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A NEW PRECISION ERA AT THE LHC

• Impressive range of precise cross 
section measurements and huge 
progress in theoretical calculations 

• Overall stunning agreement 
between data and  SM predictions 
although we know that SM is 
necessarily incomplete 

• Precision essential both for BSM 
characterisation (direct discovery) 
and for indirect discovery 

LHC paradigm: discovery → discovery through precision 
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OUTLINE
PROTON STRUCTURE PRECISION PHYSICS

ACCURACY VS PRECISION GLOBAL INTERPRETATION OF DATA
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Part II
Part III
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PROTON STRUCTURE AND PRECISION PHYSICS

PROTON STRUCTURE PRECISION PHYSICS

Part I



#1: Theory uncertainty of SM predictions #2: Determination of SM parameters

d�pp!ab =
X

i,j

fi ⌦ fj ⌦ d�̂ij!ab + ...
<latexit sha1_base64="oxyZj3/UrG0al+1Hz47FI59rqgU="></latexit>

C. Duhr et al, JHEP 11 (2020) 143 

Drell Yan @ N3LO

ATLAS MW

ATLAS-CONF-2023-004

PDFS ARE A CRUCIAL INPUT FOR PRECISION PHYSICS … 2/25



… AND FOR NEW PHYSICS SEARCHES

#3: Direct NP searches:  e. g. heavy Z’ search in DY Forward-Backward asymmetry

Ball et al arXiv: 2209.08115 
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x ⇡ Mp
S

<latexit sha1_base64="ErzkswFFP+FmFxEnMHjfWL6JoEY=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUpQEYwVLCxIRdCH1ESV4zqtVccOtoOooiws/AoLAwix8g9s/A1umwFajnR1j865V/Y9Qcyo0o7zbRUWFpeWV4qrpbX1jc0te3unqUQiMWlgwYRsB0gRRjlpaKoZaceSoChgpBUML8Z+655IRQW/1aOY+BHqcxpSjLSRuvb+A/RQHEtheigRTq+y1FN3Uqc3Wda1y07FmQDOEzcnZZCj3rW/vJ7ASUS4xgwp1XGdWPspkppiRrKSlygSIzxEfdIxlKOIKD+dXJHBQ6P0YCikKa7hRP29kaJIqVEUmMkI6YGa9cbif14n0eGZn1IeJ5pwPH0oTBjUAo4jgT0qCdZsZAjCkpq/QjxAJgxtgiuZENzZk+dJ87jiVisn19Vy7TyPowj2wAE4Ai44BTVwCeqgATB4BM/gFbxZT9aL9W59TEcLVr6zC/7A+vwBUYeZHw==</latexit>

High-mass final states  
⇔ 

Large-x PDFs



Beenakker et al.  
EPJC76 (2016)2, 53

Discrepancy between QCD calculation and CDF jets data (1995) 
At that time no information on PDF uncertainties and theory predictions strongly 
depended on gluon shape at x>0.1. Once data included in the CTEQ fit, discrepancy 
disappeared.  
Deviations from SM predictions in high energy tails (>2023) 
New physics or limited understanding of proton structure?

#4: Indirect NP searches

… AND FOR NEW PHYSICS SEARCHES 4/25

x ⇡ Mp
S

<latexit sha1_base64="ErzkswFFP+FmFxEnMHjfWL6JoEY=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUpQEYwVLCxIRdCH1ESV4zqtVccOtoOooiws/AoLAwix8g9s/A1umwFajnR1j865V/Y9Qcyo0o7zbRUWFpeWV4qrpbX1jc0te3unqUQiMWlgwYRsB0gRRjlpaKoZaceSoChgpBUML8Z+655IRQW/1aOY+BHqcxpSjLSRuvb+A/RQHEtheigRTq+y1FN3Uqc3Wda1y07FmQDOEzcnZZCj3rW/vJ7ASUS4xgwp1XGdWPspkppiRrKSlygSIzxEfdIxlKOIKD+dXJHBQ6P0YCikKa7hRP29kaJIqVEUmMkI6YGa9cbif14n0eGZn1IeJ5pwPH0oTBjUAo4jgT0qCdZsZAjCkpq/QjxAJgxtgiuZENzZk+dJ87jiVisn19Vy7TyPowj2wAE4Ai44BTVwCeqgATB4BM/gFbxZT9aL9W59TEcLVr6zC/7A+vwBUYeZHw==</latexit>

High-mass final states  
⇔ 

Large-x PDFs



PDG 2023

Hadronic scale: 
global fit of PDFs

High scale: 
input to the LHCDGLAP 
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Perturbative QCD

fi(x, µ)
<latexit sha1_base64="lU5j/KcQHF6dfAFFaeIfQpG1Nes=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahgpTdKuix6MVjBfuB7VKyabYNTbJLkhXL0n/hxYMiXv033vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Ubz1SpVkk7804pr7AA8lCRrCx0kPYY+Wns65ITnvFkltxZ0DLxMtICTLUe8Wvbj8iiaDSEI617nhubPwUK8MIp5NCN9E0xmSEB7RjqcSCaj+dXTxBJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+TmPDKT5mME0MlmS8KE45MhKbvoz5TlBg+tgQTxeytiAyxwsTYkAo2BG/x5WXSrFa884p7d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4ArHWQQQ==</latexit>

Splitting functions Pab known up to approximate 
N3LO [Blumlein, Moch, Gehrman, von Manteufel, Sotnikov, Yang, 
Davies, Vogt, Bonvini, Marzani,… ]



EXTRACTING FUNCTIONS FROM DATA fi(x, µ)
<latexit sha1_base64="UoTvaXV9sum6U3SvyTEWy5B3kQ8=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBAiSNgVQY9BLx4jmAcmS5id9CZDZmaXmVkxhPyFFw+KePVvvPk3Th4HFQULGoqqbrq7olRwY33/w1tYXFpeWc2t5dc3Nre2Czu7dZNkmmGNJSLRzYgaFFxhzXIrsJlqpDIS2IgGlxO/cYfa8ETd2GGKoaQ9xWPOqHXSbdzhpfvjtsyOOoViUPanIH+TIsxR7RTe292EZRKVZYIa0wr81IYjqi1nAsf5dmYwpWxAe9hyVFGJJhxNLx6TQ6d0SZxoV8qSqfp1YkSlMUMZuU5Jbd/89Cbib14rs/F5OOIqzSwqNlsUZ4LYhEzeJ12ukVkxdIQyzd2thPWppsy6kPL/C6F+Ug78cnB9WqxczOPIwT4cQAkCOIMKXEEVasBAwQM8wbNnvEfvxXudtS5485k9+Abv7ROwMJBC</latexit><latexit sha1_base64="UoTvaXV9sum6U3SvyTEWy5B3kQ8=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBAiSNgVQY9BLx4jmAcmS5id9CZDZmaXmVkxhPyFFw+KePVvvPk3Th4HFQULGoqqbrq7olRwY33/w1tYXFpeWc2t5dc3Nre2Czu7dZNkmmGNJSLRzYgaFFxhzXIrsJlqpDIS2IgGlxO/cYfa8ETd2GGKoaQ9xWPOqHXSbdzhpfvjtsyOOoViUPanIH+TIsxR7RTe292EZRKVZYIa0wr81IYjqi1nAsf5dmYwpWxAe9hyVFGJJhxNLx6TQ6d0SZxoV8qSqfp1YkSlMUMZuU5Jbd/89Cbib14rs/F5OOIqzSwqNlsUZ4LYhEzeJ12ukVkxdIQyzd2thPWppsy6kPL/C6F+Ug78cnB9WqxczOPIwT4cQAkCOIMKXEEVasBAwQM8wbNnvEfvxXudtS5485k9+Abv7ROwMJBC</latexit><latexit sha1_base64="UoTvaXV9sum6U3SvyTEWy5B3kQ8=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBAiSNgVQY9BLx4jmAcmS5id9CZDZmaXmVkxhPyFFw+KePVvvPk3Th4HFQULGoqqbrq7olRwY33/w1tYXFpeWc2t5dc3Nre2Czu7dZNkmmGNJSLRzYgaFFxhzXIrsJlqpDIS2IgGlxO/cYfa8ETd2GGKoaQ9xWPOqHXSbdzhpfvjtsyOOoViUPanIH+TIsxR7RTe292EZRKVZYIa0wr81IYjqi1nAsf5dmYwpWxAe9hyVFGJJhxNLx6TQ6d0SZxoV8qSqfp1YkSlMUMZuU5Jbd/89Cbib14rs/F5OOIqzSwqNlsUZ4LYhEzeJ12ukVkxdIQyzd2thPWppsy6kPL/C6F+Ug78cnB9WqxczOPIwT4cQAkCOIMKXEEVasBAwQM8wbNnvEfvxXudtS5485k9+Abv7ROwMJBC</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="ZNcyra/vK/tyIkadXggFeZrOmtI=">AAAB5nicbZBLSwMxFIXv1FetVatbN8EiVJAy40aXghuXFewD26Fk0kwbmmSG5I5Yhv4LNy4U8Se589+YPhbaeiDwcU5C7j1RKoVF3//2ChubW9s7xd3SXnn/4LByVG7ZJDOMN1kiE9OJqOVSaN5EgZJ3UsOpiiRvR+PbWd5+4saKRD/gJOWhokMtYsEoOusx7ova80VPZef9StWv+3ORdQiWUIWlGv3KV2+QsExxjUxSa7uBn2KYU4OCST4t9TLLU8rGdMi7DjVV3Ib5fOIpOXPOgMSJcUcjmbu/X+RUWTtRkbupKI7sajYz/8u6GcbXYS50miHXbPFRnEmCCZmtTwbCcIZy4oAyI9yshI2ooQxdSSVXQrC68jq0LuuBXw/ufSjCCZxCDQK4ghu4gwY0gYGGF3iDd896r97Hoq6Ct+ztGP7I+/wBdOKO4w==</latexit><latexit sha1_base64="nqL9neK5yGIh+Xi6xXBIud0eLXU=">AAAB5nicjVDLSgNBEOyNrxijRq9eBoMQQcKul3gUvHiMYB6YLGF20psMmZldZmbFsOQvvHhQxE/y5t84eRxUFCxoKKq66e6KUsGN9f0Pr7C2vrG5Vdwu7ZR39/YrB+W2STLNsMUSkehuRA0KrrBluRXYTTVSGQnsRJOrud+5R214om7tNMVQ0pHiMWfUOukuHvDaw1lfZqeDSjWo+wuQv0kVVmgOKu/9YcIyicoyQY3pBX5qw5xqy5nAWamfGUwpm9AR9hxVVKIJ88XFM3LilCGJE+1KWbJQv07kVBozlZHrlNSOzU9vLv7m9TIbX4Q5V2lmUbHlojgTxCZk/j4Zco3MiqkjlGnubiVsTDVl1oVU+l8I7fN64NeDGx+KcATHUIMAGnAJ19CEFjBQ8AjP8OIZ78l7XcZV8Fa5HcI3eG+feSaO5g==</latexit><latexit sha1_base64="pHfhUa5E/rmkAYBee/OPfxT6pq8=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoMQQcKuFz0GvXiMYB6YhDA7mU2GzMwuM71iWPIXXjwo4tW/8ebfOHkcVBQsaCiquunuChMpLPr+h5dbWl5ZXcuvFzY2t7Z3irt7DRunhvE6i2VsWiG1XArN6yhQ8lZiOFWh5M1wdDn1m3fcWBHrGxwnvKvoQItIMIpOuo16onx/0lHpca9YCir+DORvUoIFar3ie6cfs1RxjUxSa9uBn2A3owYFk3xS6KSWJ5SN6IC3HdVUcdvNZhdPyJFT+iSKjSuNZKZ+nciosnasQtepKA7tT28q/ua1U4zOu5nQSYpcs/miKJUEYzJ9n/SF4Qzl2BHKjHC3EjakhjJ0IRX+F0LjtBL4leDaL1UvFnHk4QAOoQwBnEEVrqAGdWCg4QGe4Nmz3qP34r3OW3PeYmYfvsF7+wSu8JA+</latexit><latexit sha1_base64="UoTvaXV9sum6U3SvyTEWy5B3kQ8=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBAiSNgVQY9BLx4jmAcmS5id9CZDZmaXmVkxhPyFFw+KePVvvPk3Th4HFQULGoqqbrq7olRwY33/w1tYXFpeWc2t5dc3Nre2Czu7dZNkmmGNJSLRzYgaFFxhzXIrsJlqpDIS2IgGlxO/cYfa8ETd2GGKoaQ9xWPOqHXSbdzhpfvjtsyOOoViUPanIH+TIsxR7RTe292EZRKVZYIa0wr81IYjqi1nAsf5dmYwpWxAe9hyVFGJJhxNLx6TQ6d0SZxoV8qSqfp1YkSlMUMZuU5Jbd/89Cbib14rs/F5OOIqzSwqNlsUZ4LYhEzeJ12ukVkxdIQyzd2thPWppsy6kPL/C6F+Ug78cnB9WqxczOPIwT4cQAkCOIMKXEEVasBAwQM8wbNnvEfvxXudtS5485k9+Abv7ROwMJBC</latexit><latexit sha1_base64="UoTvaXV9sum6U3SvyTEWy5B3kQ8=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBAiSNgVQY9BLx4jmAcmS5id9CZDZmaXmVkxhPyFFw+KePVvvPk3Th4HFQULGoqqbrq7olRwY33/w1tYXFpeWc2t5dc3Nre2Czu7dZNkmmGNJSLRzYgaFFxhzXIrsJlqpDIS2IgGlxO/cYfa8ETd2GGKoaQ9xWPOqHXSbdzhpfvjtsyOOoViUPanIH+TIsxR7RTe292EZRKVZYIa0wr81IYjqi1nAsf5dmYwpWxAe9hyVFGJJhxNLx6TQ6d0SZxoV8qSqfp1YkSlMUMZuU5Jbd/89Cbib14rs/F5OOIqzSwqNlsUZ4LYhEzeJ12ukVkxdIQyzd2thPWppsy6kPL/C6F+Ug78cnB9WqxczOPIwT4cQAkCOIMKXEEVasBAwQM8wbNnvEfvxXudtS5485k9+Abv7ROwMJBC</latexit><latexit sha1_base64="UoTvaXV9sum6U3SvyTEWy5B3kQ8=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBAiSNgVQY9BLx4jmAcmS5id9CZDZmaXmVkxhPyFFw+KePVvvPk3Th4HFQULGoqqbrq7olRwY33/w1tYXFpeWc2t5dc3Nre2Czu7dZNkmmGNJSLRzYgaFFxhzXIrsJlqpDIS2IgGlxO/cYfa8ETd2GGKoaQ9xWPOqHXSbdzhpfvjtsyOOoViUPanIH+TIsxR7RTe292EZRKVZYIa0wr81IYjqi1nAsf5dmYwpWxAe9hyVFGJJhxNLx6TQ6d0SZxoV8qSqfp1YkSlMUMZuU5Jbd/89Cbib14rs/F5OOIqzSwqNlsUZ4LYhEzeJ12ukVkxdIQyzd2thPWppsy6kPL/C6F+Ug78cnB9WqxczOPIwT4cQAkCOIMKXEEVasBAwQM8wbNnvEfvxXudtS5485k9+Abv7ROwMJBC</latexit><latexit sha1_base64="UoTvaXV9sum6U3SvyTEWy5B3kQ8=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBAiSNgVQY9BLx4jmAcmS5id9CZDZmaXmVkxhPyFFw+KePVvvPk3Th4HFQULGoqqbrq7olRwY33/w1tYXFpeWc2t5dc3Nre2Czu7dZNkmmGNJSLRzYgaFFxhzXIrsJlqpDIS2IgGlxO/cYfa8ETd2GGKoaQ9xWPOqHXSbdzhpfvjtsyOOoViUPanIH+TIsxR7RTe292EZRKVZYIa0wr81IYjqi1nAsf5dmYwpWxAe9hyVFGJJhxNLx6TQ6d0SZxoV8qSqfp1YkSlMUMZuU5Jbd/89Cbib14rs/F5OOIqzSwqNlsUZ4LYhEzeJ12ukVkxdIQyzd2thPWppsy6kPL/C6F+Ug78cnB9WqxczOPIwT4cQAkCOIMKXEEVasBAwQM8wbNnvEfvxXudtS5485k9+Abv7ROwMJBC</latexit><latexit sha1_base64="UoTvaXV9sum6U3SvyTEWy5B3kQ8=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBAiSNgVQY9BLx4jmAcmS5id9CZDZmaXmVkxhPyFFw+KePVvvPk3Th4HFQULGoqqbrq7olRwY33/w1tYXFpeWc2t5dc3Nre2Czu7dZNkmmGNJSLRzYgaFFxhzXIrsJlqpDIS2IgGlxO/cYfa8ETd2GGKoaQ9xWPOqHXSbdzhpfvjtsyOOoViUPanIH+TIsxR7RTe292EZRKVZYIa0wr81IYjqi1nAsf5dmYwpWxAe9hyVFGJJhxNLx6TQ6d0SZxoV8qSqfp1YkSlMUMZuU5Jbd/89Cbib14rs/F5OOIqzSwqNlsUZ4LYhEzeJ12ukVkxdIQyzd2thPWppsy6kPL/C6F+Ug78cnB9WqxczOPIwT4cQAkCOIMKXEEVasBAwQM8wbNnvEfvxXudtS5485k9+Abv7ROwMJBC</latexit><latexit sha1_base64="UoTvaXV9sum6U3SvyTEWy5B3kQ8=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBAiSNgVQY9BLx4jmAcmS5id9CZDZmaXmVkxhPyFFw+KePVvvPk3Th4HFQULGoqqbrq7olRwY33/w1tYXFpeWc2t5dc3Nre2Czu7dZNkmmGNJSLRzYgaFFxhzXIrsJlqpDIS2IgGlxO/cYfa8ETd2GGKoaQ9xWPOqHXSbdzhpfvjtsyOOoViUPanIH+TIsxR7RTe292EZRKVZYIa0wr81IYjqi1nAsf5dmYwpWxAe9hyVFGJJhxNLx6TQ6d0SZxoV8qSqfp1YkSlMUMZuU5Jbd/89Cbib14rs/F5OOIqzSwqNlsUZ4LYhEzeJ12ukVkxdIQyzd2thPWppsy6kPL/C6F+Ug78cnB9WqxczOPIwT4cQAkCOIMKXEEVasBAwQM8wbNnvEfvxXudtS5485k9+Abv7ROwMJBC</latexit>

fi(x, µ)
<latexit sha1_base64="lU5j/KcQHF6dfAFFaeIfQpG1Nes=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahgpTdKuix6MVjBfuB7VKyabYNTbJLkhXL0n/hxYMiXv033vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Ubz1SpVkk7804pr7AA8lCRrCx0kPYY+Wns65ITnvFkltxZ0DLxMtICTLUe8Wvbj8iiaDSEI617nhubPwUK8MIp5NCN9E0xmSEB7RjqcSCaj+dXTxBJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+TmPDKT5mME0MlmS8KE45MhKbvoz5TlBg+tgQTxeytiAyxwsTYkAo2BG/x5WXSrFa884p7d1GqXWdx5OEIjqEMHlxCDW6hDg0gIOEZXuHN0c6L8+58zFtzTjZzCH/gfP4ArHWQQQ==</latexit>

Data• Given a finite number of experimental data points D want a set of functions f with errors 
• Mapping D into f is mathematically ill defined, nobody knows the true f (  )  
• Best we can do it to find best f given the data D.  
• In Bayesian terms 

P (f |D) / P (D|f)P (f)

<latexit sha1_base64="UxVW/gSWIUM6veH84+uK2OOj7To=">AAACB3icbZDNSsNAFIUn9a/Wv6hLQQaL0EIpiVR0WbQLlxFsKzSlTKaTdugkE2YmQkm7c+OruHGhiFtfwZ1v46TNQlsPDHycey937vEiRqWyrG8jt7K6tr6R3yxsbe/s7pn7By3JY4FJE3PGxb2HJGE0JE1FFSP3kSAo8Bhpe6PrtN5+IEJSHt6pcUS6ARqE1KcYKW31zGOn5E8aZbfiRoJHirsVp9SY+GWYgl/umUWras0El8HOoAgyOT3zy+1zHAckVJghKTu2FalugoSimJFpwY0liRAeoQHpaAxRQGQ3md0xhafa6UOfC/1CBWfu74kEBVKOA093BkgN5WItNf+rdWLlX3YTGkaxIiGeL/JjBhWHaSiwTwXBio01ICyo/ivEQyQQVjq6gg7BXjx5GVpnVbtWPb+tFetXWRx5cAROQAnY4ALUwQ1wQBNg8AiewSt4M56MF+Pd+Ji35oxs5hD8kfH5A4VMlyw=</latexit>

✓ Likelihood ? Prior

Two ways of finding the prior: 
• Explicit parametrization: parametrical modelling. Possible issue: often precision << accuracy then either data 

inconsistent or parametrization over-restrictive and tolerance needed so that precision ~ accuracy 
• Non-parametrical inference: NNs or functional space sampling, use data to also infer probable ‘smoothness’ of f(x) 

and thus infer P(f) throughout the space of functions. Possible issue: numerically intensive, must have robust 
optimisation and stopping procedures

P (D|f) ⇠ exp(��2[f ]/2)

�2[f ] = (D � T [f ]) (cov)�1 (D � T [f ])

<latexit sha1_base64="JEKvLiZ7i7k4qOskNkNhDwzYOYg="></latexit>

Covariance matrix: experimental  
errors and correlations, cov ~ precision

f̄

<latexit sha1_base64="ZERqdrwOC2kjTfVQtG8d4tU/cws=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip0w+oysLZoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHujFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jsZcoXMiKkllClubyVsTBVlxiZUsiF4qy+vk/ZV1atV6w+1SuM2j6MIZ3AOl+DBNTTgHprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCLNo+3</latexit>

(D-T) ~ accuracy

6/25

Likelihood



A WEALTH OF DATA FROM THE LHC
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NNPDF4.0: 
About 30% of 
input data are 

LHC data!

Ball et al, 2109.02653



IMPACT OF LHC DATA
8/25

• HERA data crucial to constrain quark valence (up and to less extent 
down valence) across intermediate to small x and gluon at small x 

• LHC high energy data crucial to provide additional constraints to PDFs, 
in particular in medium- to large-x gluon and quarks. 

• Mild tension with older fixed-target Drell-Yan and DIS data visible in the 
large-x region (especially gluon and anti-quarks)

Ball et al, 2109.02653



CONSTRAINTS FROM THE HL-LHC
9/25

• Thanks to luminosity upgrade, HL-LHC will go nearly two orders of magnitude higher in Q2, populating the high-
energy region, and this will allow to further constrain gluon and (anti)-quarks at large x [Khalek et al, 1810.03639]  

• FCC-hh will go further up by two orders of magnitude in Q2 [Mangano et al 1607.01831] 

M. Mangano et al 1607.01831
Khalek et al, 1810.03639

Large x  ⟷ Large E and/or Large Y • FCC-eh and LHeC cover different kinematics [Mandy’s talk] 



THE CORE OF THE INTERPRETATION CHALLENGE

PROTON STRUCTURE

ACCURACY VS PRECISION

Part II



THE PRECISION VERSUS ACCURACY CHALLENGE

Challenges 
‣ Inconsistency or tension in data of experimental origin (underestimate of systematics…) 
‣ Deficiencies in fitting methodology (data-driven parametrisation change, optimisation issues, overfitting…) 
‣ Inaccuracy in theoretical framework 
➡ Missing higher order uncertainties (QCD, EW) 
➡ Other corrections (nuclear, higher-twist, non-perturbative effects…) 

‣ Fitting away possible BSM signals

10/25

PDF4LHC21, 2203.05506
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THE PRECISION VERSUS ACCURACY CHALLENGE: THE THEORY SIDE
� = ↵p

s�0 + ↵p+1
s �1 + ↵p+2

s �2 +O(↵p+3
s )

<latexit sha1_base64="gEdbQwtb/LAeOyzlIzAqchPX2Rc="></latexit>

‣ Standard global PDF fits based on fixed-order NNLO QCD calculations. PDF uncertainty reflects experimental uncertainty. 
‣ N3LO is now the precision frontier for partonic cross sections (N3LO splitting functions partially known) 
‣ Mismatch between perturbative order of partonic cross section and PDFs becoming significant source of uncertainty 
‣ First aN3LO PDFs available: MSHT20aN3LO [arXiv:2207.04739] and NNPDF40aN3LO [on the arXiv tomorrow] 

Courtesy of A. Huss and G, Magni 
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<latexit sha1_base64="g1j1PbEca1+wTxDNA2EgLkhkVH0="></latexit>

With aN3LO availability can see that 
this is  over-conservative measure of 
mismatch between NNLO PDFs and 
N3LO partonic cross sections 

Gluon-gluon fusion into Higgs



• Different ways of including Incomplete Higher Order Uncertainties (for N3LO PDFs) and Missing 
Higher Order Uncertainties (at all orders) [Ball et al 2401.10319, McGowan wt al 2207.04739, Kassabov et al 2207.07616] 

• Benchmark of approximate aN3LO splitting functions in progress [Moch et al] 
• aN3LO PDF sets and MHOU in NNLO PDF sets help with accuracy of theoretical prediction 

12/25

THE PRECISION VERSUS ACCURACY CHALLENGE: THE THEORY SIDE

Ball et al 2403.xxxxx



THE PRECISION VERSUS ACCURACY CHALLENGE: THE METHODOLOGY SIDE

Methodology 
robustness

• Closure tests for data region: imagine we knew the 
law of Nature: is our fitting methodology able to 
reproduce it? Is the uncertainty faithful? Statistical  
validation of PDF uncertainties can be performed 
via closure tests  [Del Debbio et al, arXiv2111.05787]

13/25

Test fitting methodology 
with consistent data (by 

construction)

✓ Closure tests assess methodology 
robustness and efficiency & faithfulness of 
uncertainty estimate. 
✓ Input the “true” PDFs, generate MC data 
according to the “truth” with exp. 
uncertainty and check if what you get out 
of the fit corresponds to the truth



THE PRECISION VERSUS ACCURACY CHALLENGE: THE METHODOLOGY SIDE
• Closure tests for data region: imagine we knew the 

law of Nature: is our fitting methodology able to 
reproduce it? Is the uncertainty faithful? Statistical  
validation of PDF uncertainties can be performed via 
closure tests  [Del Debbio et al, arXiv2111.05787] 

• What is experimentalists underestimated some 
systematics? [Barontini, Costantini et al - work in progress]

14/25

Methodology 
robustness

Test fitting methodology 
with inconsistent data

Consistent  
input 

Inconsistent input: 
Some systematic 
uncertainties  
underestimated  
by 50%

Statistical indicators of under (>1) or over (<1) estimated uncertainties 
allows to check effect of possible experimental inconsistencies on PDFs 



THE PRECISION VERSUS ACCURACY CHALLENGE: THE METHODOLOGY SIDE
• Closure tests for data region: imagine we knew the 

law of Nature: is our fitting methodology able to 
reproduce it? Is the uncertainty faithful? Statistical  
validation of PDF uncertainties can be performed via 
closure tests  [Del Debbio et al, arXiv2111.05787] 

• What is experimentalists underestimated some 
systematics? [Barontini, Costantini et al - work in progress]

15/25

Methodology 
robustness

S. Amoroso’s talk 



THE PRECISION VERSUS ACCURACY CHALLENGE: THE METHODOLOGY SIDE

Generalisation/
extrapolation

• Future tests: how well do PDF describe data that are not included in the fit (either in data 
or extrapolation region)? Help to discriminate among PDF sets 

16/25

Agostini et al, 2007.14491

J. Cruz-Martinez’s talk -  PDF4LHC 23 - CERN
Even more powerful test 
from LHeC and FCC-he

CMS inclusive jet data for R=0.4 and R=0.7, 13 TeV - 36.6fb-1 (not included in PDF fits)
LHeC, FCC-he, EIC test on new settings!

Ideally in collaboration 
with experimentalists



• Imagine that on top of the “true” PDFs one 
inject the “true” UV model in the MC data  

• Generate artificial MC data assuming “true” 
law of nature =  
“true” PDFs + “true” UV model  

• Fit PDFs assuming SM 
• Can PDFs absorb signs of new physics?

E. Hammou, Z. Kassabov, M. Madigan,  
M. Mangano, L. Mantani, J. Moore, M. Morales, MU 

2307.10370
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HL-LHC scenario

THE PRECISION VERSUS ACCURACY CHALLENGE: BSM “CONTAMINATION”



•The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV injected in all data 
(mostly visible in HL-LHC NC and CC Drell-Yan data) 

•Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral current and 
charged current Drell-Yan MC data. 

•Already for Mw’ = 13.8 TeV the qq~ luminosity shifts far beyond the PDF uncertainties because anti-
quark PDFs at large-x compensate or “fit away” the effect of New Physics and we would not know in a 
real fit. 

CAN PDFS ABSORB NEW PHYSICS? THE W’ CASE AT HL-LHC

E. Hammou, et al 2307.10370

18/25

SM 
Mw’ = 22.5 TeV 
Mw’ = 13.8 TeV 
Mw’ = 10.0 TeV

Max contamination 
allowed by global fit 
Without spoiling chi2



Consequence #1:  
Would not see indirect effect of new 

physics as we would find SMEFT 
bounds compatible with the SM!

95% C. L.

E. Hammou, et al 2307.10370

19/25CAN PDFS ABSORB NEW PHYSICS? THE W’ CASE AT HL-LHC
•The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV injected in all data 

(mostly visible in HL-LHC NC and CC Drell-Yan data) 
•Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral current and 

charged current Drell-Yan MC data. 
•Already for Mw’ = 13.8 TeV the qq~ luminosity shifts far beyond the PDF uncertainties because anti-

quark PDFs at large-x compensate or “fit away” the effect of New Physics and we would not know in a 
real fit. 



Consequence #2:  
Would see New Physics effects where 

there are none (for example in WW)

E. Hammou, et al 2307.10370

CAN PDFS ABSORB NEW PHYSICS? THE W’ CASE AT HL-LHC
•The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV injected in all data 

(mostly visible in HL-LHC NC and CC Drell-Yan data) 
•Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral current and 

charged current Drell-Yan MC data. 
•Already for Mw’ = 13.8 TeV the qq~ luminosity shifts far beyond the PDF uncertainties because anti-

quark PDFs at large-x compensate or “fit away” the effect of New Physics and we would not know in a 
real fit. 

19/25



•  LHCb on-shell and high rapidity data do not help as quark probed at large x, antiquark at small x  
• Need more accurate low-energy/large-x constraining measurements to really disentangle such effects 
•  Strong motivation for synergy with ep experiments (FCC-eh, EIC and Forward Physics Facility) probing lower 

energies (hence no “contamination” from heavy new physics) and large-x

HOW TO AVOID NEW PHYSICS CONTAMINATION?

Hammou, Madigan, MU, 
in preparation

Low energy fixed target Drell-Yan data  
constrain antiquarks at large x, if they were 

more precise, tension with new-physics 
contaminated HL-LHC data would be evident!

Inclusion of FPF 
pseudo-data 

(FASERv, FASERv2, 
advSNDv) along with 
HL-LHC (DY NC and 
DY CC) pseudo-data 
would prevent new 

physics 
contaminations!

Mw’ = 14 TeV
SM

20/25



A GLOBAL INTERPRETATION OF THE LHC DATA

PRECISION PHYSICS

NEW PHYSICS SIGNATURES GLOBAL INTERPRETATION OF DATA

Part III

Part III



GLOBAL INTERPRETATION OF LHC DATA
Extremely precise LHC data & advances in 
theoretical predictions and statistical 
techniques allow to extract SM (and BSM) 
parameters to a great level of precision 

• ⍺s(Mz)  
• Mw 
• Parton Distribution Functions 
• SMEFT Wilson coefficients 
• …

While huge progress made in determining each of these key ingredients of theoretical 
predictions from the data, not yet evident how to combine all these partial fits into a 
global interpretation of the LHC data. Simultaneous fits are pivotal step in this direction.

ATLAS-CONF-2023-004

21/25



EXTRACTING PARAMETERS FROM DATA

Ti({✓}, {c}) = PDFs({✓}, {c})⌦ �̂i({c})

<latexit sha1_base64="qSf+fY/Q+Br50rlOKRP20M54NRQ="></latexit>

Parameters determining PDFs at initial scale

⍺s, EW parameters, SMEFT WCs…

�2 =
1

Ndat

NdatX

i=1

(Ti({✓}, {c})�Di) cov
�1
ij (Tj({✓}, {c})�Dj)

<latexit sha1_base64="rijAlY7OULXi8vocI/NgB2RU81s="></latexit>
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EXTRACTING PARAMETERS FROM DATA

Ti({✓}, {c}) = PDFs({✓}, {c})⌦ �̂i({c})

<latexit sha1_base64="qSf+fY/Q+Br50rlOKRP20M54NRQ="></latexit>

Parameters determining PDFs at initial scale

⍺s, EW parameters, SMEFT WCs…

�2 =
1

Ndat

NdatX

i=1

(Ti({✓}, {c})�Di) cov
�1
ij (Tj({✓}, {c})�Dj)

<latexit sha1_base64="rijAlY7OULXi8vocI/NgB2RU81s="></latexit>

✓ In a PDF fit typically 

Ti({✓}) = PDFs({✓}, {c = c̄}) ⌦ �̂i({c = c̄})

<latexit sha1_base64="d+4eUZHn7DucBLoHG9aGXYwkwzQ="></latexit>

✓ In a fit of SM/BSM parameters

Ti({c}) = PDFs({✓ = ✓̄}, {c = c̄}) ⌦ �̂i({c})

<latexit sha1_base64="PlEpgqkgGhfjmheYL1EgYWlkWBM="></latexit>

Ti({✓}, {c}) = PDFs({✓}, {c}) ⌦ �̂i({c})

<latexit sha1_base64="UpeB5enTfEIAXv2WxV98SXRPn7k="></latexit>

Only simultaneous fits keep 
correlations into account

22/25



Ball, Carrazza, Del Debbio, Forte, Kassabov, Rojo, Slade, MU 1802.03398

➡ Early determinations involve a scan over 𝛼s and ignored PDF 
and 𝛼s correlation in the fit 
➡ Recent simultaneous determination of PDF and 𝛼s using 
correlated replica method [NNPDF] or add parameter [MSHT] 
➡ Many determination of 𝛼s from analyses of specific LHC 
processes have been published recently ( from tt~, Z and W 
production, jets) ATLAS collaboration, arXiv:2309.09318  
➡ How reliable are such partial determination of 𝛼s ? [Forte, 

Kassabov 2001.04986]

Ball et al, 1110.2483

➡ PDFs and 𝛼s strongly correlated (PDF evolution with the 
scale and hard cross sections) 
➡ Cleanest determinations of 𝛼s from processes that do not 
require knowledge of the PDFs  
➡ A determination of 𝛼s jointly with the PDFs has advantage 
that it is driven by the combination of many experimental 
measurements from several different processes.

PDFS AND 𝛂S 23/25



TOWARDS SIMULTANEOUS FITS OF PDF AND SM/BSM PARAMETERS
‣ Correlation of PDFs and the EW parameters 

or mt weaker than in the case of 𝛂s, but the 
very high accuracy which is sought suggests 
that the effect of simultaneous 
determination is not negligible [Alekhin et al 
1608.05212] [H1 collab 1806.01176] 

‣ Similar considerations for fits of polarised/
unpolarised PDFs, proton/nuclear PDFs or 
PDFs and FFs (universal fits) 

‣ Lots of activity in simultaneous fits/ profiling 
of PDFs and SMEFT coefficients [Carrazza et al, 

1905.05215][Greljo et al, 2104.02723] [Liu, Sun, Gao, 2201.06586] 
[CMS collaboration 2111.10431] [S. Iranipour,  MU - arXiv: 
2201.07240] [Z. Kassabov, M. Madigan, L. Mantani, J. Moore, M. 
Morales, J. Rojo, MU  - arXiv: 2303.06159] [M. Costantini, E. 
Hammou, Z. Kassabov, M. Madigan, L. Mantani, J. Moore, M. Morales, 
MU  - arXiv: 2303.06159] 

‣ Scan-based methodologies inefficients 
when large number of SMEFT operators 
involved

Alekhin, Moch, Their 1608.05212 H1 collaboration 1806.01176

CMS collaboration, 2111.10431 Liu, Sun, Gao, 2201.06586
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• SimuNET recently release public tool can yield simultaneous fit of PDFs and SMEFT coefficients, it does not have 
limit in number of parameters that can be fitted alongside PDFs at the initial scale. Can include also PDF 
independent observables and is extendable to SM parameters! 

• Can also be used to inject NP in the data and test for BSM contamination 

SIMUNET: A PUBLIC TOOL FOR SIMULTANEOUS SMEFT/PDF FITS 25/25

M. Costantini et al, arXiv: 2402.03308   

https://hep-pbsp.github.io/SIMUnet

Applied to top sector: Kassabov et al., arXiv: 2303.06159   

 
Applied to DY sector: Iranipour, MU., arXiv: 2201.07240   

 

https://arxiv.org/abs/2303.06159


• In an era of precision, need precise and accurate determination of proton subnuclear structure 
• Lots of progress in theoretical framework: aN3LO PDFs, inclusion of MHOUs in PDF error bands  
• New exciting avenues being explored, such as interplay between new Physics and PDFs, simultaneous fits 
• Synergy between eP/eA experiments and PP/PA,AA experiments not only in kinematics complementarity that 

allows  testing parametrisation of proton structure, but also pushing the boundaries of collinear factorisation 
and breaking this PDF/BSM degeneracy! This synergy is crucial to realise the full BSM search potential of the 
HL-LHC. 

CONCLUSIONS AND OUTLOOK

PDG 2023



EXTRA MATERIAL



PDF AND SMEFT INTERPLAY
•  PDFs are low-scale quantities extracted from experimental data at all scales, without 

considering any potential high-scale contamination due to new physics.  

•  (SM)EFT fits are performed by assuming a priori that PDFs are SM-like.  

•  In principle low-scale physics is separable from high-scale physics, BUT the complexity of LHC 
environment might well intertwine them. Data overlap.

Ball et al, arXiv:2109.02653 Ethier et al, arXiv: 2105.00006 

MU, M. Madigan, L. Mantani,  J. 
Moore, M. Morales Alvarado, E. 

Hammou, M. Costantini
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OPEN QUESTIONS

• From the point of view of PDF fits: 

•   How to make sure that new physics effects are not inadvertently fitted away in a PDF fit?  
  Can PDFs absorb new physics? 

• From the point of view of SMEFT fits: 

•   Should I make sure I am using a clean set of PDFs in a SMEFT analysis? How to define it? Is it 
enough?  

•   How would the bounds change if I was consistently using PDFs that include in the fit the same 
operators that I am fitting? 



S. Iranipour,  MU - arXiv: 2201.07240

✓ Simultaneous analysis of PDFs and Drell-Yan sector Wilson coefficient of DIS + DY (including HL-LHC projections) 
using simuNET method shows that at HL-LHC the effect of interplay becomes important as WCs bounds broaden and 
PDF uncertainties change significantly once SMEFT effects allowed in theory predictions entering PDF fit

Each point 
represents the 
best fit for one of 
the MC replicas

SIMUNET: A TOOL FOR SIMULTANEOUS FITS



THE TOP SECTOR

Z. Kassabov, M. Madigan, L. Mantani, J. Moore, M. Morales, J. Rojo, MU  - arXiv: 2303.06159

• After testing methodology on small number of WC, stress-test on large SMEFT parameters space. 
• Huge amount of Run II top quark data from ATLAS and CMS  
• Four basic processes: inclusive tt~ and asymmetry (inclusive and differential), single top (inclusive and 
differential), associated ttV production, associated single top production 

25 (21) dim-6 
operators at the 
quadratic (linear) 

SMEFT



THE TOP SECTOR
25 (21) dim-6 operators at the 

quadratic (linear) SMEFT



PDF-ONLY FIT
78 new datapoints 
in the top sector as 

compared to 
NNPDF4.0

Z. Kassabov, M. Madigan, L. Mantani, J. Moore, M. Morales, J. Rojo, MU  - arXiv: 2303.06159



SMEFT-ONLY FIT
Linear SMEFT

Z. Kassabov, M. Madigan, L. Mantani, J. Moore, M. Morales, J. Rojo, MU  - arXiv: 2303.06159



Quadratic SMEFT

SMEFT-ONLY FIT



SMEFT AND PDF CORRELATIONS



SIMULTANEOUS PDF-SMEFT FIT 
Linear SMEFT

Simultaneous PDF fit nicely 
sits between PDF only fit  

w/out top and with top data 
with larger uncertainty



RESULTS: DRELL-YAN DATA @HL-LHC

✓ Simultaneous analysis of PDFs and W&Y SMEFT coefficient of DIS + DY (including HL-LHC projections) using 
simuNET method shows that at HL-LHC the effect of interplay becomes important as WCs bounds broaden and PDFs 
change significantly once SMEFT effects allowed in theory predictions entering PDF fit 
✓ Stress-tested and shown robustness with closure tests 

S. Iranipour,  MU - arXiv: 2201.07240

True value of (W,Y) . 105 = (-10,10)

True PDFs = MMHT2020



SimuNET will be released open-source with detailed documentation & will allow users  

✓ PDF only fits (NNPDF4.0 with more data) 
✓ SMEFT only fits - linear SMEFT  
✓ Simultaneous SMEFT & PDFs - linear SMEFT 

M. Costantini, E Hammou, M. Madigan, L. Mantani, J. Moore, M. Morales, MU   
arXiv: 2401.xxxx

SIMUNET: A TOOL FOR SIMULTANEOUS FITS



SimuNET will be released open-source with detailed documentation & will allow users  

✓ PDF only fits (NNPDF4.0 with more data) 
✓ SMEFT only fits - linear SMEFT  
✓ Simultaneous SMEFT & PDFs - linear SMEFT 

✓ Inject any new physics model in the data and check robustness against PDF absorbing it 
 

SIMUNET: A TOOL FOR SIMULTANEOUS FITS

M. Costantini, E Hammou, M. Madigan, L. Mantani, J. Moore, M. Morales, MU   
arXiv: 2402.03308


