function for ratio to LO
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Cross section. Muon flavor 

- cancellation of error from hard function for ratio to LO
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Electron/muon ratio

- small error: hard function does not depend on mass
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- jet function is the same for                     vs  
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Radiation of hard noncollinear photons

- uncertainty is given as a difference between two models

⌫

e e
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- reproduces SCET for collinear radiation

- gauge-invariant bremsstrahlung

- tree-level EW vertex with nucleon-leg kinematics for both diagrams

2

- all EW vertex arguments as for local field theory

model I

model II
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Cross section. Electron flavor 

- dependence on reconstruction of kinematics

- momentum transfer is defined as
or from the energy in the cone
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Q2 = 2M (E⌫ � E` � E�)
<latexit sha1_base64="S9Pc/xWjC8pLfutdItBdiA9i91U=">AAACEXicbVA9SwNBEN3zM8avqKXNYhBiYbgLojaCKIKNkIBRIRePvc1csri3d+zOCeHIX7Dxr9hYKGJrZ+e/cRNT+PVgmMd7M+zOC1MpDLruhzMxOTU9M1uYK84vLC4tl1ZWL0ySaQ5NnshEX4XMgBQKmihQwlWqgcWhhMvw5njoX96CNiJR59hPoR2zrhKR4AytFJQqjesaPaA1ekZ9CRFW6Engq4xuDztISamvRbeHW0Gp7FbdEehf4o1JmYxRD0rvfifhWQwKuWTGtDw3xXbONAouYVD0MwMp4zesCy1LFYvBtPPRRQO6aZUOjRJtSyEdqd83chYb049DOxkz7Jnf3lD8z2tlGO23c6HSDEHxr4eiTFJM6DAe2hEaOMq+JYxrYf9KeY9pxtGGWLQheL9P/ksualVvt+o2dsqHR+M4CmSdbJAK8cgeOSSnpE6ahJM78kCeyLNz7zw6L87r1+iEM95ZIz/gvH0CIzyaHA==</latexit>

Q2 = 2M (E⌫ � E`)

- preliminary uncertainty on plots with inclusive observables
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Cross section. Muon flavor 

- dependence on reconstruction of kinematics
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Neutrino/antineutrino double ratio

- deviations from 1 for      spectrum
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Electron/muon ratio

- energy in cone observable is close to                spectrum
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Conclusions

- precision four-Fermi effective theory: basis for computations  

    with sub-percent accuracy in neutrino interactions

- total and differential , CEvNS and CCQE cross sections     

    evaluated from theory with first rigorous error analysis

νe

radiative corrections
in EFT framework

⌫
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- corrections to CCQE significantly depend on experimental details
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