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gamma-UPC
HSS, d’Enterria (JHEP’22)

http://hshao.web.cern.ch/hshao/gammaupc.html
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NLO3
<latexit sha1_base64="1kzjjW4Ltaawwqf1+vmcO1PTsfY=">AAACBXicbVDLSsNAFJ3UV62vqEtdBItQEUpSfC2LunAhWsE+oAlhMp20Q2eSMDMRSsjGjb/ixoUibv0Hd/6NkzYLbT1w4XDOvdx7jxdRIqRpfmuFufmFxaXicmlldW19Q9/caokw5gg3UUhD3vGgwJQEuCmJpLgTcQyZR3HbG15kfvsBc0HC4F6OIuww2A+ITxCUSnL1XZtBOeAsubm+Td3EvsRUwsrQNQ8Oa6mrl82qOYYxS6yclEGOhqt/2b0QxQwHElEoRNcyI+kkkEuCKE5LdixwBNEQ9nFX0QAyLJxk/EVq7CulZ/ghVxVIY6z+nkggE2LEPNWZ3SymvUz8z+vG0j9zEhJEscQBmizyY2rI0MgiMXqEYyTpSBGIOFG3GmgAOURSBVdSIVjTL8+SVq1qnVSP747K9fM8jiLYAXugAixwCurgCjRAEyDwCJ7BK3jTnrQX7V37mLQWtHxmG/yB9vkDX46X2A==</latexit>

NLO�(k0)+2

<latexit sha1_base64="89mQpm8/vSTlnLpt9p7iNulr0P8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2NmmPQi8cI5gHJEnons8mQ2dl1ZlYIS37CiwdFvPo73vwbJ4+DJhY0FFXddHcFieDauO63s7K6tr6xmdvKb+/s7u0XDg4bOk4VZXUai1i1AtRMcMnqhhvBWoliGAWCNYPh7cRvPjGleSwfzChhfoR9yUNO0Vip1UGRDLCru4WiW3LLlcqFSyyZgniLpAhz1LqFr04vpmnEpKECtW57bmL8DJXhVLBxvpNqliAdYp+1LZUYMe1n03vH5NQqPRLGypY0ZKr+nsgw0noUBbYzQjPQi95E/M9rpyas+BmXSWqYpLNFYSqIicnkedLjilEjRpYgVdzeSugAFVJjI8rbEJZeXiaN85J3Vbq8LxerN/M4cnAMJ3AGHlxDFe6gBnWgIOAZXuHNeXRenHfnY9a64sxnjuAPnM8fP7CQIA==</latexit>↵s
<latexit sha1_base64="8OZFN91WbaYIvSxvaD2Kor+lUHs=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh1HR6kjY93UN3jxBC/sGLB0W8+j/e/Bs7ixC3BwWP96qoqhelghvr+x/ewuLS8spqbi2/vrG5tV3Y2a0ZlWnKqlQJpRsRGia4ZFXLrWCNVDNMIsHqUf9q7NfvmTZcyVs7SFmYYFfymFO0Tqq1UKQ9bBeKQcmfgPi/yJdVhBkq7cJ7q6NoljBpqUBjmoGf2nCI2nIq2CjfygxLkfaxy5qOSkyYCYeTa0fk0CkdEivtSloyUecnhpgYM0gi15mg7Zmf3lj8y2tmNr4Ih1ymmWWSThfFmSBWkfHrpMM1o1YMHEGqubuV0B5qpNYFlJ8P4X9SOy4FZ6XTm5Ni+XIWRw724QCOIIBzKMM1VKAKFO7gAZ7g2VPeo/fivU5bF7zZzB58g/f2CZBBjyM=</latexit>↵ <latexit sha1_base64="89mQpm8/vSTlnLpt9p7iNulr0P8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2NmmPQi8cI5gHJEnons8mQ2dl1ZlYIS37CiwdFvPo73vwbJ4+DJhY0FFXddHcFieDauO63s7K6tr6xmdvKb+/s7u0XDg4bOk4VZXUai1i1AtRMcMnqhhvBWoliGAWCNYPh7cRvPjGleSwfzChhfoR9yUNO0Vip1UGRDLCru4WiW3LLlcqFSyyZgniLpAhz1LqFr04vpmnEpKECtW57bmL8DJXhVLBxvpNqliAdYp+1LZUYMe1n03vH5NQqPRLGypY0ZKr+nsgw0noUBbYzQjPQi95E/M9rpyas+BmXSWqYpLNFYSqIicnkedLjilEjRpYgVdzeSugAFVJjI8rbEJZeXiaN85J3Vbq8LxerN/M4cnAMJ3AGHlxDFe6gBnWgIOAZXuHNeXRenHfnY9a64sxnjuAPnM8fP7CQIA==</latexit>↵s

<latexit sha1_base64="89mQpm8/vSTlnLpt9p7iNulr0P8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2NmmPQi8cI5gHJEnons8mQ2dl1ZlYIS37CiwdFvPo73vwbJ4+DJhY0FFXddHcFieDauO63s7K6tr6xmdvKb+/s7u0XDg4bOk4VZXUai1i1AtRMcMnqhhvBWoliGAWCNYPh7cRvPjGleSwfzChhfoR9yUNO0Vip1UGRDLCru4WiW3LLlcqFSyyZgniLpAhz1LqFr04vpmnEpKECtW57bmL8DJXhVLBxvpNqliAdYp+1LZUYMe1n03vH5NQqPRLGypY0ZKr+nsgw0noUBbYzQjPQi95E/M9rpyas+BmXSWqYpLNFYSqIicnkedLjilEjRpYgVdzeSugAFVJjI8rbEJZeXiaN85J3Vbq8LxerN/M4cnAMJ3AGHlxDFe6gBnWgIOAZXuHNeXRenHfnY9a64sxnjuAPnM8fP7CQIA==</latexit>↵s
<latexit sha1_base64="89mQpm8/vSTlnLpt9p7iNulr0P8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2NmmPQi8cI5gHJEnons8mQ2dl1ZlYIS37CiwdFvPo73vwbJ4+DJhY0FFXddHcFieDauO63s7K6tr6xmdvKb+/s7u0XDg4bOk4VZXUai1i1AtRMcMnqhhvBWoliGAWCNYPh7cRvPjGleSwfzChhfoR9yUNO0Vip1UGRDLCru4WiW3LLlcqFSyyZgniLpAhz1LqFr04vpmnEpKECtW57bmL8DJXhVLBxvpNqliAdYp+1LZUYMe1n03vH5NQqPRLGypY0ZKr+nsgw0noUBbYzQjPQi95E/M9rpyas+BmXSWqYpLNFYSqIicnkedLjilEjRpYgVdzeSugAFVJjI8rbEJZeXiaN85J3Vbq8LxerN/M4cnAMJ3AGHlxDFe6gBnWgIOAZXuHNeXRenHfnY9a64sxnjuAPnM8fP7CQIA==</latexit>↵s

<latexit sha1_base64="8OZFN91WbaYIvSxvaD2Kor+lUHs=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh1HR6kjY93UN3jxBC/sGLB0W8+j/e/Bs7ixC3BwWP96qoqhelghvr+x/ewuLS8spqbi2/vrG5tV3Y2a0ZlWnKqlQJpRsRGia4ZFXLrWCNVDNMIsHqUf9q7NfvmTZcyVs7SFmYYFfymFO0Tqq1UKQ9bBeKQcmfgPi/yJdVhBkq7cJ7q6NoljBpqUBjmoGf2nCI2nIq2CjfygxLkfaxy5qOSkyYCYeTa0fk0CkdEivtSloyUecnhpgYM0gi15mg7Zmf3lj8y2tmNr4Ih1ymmWWSThfFmSBWkfHrpMM1o1YMHEGqubuV0B5qpNYFlJ8P4X9SOy4FZ6XTm5Ni+XIWRw724QCOIIBzKMM1VKAKFO7gAZ7g2VPeo/fivU5bF7zZzB58g/f2CZBBjyM=</latexit>↵ <latexit sha1_base64="8OZFN91WbaYIvSxvaD2Kor+lUHs=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh1HR6kjY93UN3jxBC/sGLB0W8+j/e/Bs7ixC3BwWP96qoqhelghvr+x/ewuLS8spqbi2/vrG5tV3Y2a0ZlWnKqlQJpRsRGia4ZFXLrWCNVDNMIsHqUf9q7NfvmTZcyVs7SFmYYFfymFO0Tqq1UKQ9bBeKQcmfgPi/yJdVhBkq7cJ7q6NoljBpqUBjmoGf2nCI2nIq2CjfygxLkfaxy5qOSkyYCYeTa0fk0CkdEivtSloyUecnhpgYM0gi15mg7Zmf3lj8y2tmNr4Ih1ymmWWSThfFmSBWkfHrpMM1o1YMHEGqubuV0B5qpNYFlJ8P4X9SOy4FZ6XTm5Ni+XIWRw724QCOIIBzKMM1VKAKFO7gAZ7g2VPeo/fivU5bF7zZzB58g/f2CZBBjyM=</latexit>↵

<latexit sha1_base64="mwduibnnDbqt1X63tVdvWIjGCeA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRX8tiXbgQbcE+oB1KJk3b0GRmSDKFMtQvceNCEbf+iTv/xkw7C60eCBzOuZd7cvyIM6Ud58vKLS2vrK7l1wsbm1vbO/buXkOFsSS0TkIeypaPFeUsoHXNNKetSFIsfE6b/qiS+s0xlYqFwYOeRNQTeBCwPiNYG6lr2x2B9VCK5O72/rFWuZ527aJTcmZAf4mbkSJkqHbtz04vJLGggSYcK9V2nUh7CZaaEU6nhU6saITJCA9o29AAC6q8ZJZ8io6M0kP9UJoXaDRTf24kWCg1Eb6ZTHOqRS8V//Pase5fegkLoljTgMwP9WOOdIjSGlCPSUo0nxiCiWQmKyJDLDHRpqyCKcFd/PJf0jgpueels9ppsXyV1ZGHAziEY3DhAspwA1WoA4ExPMELvFqJ9Wy9We/z0ZyV7ezDL1gf30g5k3E=</latexit>

NLO QCD
<latexit sha1_base64="QBeitK8duCmoDZ+x61o0lVLe1YQ=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqM+FoWRXAhWsE+oB1KJs20oZnMkGSEOtQfceNCEbd+ijv/xkzbhbYeCBzOuZd7cvyYM6Ud59vKLSwuLa/kVwtr6xubRXtru66iRBJaIxGPZNPHinImaE0zzWkzlhSHPqcNf3CR+Y0HKhWLxL0extQLcU+wgBGsjdSxi+0Q674M05vr26fLxqhjl5yyMwaaJ+6UlGCKasf+ancjkoRUaMKxUi3XibWXYqkZ4XRUaCeKxpgMcI+2DBU4pMpLx8FHaN8oXRRE0jyh0Vj9vZHiUKlh6JvJLKaa9TLxP6+V6ODMS5mIE00FmRwKEo50hLIWUJdJSjQfGoKJZCYrIn0sMdGmq4IpwZ398jypH5bdk/Lx3VGpcj6tIw+7sAcH4MIpVOAKqlADAgk8wyu8WY/Wi/VufUxGc9Z0Zwf+wPr8AcJ4kys=</latexit>

NLO EW

<latexit sha1_base64="3Qg69rxkcaYCu2PfduyMVf1i8m0=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqoSxGusYGFAUAR9SG1UOY7bWrWdyHaQqigM/AoLAwix8hls/A1OmwFajmTp6Jx75HuPHzGqtON8W4W5+YXFpeJyaWV1bX3D3txqqDCWmNRxyELZ8pEijApS11Qz0ookQdxnpOkPLzK/+UCkoqG416OIeBz1Be1RjLSRuvZOhyM9kDy5i00EBVT0H6+vbtKuXXYqzhhwlrg5KYMcta791QlCHHMiNGZIqbbrRNpLkNQUM5KWOrEiEcJD1CdtQwXiRHnJ+IAU7hslgL1Qmic0HKu/EwniSo24byazddW0l4n/ee1Y9868hIoo1kTgyUe9mEEdwqwNGFBJsGYjQxCW1OwK8QBJhLXprGRKcKdPniWNw4p7Ujm+PSpXz/M6imAX7IED4IJTUAWXoAbqAIMUPINX8GY9WS/Wu/UxGS1YeWYb/IH1+QNKI5bd</latexit>

Subleading NLO
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Introduction
• In this talk, I will only consider

• Coherent/elastic photon-photon processes in UPC
• Elementary particles (no bound states)
• Standard Model
• On matrix elements not on modeling of photon fluxes

• Summary of  existing high-order calculations
• In customized ways:

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

�� ! tt̄ HSS, d’Enterria (2207.03012) NLO QCD
<latexit sha1_base64="ineBkMmnTkH06g3Zg2P1r22zAY8=">AAACEHicbVDLSsNAFJ3UV62vqEs3wSIK2pKIr2XRjcsK9gFNLDfTSTt0JgkzE6GEfoIbf8WNC0XcunTn3zhps9DqhTkczr2XO+f4MaNS2faXUZibX1hcKi6XVlbX1jfMza2mjBKBSQNHLBJtHyRhNCQNRRUj7VgQ4D4jLX94lfVb90RIGoW3ahQTj0M/pAHFoLTUNffdPnAOOarIcnlyd5hB5chVkPEMK12zbFftSVl/iZOTMsqr3jU/3V6EE05ChRlI2XHsWHkpCEUxI+OSm0gSAx5Cn3Q0DYET6aUTQ2NrTys9K4iEfqGyJurPjRS4lCPu60kOaiBne5n4X6+TqODCS2kYJ4qEeHooSJiljWfpWD0qCFZspAlgQfVfLTwAAVjpDEs6BGfW8l/SPK46Z9XTm5Ny7TKPo4h20C46QA46RzV0jeqogTB6QE/oBb0aj8az8Wa8T0cLRr6zjX6V8fEN09mcdA==</latexit>

�� ! µ+µ�, ⌧+⌧� bare leptons, NLO QED HSS, d’Enterria (2407.13610) 

<latexit sha1_base64="s1YTljG7qz95dVDio9bsAdR74fw=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVQniNVawMBaJPqQ2qm5cp7VqO5HtIFVRFxZ+hYUBhFj5Bzb+BrfNUFquZOv4nHt1fU6YcKaN5/04S8srq2vrhY3i5tb2zq67t1/XcaoIrZGYx6oZgqacSVozzHDaTBQFEXLaCAe3Y73xSJVmsXwww4QGAnqSRYyAsVTHPWr3QAjIbxPj2XfHLXllb1J4Efg5KKG8qh33u92NSSqoNISD1i3fS0yQgTKMcDoqtlNNEyAD6NGWhRIE1UE2cTHCJ5bp4ihW9kiDJ+zsRAZC66EIbacA09fz2pj8T2ulJroOMiaT1FBJpouilGPrdhwJ7jJFieFDC4AoZv+KSR8UEGODK9oQ/HnLi6B+VvYvyxf356XKTR5HAR2iY3SKfHSFKugOVVENEfSEXtAbeneenVfnw/mcti45+cwB+lPO1y+bTZio</latexit>

�� ! �� two-loop, massive, NLO QCD+QED
Ajjath, Chaubey, Fraaije, Hirschi, HSS 
(2312.16956, 2312.16966, 2604.00099)

<latexit sha1_base64="soX09TjYSfLo8js9m2WLCuAxpUM=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgiCURX8uiG5cV7AOaWm6mk3bozCTMTIQSunHjr7hxoYhb/8Gdf+M0zUKrB+ZyOOde7twTxIwq7bpfVmFufmFxqbhcWlldW9+wN7caKkokJnUcsUi2AlCEUUHqmmpGWrEkwANGmsHwauI374lUNBK3ehSTDoe+oCHFoI3UtXf9PnAOedWR42tI7g6zetS1y27FzeD8JV5OyihHrWt/+r0IJ5wIjRko1fbcWHdSkJpiRsYlP1EkBjyEPmkbKoAT1UmzK8bOvlF6ThhJ84R2MvXnRApcqREPTCcHPVCz3kT8z2snOrzopFTEiSYCTxeFCXPMtZNInB6VBGs2MgSwpOavDh6ABKxNcCUTgjd78l/SOK54Z5XTm5Ny9TKPo4h20B46QB46R1V0jWqojjB6QE/oBb1aj9az9Wa9T1sLVj6zjX7B+vgGDB+YSg==</latexit>

�� ! ⌧+⌧� bare leptons, NLO EW,
spin-density matrix elements

Jiang, Lu, Si, Zhang2 

(2410.21963, 2511.18935) 
<latexit sha1_base64="gUs45Z0EC1rIL+p8CNN1BEd8dMY=">AAACPHicbZBLSwMxEMezvq2vqkcvwSIIYtkVX0fRi0dFq0K3ltl0WkOT7JJkhbL0g3nxQ3jz5MWDIl49m20XfA4k/OY/MyTzjxLBjfX9R29kdGx8YnJqujQzOze/UF5cujBxqhnWWCxifRWBQcEV1iy3Aq8SjSAjgZdR9yivX96iNjxW57aXYENCR/E2Z2Cd1CyfhR2QEorbxjS0kF5vDO7NPEeXyJwj0Fmo0n4zr1FHBXzpcihjs1zxq/4g6F8ICqiQIk6a5YewFbNUorJMgDH1wE9sIwNtORPYL4WpwQRYFzpYd6hAomlkg+X7dM0pLdqOtTvK0oH6fSIDaUxPRq5Tgr0xv2u5+F+tntr2fiPjKkktKjZ8qJ0K6kzJnaQtrpFZ0XMATHP3V8puQAOzzu+SMyH4vfJfuNiqBrvVndPtysFhYccUWSGrZJ0EZI8ckGNyQmqEkTvyRF7Iq3fvPXtv3vuwdcQrZpbJj/A+PgFACq9f</latexit>

�� ! ⌧+⌧� ! e+µ�⌫̄⌧⌫⌧ ⌫̄µ⌫e
bare leptons, NLO EW
NWA, spin correlations

Dittmaier, Engel, Hernando Ariza, Pellen 

(2504.11391) 

• In collinear factorization

<latexit sha1_base64="HgLY8SysvYDux/KqaSv9slUinqQ=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzIjvpZFNy5bsA/oDOVOmrahSWZIMkIZ6sZfceNCEbf+hTv/xrSdhbYeSDiccy/JOVHCmTae9+0sLa+srq0XNoqbW9s7u+7efkPHqSK0TmIeq1YEmnImad0ww2krURRExGkzGt5O/OYDVZrF8t6MEhoK6EvWYwSMlTruYdAHISC/TYxrQQQqq407bskre1PgReLnpIRyVDvuV9CNSSqoNISD1m3fS0yYgTKMcDouBqmmCZAh9GnbUgmC6jCbJhjjE6t0cS9W9kiDp+rvjQyE1iMR2UkBZqDnvYn4n9dOTe86zJhMUkMlmT3USzm2SSd14C5TlBg+sgSIYvavmAxAATG2tKItwZ+PvEgaZ2X/snxROy9VbvI6CugIHaNT5KMrVEF3qIrqiKBH9Ixe0Zvz5Lw4787HbHTJyXcO0B84nz97nJbt</latexit>

�� ! QQ̄ NNLO QCD+NLO EW+Coulomb res Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS 
(2509.13439)

three-loop, massless NNLO QCD+QED Bargiela, Chakraborty, Gambuti, Ozcelik 
(2603.22423)
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<latexit sha1_base64="RDeM8ch44Lqt626BDAwF3NWJ8qw=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIrkoivpZFNy4r2Ac0pdxMJ+3QmSTM3Agl1I2/4saFIm79C3f+jdM2C209MMPhnHuZOSdIBNfout9WYWl5ZXWtuF7a2Nza3rF39xo6ThVldRqLWLUC0EzwiNWRo2CtRDGQgWDNYHgz8ZsPTGkeR/c4SlhHQj/iIaeARuraB34fpIT8xthBPwCV4bhrl92KO4WzSLyclEmOWtf+8nsxTSWLkArQuu25CXYyUMipYOOSn2qWAB1Cn7UNjUAy3cmmCcbOsVF6ThgrcyJ0purvjQyk1iMZmEkJONDz3kT8z2unGF51Mh4lKbKIzh4KU+FMkpo6nB5XjKIYGQJUcfNXhw5AAUVTWsmU4M1HXiSN04p3UTm/OytXr/M6iuSQHJET4pFLUiW3pEbqhJJH8kxeyZv1ZL1Y79bHbLRg5Tv75A+szx/mzJcz</latexit>

�� ! tt̄ HSS, d’Enterria (2207.03012) NLO QCD
<latexit sha1_base64="ineBkMmnTkH06g3Zg2P1r22zAY8=">AAACEHicbVDLSsNAFJ3UV62vqEs3wSIK2pKIr2XRjcsK9gFNLDfTSTt0JgkzE6GEfoIbf8WNC0XcunTn3zhps9DqhTkczr2XO+f4MaNS2faXUZibX1hcKi6XVlbX1jfMza2mjBKBSQNHLBJtHyRhNCQNRRUj7VgQ4D4jLX94lfVb90RIGoW3ahQTj0M/pAHFoLTUNffdPnAOOarIcnlyd5hB5chVkPEMK12zbFftSVl/iZOTMsqr3jU/3V6EE05ChRlI2XHsWHkpCEUxI+OSm0gSAx5Cn3Q0DYET6aUTQ2NrTys9K4iEfqGyJurPjRS4lCPu60kOaiBne5n4X6+TqODCS2kYJ4qEeHooSJiljWfpWD0qCFZspAlgQfVfLTwAAVjpDEs6BGfW8l/SPK46Z9XTm5Ny7TKPo4h20C46QA46RzV0jeqogTB6QE/oBb0aj8az8Wa8T0cLRr6zjX6V8fEN09mcdA==</latexit>

�� ! µ+µ�, ⌧+⌧� bare leptons, NLO QED HSS, d’Enterria (2407.13610) 

<latexit sha1_base64="s1YTljG7qz95dVDio9bsAdR74fw=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVQniNVawMBaJPqQ2qm5cp7VqO5HtIFVRFxZ+hYUBhFj5Bzb+BrfNUFquZOv4nHt1fU6YcKaN5/04S8srq2vrhY3i5tb2zq67t1/XcaoIrZGYx6oZgqacSVozzHDaTBQFEXLaCAe3Y73xSJVmsXwww4QGAnqSRYyAsVTHPWr3QAjIbxPj2XfHLXllb1J4Efg5KKG8qh33u92NSSqoNISD1i3fS0yQgTKMcDoqtlNNEyAD6NGWhRIE1UE2cTHCJ5bp4ihW9kiDJ+zsRAZC66EIbacA09fz2pj8T2ulJroOMiaT1FBJpouilGPrdhwJ7jJFieFDC4AoZv+KSR8UEGODK9oQ/HnLi6B+VvYvyxf356XKTR5HAR2iY3SKfHSFKugOVVENEfSEXtAbeneenVfnw/mcti45+cwB+lPO1y+bTZio</latexit>

�� ! �� two-loop, massive, NLO QCD+QED
Ajjath, Chaubey, Fraaije, Hirschi, HSS 
(2312.16956, 2312.16966, 2604.00099)

<latexit sha1_base64="soX09TjYSfLo8js9m2WLCuAxpUM=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgiCURX8uiG5cV7AOaWm6mk3bozCTMTIQSunHjr7hxoYhb/8Gdf+M0zUKrB+ZyOOde7twTxIwq7bpfVmFufmFxqbhcWlldW9+wN7caKkokJnUcsUi2AlCEUUHqmmpGWrEkwANGmsHwauI374lUNBK3ehSTDoe+oCHFoI3UtXf9PnAOedWR42tI7g6zetS1y27FzeD8JV5OyihHrWt/+r0IJ5wIjRko1fbcWHdSkJpiRsYlP1EkBjyEPmkbKoAT1UmzK8bOvlF6ThhJ84R2MvXnRApcqREPTCcHPVCz3kT8z2snOrzopFTEiSYCTxeFCXPMtZNInB6VBGs2MgSwpOavDh6ABKxNcCUTgjd78l/SOK54Z5XTm5Ny9TKPo4h20B46QB46R1V0jWqojjB6QE/oBb1aj9az9Wa9T1sLVj6zjX7B+vgGDB+YSg==</latexit>

�� ! ⌧+⌧� bare leptons, NLO EW,
spin-density matrix elements

Jiang, Lu, Si, Zhang2 

(2410.21963, 2511.18935) 
<latexit sha1_base64="gUs45Z0EC1rIL+p8CNN1BEd8dMY=">AAACPHicbZBLSwMxEMezvq2vqkcvwSIIYtkVX0fRi0dFq0K3ltl0WkOT7JJkhbL0g3nxQ3jz5MWDIl49m20XfA4k/OY/MyTzjxLBjfX9R29kdGx8YnJqujQzOze/UF5cujBxqhnWWCxifRWBQcEV1iy3Aq8SjSAjgZdR9yivX96iNjxW57aXYENCR/E2Z2Cd1CyfhR2QEorbxjS0kF5vDO7NPEeXyJwj0Fmo0n4zr1FHBXzpcihjs1zxq/4g6F8ICqiQIk6a5YewFbNUorJMgDH1wE9sIwNtORPYL4WpwQRYFzpYd6hAomlkg+X7dM0pLdqOtTvK0oH6fSIDaUxPRq5Tgr0xv2u5+F+tntr2fiPjKkktKjZ8qJ0K6kzJnaQtrpFZ0XMATHP3V8puQAOzzu+SMyH4vfJfuNiqBrvVndPtysFhYccUWSGrZJ0EZI8ckGNyQmqEkTvyRF7Iq3fvPXtv3vuwdcQrZpbJj/A+PgFACq9f</latexit>

�� ! ⌧+⌧� ! e+µ�⌫̄⌧⌫⌧ ⌫̄µ⌫e
bare leptons, NLO EW
NWA, spin correlations

Dittmaier, Engel, Hernando Ariza, Pellen 

(2504.11391) 

• NLO automation in MadGraph5_aMC@NLO HSS, Simon (2504.10104) 

• In collinear factorization

<latexit sha1_base64="HgLY8SysvYDux/KqaSv9slUinqQ=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzIjvpZFNy5bsA/oDOVOmrahSWZIMkIZ6sZfceNCEbf+hTv/xrSdhbYeSDiccy/JOVHCmTae9+0sLa+srq0XNoqbW9s7u+7efkPHqSK0TmIeq1YEmnImad0ww2krURRExGkzGt5O/OYDVZrF8t6MEhoK6EvWYwSMlTruYdAHISC/TYxrQQQqq407bskre1PgReLnpIRyVDvuV9CNSSqoNISD1m3fS0yYgTKMcDouBqmmCZAh9GnbUgmC6jCbJhjjE6t0cS9W9kiDp+rvjQyE1iMR2UkBZqDnvYn4n9dOTe86zJhMUkMlmT3USzm2SSd14C5TlBg+sgSIYvavmAxAATG2tKItwZ+PvEgaZ2X/snxROy9VbvI6CugIHaNT5KMrVEF3qIrqiKBH9Ixe0Zvz5Lw4787HbHTJyXcO0B84nz97nJbt</latexit>

�� ! QQ̄ NNLO QCD+NLO EW+Coulomb res Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS 
(2509.13439)

three-loop, massless NNLO QCD+QED Bargiela, Chakraborty, Gambuti, Ozcelik 
(2603.22423)
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NLO QCD & EW Automation

MadGraph5_aMC@NLO since version 3.7.0

https://launchpad.net/mg5amcnlo
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• MadGraph5_aMC@NLO (in 3.7.0+) HSS, Simon (JHEP’25)

NLO Automation

./bin/mg5_aMC 
MG5_aMC> import model myNLOmodel_w_qcd_qed 
MG5_aMC> generate !a! !a! > p1 p2 p3 p4 [QCD QED] 
MG5_aMC> output; launch
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NLO Automation
• Coherent photon generation syntax: !a!

• Same as the tagged final-state photons at NLO Pagani, HSS, Tsinikos, Zaro (2106.02059)

• A hybrid EW renormalisation scheme:

• Interactions with long-distance photons are in the         scheme

• Generally, a long-distance photon at NLO

<latexit sha1_base64="qHPZg9/dGnOEwg5Vc5PiWZ48uAQ=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoMQL2FXfB2DXjxGMA9JltA7mSRDZmaXmVkhLPkKLx4U8ernePNvnCR70MSChqKqm+6uMOZMG8/7dnIrq2vrG/nNwtb2zu5ecf+goaNEEVonEY9UK0RNOZO0bpjhtBUriiLktBmObqd+84kqzSL5YMYxDQQOJOszgsZKjx3k8RDL3mm3WPIq3gzuMvEzUoIMtW7xq9OLSCKoNISj1m3fi02QojKMcDopdBJNYyQjHNC2pRIF1UE6O3jinlil5/YjZUsad6b+nkhRaD0Woe0UaIZ60ZuK/3ntxPSvg5TJODFUkvmifsJdE7nT790eU5QYPrYEiWL2VpcMUSExNqOCDcFffHmZNM4q/mXl4v68VL3J4sjDERxDGXy4gircQQ3qQEDAM7zCm6OcF+fd+Zi35pxs5hD+wPn8AcjKj8E=</latexit>

↵(0)
• Other interactions are in the         scheme

<latexit sha1_base64="4i/UFuHNPpiFhjpiq8YCnytZLr4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRgx4rmLbQhrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bN20O2vpg4PHeDDPzwoQzbVz32ymtrK6tb5Q3K1vbO7t71f2Dlo5TRahPYh6rTog15UxS3zDDaSdRFIuQ03Y4vs399hNVmsXy0UwSGgg8lCxiBBsr+Xf9nkj71Zpbd2dAy8QrSA0KNPvVr94gJqmg0hCOte56bmKCDCvDCKfTSi/VNMFkjIe0a6nEguogmx07RSdWGaAoVrakQTP190SGhdYTEdpOgc1IL3q5+J/XTU10HWRMJqmhkswXRSlHJkb552jAFCWGTyzBRDF7KyIjrDAxNp+KDcFbfHmZtM7q3mX94uG81rgp4ijDERzDKXhwBQ24hyb4QIDBM7zCmyOdF+fd+Zi3lpxi5hD+wPn8AahQjpo=</latexit>

Gµ

• Treatment of  IR divergences
• Amendments of FKS subtraction in order to accommodate

• Initial-state particles can only be photons
• Initial-state collinear singularities in jet processes
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NLO Automation: an example
HSS, Simon (JHEP’25)
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NLO Automation: an example
HSS, Simon (JHEP’25)

on-shell

off-shell
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NLO Automation: an example
HSS, Simon (JHEP’25)

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtW WE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtW WE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+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
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NLO Automation: an example
HSS, Simon (JHEP’25)

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtW WE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtW WE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+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

• Sizable NLO QCD:

+20%

• Non-negligible NLO EW:

-5%
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NLO Automation: an example

• At NLO QCD (w/o NLO EW), we can have NLO+PS simulations
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HSS, Simon (JHEP’25)
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NLO Automation: an example

• At NLO QCD (w/o NLO EW), we can have NLO+PS simulations

γγppÆp tt- p
÷s=14 TeV
 gamma-UPC ChFF
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HSS, Simon (JHEP’25)

How about NNLO QCD ?
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NNLO QCD for 

PHIQUE

<latexit sha1_base64="4pRDdfRkgERcCUt9KB9F2aU/4uU=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUWoCCURX8uiG5ct2Ac0odxMJ+nQmSTMTIQSunfjr7hxoYhbf8Cdf+O0zUJbD8xwOOdeZs7xE0alsu1vo7Cyura+UdwsbW3v7O6Z+wdtGacCkxaOWSy6PkjCaERaiipGuokgwH1GOv7odup3HoiQNI7u1TghHocwogHFoLTUN8uupCGHqhsC55DfKraarg8ia05Ouyd9s2LX7BmsZeLkpIJyNPrmlzuIccpJpDADKXuOnSgvA6EoZmRSclNJEsAjCElP0wg4kV42yzKxjrUysIJY6BMpa6b+3siASznmvp7koIZy0ZuK/3m9VAXXXkajJFUkwvOHgpRZOuy0GGtABcGKjTUBLKj+q4WHIAArXV9Jl+AsRl4m7bOac1m7aJ5X6jd5HUV0hMqoihx0heroDjVQC2H0iJ7RK3oznowX4934mI8WjHznEP2B8fkDSYWakg==</latexit>

�(�� ! QQ̄+X)

https://github.com/alphal00p/phique
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NNLO QCD & Coulomb Resummation

• NNLO QCD with Local Unitarity construction (            , by Bern Group)
<latexit sha1_base64="ozMKW36ZHdPWje1UYDqxq1vKCqE=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyIr2XRjQsXFewDOkPJpGkbmklCkhGGof6KGxeKuPVD3Pk3ZtpZaOuBwOGce7knJ5KMauN5305pZXVtfaO8Wdna3tndc/cP2lokCpMWFkyoboQ0YZSTlqGGka5UBMURI51ocpP7nUeiNBX8waSShDEacTqkGBkr9d1qgJgcoyBGZqzi7E4IOe27Na/uzQCXiV+QGijQ7LtfwUDgJCbcYIa07vmeNGGGlKGYkWklSDSRCE/QiPQs5SgmOsxm4afw2CoDOBTKPm7gTP29kaFY6zSO7GQeUi96ufif10vM8CrMKJeJIRzPDw0TBo2AeRNwQBXBhqWWIKyozQrxGCmEje2rYkvwF7+8TNqndf+ifn5/VmtcF3WUwSE4AifAB5egAW5BE7QABil4Bq/gzXlyXpx352M+WnKKnSr4A+fzB2+alUw=</latexit>

↵Loop
Talks by Valentin Hirschi and Lucien Huber
https://github.com/alphal00p/alphaloop/



GDRQCD2026 Hua-Sheng Shao12

NNLO QCD & Coulomb Resummation

• NNLO QCD with Local Unitarity construction (            , by Bern Group)
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↵Loop
Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (2509.13439)
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Talks by Valentin Hirschi and Lucien Huber
https://github.com/alphal00p/alphaloop/
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NNLO QCD & Coulomb Resummation

• NNLO QCD with Local Unitarity construction (            , by Bern Group)
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Talks by Valentin Hirschi and Lucien Huber
https://github.com/alphal00p/alphaloop/
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NNLO QCD & Coulomb Resummation
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+ 137 other FS graphs

Talks by Valentin Hirschi and Lucien Huber
https://github.com/alphal00p/alphaloop/
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NNLO QCD & Coulomb Resummation

• NNLO QCD with Local Unitarity construction (            , by Bern Group)
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↵Loop
Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (2509.13439) Talks by Valentin Hirschi and Lucien Huber
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Talks by Valentin Hirschi and Lucien Huber
https://github.com/alphal00p/alphaloop/
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NNLO QCD & Coulomb Resummation
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Talks by Valentin Hirschi and Lucien Huber
https://github.com/alphal00p/alphaloop/
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NNLO QCD & Coulomb Resummation

• NNLO QCD with Local Unitarity construction (            , by Bern Group)
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↵Loop
Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (2509.13439) Talks by Valentin Hirschi and Lucien Huber

https://github.com/alphal00p/alphaloop/
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NNLO QCD & Coulomb Resummation

• NNLO QCD with Local Unitarity construction (            , by Bern Group)
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↵Loop
Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (2509.13439)

• Non-negligible NNLO QCD:

+6%
• Small Coulomb resummation effect:

-1%

Talks by Valentin Hirschi and Lucien Huber
https://github.com/alphal00p/alphaloop/
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NNLO QCD & Coulomb Resummation

• NNLO QCD with Local Unitarity construction (            , by Bern Group)
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↵Loop
Capatti, Fraaije, Hirschi, Huber, Ruijl, HSS (2509.13439)

• Non-negligible NNLO QCD:

+6%
• Small Coulomb resummation effect:

-1%

1. Top-quark pair in other collision systems (heavy ions, e+e- etc)
2. Bottom-quark pair and charm-quark pair
3. git repository: https://github.com/alphal00p/phique

Talks by Valentin Hirschi and Lucien Huber
https://github.com/alphal00p/alphaloop/

https://github.com/alphal00p/phique


GDRQCD2026 Hua-Sheng Shao13

NLO QCD+QED for 

LbLatNLO

<latexit sha1_base64="4ICuN+SJhW6SgLyzYrnW2MgHaLk=">AAACBHicbVC7TsMwFHV4lvIKMHaJqJCYqgTxGitYGItEH1IbVY7rtFb9iOwbpCrqwMKvsDCAECsfwcbf4LYZSsuRbB2fc6+u74kSzgz4/o+zsrq2vrFZ2Cpu7+zu7bsHhw2jUk1onSiudCvChnImaR0YcNpKNMUi4rQZDW8nfvORasOUfIBRQkOB+5LFjGCwUtctdfpYCJzfoOafXbfsV/wpvGUS5KSMctS67nenp0gqqATCsTHtwE8gzLAGRjgdFzupoQkmQ9ynbUslFtSE2XSJsXdilZ4XK22PBG+qzndkWBgzEpGtFBgGZtGbiP957RTi6zBjMkmBSjIbFKfcA+VNEvF6TFMCfGQJJprZv3pkgDUmYHMr2hCCxZWXSeOsElxWLu7Py9WbPI4CKqFjdIoCdIWq6A7VUB0R9IRe0Bt6d56dV+fD+ZyVrjh5zxH6A+frFz4ZmH4=</latexit>

�� ! ��

https://github.com/huashengshao/LbLatNLO
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Theoretical Predictions
• Going beyond one-loop (for fermions)

• Low-energy (LE) approx. : NLO from Euler-Heisenberg Lagrangian

Martin, Schubert & Villaneuva Sandoval NPB’03

• High-energy (HE) approx. : NLO from unitarity-based technique
Bern, De Freitas, Dixon, Ghinculov & Wong JHEP’01

• Full NLO without approx. Ajjath, Chaubey, HSS (JHEP’24, 2604.00099); Ajjath, 
Chaubey, Fraaije, Hirschi, HSS (PLB’24)

• NNLO in HE approx. Bargiela, Chakraborty, Gambuti, Ozcelik (2603.22423)
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LbL Cross Section

|ηγ|<5

hadrons(NLO+LP)′ QED fermion loop: (NLO+LP)′ QCD+QED
         W loop: LO
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Ajjath, Chaubey, HSS (2604.00099)
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LbL Cross Section
Ajjath, Chaubey, HSS (2604.00099)
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LbL Cross Section

|ηγ|<5

hadrons(NLO+LP)′ QED fermion loop: (NLO+LP)′ QCD+QED
         W loop: LO
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LbL Cross Sections
• A process with many things to learn/understand

• For simplicity, consider a single fermion (top quark) contribution only

Heisenberg-Euler Lagrangian

Next-to-leading power 
Sudakov logarithms

Coulomb singularity

The fermion f loop:
mf=173 GeV, Qf=2/3, Nc,f=3
α(0)=1/137.036, αs=0.118
pT
γ>0.01÷s
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↵Loop

Capatti, Hirschi, Kermanschah, Pelloni, Ruijl

https://github.com/alphal00p/alphaloop/
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�� ! ��
• Theory-data comparison
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• Tension persists though is 
reduced a bit

• H(L)E under(over)estimates 
the size of quantum corr.

• 6 C-even bottomonia and 
X(6900) seems cannot 
explain the discrepancy 
neither

Caveat: some di-photon widths are not 
well constrained (only theory calc.) !

�ATLAS = 120± 22 nb

Ajjath, Chaubey, Fraaije, Hirschi, HSS (PLB’24)

• <2% from massless NNLO
Bargiela, Chakraborty, Gambuti, Ozcelik (2603.22423)
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�� ! ��
• Theory-data comparison Ajjath, Chaubey, Fraaije, Hirschi, HSS (PLB’24, 2604.00099)

�CMS = 107± 33stat ± 20syst nb vs

• No excess in CMS vs NLO

<latexit sha1_base64="GWnzKu16f9U6tDsAHbBaoi00ATY="></latexit>
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• For two-photon processes in UPC, NLO QCD+EW calculations 
have been automated in MadGraph5_aMC@NLO (since 3.7.0)

Conclusion

• Restricted to: SM+elementary particles+elastic/coherent+not loop-induced

• NLO QCD+PS for processes without jets is automated too

https://launchpad.net/mg5amcnlo
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have been automated in MadGraph5_aMC@NLO (since 3.7.0)

Conclusion

• Restricted to: SM+elementary particles+elastic/coherent+not loop-induced

• NLO QCD+PS for processes without jets is automated too

• Dedicated higher order calculations and public tools available:

•                                at NNLO QCD :  PHIQUE
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�(�� ! QQ̄+X)

• Event generation at NLO QCD+QED for LbL :  LbLatNLO

https://launchpad.net/mg5amcnlo
http://github.com/alphal00p/phique
http://github.com/huashengshao/LbLatNLO
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• For two-photon processes in UPC, NLO QCD+EW calculations 
have been automated in MadGraph5_aMC@NLO (since 3.7.0)

Conclusion

• Restricted to: SM+elementary particles+elastic/coherent+not loop-induced

• NLO QCD+PS for processes without jets is automated too

Thank you for your attention !

• Dedicated higher order calculations and public tools available:

•                                at NNLO QCD :  PHIQUE
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