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Recent progress generative AI
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Image generation
- Diffusion models

Dall-E

Abramson `24

Diffusion-based architecture 
in AlphaFold 3
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Dall-E

Diffusion-based architecture 
in AlphaFold 3 Abramson `24 Collider simulations?
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High-energy particle collisions
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Electron-Ion Collider

RHIC, sPHENIX

Jefferson LabLarge Hadron Collider

Few to 1000s particles/event
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Electron-Ion Collider

Few to several 10s of particles

�

⌘ = � ln tan ✓/2

�

⌘ = � ln tan ✓/2

<latexit sha1_base64="uwTJOWUgXPH/yZSLpbVWlu3IoGQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rFiv6ANZbPdtEs3m7A7EUroT/DiQRGv/iJv/hu3bQ7a+mDg8d4MM/OCRAqDrvvtrK1vbG5tF3aKu3v7B4elo+OWiVPNeJPFMtadgBouheJNFCh5J9GcRoHk7WB8N/PbT1wbEasGThLuR3SoRCgYRSs9Jv1Gv1R2K+4cZJV4OSlDjnq/9NUbxCyNuEImqTFdz03Qz6hGwSSfFnup4QllYzrkXUsVjbjxs/mpU3JulQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMb/xMqCRFrthiUZhKgjGZ/U0GQnOGcmIJZVrYWwkbUU0Z2nSKNgRv+eVV0qpWvKtK9eGyXLvN4yjAKZzBBXhwDTW4hzo0gcEQnuEV3hzpvDjvzseidc3JZ07gD5zPHzbWjcI=</latexit>pT
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Electron-Ion Collider

Data representations examples

�

⌘ = � ln tan ✓/2

• Images

May seem natural, pixels 
analogous to detector granularity
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Data representations examples

�

⌘ = � ln tan ✓/2

• Images

Torbunov, Huang, Lin, Ren, Go, Rinn, Yu, Viren, Huang `24

Sparse

EIC

sPHENIX

Devlin, Qiu, FR, Sato `23

Mikuni, Nachman, Pettee `23

Jet (averaged)
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Data representations examples

�

⌘ = � ln tan ✓/2

• Images

Sparse

EIC
Devlin, Qiu, FR, Sato `23

• Point clouds
<latexit sha1_base64="CrgAMLc/yppjXlB+yAjg4/z8/Ek="></latexit>

(pT1, ⌘1,�1,PID1), (pT2, ⌘2,�2,PID2), . . . , (pTn, ⌘n,�n,PIDn),

Torales Acosta, Nachman, Mikuni et al, Kasieczka, Thaler et al., 

<latexit sha1_base64="3Koc1Q4GIY7TdZ6ObvnnGBSP8dE="></latexit>

(pT1, ⌘1,�1,PID1), . . . , (pTm, ⌘m,�m,PIDm),

<latexit sha1_base64="kQkDxPnVv0Mgc/tsfqEuJYOLy9w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9USk0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AL8Nj0E=</latexit> ..
.

<latexit sha1_base64="xkvQUT6WoKhrt6hX5xZ+LdO7yi4=">AAAB/HicbVDLSsNAFJ34rPUV7dLN1CK4KokUFVdFEVxWsA9oQplMJ+3QyYOZm2II9VfcuFDErR/izr9x2mahrQcuHM65d+be48WCK7Csb2NldW19Y7OwVdze2d3bNw8OWypKJGVNGolIdjyimOAhawIHwTqxZCTwBGt7o5up3x4zqXgUPkAaMzcgg5D7nBLQUs8sOcAeIbsdsxAmPdspO+WrnlmxqtYMeJnYOamgHI2e+eX0I5oE+g0qiFJd24rBzYgETgWbFJ1EsZjQERmwrqYhCZhys9nyE3yilT72I6krBDxTf09kJFAqDTzdGRAYqkVvKv7ndRPwL92Mh3ECLKTzj/xEYIjwNAnc55JREKkmhEqud8V0SCShoPMq6hDsxZOXSeusap9Xa/e1Sv06j6OAjtAxOkU2ukB1dIcaqIkoStEzekVvxpPxYrwbH/PWFSOfKaE/MD5/APSQlFE=</latexit>

Event1:

<latexit sha1_base64="V/wMGPmyaBfDtpT8usTSVY6jujs=">AAAB/HicbVDLSsNAFJ3UV62vaJduUovgqiSlqLgqiuCygn1AE8JkOmmHTh7M3BRDqL/ixoUibv0Qd/6N0zYLbT1w4XDOvTP3Hi/mTIJpfmuFtfWNza3idmlnd2//QD886sgoEYS2ScQj0fOwpJyFtA0MOO3FguLA47TrjW9mfndChWRR+ABpTJ0AD0PmM4JBSa5etoE+QnY7oSFM3bpdsStXrl41a+YcxiqxclJFOVqu/mUPIpIE6g3CsZR9y4zBybAARjidluxE0hiTMR7SvqIhDqh0svnyU+NUKQPDj4SqEIy5+nsiw4GUaeCpzgDDSC57M/E/r5+Af+lkLIwToCFZfOQn3IDImCVhDJigBHiqCCaCqV0NMsICE1B5lVQI1vLJq6RTr1nntcZ9o9q8zuMoomN0gs6QhS5QE92hFmojglL0jF7Rm/akvWjv2seitaDlM2X0B9rnD/YZlFI=</latexit>

Event2:

Variable length
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Data representations examples

�

⌘ = � ln tan ✓/2

• Images

Sparse

EIC
Devlin, Qiu, FR, Sato `23

• Point clouds
<latexit sha1_base64="CrgAMLc/yppjXlB+yAjg4/z8/Ek="></latexit>

(pT1, ⌘1,�1,PID1), (pT2, ⌘2,�2,PID2), . . . , (pTn, ⌘n,�n,PIDn),

Torales Acosta, Nachman, Mikuni et al, Kasieczka, Thaler et al., 

<latexit sha1_base64="3Koc1Q4GIY7TdZ6ObvnnGBSP8dE="></latexit>

(pT1, ⌘1,�1,PID1), . . . , (pTm, ⌘m,�m,PIDm),

<latexit sha1_base64="xkvQUT6WoKhrt6hX5xZ+LdO7yi4=">AAAB/HicbVDLSsNAFJ34rPUV7dLN1CK4KokUFVdFEVxWsA9oQplMJ+3QyYOZm2II9VfcuFDErR/izr9x2mahrQcuHM65d+be48WCK7Csb2NldW19Y7OwVdze2d3bNw8OWypKJGVNGolIdjyimOAhawIHwTqxZCTwBGt7o5up3x4zqXgUPkAaMzcgg5D7nBLQUs8sOcAeIbsdsxAmPdspO+WrnlmxqtYMeJnYOamgHI2e+eX0I5oE+g0qiFJd24rBzYgETgWbFJ1EsZjQERmwrqYhCZhys9nyE3yilT72I6krBDxTf09kJFAqDTzdGRAYqkVvKv7ndRPwL92Mh3ECLKTzj/xEYIjwNAnc55JREKkmhEqud8V0SCShoPMq6hDsxZOXSeusap9Xa/e1Sv06j6OAjtAxOkU2ukB1dIcaqIkoStEzekVvxpPxYrwbH/PWFSOfKaE/MD5/APSQlFE=</latexit>

Event1:

<latexit sha1_base64="V/wMGPmyaBfDtpT8usTSVY6jujs=">AAAB/HicbVDLSsNAFJ3UV62vaJduUovgqiSlqLgqiuCygn1AE8JkOmmHTh7M3BRDqL/ixoUibv0Qd/6N0zYLbT1w4XDOvTP3Hi/mTIJpfmuFtfWNza3idmlnd2//QD886sgoEYS2ScQj0fOwpJyFtA0MOO3FguLA47TrjW9mfndChWRR+ABpTJ0AD0PmM4JBSa5etoE+QnY7oSFM3bpdsStXrl41a+YcxiqxclJFOVqu/mUPIpIE6g3CsZR9y4zBybAARjidluxE0hiTMR7SvqIhDqh0svnyU+NUKQPDj4SqEIy5+nsiw4GUaeCpzgDDSC57M/E/r5+Af+lkLIwToCFZfOQn3IDImCVhDJigBHiqCCaCqV0NMsICE1B5lVQI1vLJq6RTr1nntcZ9o9q8zuMoomN0gs6QhS5QE92hFmojglL0jF7Rm/akvWjv2seitaDlM2X0B9rnD/YZlFI=</latexit>

Event2:

Variable length

See Vinicius, Fernando’s talk
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High quality
samples

Fast 
sampling

Mode 
coverage

•Generative Adversarial Networks

•Variational Autoencoders

•Normalizing Flows

•Diffusion Models

Stable
training
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• Surrogate models

• Searches of physics beyond the Standard Model

•Event-level data analysis (differentiable)

• Full      events at <latexit sha1_base64="XTL3yZmTalDFTx6xCn0gRlYw0Kc=">AAACAHicbVDJSgNBEO1xjXEb9eDBy2AQPIUZictFCHrQYwSzQGYIPZ1K0qRnsbtGDMN48Fe8eFDEq5/hzb+xsxw08UHB470qqur5seAKbfvbmJtfWFxazq3kV9fWNzbNre2aihLJoMoiEcmGTxUIHkIVOQpoxBJo4Auo+/3LoV+/B6l4FN7iIAYvoN2QdzijqKWWueuqO4mpys4d+/jRRXjA9ApqWcss2EV7BGuWOBNSIBNUWuaX245YEkCITFClmo4do5dSiZwJyPJuoiCmrE+70NQ0pAEoLx09kFkHWmlbnUjqCtEaqb8nUhooNQh83RlQ7Klpbyj+5zUT7Jx5KQ/jBCFk40WdRFgYWcM0rDaXwFAMNKFMcn2rxXpUUoY6s7wOwZl+eZbUjorOSbF0UyqULyZx5Mge2SeHxCGnpEyuSYVUCSMZeSav5M14Ml6Md+Nj3DpnTGZ2yB8Ynz/dHpaX</latexit>p
s = 105 GeV

<latexit sha1_base64="LjIxk0LaoBXdsiANRvxVH+GRLUY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0gEm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVu6zW7muV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AJtzjWw=</latexit>ep

Develop a generative model

<latexit sha1_base64="hQMH2pSK9iBQMafEOklNbrexF5c=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwICWRoj0WvXisYD+gDWWz3bRLN5uwO1FD7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPz/FhwDY7zba2srq1vbBa2its7u3v7dumgpaNEUdakkYhUxyeaCS5ZEzgI1okVI6EvWNsfX0/99j1TmkfyDtKYeSEZSh5wSsBIfbvUA/YImmaNFEac1M4mfbvsVJwZ8DJxc1JGORp9+6s3iGgSMglUEK27rhODlxEFnAo2KfYSzWJCx2TIuoZKEjLtZbPTJ/jEKAMcRMqUBDxTf09kJNQ6DX3TGRIY6UVvKv7ndRMIal7GZZwAk3S+KEgEhghPc8ADrhgFkRpCqOLmVkxHRBEKJq2iCcFdfHmZtM4r7kWlelst16/yOAroCB2jU+SiS1RHN6iBmoiiB/SMXtGb9WS9WO/Wx7x1xcpnDtEfWJ8/ceOUIA==</latexit>

Pythia8,

Devlin, Qiu, FR, Sato `23
see also Mikuni, Nachman et al.

•Development of MC event generators

<latexit sha1_base64="rjrBJp2u50vCLGWMUslZ5EHf/PM=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjPidpKgBz0mYBZIxtDTqUma9Cx016hhiN/hxYMiXv0Xb/6NneWgiQ8KHu9VUVXPi6XQaNvfVmZhcWl5JbuaW1vf2NzKb+/UdJQoDlUeyUg1PKZBihCqKFBCI1bAAk9C3etfjfz6PSgtovAWBzG4AeuGwhecoZHuKhcnTy2ER0yvoTZs5wt20R6DzhNnSgpkinI7/9XqRDwJIEQumdZNx47RTZlCwSUMc61EQ8x4n3WhaWjIAtBuOr56SA+M0qF+pEyFSMfq74mUBVoPAs90Bgx7etYbif95zQT9czcVYZwghHyyyE8kxYiOIqAdoYCjHBjCuBLmVsp7TDGOJqicCcGZfXme1I6KzmnxuHJcKF1O48iSPbJPDolDzkiJ3JAyqRJOFHkmr+TNerBerHfrY9KasaYzu+QPrM8fVc2SbA==</latexit>

Q > 5 GeV

w/o photoproduction & CC

GANs e.g. Lai, Neill, Ploskon, FR `20
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Pixelation effects
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Devlin, Qiu, FR, Sato `23

•Example: Electron distribution Scattered leading electron
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<latexit sha1_base64="RERmxkeFMnk9fPtGl0jexPTgHSk=">AAACBXicbVA9SwNBEN2LXzF+RS21WAyCYgx3ElSwCbFQsFExRsglYW8ziYt7H+zOieFIY+NfsbFQxNb/YOe/cRNTaPTBwOO9GWbmeZEUGm3700qNjU9MTqWnMzOzc/ML2cWlSx3GikOFhzJUVx7TIEUAFRQo4SpSwHxPQtW7Oez71VtQWoTBBXYjqPusE4i24AyN1MyuupFobOUpNLbzJ40t98BFuMNk4/yovNlrZnN2wR6A/iXOkOTIEKfN7IfbCnnsQ4BcMq1rjh1hPWEKBZfQy7ixhojxG9aBmqEB80HXk8EXPbpulBZth8pUgHSg/pxImK911/dMp8/wWo96ffE/rxZje7+eiCCKEQL+vagdS4oh7UdCW0IBR9k1hHElzK2UXzPFOJrgMiYEZ/Tlv+Ryp+DsFopnxVypPIwjTVbIGtkgDtkjJXJMTkmFcHJPHskzebEerCfr1Xr7bk1Zw5ll8gvW+xdtgpai</latexit>

⇡+, e�,K+ (RGB)

•Represent events as images (pixelated)

•Markovian noising process

adding Gaussian noise

<latexit sha1_base64="hQMH2pSK9iBQMafEOklNbrexF5c=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwICWRoj0WvXisYD+gDWWz3bRLN5uwO1FD7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPz/FhwDY7zba2srq1vbBa2its7u3v7dumgpaNEUdakkYhUxyeaCS5ZEzgI1okVI6EvWNsfX0/99j1TmkfyDtKYeSEZSh5wSsBIfbvUA/YImmaNFEac1M4mfbvsVJwZ8DJxc1JGORp9+6s3iGgSMglUEK27rhODlxEFnAo2KfYSzWJCx2TIuoZKEjLtZbPTJ/jEKAMcRMqUBDxTf09kJNQ6DX3TGRIY6UVvKv7ndRMIal7GZZwAk3S+KEgEhghPc8ADrhgFkRpCqOLmVkxHRBEKJq2iCcFdfHmZtM4r7kWlelst16/yOAroCB2jU+SiS1RHN6iBmoiiB/SMXtGb9WS9WO/Wx7x1xcpnDtEfWJ8/ceOUIA==</latexit>

Pythia8,

<latexit sha1_base64="FGIuCZbPKJNBas8t5DaMGj1t30w=">AAACG3icbVDLSgNBEJz1GeMr6tHLYBASkLAbggoiBL3oRSLkBdkQZiezyZDZhzO9YljyH178FS8eFPEkePBvnE1y0MSChqKqm+4uJxRcgWl+GwuLS8srq6m19PrG5tZ2Zme3roJIUlajgQhk0yGKCe6zGnAQrBlKRjxHsIYzuEz8xj2Tigd+FYYha3uk53OXUwJa6mSKd7mHTjV/bnsE+pSI+GZkC+ZCouIzbB7hseO48fXIlrzXh3wnkzUL5hh4nlhTkkVTVDqZT7sb0MhjPlBBlGpZZgjtmEjgVLBR2o4UCwkdkB5raeoTj6l2PP5thA+10sVuIHX5gMfq74mYeEoNPUd3JoeqWS8R//NaEbin7Zj7YQTMp5NFbiQwBDgJCne5ZBTEUBNCJde3YtonklDQcaZ1CNbsy/OkXixYx4XSbSlbvpjGkUL76ADlkIVOUBldoQqqIYoe0TN6RW/Gk/FivBsfk9YFYzqzh/7A+PoBPMugUQ==</latexit>

q(xT ) = N (xT ; 0, I)

Devlin, Qiu, FR, Sato `23

Sohl-Dickstein et al.`15
Ho, Jain, Abbeel `20

Nichol, Dhariwal `21
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<latexit sha1_base64="RERmxkeFMnk9fPtGl0jexPTgHSk=">AAACBXicbVA9SwNBEN2LXzF+RS21WAyCYgx3ElSwCbFQsFExRsglYW8ziYt7H+zOieFIY+NfsbFQxNb/YOe/cRNTaPTBwOO9GWbmeZEUGm3700qNjU9MTqWnMzOzc/ML2cWlSx3GikOFhzJUVx7TIEUAFRQo4SpSwHxPQtW7Oez71VtQWoTBBXYjqPusE4i24AyN1MyuupFobOUpNLbzJ40t98BFuMNk4/yovNlrZnN2wR6A/iXOkOTIEKfN7IfbCnnsQ4BcMq1rjh1hPWEKBZfQy7ixhojxG9aBmqEB80HXk8EXPbpulBZth8pUgHSg/pxImK911/dMp8/wWo96ffE/rxZje7+eiCCKEQL+vagdS4oh7UdCW0IBR9k1hHElzK2UXzPFOJrgMiYEZ/Tlv+Ryp+DsFopnxVypPIwjTVbIGtkgDtkjJXJMTkmFcHJPHskzebEerCfr1Xr7bk1Zw5ll8gvW+xdtgpai</latexit>

⇡+, e�,K+ (RGB)

•Represent events as images (pixelated)

•Learn denoising process

Train convolutional U-Net

Devlin, Qiu, FR, Sato `23

Stochastic differential 
equation in continuum limit

<latexit sha1_base64="FGIuCZbPKJNBas8t5DaMGj1t30w=">AAACG3icbVDLSgNBEJz1GeMr6tHLYBASkLAbggoiBL3oRSLkBdkQZiezyZDZhzO9YljyH178FS8eFPEkePBvnE1y0MSChqKqm+4uJxRcgWl+GwuLS8srq6m19PrG5tZ2Zme3roJIUlajgQhk0yGKCe6zGnAQrBlKRjxHsIYzuEz8xj2Tigd+FYYha3uk53OXUwJa6mSKd7mHTjV/bnsE+pSI+GZkC+ZCouIzbB7hseO48fXIlrzXh3wnkzUL5hh4nlhTkkVTVDqZT7sb0MhjPlBBlGpZZgjtmEjgVLBR2o4UCwkdkB5raeoTj6l2PP5thA+10sVuIHX5gMfq74mYeEoNPUd3JoeqWS8R//NaEbin7Zj7YQTMp5NFbiQwBDgJCne5ZBTEUBNCJde3YtonklDQcaZ1CNbsy/OkXixYx4XSbSlbvpjGkUL76ADlkIVOUBldoQqqIYoe0TN6RW/Gk/FivBsfk9YFYzqzh/7A+PoBPMugUQ==</latexit>

q(xT ) = N (xT ; 0, I)

<latexit sha1_base64="hQMH2pSK9iBQMafEOklNbrexF5c=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwICWRoj0WvXisYD+gDWWz3bRLN5uwO1FD7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPz/FhwDY7zba2srq1vbBa2its7u3v7dumgpaNEUdakkYhUxyeaCS5ZEzgI1okVI6EvWNsfX0/99j1TmkfyDtKYeSEZSh5wSsBIfbvUA/YImmaNFEac1M4mfbvsVJwZ8DJxc1JGORp9+6s3iGgSMglUEK27rhODlxEFnAo2KfYSzWJCx2TIuoZKEjLtZbPTJ/jEKAMcRMqUBDxTf09kJNQ6DX3TGRIY6UVvKv7ndRMIal7GZZwAk3S+KEgEhghPc8ADrhgFkRpCqOLmVkxHRBEKJq2iCcFdfHmZtM4r7kWlelst16/yOAroCB2jU+SiS1RHN6iBmoiiB/SMXtGb9WS9WO/Wx7x1xcpnDtEfWJ8/ceOUIA==</latexit>

Pythia8,

Sohl-Dickstein et al.`15
Ho, Jain, Abbeel `20

Nichol, Dhariwal `21
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Diffusion models for the EIC
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Devlin, Qiu, FR, Sato `23

• Sparse collider data

•Empty pixels for the 
simulated EIC events

<latexit sha1_base64="yh7ZUxBqKqtwyae/5eKTuW3R4DY=">AAAB+HicbZDLSgMxFIYz9VbrpaMu3QRLwdUwU+qlu6IblxXsBTpDyaSZNjTJDElGqEOfxI0LRdz6KO58G9N2Ftr6Q+DjP+dwTv4wYVRp1/22ChubW9s7xd3S3v7BYdk+Ou6oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG05u5/XuI5GKxuJBTxMScDQSNKIYaWMN7HKj4TQu/IRD13FrfnVgVwwsBNfBy6ECcrUG9pc/jHHKidCYIaX6npvoIENSU8zIrOSniiQIT9CI9A0KxIkKssXhM1g1zhBGsTRPaLhwf09kiCs15aHp5EiP1Wptbv5X66c6ug4yKpJUE4GXi6KUQR3DeQpwSCXBmk0NICypuRXiMZIIa5NVyYTgrX55HTo1x7t06vf1SvMmj6MITsEZOAceuAJNcAdaoA0wSMEzeAVv1pP1Yr1bH8vWgpXPnIA/sj5/AFVhkPI=</latexit>

99.95± 0.02% for                pixels
<latexit sha1_base64="+QbIu+6SJCGNne+lgoQCT+yB/v8=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0kkVI9FLx4r2A9IQ9lsN+3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5USq4Adf9dkobm1vbO+Xdyt7+weFR9fikY1SmKWtTJZTuRcQwwSVrAwfBeqlmJIkE60aTu7nffWLacCUfYZqyMCEjyWNOCVgpaPh94AkzuOEPqjW37i6A14lXkBoq0BpUv/pDRbOESaCCGBN4bgphTjRwKtis0s8MSwmdkBELLJXE7gnzxckzfGGVIY6VtiUBL9TfEzlJjJkmke1MCIzNqjcX//OCDOKbMOcyzYBJulwUZwKDwvP/8ZBrRkFMLSFUc3srpmOiCQWbUsWG4K2+vE46V3WvUfcf/FrztoijjM7QObpEHrpGTXSPWqiNKFLoGb2iNwecF+fd+Vi2lpxi5hT9gfP5A++hkGM=</latexit>

64⇥ 64

<latexit sha1_base64="14KXdd/pIGYqEzJcuUBzzmh2Pb4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilB8/1e+WK53pzkFXi56QCOeq98le3n7As5gqZpMZ0fC/FYEI1Cib5tNTNDE8pG9EB71iqaMxNMJmfOiVnVumTKNG2FJK5+ntiQmNjxnFoO2OKQ7PszcT/vE6G0XUwESrNkCu2WBRlkmBCZn+TvtCcoRxbQpkW9lbChlRThjadkg3BX355lTQvXP/Srd5XK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBWao0w</latexit>

0.1

<latexit sha1_base64="14KXdd/pIGYqEzJcuUBzzmh2Pb4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilB8/1e+WK53pzkFXi56QCOeq98le3n7As5gqZpMZ0fC/FYEI1Cib5tNTNDE8pG9EB71iqaMxNMJmfOiVnVumTKNG2FJK5+ntiQmNjxnFoO2OKQ7PszcT/vE6G0XUwESrNkCu2WBRlkmBCZn+TvtCcoRxbQpkW9lbChlRThjadkg3BX355lTQvXP/Srd5XK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBWao0w</latexit>

0.1

<latexit sha1_base64="14KXdd/pIGYqEzJcuUBzzmh2Pb4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilB8/1e+WK53pzkFXi56QCOeq98le3n7As5gqZpMZ0fC/FYEI1Cib5tNTNDE8pG9EB71iqaMxNMJmfOiVnVumTKNG2FJK5+ntiQmNjxnFoO2OKQ7PszcT/vE6G0XUwESrNkCu2WBRlkmBCZn+TvtCcoRxbQpkW9lbChlRThjadkg3BX355lTQvXP/Srd5XK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBWao0w</latexit>

0.1

<latexit sha1_base64="T9QksgC+Aa43sj/TdAAcWUtAQ+8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0i0qMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvTKUw6HlfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wjm5nfeuTaiEQ94DjlQUwHSkSCUbTSveee98oVz/XmIH+Jn5MK5Kj3yp/dfsKymCtkkhrT8b0UgwnVKJjk01I3MzylbEQHvGOpojE3wWR+6pScWKVPokTbUkjm6s+JCY2NGceh7YwpDs2yNxP/8zoZRlfBRKg0Q67YYlGUSYIJmf1N+kJzhnJsCWVa2FsJG1JNGdp0SjYEf/nlv6R55voXbvWuWqld53EU4QiO4RR8uIQa3EIdGsBgAE/wAq+OdJ6dN+d90Vpw8plD+AXn4xtZco0y</latexit>

0.3

<latexit sha1_base64="K0TPlf9I6/VgGPtZbYSeCBCLT74=">AAAB63icbVDLSgMxFL2pr1pfVZdugkVwVWZE1GXRjcsK9gHtUDJppg1NMkOSEcrQX3DjQhG3/pA7/8ZMOwttPRByOOde7r0nTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptLXt3zB9Wa++bAq8QvSA0KNAfVr/4wpqlkylJBjOn5XmKDjGjLqWCzSj81LCF0Qkas56gikpkgm+86w2dOGeIo1u4pi+fq746MSGOmMnSVktixWfZy8T+vl9roJsi4SlLLFF0MilKBbYzzw/GQa0atmDpCqOZuV0zHRBNqXTwVF4K/fPIqaV/U/av65cNlrXFbxFGGEziFc/DhGhpwD01oAYUxPMMrvCGJXtA7+liUllDRcwx/gD5/AMSgjWo=</latexit>

0.01

<latexit sha1_base64="Ptgy9cTJHVHCUmG03YmmnOjUfxk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04LnVXrniud4cZJX4OalAjnqv/NXtJyyLURomqNYd30tNMKHKcCZwWupmGlPKRnSAHUsljVEHk/mpU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6DqYcJlmBiVbLIoyQUxCZn+TPlfIjBhbQpni9lbChlRRZmw6JRuCv/zyKmleuP6lW72vVmo3eRxFOIFTOAcfrqAGd1CHBjAYwDO8wpsjnBfn3flYtBacfOYY/sD5/AFa9o0z</latexit>

0.4

<latexit sha1_base64="mZZt6LVkjIwjS2SoraIHjJ10wbw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hKUY9FLx4r2lpoQ9lsJ+3SzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG8/7dgpr6xubW8Xt0s7u3v5B+fCopZNMMWyyRCSqHVKNgktsGm4EtlOFNA4FPoajm5n/+IRK80Q+mHGKQUwHkkecUWOle8+t9soVz/XmIKvEz0kFcjR65a9uP2FZjNIwQbXu+F5qgglVhjOB01I305hSNqID7FgqaYw6mMxPnZIzq/RJlChb0pC5+ntiQmOtx3FoO2NqhnrZm4n/eZ3MRFfBhMs0MyjZYlGUCWISMvub9LlCZsTYEsoUt7cSNqSKMmPTKdkQ/OWXV0mr6voXbu2uVqlf53EU4QRO4Rx8uIQ63EIDmsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wdX7o0x</latexit>

0.2

<latexit sha1_base64="Ptgy9cTJHVHCUmG03YmmnOjUfxk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04LnVXrniud4cZJX4OalAjnqv/NXtJyyLURomqNYd30tNMKHKcCZwWupmGlPKRnSAHUsljVEHk/mpU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6DqYcJlmBiVbLIoyQUxCZn+TPlfIjBhbQpni9lbChlRRZmw6JRuCv/zyKmleuP6lW72vVmo3eRxFOIFTOAcfrqAGd1CHBjAYwDO8wpsjnBfn3flYtBacfOYY/sD5/AFa9o0z</latexit>

0.4
<latexit sha1_base64="K0TPlf9I6/VgGPtZbYSeCBCLT74=">AAAB63icbVDLSgMxFL2pr1pfVZdugkVwVWZE1GXRjcsK9gHtUDJppg1NMkOSEcrQX3DjQhG3/pA7/8ZMOwttPRByOOde7r0nTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptLXt3zB9Wa++bAq8QvSA0KNAfVr/4wpqlkylJBjOn5XmKDjGjLqWCzSj81LCF0Qkas56gikpkgm+86w2dOGeIo1u4pi+fq746MSGOmMnSVktixWfZy8T+vl9roJsi4SlLLFF0MilKBbYzzw/GQa0atmDpCqOZuV0zHRBNqXTwVF4K/fPIqaV/U/av65cNlrXFbxFGGEziFc/DhGhpwD01oAYUxPMMrvCGJXtA7+liUllDRcwx/gD5/AMSgjWo=</latexit>

0.01

Need to generate empty 
& isolated colored pixels
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• Sparse collider data

•U-Net
Ronneberger et al. `15

•3 layers
•Circular/periodic 
convolutional network

(schematic)

<latexit sha1_base64="14KXdd/pIGYqEzJcuUBzzmh2Pb4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilB8/1e+WK53pzkFXi56QCOeq98le3n7As5gqZpMZ0fC/FYEI1Cib5tNTNDE8pG9EB71iqaMxNMJmfOiVnVumTKNG2FJK5+ntiQmNjxnFoO2OKQ7PszcT/vE6G0XUwESrNkCu2WBRlkmBCZn+TvtCcoRxbQpkW9lbChlRThjadkg3BX355lTQvXP/Srd5XK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBWao0w</latexit>

0.1

<latexit sha1_base64="14KXdd/pIGYqEzJcuUBzzmh2Pb4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilB8/1e+WK53pzkFXi56QCOeq98le3n7As5gqZpMZ0fC/FYEI1Cib5tNTNDE8pG9EB71iqaMxNMJmfOiVnVumTKNG2FJK5+ntiQmNjxnFoO2OKQ7PszcT/vE6G0XUwESrNkCu2WBRlkmBCZn+TvtCcoRxbQpkW9lbChlRThjadkg3BX355lTQvXP/Srd5XK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBWao0w</latexit>

0.1

<latexit sha1_base64="14KXdd/pIGYqEzJcuUBzzmh2Pb4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilB8/1e+WK53pzkFXi56QCOeq98le3n7As5gqZpMZ0fC/FYEI1Cib5tNTNDE8pG9EB71iqaMxNMJmfOiVnVumTKNG2FJK5+ntiQmNjxnFoO2OKQ7PszcT/vE6G0XUwESrNkCu2WBRlkmBCZn+TvtCcoRxbQpkW9lbChlRThjadkg3BX355lTQvXP/Srd5XK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBWao0w</latexit>

0.1

<latexit sha1_base64="T9QksgC+Aa43sj/TdAAcWUtAQ+8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0i0qMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvTKUw6HlfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4Wjm5nfeuTaiEQ94DjlQUwHSkSCUbTSveee98oVz/XmIH+Jn5MK5Kj3yp/dfsKymCtkkhrT8b0UgwnVKJjk01I3MzylbEQHvGOpojE3wWR+6pScWKVPokTbUkjm6s+JCY2NGceh7YwpDs2yNxP/8zoZRlfBRKg0Q67YYlGUSYIJmf1N+kJzhnJsCWVa2FsJG1JNGdp0SjYEf/nlv6R55voXbvWuWqld53EU4QiO4RR8uIQa3EIdGsBgAE/wAq+OdJ6dN+d90Vpw8plD+AXn4xtZco0y</latexit>

0.3

<latexit sha1_base64="K0TPlf9I6/VgGPtZbYSeCBCLT74=">AAAB63icbVDLSgMxFL2pr1pfVZdugkVwVWZE1GXRjcsK9gHtUDJppg1NMkOSEcrQX3DjQhG3/pA7/8ZMOwttPRByOOde7r0nTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptLXt3zB9Wa++bAq8QvSA0KNAfVr/4wpqlkylJBjOn5XmKDjGjLqWCzSj81LCF0Qkas56gikpkgm+86w2dOGeIo1u4pi+fq746MSGOmMnSVktixWfZy8T+vl9roJsi4SlLLFF0MilKBbYzzw/GQa0atmDpCqOZuV0zHRBNqXTwVF4K/fPIqaV/U/av65cNlrXFbxFGGEziFc/DhGhpwD01oAYUxPMMrvCGJXtA7+liUllDRcwx/gD5/AMSgjWo=</latexit>

0.01

<latexit sha1_base64="Ptgy9cTJHVHCUmG03YmmnOjUfxk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04LnVXrniud4cZJX4OalAjnqv/NXtJyyLURomqNYd30tNMKHKcCZwWupmGlPKRnSAHUsljVEHk/mpU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6DqYcJlmBiVbLIoyQUxCZn+TPlfIjBhbQpni9lbChlRRZmw6JRuCv/zyKmleuP6lW72vVmo3eRxFOIFTOAcfrqAGd1CHBjAYwDO8wpsjnBfn3flYtBacfOYY/sD5/AFa9o0z</latexit>

0.4

<latexit sha1_base64="mZZt6LVkjIwjS2SoraIHjJ10wbw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hKUY9FLx4r2lpoQ9lsJ+3SzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG8/7dgpr6xubW8Xt0s7u3v5B+fCopZNMMWyyRCSqHVKNgktsGm4EtlOFNA4FPoajm5n/+IRK80Q+mHGKQUwHkkecUWOle8+t9soVz/XmIKvEz0kFcjR65a9uP2FZjNIwQbXu+F5qgglVhjOB01I305hSNqID7FgqaYw6mMxPnZIzq/RJlChb0pC5+ntiQmOtx3FoO2NqhnrZm4n/eZ3MRFfBhMs0MyjZYlGUCWISMvub9LlCZsTYEsoUt7cSNqSKMmPTKdkQ/OWXV0mr6voXbu2uVqlf53EU4QRO4Rx8uIQ63EIDmsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wdX7o0x</latexit>

0.2

<latexit sha1_base64="Ptgy9cTJHVHCUmG03YmmnOjUfxk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04LnVXrniud4cZJX4OalAjnqv/NXtJyyLURomqNYd30tNMKHKcCZwWupmGlPKRnSAHUsljVEHk/mpU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6DqYcJlmBiVbLIoyQUxCZn+TPlfIjBhbQpni9lbChlRRZmw6JRuCv/zyKmleuP6lW72vVmo3eRxFOIFTOAcfrqAGd1CHBjAYwDO8wpsjnBfn3flYtBacfOYY/sD5/AFa9o0z</latexit>

0.4
<latexit sha1_base64="K0TPlf9I6/VgGPtZbYSeCBCLT74=">AAAB63icbVDLSgMxFL2pr1pfVZdugkVwVWZE1GXRjcsK9gHtUDJppg1NMkOSEcrQX3DjQhG3/pA7/8ZMOwttPRByOOde7r0nTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptLXt3zB9Wa++bAq8QvSA0KNAfVr/4wpqlkylJBjOn5XmKDjGjLqWCzSj81LCF0Qkas56gikpkgm+86w2dOGeIo1u4pi+fq746MSGOmMnSVktixWfZy8T+vl9roJsi4SlLLFF0MilKBbYzzw/GQa0atmDpCqOZuV0zHRBNqXTwVF4K/fPIqaV/U/av65cNlrXFbxFGGEziFc/DhGhpwD01oAYUxPMMrvCGJXtA7+liUllDRcwx/gD5/AMSgjWo=</latexit>

0.01

Need to generate empty 
& isolated colored pixels
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• Steeply falling distributions
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Massless limit
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Devlin, Qiu, FR, Sato `23

• Steeply falling distributions
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Use rescaled 
momentum variable
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M2
Ti = p2Ti +m2
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For example
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Devlin, Qiu, FR, Sato `23

• Steeply falling distributions

•Use suitable 1-to-1 
remapping
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E(z) = a1e
c1z + b1

L(z) = a2 ln (z + c2) + b2

S(z) =
1

1 + e�↵(z��)

For example

(same for all particles)
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<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z

<latexit sha1_base64="xhP0VBYtz/WzFcYAu3y6u0lyNdE=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpLCFBFSCxVLAwFok+pCaqHMdtrdpOZDtIJerIwq+wMIAQK5/Axt/gthmgcKQrHZ9zr3zvCRNGlXbdL6uwsLi0vFJcLa2tb2xu2ds7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTC4dXEb90RqWgsbvUoIQFHfUF7FCNtpK69n/mSw2jsK9rn6Dh/3fsXsIKc1Dnq2mXXcaeAf4mXkzLIUe/an34U45QToTFDSnU8N9FBhqSmmJFxyU8VSRAeoj7pGCoQJyrIpoeM4aFRItiLpSmh4VT9OZEhrtSIh6aTIz1Q895E/M/rpLp3HmRUJKkmAs8+6qUM6hhOUoERlQRrNjIEYUnNrhAPkERYm+xKJgRv/uS/pHnieKdO9aZarl3mcRTBHjgAFeCBM1AD16AOGgCDB/AEXsCr9Wg9W2/W+6y1YOUzu+AXrI9v+5mYqA==</latexit> d
�
/d

z
(a
.u
.)

<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z
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Diffusion models for the EIC

20

Devlin, Qiu, FR, Sato `23

• Steeply falling distributions

•Use suitable 1-to-1 
remapping
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<latexit sha1_base64="+zfpcEOyc5BXwkF1UxYjal1P/NM=">AAACDnicbVDLSgMxFM3UV62vUZdugqXQIpYZKeqyKIILFxXtA9qhZNJMG5qZDElGaYd+gRt/xY0LRdy6duffmGlnodUDuZyccy/JPW7IqFSW9WVkFhaXlleyq7m19Y3NLXN7pyF5JDCpY864aLlIEkYDUldUMdIKBUG+y0jTHZ4nfvOOCEl5cKtGIXF81A+oRzFSWuqahTHsCNofKCQEv4c3xXEJXuhyULQPk0sJXunaNfNW2ZoC/iV2SvIgRa1rfnZ6HEc+CRRmSMq2bYXKiZFQFDMyyXUiSUKEh6hP2poGyCfSiafrTGBBKz3ocaFPoOBU/TkRI1/Kke/qTh+pgZz3EvE/rx0p79SJaRBGigR49pAXMag4TLKBPSoIVmykCcKC6r9CPEACYaUTzOkQ7PmV/5LGUdk+LleuK/nqWRpHFuyBfVAENjgBVXAJaqAOMHgAT+AFvBqPxrPxZrzPWjNGOrMLfsH4+AY085kC</latexit>

z ! S(z)E(z) + (1� S(z))L(z)

with
<latexit sha1_base64="XjzabzqvzZljDx5k+ERc5ATt8Zo="></latexit>

E(z) = a1e
c1z + b1

L(z) = a2 ln (z + c2) + b2

S(z) =
1

1 + e�↵(z��)

For example
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<latexit sha1_base64="xhP0VBYtz/WzFcYAu3y6u0lyNdE=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpLCFBFSCxVLAwFok+pCaqHMdtrdpOZDtIJerIwq+wMIAQK5/Axt/gthmgcKQrHZ9zr3zvCRNGlXbdL6uwsLi0vFJcLa2tb2xu2ds7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTC4dXEb90RqWgsbvUoIQFHfUF7FCNtpK69n/mSw2jsK9rn6Dh/3fsXsIKc1Dnq2mXXcaeAf4mXkzLIUe/an34U45QToTFDSnU8N9FBhqSmmJFxyU8VSRAeoj7pGCoQJyrIpoeM4aFRItiLpSmh4VT9OZEhrtSIh6aTIz1Q895E/M/rpLp3HmRUJKkmAs8+6qUM6hhOUoERlQRrNjIEYUnNrhAPkERYm+xKJgRv/uS/pHnieKdO9aZarl3mcRTBHjgAFeCBM1AD16AOGgCDB/AEXsCr9Wg9W2/W+6y1YOUzu+AXrI9v+5mYqA==</latexit> d
�
/d

z
(a
.u
.)

<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z

<latexit sha1_base64="xhP0VBYtz/WzFcYAu3y6u0lyNdE=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpLCFBFSCxVLAwFok+pCaqHMdtrdpOZDtIJerIwq+wMIAQK5/Axt/gthmgcKQrHZ9zr3zvCRNGlXbdL6uwsLi0vFJcLa2tb2xu2ds7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTC4dXEb90RqWgsbvUoIQFHfUF7FCNtpK69n/mSw2jsK9rn6Dh/3fsXsIKc1Dnq2mXXcaeAf4mXkzLIUe/an34U45QToTFDSnU8N9FBhqSmmJFxyU8VSRAeoj7pGCoQJyrIpoeM4aFRItiLpSmh4VT9OZEhrtSIh6aTIz1Q895E/M/rpLp3HmRUJKkmAs8+6qUM6hhOUoERlQRrNjIEYUnNrhAPkERYm+xKJgRv/uS/pHnieKdO9aZarl3mcRTBHjgAFeCBM1AD16AOGgCDB/AEXsCr9Wg9W2/W+6y1YOUzu+AXrI9v+5mYqA==</latexit> d
�
/d

z
(a
.u
.)

<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z

linear map

<latexit sha1_base64="SvEw9j+G6/nNSZebhlvQwRvlSiI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfAeMvQ==</latexit>

0
<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1<latexit sha1_base64="s3yi5Ck0Lo9rK+wzkiml24C41z8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZD5rHMzApxyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntR6oNU/LBThIaCjyULGYEWyd1n/pZTwskmJz2yxW/6s+BVkmQkwrkaPTLX72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowm588RWdOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW18HWZMJqmlkiwWxSlHVqHZ/2jANCWWTxzBRDN3KyIjrDGxLqWSCyFYfnmVtC6qwWW1dl+r1G/yOIpwAqdwDgFcQR3uoAFNIKDgGV7hzbPei/fufSxaC14+cwx/4H3+AHUMkWE=</latexit>zmin
<latexit sha1_base64="J/dtMuE0YUffDy2vf++p2E4cOFE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzAM2S5idTJIh81hmesW45DO8eFDEq1/jzb9xkuxBEwsaiqpuurviRHALvv/tFVZW19Y3ipulre2d3b3y/kHT6tRQ1qBaaNOOiWWCK9YADoK1E8OIjAVrxaObqd96YMZyre5hnLBIkoHifU4JOCl86mYdI7Ekj5NuueJX/RnwMglyUkE56t3yV6enaSqZAiqItWHgJxBlxACngk1KndSyhNARGbDQUUUks1E2O3mCT5zSw31tXCnAM/X3REaktWMZu05JYGgXvan4nxem0L+KMq6SFJii80X9VGDQePo/7nHDKIixI4Qa7m7FdEgMoeBSKrkQgsWXl0nzrBpcVM/vziu16zyOIjpCx+gUBegS1dAtqqMGokijZ/SK3jzwXrx372PeWvDymUP0B97nD3gOkWM=</latexit>zmax

(same for all particles)
Empty pixels
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• Sampling             for 106 events

Diffusion models for the EIC

21

Devlin, Qiu, FR, Sato `23

•Training procedure
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Training loss
• 500 diffusion steps
• Cosine variance schedule
• Hybrid loss function
• Training data set of 106 events

<latexit sha1_base64="IddXKq38uC5O0ACDGiWt31NiHSo=">AAACFHicbVDLSsNAFJ34rPUVdelmsAhCsSRS1I1Q6sZFFxX6giaEyWTSDp08mJkIJeQj3Pgrblwo4taFO//GSZuFth4Y5nDOvdx7jxszKqRhfGsrq2vrG5ulrfL2zu7evn5w2BNRwjHp4ohFfOAiQRgNSVdSycgg5gQFLiN9d3Kb+/0HwgWNwo6cxsQO0CikPsVIKsnRqy0ntQIkxzxIe61mlt20HEOJZtViXiRF7nfOzUz9HUevGDVjBrhMzIJUQIG2o39ZXoSTgIQSMyTE0DRiaaeIS4oZycpWIkiM8ASNyFDREAVE2OnsqAyeKsWDfsTVCyWcqb87UhQIMQ1cVZnvLxa9XPzPGybSv7ZTGsaJJCGeD/ITBmUE84SgRznBkk0VQZhTtSvEY8QRlirHsgrBXDx5mfQuauZlrX5frzSaRRwlcAxOwBkwwRVogDvQBl2AwSN4Bq/gTXvSXrR37WNeuqIVPUfgD7TPH40wnTw=</latexit>

LVLB = L0 + L1 + . . .+ LT�1 + LT

<latexit sha1_base64="qRNHNgBOhWSewwmvWHcSSiqkkOw="></latexit>

Lt�1 = DKL (q (xt�1 | xt, x0) kp✓ (xt�1 | xt))

<latexit sha1_base64="B0Ol8m3pjPTmM5UwnNPxLwwgVnQ=">AAACKXicbVBNSwMxEM36WetX1aOXYBEEoexKUS9CqRcPHhRsK7SlZLNTG0x2l2RWLMv+HS/+FS8Kinr1j5htC34+CDzem5nMPD+WwqDrvjlT0zOzc/OFheLi0vLKamltvWmiRHNo8EhG+tJnBqQIoYECJVzGGpjyJbT86+Pcb92ANiIKL3AYQ1exq1D0BWdopV6pdtpLOwi3SNPB0NcioFl29KUZoWIJVtvtSDs0YDT3FMOBVmnztJ5lvVLZrbgj0L/Em5AymeCsV3rqBBFPFITIJTOm7bkxdlOmUXAJWbGTGIgZv2ZX0LY0ZApMNx1dmtFtqwS0H2n7QqQj9XtHypQxQ+XbynxJ89vLxf+8doL9w24qwjhBCPn4o34iKUY0j40GQgNHObSEcS3srpQPmGYcbbhFG4L3++S/pLlX8fYr1fNquVafxFEgm2SL7BCPHJAaOSFnpEE4uSMP5Jm8OPfOo/PqvI9Lp5xJzwb5AefjE0d6p+E=</latexit>

Lhybrid = Lsimple + �LVLB

with

<latexit sha1_base64="RImcsyczbcIKk/Zp7SwABKLbuwA=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR6qYkUtRl0Y07K9gHNKFMppN26OTBzI1YYhb+ihsXirj1N9z5N07bLLT1wIXDOffO3Hu8WHAFlvVtFJaWV1bXiuuljc2t7R1zd6+lokRS1qSRiGTHI4oJHrImcBCsE0tGAk+wtje6mvjteyYVj8I7GMfMDcgg5D6nBLTUMw9ShxKBb7KKA+wB0qF+WGUnPbNsVa0p8CKxc1JGORo988vpRzQJWAhUEKW6thWDmxIJnAqWlZxEsZjQERmwrqYhCZhy0+n+GT7WSh/7kdQVAp6qvydSEig1DjzdGRAYqnlvIv7ndRPwL9yUh3ECLKSzj/xEYIjwJAzc55JREGNNCJVc74rpkEhCQUdW0iHY8ycvktZp1T6r1m5r5fplHkcRHaIjVEE2Okd1dI0aqIkoekTP6BW9GU/Gi/FufMxaC0Y+s4/+wPj8AQQclh4=</latexit>

O(hours)
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Diffusion models for the EIC

22

Devlin, Qiu, FR, Sato `23

•Momentum distributions
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Devlin, Qiu, FR, Sato `23
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Momentum, rapidity,
azimuthal angle

Back-to-back with leading 
electron is
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Diffusion models for the EIC

24

Devlin, Qiu, FR, Sato `23

•Event-wide momentum conservation

Rescaled momentum 
variable
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Diffusion models for the EIC

25

Devlin, Qiu, FR, Sato `23

•Particle multiplicities
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Diffusion models for the EIC

26

Devlin, Qiu, FR, Sato `23

•Multi-particle 
correlations
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Diffusion models for the EIC

27

Devlin, Qiu, FR, Sato `23

•Correlation of Deep Inelastic 
Scattering (DIS) variables
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Diffusion models for the EIC

28

Devlin, Qiu, FR, Sato `23

•DIS reduced 
cross section
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MCMC sampling with diffusion models

29

• Assist Metropolis-Hastings algorithm

• Iteratively train diffusion model on obtained 
samples

Gaussian proposal 
function

Hunt-Smith, Melnitchouk, FR, Sato, Thomas, White `23
see also Vargas, Grathwohl, Doucet `23



F. Ringer QCD at the Femtoscale in the Era of Big Data June 24, 2024

• Interleave chain with global proposal function 
from the diffusion model

MCMC sampling with diffusion models

30

Hunt-Smith, Melnitchouk, FR, Sato, Thomas, White `23
see also Vargas, Grathwohl, Doucet `23

• Assist Metropolis-Hastings algorithm

• Example: 2d Himmelblau function

• Iteratively train diffusion model on obtained 
samples

Gaussian proposal 
function
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MCMC sampling with diffusion models

31

Hunt-Smith, Melnitchouk, FR, Sato, Thomas, White `23
Gabrie, Rotskoff, Vanden-Eijnden `21, `22

see also Yamauchi et al. `23

Acceptance rate

Diffusion model Normalizing flow

10d Gaussian mixture

Additionally, it 
requires probability 
for accept/reject step
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Bayesian posterior sampling

32

• Analysis of (toy) PDFs

• Likelikhood

Fast convergence of diffusion 
model-assisted MCMC Hunt-Smith, Melnitchouk, FR, Sato, Thomas, White `23
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Conclusions & outlook
•Generative models for collider physics

• Simulation of full EIC events with unique challenges

•Various possible future applications

•Point cloud-based diffusion model

See Vinicius, Fernando’s talk
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