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Introduction
• Very impressive SM cross section measurements at the LHC

•  many processes are at percent even subpercent level

• Mainly quarks and gluons (photon density ~ 1% of quark density)
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Introduction

• Ultra-Peripheral Collisions (UPCs)
z

-z
RB

RA

• Large photon flux

• Photon may interact either coherently or incoherently

vs

� & RA � < RA

Coherent Incoherent

/ Z2

• Coherent photon virtuality Q2 < R�2
A

Equivalent Photon Approximation

b & RA +RB

b

• Cross section enhanced by Z4

E.g., PbPb is Z4 = 45M times larger than pp & e+e-
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<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{Roman Pots

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{Roman Pots

Central Detector

<latexit sha1_base64="Je7pJ05hyrIniIE4eflrl8AwHH0=">AAACKnicbVDLTgIxFO34RHyNunTTSEzcSGaIryXqxiUm8kgYQjrlDjR0HrYdIhnme9z4K25YaIhbP8TyiEHwJE1Pzrn3tve4EWdSWdbIWFldW9/YzGxlt3d29/bNg8OKDGNBoUxDHoqaSyRwFkBZMcWhFgkgvsuh6nbvx361B0KyMHhS/QgaPmkHzGOUKC01zVvnhTnwHLMedjxBaDJwekCTKG2ywfkvDwfpvJE6baVH+tjKW4WmmdPXBHiZ2DOSQzOUmubQaYU09iFQlBMp67YVqUZChGKUQ5p1YgkRoV3ShrqmAfFBNpLJqik+1UoLe6HQJ1B4os53JMSXsu+7utInqiMXvbH4n1ePlXfTSFgQxQoCOn3IizlWIR7nhltMAFW8rwmhgum/YtohOjGl083qEOzFlZdJpZC3r/KXjxe54t0sjgw6RifoDNnoGhXRAyqhMqLoFb2jD/RpvBlDY2R8TUtXjFnPEfoD4/sH33SpVQ==</latexit>

⇠ ⌘ |~pi|� |~po|
|~pi|

& 0.02

<latexit sha1_base64="LXzxddUdTTRLvzUYpUkEWomGprY=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1l047KCtYXpUDJppg3NJCG5I5Shn+HGhSJu/Rp3/o1pOwttPRA4nHMvuefEWnALvv/tlVZW19Y3ypuVre2d3b3q/sGjVZmhrEWVUKYTE8sEl6wFHATraMNIGgvWjke3U7/9xIzlSj7AWLMoJQPJE04JOCnUugsKa9zBulet+XV/BrxMgoLUUIFmr/rV7SuapUwCFcTaMPA1RDkxwKlgk0o3s0wTOiIDFjoqScpslM9OnuATp/Rxoox7EvBM/b2Rk9TacRq7yZTA0C56U/E/L8wguY5yLnUGTNL5R0kmsIs5zY/73DAKYuwIoYa7WzEdEkMouJYqroRgMfIyeTyrB5f1i/vzWuOmqKOMjtAxOkUBukINdIeaqIUoUugZvaI3D7wX7937mI+WvGLnEP2B9/kDWyaQqQ==</latexit>

pp ! pXp
<latexit sha1_base64="+wkykVcl5/htOkZlwp/fsL8rNpU=">AAACF3icbVDLSgMxFM3UV62vqks3wSK4KjNFqxuh6EKXFewDOmXIpGkbmsyMyR2xDPUr3Pgrblwo4lZ3/o2ZtgttvZBwOOce7r3HjwTXYNvfVmZhcWl5JbuaW1vf2NzKb+/UdRgrymo0FKFq+kQzwQNWAw6CNSPFiPQFa/iDi1Rv3DGleRjcwDBibUl6Ae9ySsBQXr4oveaZq28VJNq9556TfqWR2wPjkbhUth9cSaCvZHLJ6iMvX7CL9rjwPHCmoICmVfXyX24npLFkAVBBtG45dgTthCjgVLBRzo01iwgdkB5rGRgQyXQ7Gd81wgeG6eBuqMwLAI/Z346ESK2H0jed6Y56VkvJ/7RWDN3TdsKDKAYW0MmgbiwwhDgNCXe4YhTE0ABCFTe7YtonilAwUeZMCM7syfOgXio65eLx9VGhcj6NI4v20D46RA46QRV0haqohih6RM/oFb1ZT9aL9W59TFoz1tSzi/6U9fkDZsKgFQ==</latexit>

mX =
p
s⇠1⇠2 & 260 GeV
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How do events look like ?

Most collisions have enormous multiplicities.
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How do events look like ?

UPC: low multiplicities
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Introduction
• Gold-plated SM and BSM processes

HSS, d’Enterria (2207.03012, JHEP’22)

https://arxiv.org/abs/2207.03012
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Introduction
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Motivation
• Why                 ? Or what we can learn ?

<latexit sha1_base64="RDeM8ch44Lqt626BDAwF3NWJ8qw=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIrkoivpZFNy4r2Ac0pdxMJ+3QmSTM3Agl1I2/4saFIm79C3f+jdM2C209MMPhnHuZOSdIBNfout9WYWl5ZXWtuF7a2Nza3rF39xo6ThVldRqLWLUC0EzwiNWRo2CtRDGQgWDNYHgz8ZsPTGkeR/c4SlhHQj/iIaeARuraB34fpIT8xthBPwCV4bhrl92KO4WzSLyclEmOWtf+8nsxTSWLkArQuu25CXYyUMipYOOSn2qWAB1Cn7UNjUAy3cmmCcbOsVF6ThgrcyJ0purvjQyk1iMZmEkJONDz3kT8z2unGF51Mh4lKbKIzh4KU+FMkpo6nB5XjKIYGQJUcfNXhw5AAUVTWsmU4M1HXiSN04p3UTm/OytXr/M6iuSQHJET4pFLUiW3pEbqhJJH8kxeyZv1ZL1Y79bHbLRg5Tv75A+szx/mzJcz</latexit>

�� ! tt̄

• Electric charge and electromagnetic dipole moments 

• FCNC and anomalous top-photon couplings

• Elastic photon flux and soft survival probability at large 
<latexit sha1_base64="5AAere4XsFjLVDnh/zY405Opu8o=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYMSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtB1Sax/LejBP0IzqQPOSMGivddR95r1xxq+4M5C/xclKBHPVe+bPbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmySp+EsbIlDZmpPycyGmk9jgLbGVEz1IveVPzP66QmvPQzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl/+S5onVe+8enZ7Wqld5XEU4QAO4Rg8uIAa3EAdGsBgAE/wAq+OcJ6dN+d93lpw8pl9+AXn4xtfJY3f</latexit>

⇠

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="2TyYox69prPZKG28G7NCoWz8v3M=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNnJbDJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR3dRvPXFtRKwecJxwP6IDJULBKFqpjr1S2a24M5Bl4uWkDDlqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mh07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzxM6GSFLli80VhKgnGZPo16QvNGcqxJZRpYW8lbEg1ZWizKdoQvMWXl0nzvOJdVS7rF+XqbR5HAY7hBM7Ag2uowj3UoAEMODzDK7w5j86L8+58zFtXnHzmCP7A+fwB42mNAg==</latexit>

t

<latexit sha1_base64="pHo3r5D/DneY5HUTDYJERwmo0p4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildi+gOsNpv1xxq+4cZJV4OalAjka//NUbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/m5U3JmlQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMb/xMqCRFrthiUZhKgjGZ/U4GQnOGcmIJZVrYWwkbUU0Z2oRKNgRv+eVV0rqoelfV2sNlpX6bx1GEEziFc/DgGupwDw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP6Ekj8c=</latexit>

t̄

<latexit sha1_base64="2TyYox69prPZKG28G7NCoWz8v3M=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNnJbDJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR3dRvPXFtRKwecJxwP6IDJULBKFqpjr1S2a24M5Bl4uWkDDlqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mh07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzxM6GSFLli80VhKgnGZPo16QvNGcqxJZRpYW8lbEg1ZWizKdoQvMWXl0nzvOJdVS7rF+XqbR5HAY7hBM7Ag2uowj3UoAEMODzDK7w5j86L8+58zFtXnHzmCP7A+fwB42mNAg==</latexit>

t

<latexit sha1_base64="rTIIAN906bUP2xNfZizfR9H6P/A="></latexit>

Le↵ = �ieQtt̄�
µtAµ

<latexit sha1_base64="LlYwXsK1cnngATYLGqvcvIZYue8="></latexit>

�µ = �µF1(q
2) +

�µ⌫q⌫
2mt

⇥
iF2(q

2) + F3(q
2)�5

⇤

<latexit sha1_base64="2uvO4Wv/7gTy1tivHHyA4DjaxKo=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRahXViT4GtTKArisoJ9QBvCZDpph04ezNwINRR/xY0LRdz6H+78G6dtFlo9cOFwzr3ce48XcybBNL+03MLi0vJKfrWwtr6xuaVv7zRllAhCGyTikWh7WFLOQtoABpy2Y0Fx4HHa8oZXE791T4VkUXgHo5g6Ae6HzGcEg5Jcfe/atUtmuYpdqJb6R3bZhWPb1YtmxZzC+EusjBRRhrqrf3Z7EUkCGgLhWMqOZcbgpFgAI5yOC91E0hiTIe7TjqIhDqh00un1Y+NQKT3Dj4SqEIyp+nMixYGUo8BTnQGGgZz3JuJ/XicB/8JJWRgnQEMyW+Qn3IDImERh9JigBPhIEUwEU7caZIAFJqACK6gQrPmX/5KmXbHOKqe3J8XaZRZHHu2jA1RCFjpHNXSD6qiBCHpAT+gFvWqP2rP2pr3PWnNaNrOLfkH7+AarrJLO</latexit>

F2(0) = at = (g � 2)t/2

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="2TyYox69prPZKG28G7NCoWz8v3M=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNnJbDJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR3dRvPXFtRKwecJxwP6IDJULBKFqpjr1S2a24M5Bl4uWkDDlqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mh07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzxM6GSFLli80VhKgnGZPo16QvNGcqxJZRpYW8lbEg1ZWizKdoQvMWXl0nzvOJdVS7rF+XqbR5HAY7hBM7Ag2uowj3UoAEMODzDK7w5j86L8+58zFtXnHzmCP7A+fwB42mNAg==</latexit>

t

<latexit sha1_base64="pHo3r5D/DneY5HUTDYJERwmo0p4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildi+gOsNpv1xxq+4cZJV4OalAjka//NUbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/m5U3JmlQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMb/xMqCRFrthiUZhKgjGZ/U4GQnOGcmIJZVrYWwkbUU0Z2oRKNgRv+eVV0rqoelfV2sNlpX6bx1GEEziFc/DgGupwDw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP6Ekj8c=</latexit>

t̄

<latexit sha1_base64="1lZSXJVg+I8fRoPlAHd6mFPC8/4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJFIYdN0vp7C0vLK6VlwvbWxube+Ud/eaJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrpPj1hvXLFrbozkL/Ey0kFctR75c9uP2ZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn81OnZAjq/RJGGtbCslM/TmR0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTsiF4iy//Jc3TqndRPb87q9Su8ziKcACHcAweXEINbqEODWAwgCd4gVdHOs/Om/M+by04+cw+/ILz8Q0NNo2p</latexit>

u/c

<latexit sha1_base64="PlZC9ABbxVwH7plPq01Z92rWeDc="></latexit>

LFCNC = �e
�
tq

⇤
t̄�µ⌫

�
f�
tq + ih�

tq�5
�
qFµ⌫ + h.c.

• Other BSM enhancements, e.g., resonances and extra-dim models
Baldenegro et al. (JHEP’22); Inan, Billur (PRD’11) 

Howarth (2008.04249); Baldenegro et al. (JHEP’22)

Fayazbakhsh et al. (PRD’15) 
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Howarth (2008.04249)

<latexit sha1_base64="dY4rawiWdD0AA2FlU++yOYp88LE=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV3i60j04hGDPBJYyezQCxNmZzczsyaE8AlePGiMV7/Im3/jAHtQsJJOKlXd6e4KEsG1cd1vZ2V1bX1jM7eV397Z3dsvHBw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNJ1Sax/LBjBL0I9qXPOSMGivVao/lbqHoltwZyDLxMlKEDNVu4avTi1kaoTRMUK3bnpsYf0yV4UzgJN9JNSaUDWkf25ZKGqH2x7NTJ+TUKj0SxsqWNGSm/p4Y00jrURTYzoiagV70puJ/Xjs14bU/5jJJDUo2XxSmgpiYTP8mPa6QGTGyhDLF7a2EDaiizNh08jYEb/HlZdIol7zL0sX9ebFyk8WRg2M4gTPw4AoqcAdVqAODPjzDK7w5wnlx3p2PeeuKk80cwR84nz/Wgo2F</latexit>

S2
<latexit sha1_base64="dY4rawiWdD0AA2FlU++yOYp88LE=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV3i60j04hGDPBJYyezQCxNmZzczsyaE8AlePGiMV7/Im3/jAHtQsJJOKlXd6e4KEsG1cd1vZ2V1bX1jM7eV397Z3dsvHBw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNJ1Sax/LBjBL0I9qXPOSMGivVao/lbqHoltwZyDLxMlKEDNVu4avTi1kaoTRMUK3bnpsYf0yV4UzgJN9JNSaUDWkf25ZKGqH2x7NTJ+TUKj0SxsqWNGSm/p4Y00jrURTYzoiagV70puJ/Xjs14bU/5jJJDUo2XxSmgpiYTP8mPa6QGTGyhDLF7a2EDaiizNh08jYEb/HlZdIol7zL0sX9ebFyk8WRg2M4gTPw4AoqcAdVqAODPjzDK7w5wnlx3p2PeeuKk80cwR84nz/Wgo2F</latexit>

S2
<latexit sha1_base64="dY4rawiWdD0AA2FlU++yOYp88LE=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV3i60j04hGDPBJYyezQCxNmZzczsyaE8AlePGiMV7/Im3/jAHtQsJJOKlXd6e4KEsG1cd1vZ2V1bX1jM7eV397Z3dsvHBw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNJ1Sax/LBjBL0I9qXPOSMGivVao/lbqHoltwZyDLxMlKEDNVu4avTi1kaoTRMUK3bnpsYf0yV4UzgJN9JNSaUDWkf25ZKGqH2x7NTJ+TUKj0SxsqWNGSm/p4Y00jrURTYzoiagV70puJ/Xjs14bU/5jJJDUo2XxSmgpiYTP8mPa6QGTGyhDLF7a2EDaiizNh08jYEb/HlZdIol7zL0sX9ebFyk8WRg2M4gTPw4AoqcAdVqAODPjzDK7w5wnlx3p2PeeuKk80cwR84nz/Wgo2F</latexit>

S2

<latexit sha1_base64="DQe/I6rP9i2rKocbfpbiVG37WgE=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9oHtUDJp2oZmMkNyRyhD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695NwTxFIYdN1vp7Cyura+UdwsbW3v7O6V9w+aJko04w0WyUi3A2q4FIo3UKDk7VhzGgaSt4Lxbea3nrg2IlIPOIm5H9KhEgPBKFrpsRtSHAVBWp/2yhW36s5AlomXkwrkqPfKX91+xJKQK2SSGtPx3Bj9lGoUTPJpqZsYHlM2pkPesVTRkBs/nSWekhOr9Mkg0vYpJDP190ZKQ2MmYWAns4Rm0cvE/7xOgoNrPxUqTpArNv9okEiCEcnOJ32hOUM5sYQyLWxWwkZUU4a2pJItwVs8eZk0z6reZfXi/rxSu8nrKMIRHMMpeHAFNbiDOjSAgYJneIU3xzgvzrvzMR8tOPnOIfyB8/kDvZWQ+g==</latexit>P

<latexit sha1_base64="DQe/I6rP9i2rKocbfpbiVG37WgE=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9oHtUDJp2oZmMkNyRyhD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695NwTxFIYdN1vp7Cyura+UdwsbW3v7O6V9w+aJko04w0WyUi3A2q4FIo3UKDk7VhzGgaSt4Lxbea3nrg2IlIPOIm5H9KhEgPBKFrpsRtSHAVBWp/2yhW36s5AlomXkwrkqPfKX91+xJKQK2SSGtPx3Bj9lGoUTPJpqZsYHlM2pkPesVTRkBs/nSWekhOr9Mkg0vYpJDP190ZKQ2MmYWAns4Rm0cvE/7xOgoNrPxUqTpArNv9okEiCEcnOJ32hOUM5sYQyLWxWwkZUU4a2pJItwVs8eZk0z6reZfXi/rxSu8nrKMIRHMMpeHAFNbiDOjSAgYJneIU3xzgvzrvzMR8tOPnOIfyB8/kDvZWQ+g==</latexit>P<latexit sha1_base64="DQe/I6rP9i2rKocbfpbiVG37WgE=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9oHtUDJp2oZmMkNyRyhD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695NwTxFIYdN1vp7Cyura+UdwsbW3v7O6V9w+aJko04w0WyUi3A2q4FIo3UKDk7VhzGgaSt4Lxbea3nrg2IlIPOIm5H9KhEgPBKFrpsRtSHAVBWp/2yhW36s5AlomXkwrkqPfKX91+xJKQK2SSGtPx3Bj9lGoUTPJpqZsYHlM2pkPesVTRkBs/nSWekhOr9Mkg0vYpJDP190ZKQ2MmYWAns4Rm0cvE/7xOgoNrPxUqTpArNv9okEiCEcnOJ32hOUM5sYQyLWxWwkZUU4a2pJItwVs8eZk0z6reZfXi/rxSu8nrKMIRHMMpeHAFNbiDOjSAgYJneIU3xzgvzrvzMR8tOPnOIfyB8/kDvZWQ+g==</latexit>P

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p <latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p <latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>� <latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="2TyYox69prPZKG28G7NCoWz8v3M=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNnJbDJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR3dRvPXFtRKwecJxwP6IDJULBKFqpjr1S2a24M5Bl4uWkDDlqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnl I3ogHcsVTTixs9mh07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzxM6GSFLli80VhKgnGZPo16QvNGcqxJZRpYW8lbEg1ZWizKdoQvMWXl0nzvOJdVS7rF+XqbR5HAY7hBM7Ag2uowj3UoAEMODzDK7w5j86L8+58zFtXnHzmCP7A+fwB42mNAg==</latexit>

t

<latexit sha1_base64="pHo3r5D/DneY5HUTDYJERwmo0p4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildi+gOsNpv1xxq+4cZJV4OalAjka//NUbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/m5U3JmlQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMb/xMqCRFrthiUZhKgjGZ/U4GQnOGcmIJZVrYWwkbUU0Z2oRKNgRv+eVV0rqoelfV2sNlpX6bx1GEEziFc/DgGupwDw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP6Ekj8c=</latexit>

t̄

<latexit sha1_base64="2TyYox69prPZKG28G7NCoWz8v3M=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNnJbDJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR3dRvPXFtRKwecJxwP6IDJULBKFqpjr1S2a24M5Bl4uWkDDlqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mh07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzxM6GSFLli80VhKgnGZPo16QvNGcqxJZRpYW8lbEg1ZWizKdoQvMWXl0nzvOJdVS7rF+XqbR5HAY7hBM7Ag2uowj3UoAEMODzDK7w5j86L8+58zFtXnHzmCP7A+fwB42mNAg==</latexit>

t
<latexit sha1_base64="2TyYox69prPZKG28G7NCoWz8v3M=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNnJbDJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR3dRvPXFtRKwecJxwP6IDJULBKFqpjr1S2a24M5Bl4uWkDDlqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mh07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzxM6GSFLli80VhKgnGZPo16QvNGcqxJZRpYW8lbEg1ZWizKdoQvMWXl0nzvOJdVS7rF+XqbR5HAY7hBM7Ag2uowj3UoAEMODzDK7w5j86L8+58zFtXnHzmCP7A+fwB42mNAg==</latexit>

t

<latexit sha1_base64="pHo3r5D/DneY5HUTDYJERwmo0p4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildi+gOsNpv1xxq+4cZJV4OalAjka//NUbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/m5U3JmlQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMb/xMqCRFrthiUZhKgjGZ/U4GQnOGcmIJZVrYWwkbUU0Z2oRKNgRv+eVV0rqoelfV2sNlpX6bx1GEEziFc/DgGupwDw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP6Ekj8c=</latexit>

t̄
<latexit sha1_base64="pHo3r5D/DneY5HUTDYJERwmo0p4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildi+gOsNpv1xxq+4cZJV4OalAjka//NUbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/m5U3JmlQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMb/xMqCRFrthiUZhKgjGZ/U4GQnOGcmIJZVrYWwkbUU0Z2oRKNgRv+eVV0rqoelfV2sNlpX6bx1GEEziFc/DgGupwDw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP6Ekj8c=</latexit>

t̄

Central exclusive production

• Pomeron related processes have large uncertainties
• Photon-photon is relatively well understood theoretically

<latexit sha1_base64="UfKodgnaQRW3PNKRUgiQVOBcRNA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4OHoBePCZgHJEuYnXSSMbOzy8ysEJZ8gRcPinj1k7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6G7qN59QaR7JBzOO0Q/pQPI+Z9RYqXbTLZbcsjsDWSZeRkqQodotfnV6EUtClIYJqnXbc2Pjp1QZzgROCp1EY0zZiA6wbamkIWo/nR06ISdW6ZF+pGxJQ2bq74mUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9GvS4wqZEWNLKFPc3krYkCrKjM2mYEPwFl9eJo2zsndZvqidlyq3WRx5OIJjOAUPrqAC91CFOjBAeIZXeHMenRfn3fmYt+acbOYQ/sD5/AGOiYzK</latexit>

<
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Feasibility at the LHC
•               is a (very) rare process in the SM

<latexit sha1_base64="RDeM8ch44Lqt626BDAwF3NWJ8qw=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIrkoivpZFNy4r2Ac0pdxMJ+3QmSTM3Agl1I2/4saFIm79C3f+jdM2C209MMPhnHuZOSdIBNfout9WYWl5ZXWtuF7a2Nza3rF39xo6ThVldRqLWLUC0EzwiNWRo2CtRDGQgWDNYHgz8ZsPTGkeR/c4SlhHQj/iIaeARuraB34fpIT8xthBPwCV4bhrl92KO4WzSLyclEmOWtf+8nsxTSWLkArQuu25CXYyUMipYOOSn2qWAB1Cn7UNjUAy3cmmCcbOsVF6ThgrcyJ0purvjQyk1iMZmEkJONDz3kT8z2unGF51Mh4lKbKIzh4KU+FMkpo6nB5XjKIYGQJUcfNXhw5AAUVTWsmU4M1HXiSN04p3UTm/OytXr/M6iuSQHJET4pFLUiW3pEbqhJJH8kxeyZv1ZL1Y79bHbLRg5Tv75A+szx/mzJcz</latexit>

�� ! tt̄
<latexit sha1_base64="KjsAEHOZRTfKlT4zOagojAVp/EY=">AAACH3icbVDLSsNAFJ34rPVVdelmsAi6KYmP6rLoxmUFW4WmlJvppA7OJHHmRiihfokbf8WNC0XEXf/GSc3C14EZDufcy733BIkUBl137ExNz8zOzZcWyotLyyurlbX1tolTzXiLxTLWVwEYLkXEWyhQ8qtEc1CB5JfBzWnuX95xbUQcXeAw4V0Fg0iEggFaqVep+0YMFOz4A1AKih9jin4AOsPRrvUVv6Vubf/eV4DXWmVhMOpVqm7NnYD+JV5BqqRAs1f58PsxSxWPkEkwpuO5CXYz0CiY5KOynxqeALuBAe9YGoHipptN7hvRbav0aRhr+yKkE/V7RwbKmKEKbGW+ovnt5eJ/XifF8LibiShJkUfsa1CYSpoHYMOifaE5Qzm0BJgWdlfKrkEDQxtp2Ybg/T75L2nv1bx67fD8oNo4KeIokU2yRXaIR45Ig5yRJmkRRh7IE3khr86j8+y8Oe9fpVNO0bNBfsAZfwK7H6Ns</latexit>

�(�� ! tt̄) ' 0.3 fb in pp at 13-14 TeV

�
NNLOFTapprox

hh = 36.69 fb

�
NLOFTapprox

hhh = 89.4 ab

<latexit sha1_base64="Gw4z55xrZAiLFwqd6SpTGvik34s=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSK4KonPuhCKblyIVrCt0NQymU7aoTNJmLkRSoj/4cZfceNCETcuBP/G6UPQ1gMXDufcy733eBFnCmz7y8hMTc/MzmXncwuLS8sr5upaVYWxJLRCQh7KGw8ryllAK8CA05tIUiw8Tmte97Tv1+6oVCwMrqEX0YbA7YD5jGDQUtPcdRVrC9xMwPWwTCDtdNLbxBUYOlIkF+eXaXpsF46K9z+S76VNM28X7AGsSeKMSB6NUG6aH24rJLGgARCOlao7dgSNBEtghNM058aKRph0cZvWNQ2woKqRDJ5LrS2ttCw/lLoCsAbq74kEC6V6wtOd/RPVuNcX//PqMfjFRsKCKAYakOEiP+YWhFY/KavFJCXAe5pgIpm+1SIdLDEBnWdOh+CMvzxJqjsF56Cwf7WXL52M4siiDbSJtpGDDlEJnaEyqiCCHtATekGvxqPxbLwZ78PWjDGaWUd/YHx+A720owM=</latexit>

�NLO

tt̄hh = 0.98 fb

but can be observed at HL-LHC
CMS (2103.02752)
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https://hshao.web.cern.ch/hshao/gammaupc.html

https://hshao.web.cern.ch/hshao/gammaupc.html
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Why do we need gamma-UPC ?
• Our aim is to generate any final state of  interest

MadGraph5_aMC@NLO
• Final state of elementary particles in SM and BSM both at LO and 

NLO QCD+EW

HELAC-Onia
• Final state of elementary particles and quarkonia (including Bc) in 

SM at tree level

✦ Both can generate the standard Les Houches event files to allow 
to interface to general-purpose Monte Carlo tools (e.g. Pythia)

https://launchpad.net/mg5amcnlo
http://hshao.web.cern.ch/hshao/helaconia.html
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MadGraph5_aMC@NLO
• Final state of elementary particles in SM and BSM both at LO and 

NLO QCD+EW

HELAC-Onia
• Final state of elementary particles and quarkonia (including Bc) in 

SM at tree level

✦ Both can generate the standard Les Houches event files to allow 
to interface to general-purpose Monte Carlo tools (e.g. Pythia)

• We need (realistic) photon-photon flux in UPC

gamma-UPC

https://launchpad.net/mg5amcnlo
http://hshao.web.cern.ch/hshao/helaconia.html
http://hshao.web.cern.ch/hshao/gammaupc.html
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Theoretical Framework
• Cross section:

�(A B
����! A X B) =

Z
dE�1

E�1

dE�2

E�2

d2N (AB)
�1/Z1,�2/Z2

dE�1dE�2

���!X(W��)
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Glauber model
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d’Enterria et al. (2011.14909)
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• The photon number density:

• Two form factors
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Two Form Factors
• Electric dipole form factor (EDFF)

• Same as STARlight

NEDFF
�/Z (E� , b) =

Z2↵

⇡2

⇠2

b2


K2

1 (⇠) +
1

�2
L

K2
0 (⇠)

�
⇠ =

E�b

�L
• Charge form factor (ChFF)

NChFF
�/Z (E� , b) =

Z2↵

⇡2

����
Z +1

0

dk?k2?
k2? + E2

�/�
2
L

Fch,A

⇣q
k2? + E2

�/�
2
L

⌘
J1 (bk?)

����
2

Fch,A(q) =

Z
d3rrreiqqq·rrr⇢A(rrr) =

4⇡

q

Z +1

0
dr⇢A(r)r sin (qr)

density profile of nuclei normalised to unity
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Photon number density
• EDFF vs ChFF

RA
RA

• Main difference comes from the              regime b < RA

• EDFF photon number density is divergent at b = 0
• Need a (arbitrary) cutoff when convoluting with ME
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Effective two-photon luminosity
• EDFF vs ChFF
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impact: AA > pA > pp and increase with

W��• ChFF > EDFF and enhancement increases slowly with 
W��



Top LHC France Hua-Sheng Shao16

gamma-UPC+MadGraph5_aMC@NLO

./bin/mg5_aMC 
MG5_aMC> import model <a model> 
MG5_aMC> generate <a process> 
MG5_aMC> output; launch

./bin/mg5_aMC 
MG5_aMC> import model <a model> 
MG5_aMC> generate a a > t t~ 
MG5_aMC> output; launch

• Leading Order (already in version >= 3.5.0) HSS, d’Enterria (JHEP’22)

• Next-to-Leading Order QCD and/or EW (to be released)

./bin/mg5_aMC 
MG5_aMC> import model loop_qcd_qed_sm_Gmu-a0 
MG5_aMC> generate !a! !a! > t t~ [QCD QED] 
MG5_aMC> output; launch

HSS, Simon (2504.10104)
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Total Cross Sections

• Sizable NLO QCD:

HSS, Simon (2504.10104)

+20%

• Non-negligible NLO EW:

-5%

<latexit sha1_base64="CQ/5q4Z65EPZ8ta2gDYQiSv+VYM="></latexit>

�NLO QCD+EW

��!tt̄ = 0.275 fb

@pp 14 TeV
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NLO+PS Event Simulation

• At NLO QCD (no NLO EW), we can have NLO+PS simulations
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HSS, Simon (2504.10104)
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The first measurement

• The first measurement by CMS with data collected in 2017 (29.4 fb-1)
where all CT-PPS strip and pixel detectors were operational
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CMS-TOTEM (JHEP’24)

• Dominant background: 
<latexit sha1_base64="8IQUzDGrrsdkUjVDO9z9Cj8Z4w8=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCC7htnJJBkyuzvM9CphyX948aCIV//Fm3/jJNmDJhY0FFXddHeFSgqDrvvtLC2vrK6tFzaKm1vbO7ulvf2GSVLNeJ0lMtGtkBouRczrKFDyltKcRqHkzXB4M/Gbj1wbkcT3OFI8iGg/Fj3BKFrpQSkfE4J+SHWG406p7FbcKcgi8XJShhy1TunL7yYsjXiMTFJj2p6rMMioRsEkHxf91HBF2ZD2edvSmEbcBNn06jE5tkqX9BJtK0YyVX9PZDQyZhSFtjOiODDz3kT8z2un2LsKMhGrFHnMZot6qSSTT20EpCs0ZyhHllCmhb2VsAHVlKENqmhD8OZfXiSN04p3UTm/OytXr/M4CnAIR3ACHlxCFW6hBnVgoOEZXuHNeXJenHfnY9a65OQzB/AHzucP1vSSwA==</latexit>

pp ! tt̄
• Signal and backgrounds are well separated by BDT
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The first measurement

• The first measurement by CMS with data collected in 2017 (29.4 fb-1)
where all CT-PPS strip and pixel detectors were operational

CMS-TOTEM (JHEP’24)
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pt pt→pp 

σ95% CL on 

Combined

Dilepton

ℓ+ jets

Median expected

68% expected

95% expected

Observed

 (13 TeV)-129.4 fbCMS-TOTEM

semi-leptonic channel:
<latexit sha1_base64="2W3sb4GJoawn0bpUqBrTzSotItQ=">AAACFXicbVBNS8NAEN3Ur1q/qh69BIsgKCERtT14KHrxWMF+QFPLZjtt1+4mYXcjlBB/hBf/ihcPingVvPlv3LYRtPXBwOO9GWbmeSGjUtn2l5GZm19YXMou51ZW19Y38ptbNRlEgkCVBCwQDQ9LYNSHqqKKQSMUgLnHoO4NLkZ+/Q6EpIF/rYYhtDju+bRLCVZaaucPXUl7HN/ELjB24HKs+oLHt6BkkpzZVrF0/6OFXtLOF2zLHsOcJU5KCihFpZ3/dDsBiTj4ijAsZdOxQ9WKsVCUMEhybiQhxGSAe9DU1MccZCsef5WYe1rpmN1A6PKVOVZ/T8SYSznknu4cnSinvZH4n9eMVLfUiqkfRgp8MlnUjZipAnMUkdmhAohiQ00wEVTfapI+FpgoHWROh+BMvzxLakeWc2qdXB0XyudpHFm0g3bRPnJQEZXRJaqgKiLoAT2hF/RqPBrPxpvxPmnNGOnMNvoD4+MbmsafvQ==</latexit>

�`+jets < 0.78 pb @95% CL

leptonic channel:
<latexit sha1_base64="vCr9g7tnE5WQI+SH87IaXm23FB4=">AAACFHicbVDLSsNAFJ3UV62vqEs3wSIIQkhErQsXRV24rGAf0MQymU7boTOTMDMRSoj/4MZfceNCEbcu3Pk3TtoI2nrgwuGce7n3niCiRCrH+TIKc/MLi0vF5dLK6tr6hrm51ZBhLBCuo5CGohVAiSnhuK6IorgVCQxZQHEzGF5kfvMOC0lCfqNGEfYZ7HPSIwgqLXXMA0+SPoO3icegGgiWXBKKIxXyND1z7Yp7/6NHQdoxy47tjGHNEjcnZZCj1jE/vW6IYoa5QhRK2XadSPkJFIogitOSF0scQTSEfdzWlEOGpZ+Mn0qtPa10rV4odHFljdXfEwlkUo5YoDuzE+W0l4n/ee1Y9U79hPAoVpijyaJeTC0VWllCVpcIjBQdaQKRIPpWCw2ggEjpHEs6BHf65VnSOLTdE/v4+qhcPc/jKIIdsAv2gQsqoAquQA3UAQIP4Am8gFfj0Xg23oz3SWvByGe2wR8YH98HmZ9y</latexit>

�Dilepton < 1.71 pb @95% CL

Two channels combination:

<latexit sha1_base64="pNOBYjJby9LjmV5h7GWE0wNaGSs=">AAACFHicbVDLSsNAFJ34rPUVdekmWARBCIlYH+Ci2I3LCvYBTSyTyaQdOpOEmYlQQvwHN/6KGxeKuHXhzr9x0kbQ1gMDh3PuvXPv8WJKhLSsL21ufmFxabm0Ul5dW9/Y1Le2WyJKOMJNFNGIdzwoMCUhbkoiKe7EHEPmUdz2hvXcb99hLkgU3shRjF0G+yEJCIJSST390BGkz+Bt6jAoB5yl9Yh5apafZReWWT2//9FjL+vpFcu0xjBmiV2QCijQ6Omfjh+hhOFQIgqF6NpWLN0UckkQxVnZSQSOIRrCPu4qGkKGhZuOj8qMfaX4RhBx9UJpjNXfHSlkQoyYpyrzFcW0l4v/ed1EBmduSsI4kThEk4+ChBoyMvKEDJ9wjCQdKQIRJ2pXAw0gh0iqHMsqBHv65FnSOjLtE7N6fVypXRZxlMAu2AMHwAanoAauQAM0AQIP4Am8gFftUXvW3rT3SemcVvTsgD/QPr4B346fWQ==</latexit>

�Combined < 0.59 pb @95% CL
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• LHC is a unique photon-photon collider

Conclusion

• gamma-UPC+MadGraph5_aMC@NLO enables NLO QCD+EW 
calculations and NLO QCD+PS simulations

• Novel BSM programmes: axions, gravitons, monopole, anomalous 
couplings, ...

• Increasing number of SM rare/precise measure: LbL, tau g-2, WW, top 
pair, ...

• First measurement of                      by CMS-TOTEM collaboration 
using CT-PPS based on 2017 Run 2 data (29.4 fb-1)

• What about ATLAS using AFP ? Run 3 data ?

<latexit sha1_base64="/8wPINH65D3XakZ31pv7Nj+PXxA=">AAACEnicbVDLSgMxFM3Ud31VXboZLIJuyoz4WhbduFSwrdAp5U6a1tBkEpI7Qhmmv+DGX3HjQhG3rtz5N6aPha8DCYdzziW5J9aCWwyCT68wMzs3v7C4VFxeWV1bL21s1q1KDWU1qoQyNzFYJnjCashRsBttGMhYsEbcPx/5jTtmLFfJNQ40a0noJbzLKaCT2qV9rSM1CjDMoh5ICZM7zyJUuR5iFIPJMB/qdqkcVIIx/L8knJIymeKyXfqIOoqmkiVIBVjbDAONrQwMcipYXoxSyzTQPvRY09EEJLOtbLxS7u86peN3lXEnQX+sfp/IQFo7kLFLSsBb+9sbif95zRS7p62MJzpFltDJQ91U+Kj8UT9+hxtGUQwcAWq4+6tPb8EARVdS0ZUQ/l75L6kfVMLjytHVYbl6Nq1jkWyTHbJHQnJCquSCXJIaoeSePJJn8uI9eE/eq/c2iRa86cwW+QHv/QtV6Z/N</latexit>

pp
��! p tt̄ p
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couplings, ...

• Increasing number of SM rare/precise measure: LbL, tau g-2, WW, top 
pair, ...

• First measurement of                      by CMS-TOTEM collaboration 
using CT-PPS based on 2017 Run 2 data (29.4 fb-1)

• What about ATLAS using AFP ? Run 3 data ?

<latexit sha1_base64="/8wPINH65D3XakZ31pv7Nj+PXxA=">AAACEnicbVDLSgMxFM3Ud31VXboZLIJuyoz4WhbduFSwrdAp5U6a1tBkEpI7Qhmmv+DGX3HjQhG3rtz5N6aPha8DCYdzziW5J9aCWwyCT68wMzs3v7C4VFxeWV1bL21s1q1KDWU1qoQyNzFYJnjCashRsBttGMhYsEbcPx/5jTtmLFfJNQ40a0noJbzLKaCT2qV9rSM1CjDMoh5ICZM7zyJUuR5iFIPJMB/qdqkcVIIx/L8knJIymeKyXfqIOoqmkiVIBVjbDAONrQwMcipYXoxSyzTQPvRY09EEJLOtbLxS7u86peN3lXEnQX+sfp/IQFo7kLFLSsBb+9sbif95zRS7p62MJzpFltDJQ91U+Kj8UT9+hxtGUQwcAWq4+6tPb8EARVdS0ZUQ/l75L6kfVMLjytHVYbl6Nq1jkWyTHbJHQnJCquSCXJIaoeSePJJn8uI9eE/eq/c2iRa86cwW+QHv/QtV6Z/N</latexit>

pp
��! p tt̄ p

Thank you !
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Backup Slides



MG5@CERN Hua-Sheng Shao

 (GeV)eem

3−10

2−10

1−10

1

10

210

b 
/ G

eV
)

µ (
ee

/d
m

ee
σd

-e+ e→ γγ
Data
gamma-UPC/MG5 + FSR (PY8)
SUPERCHIC 3.03 + FSR (PHOTOS++)
STARLIGHT 3.13 + FSR (PY8)

CMS  = 5.02 TeV)NNs (-1PbPb, 1.70 nb

10 20 30 40 50 60 70 80 90 100
 (GeV)eem

0
1
2

D
at

a/
M

C

23

A few selected results
• Fiducial and differential cross sections

• Electron-positron

STARlight+PY8 SuperChic+Photos++

261 µb
gamma-UPC (ChFF)+PY8

265 µb

CMS (2412.15413)

<latexit sha1_base64="4Rnp0LMFr4JDZvqPGUnKfHpCOAo=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4Kkmx6rLoxmUF+4A2lMl00g6dScLMRCmx/okbF4q49Uvc+TdO2iy09cDA4Zx7uWeOH3OmtON8Wyura+sbm4Wt4vbO7t6+XTpoqSiRhDZJxCPZ8bGinIW0qZnmtBNLioXPadsfX2d++55KxaLwTk9i6gk8DFnACNZG6tularX21BNJT2A9kiL1p3277FScGdAycXNShhyNvv3VG0QkETTUhGOluq4Tay/FUjPC6bTYSxSNMRnjIe0aGmJBlZfOok/RiVEGKIikeaFGM/X3RoqFUhPhm8ksoVr0MvE/r5vo4NJLWRgnmoZkfihIONIRynpAAyYp0XxiCCaSmayIjLDERJu2iqYEd/HLy6RVrbjnldrtWbl+lddRgCM4hlNw4QLqcAMNaAKBB3iGV3izHq0X6936mI+uWPnOIfyB9fkDIyyT8w==</latexit>

225 µb

<latexit sha1_base64="gxofq/CX3GlmkiBztFPizZCK9o0="></latexit>

�CMS = 263.5± 1.8stat ± 17.8syst µb
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ChFF(~SuperChic) is definitely better than EDFF (~STARlight) !
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A few selected results
• Fiducial and differential cross sections

• Dimuon HSS, d’Enterria (JHEP’25)

Importance of NLO and ChFF !
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40 GeV− = 20µµ, m−µ+µ→γγPb-Pb (5 TeV): 
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80 GeV− = 40µµ, m−µ+µ→γγPb-Pb (5 TeV): 

ATLAS data

NLO QED (gamma-UPC, ChFF)
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Light-by-Light Scattering

Cut on the di-photon mass [GeV]
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<latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p <latexit sha1_base64="EKyDMDivAzzhvNxUw26QI8xg23o=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVk16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD3VmM/g==</latexit>p
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