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#1: Theory uncertainty of SM predictions #2: Determination of SM parameters
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C. Duhr et al, JHEP 11 (2020) 143 

Drell Yan @ N3LO

ATLAS MW

ATLAS-CONF-2023-004

PDFS ARE CRUCIAL FOR PRECISION PHYSICS …



… AND FOR NEW PHYSICS SEARCHES

#1: Direct searches:  heavy Z’ search in DY Forward-Backward asymmetry
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Direct searches: 
precision not needed for 
discovery but required 
to characterise NP
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Ball et al arXiv: 2209.08115 



2/25

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?

𝜦

#2: Indirect searches

… AND FOR NEW PHYSICS SEARCHES

Indirect searches:  
precision essential to spot 
subtle deviations from SM

102 : EW SCALE

1019 : PLANK SCALE

GeV

LHC



• Where we stand


➡ Updates on PDF determination


➡ The precision vs accuracy challenge


• New frontiers and challenges


➡ Approximate N3LO PDFs


➡ Missing Higher Order Uncertainties 


➡ PDF and new physics interplay


• Conclusions and outlook
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PART I: WHERE WE STAND



3/25DETERMINATION OF PDFS 

Perturbative QCD

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)
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Data

• DGLAP evolution 
equations fully known 
up to NNLO and 
partially at N3LO


• Most theory 
predictions for 
processes in PDF fits 
known at NNLO 
(some at N3LO)


• Precision of most data 
of order few % 


• Mostly from 
correlated systematic 
uncertainties



4/25THE PDF4LHC21 COMBINATION

• In recent updates from global PDF fitting collaborations (NNPDF3.1, CT18, MSHT20, ABMP16) effect of LHC data driving PDF 
uncertainties down ➜ PDF4LHC21 combination of NNPDF31’, CT18’ and MSHT20’ smaller uncertainties than PDF4LHC15


• The increased precision of the data and their strong correlation demands methodological improvements (e. g. more flexible 
parametrisation that shifts PDFs outside nominal error band - MSHT) and shows some tension among  (CT18 vs CT18Z)


• Benchmark among NNPDF3.1, MSHT20 and CT18: overall agreement, which improves once common dataset is used,  
differences in uncertainties with ΔCT18 ≳ ΔMSHT20 ≳ ΔNNPDF31


• NNPDF4.0 [arXiv:2109.02653], MSHT20aN3LO [arXiv:2207.04739] state-of-the-art post PDF4LHC21 sets

PDF4LHC WG, arXiv: 2203.05506



5/25WHERE WE STAND NOW

• NNLO sets: overall agreement around Higgs mass between global PDF sets with some shifts and differences in PDF 
uncertainties due to differences in methodologies and datasets included.


• NNPDF4.0 has the smallest uncertainty in the data region, towards 1% precision.

• aN3LO sets: see second part of this talk

Snowmass 2021 white paper [arXiv:2203.13923]



NNPDF4.0: THE ROLE OF LHC DATA

• NNPDF4.0 based on larger set of data from LHC Run I and Run II 

• Open-source public code [arXiv:2109.02671]

• O(4500) data points and first time inclusion of di-jets preferred over 

inclusive jets based on perturbative stability [Khalek et al, 2005.11327] 

6/25



NNPDF4.0: THE ROLE OF METHODOLOGY 7/25

•  Single neural network to parametrise 8 independent PDF combinations (g, u, d, s, u~, d~, s~, c=c~) 

•  Optimisation strategy based on gradient descent rather than genetic algorithm (NNPDF3.1)

•  Hyper-optimised methodology: scan of the hyper parameter space to find optimal minimisation settings (optimiser, 

initialiser, stopping patience, number of layers, learning rate, epochs, activation function) by minimising ✗2val  
[Carrazza et al, arXiv:1907.05075]


Thanks to superior methodology NN40 displays 
smaller uncertainty than NN3.1, O(500) extra LHC 
data further decrease uncertainties and shift PDFs.  

Data region Extrapolation region



PHENOMENOLOGICAL IMPLICATIONS

ATLAS collaboration, arXiv:2309.09318

ΔCT

ΔNN3.1
ΔNN4.0

ΔMHST

8/25

Snowmass 2021 white paper 
[arXiv:2203.13923]

•  Extremely precise predictions and small PDF uncertainties for electroweak observables: implications for extraction of  SM 
precision parameters, like ⍺s from Z pT distribution and Mw from W mT distributions


ΔABM16
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ATLAS-CONF-2023-004

• Different PDF uncertainties yield slightly different total uncertainties.

• Differences of ~18 MeV between central values obtained with NNPDF4.0 

and CT18 comparable (larger) than measurement uncertainty

• Important to confirm results and understand the reason behind the 

differences

PHENOMENOLOGICAL IMPLICATIONS
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THE PRECISION VERSUS ACCURACY CHALLENGE
‣ Inconsistency or tension in data

‣ Data-driven parametrisation change

‣ Changes in fitting methodology

‣ Theoretical framework

➡ Missing higher order uncertainties

➡ Other corrections (nuclear, non-perturbative effects…)

➡ BSM effects

Methodology 
robustness

Generalisation/
extrapolation

• 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 via closure tests   
[Del Debbio et al, Eur.Phys.J.C 82 (2022) 4, 330] 
[Barontini et al - in progress]

• 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  
[J. Cruz-Martinez et al, Acta Phys.Polon.B 52 (2021) 243] 
[NNPDF collaboration - in progress]

LHAPDF

<PDF user>



PART II: NEW FRONTIERS



THEORETICAL PREDICTIONS IN PDF FITS
� = ↵p

s�0 + ↵p+1
s �1 + ↵p+2

s �2 +O(↵p+3
s )
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‣ Standard global PDF fits based on fixed-order NNLO QCD calculations (using fast interpolation grid for NLO predictions 
accompanied by local K-factors for NNLO). PDF uncertainty reflects experimental uncertainty.


‣  N3LO is now the precision frontier for partonic cross sections (huge progress in N3LO splitting functions) [S. Moch’s talk]

‣ Mismatch between perturbative order of partonic cross section and PDFs significant source of uncertainty

M. Cepeda et al. [HL/HE WG2 group], arXiv:1902.00134
 C. Duhr et al, JHEP 11 (2020) 143 

�(PDF � TH) =
1

2

�����
�
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NNLO�PDFs
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NLO�PDFs
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NNLO�PDFs
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Gluon-gluon fusion into Higgs Drell-Yan

11/25



#1 - APPROXIMATE N3LO PDFS 12/25

➡ Several ingredients required to perform N3LO PDF fits, many available some missing [S. Moch’s talk]


➡ Only publicly available aN3LO PDF determination is from the MSHT collaboration [McGowan et al, arXiv:2207.04739]

➡ NNPDF has presented preliminary aN3LO results and paper is to appear soon

MSHT NNPDF

• All available theory input at the time of publication 
included (impact of new ingredients being explored)


• Incomplete N3LO terms added as variation in the prior 
and estimated by fitting nuisance parameters to the 
data (hence posterior determined by fitting data)


• No MHOU associated with NNLO contributions

• More theory inputs published in between and included,  
in particular 6(1) extra momentum for Pqg, Pqq (Pgq, Pgg), 
some terms in the large nf limit, sub-leading small-x and 
large-x terms.


• Only theory inputs and their variations added to an 
additional theory covariance matrix associated with 
incomplete missing higher orders (IHOU)


• MHOU associated with NNLO included via theory 
covariance matrix
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Preliminary

Preliminary Preliminary

Preliminary

• Different known 
ingredients included and 
different ways of 
parametrising sub-leading 
contributions produces 
different candidates (IHOU)


• Benchmarking exercise 
started before Summer in 
Les Houches to check the 
impact of the aN3LO 
splitting functions


• Write-up in preparation for 
Les Houches proceedings

MSHT prior = pre-fit variation

MSHT posterior = MSHTaN3LO

NNPDF = NNPDF40aN3LO

Moch at al = theory papers

#1 - APPROXIMATE N3LO PDFS
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PreliminaryPreliminary



➡PDF uncertainties only include experimental component: how to include uncertainty associated to truncation of 
perturbative expansion in theoretical predictions used in PDF fits?


➡One option is to construct a theory covariance matrix from scale-varied cross sections and combine it with the 
experimental covariance matrix 


-  Assumptions:  experimental and theoretical errors independent and Gaussian

#2 - MISSING HIGHER ORDER UNCERTAINTIES IN PDF FITS

�2 =
NX

m,n=1

(dm � tm)(covexp + covth)
�1
mn(dn � tn)

<latexit sha1_base64="0KUKzf6QeyyHfteMGqKO5IIs22A="></latexit>

7-pts variation

15/25

Preliminary
[NNPDF: 1906.10698]  
NNLO paper in preparation 



➡ NNPDF40NNLO with MHOU and 
NNPDF40aN3LO will be published soon 


➡ Missing correlation between scale variation in 
PDF fits and hard cross sections [Harland-Lang, 
Thorne Eur.Phys.J.C 79 (2019) 3, 225]   
[Ball, Pearson arXiv:2105.05114] 

Abdul Khalek et al Eur.Phys.J.C 79 (2019) 11

16/25#2 - MISSING HIGHER ORDER UNCERTAINTIES IN PDF FITS

Preliminary
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➡ Alternatively, MCscales [Kassabov et al, 2207.07616]:  renormalisation and factorisation scales treated as free parameters of the 
fixed-order theory, that induce an uncertainty on the theory predictions included in a PDF fit & need to be propagated.


➡ Joint sampling of experimental uncertainty (propagated to PDF uncertainty by MC sampling) by specifying a suitable prior 
probability distribution of all possible scale choices & a-posteriori criterion based on agreement with the data.


➡ Can compute full PDF+SCALE uncertainty in cross sections by matching the scales in the hard cross section computation with 
the scales in the MCscale PDF set: correlation fully taken into account

#2 - MISSING HIGHER ORDER UNCERTAINTIES IN PDF FITS

No MHOU 
in PDFs 

2.4%

MHOU in 
PDFs 

uncorrelated 
with MHOU in 
partonic xsec 

4.2%

MHOU in 
PDFs 

correlated 
with MHOU in 
partonic xsec 

2.3%

Kassabov et al: 2207.07616]



#3 - PDF AND NEW PHYSICS INTERPLAY

�2 =
1

Ndat

NdatX

i=1

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

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

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

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

✓ In a PDF fit typically 

Parameters determining PDFs at initial scale

(B)SM parameters: 𝜶s(Mz), Mw, 𝜃w ,SMEFT WCs……

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

<latexit sha1_base64="M4QVRRXZ4Ghloi+xC1XhhEbCdso="></latexit>

NNPDF4.0, Ball et al, arXiv: 2109.02653
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Ti({✓}, {c}) = PDFs({✓}, {c})⌦ �̂i({c})

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

✓ In a PDF fit typically 

Parameters determining PDFs at initial scale

(B)SM parameters: 𝜶s(Mz), Mw, 𝜃w ,SMEFT WCs……

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

<latexit sha1_base64="M4QVRRXZ4Ghloi+xC1XhhEbCdso="></latexit>

✓ In a fit of (B)SM parameters 

Ti({c}) = PDFs({✓̄}, {c̄})⌦ �̂i({c})

<latexit sha1_base64="8G8ePo39ndu08uzz2cQovb52b0k="></latexit>

 Ethier et al, arXiv: 2105.00006

18/25

LSMEFT = LSM +
X

i

ci
⇤2

O
(6)
i + · · ·

<latexit sha1_base64="kLQLIDAjzG0CR/ZvLfcEyqJ1phc="></latexit>

#3 - PDF AND NEW PHYSICS INTERPLAY

�2 =
1

Ndat

NdatX

i=1

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

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



• 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?


• 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? 

19/25#3 - PDF AND NEW PHYSICS INTERPLAY

MU + Z. Kassabov, M. Madigan, 
L. Mantani,  J. Moore, M. 
Morales Alvarado, E. Hammou, 
M. Costantini



• 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? 

✦ With current experiments, at the HL-LHC  found a model involving a new heavy W’ that would affect high 
energy Drell-Yan tails. If there was a new heavy W’ PDF fits would have same quality but  PDFs (hence theory 
predictions at LHC) would be significantly different. Large-x PDFs would absorb New Physics in this case!


✦ Need orthogonal input from low-energy experiments!

20/25#3 - PDF AND NEW PHYSICS INTERPLAY



• 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?


• 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? 

d�pp!ab =
X

i,j

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

Simultaneous fits of 
SMEFT and PDFs

LSMEFT = LSM +
X

i

ci
⇤2

O
(6)
i + · · ·

<latexit sha1_base64="kLQLIDAjzG0CR/ZvLfcEyqJ1phc="></latexit>

f({✓k})

<latexit sha1_base64="aS09ZfJVGkZ5JAErYTt8FO1pswo=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoiFT0WvXisYD+gCWGz3bRLN5uwOxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzwlRwDY7zba2tb2xubZd2yrt7+wcV+/Coo5NMUdamiUhULySaCS5ZGzgI1ksVI3EoWDcc38787iNTmifyASYp82MylDzilICRArsS1bzcgxEDEoy96XlgV526MwdeJW5BqqhAK7C/vEFCs5hJoIJo3XedFPycKOBUsGnZyzRLCR2TIesbKknMtJ/PD5/iM6MMcJQoUxLwXP09kZNY60kcms6YwEgvezPxP6+fQXTt51ymGTBJF4uiTGBI8CwFPOCKURATQwhV3NyK6YgoQsFkVTYhuMsvr5LORd1t1C/vG9XmTRFHCZ2gU1RDLrpCTXSHWqiNKMrQM3pFb9aT9WK9Wx+L1jWrmDlGf2B9/gBi+JLs</latexit>

T ({✓k}, {ci})

<latexit sha1_base64="qzqQqWxkMYPOMblhL1z+oL1JaIw=">AAACAHicbVBNS8NAEN34WetX1IMHL8EiVJCSSEWPRS8eK/QLmhA22027dLMJuxOhhFz8K148KOLVn+HNf+O2zUFbHww83pthZl6QcKbAtr+NldW19Y3N0lZ5e2d3b988OOyoOJWEtknMY9kLsKKcCdoGBpz2EklxFHDaDcZ3U7/7SKVisWjBJKFehIeChYxg0JJvHreqbubCiAL2x25+4WbEZ25+7psVu2bPYC0TpyAVVKDpm1/uICZpRAUQjpXqO3YCXoYlMMJpXnZTRRNMxnhI+5oKHFHlZbMHcutMKwMrjKUuAdZM/T2R4UipSRTozgjDSC16U/E/r59CeONlTCQpUEHmi8KUWxBb0zSsAZOUAJ9ogolk+laLjLDEBHRmZR2Cs/jyMulc1px67eqhXmncFnGU0Ak6RVXkoGvUQPeoidqIoBw9o1f0ZjwZL8a78TFvXTGKmSP0B8bnDz67ljE=</latexit>

21/25#3 - PDF AND NEW PHYSICS INTERPLAY



S. Iranipour,  MU - arXiv: 2201.07240S. Iranipour,  MU - arXiv: 2201.07240

Linear dim-6 operator

Quadratic dim-6 operator

• How to perform simultaneous fits?

• SimuNET [soon available open-source] yields 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!

22/25#3 - PDF AND NEW PHYSICS INTERPLAY



23/25#3 - PDF AND NEW PHYSICS INTERPLAY

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



24/25#3 - PDF AND NEW PHYSICS INTERPLAY

✓ Simultaneous analysis of PDFs and more than 20 operators in the top sector using simuNET method shows that 
WCs are stable, while PDF uncertainties broaden and PDF fitted simultaneously alongside WCs site nicely between 
PDF-only fit without top data and PDF fit including all top data

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



• In an era of precision, need precise and accurate PDFs

• Lots of progress in theoretical framework: aN3LO PDFs, inclusion of MHOUs in PDF error bands 

• No time to mention QED sets and intrinsic charm studies 

• New exciting avenues being explored, for example interplay between new Physics and PDFs, hinting to 

complementarity of low-energy experiments/lattice to determine large-x PDFs (EIC, FFP)

25/25CONCLUSIONS AND OUTLOOK



EXTRA MATERIAL



APPROXIMATE N3LO SPLITTING FUNCTIONS 20/22

• How to combine the known existing limits?  
In Mellin space, for each power of nf

• For example, in NNPDF fit, for the Pqq splitting function

➡ Large-N contribution

➡ Small-N contribution

➡ Sub-leading small-N and 
large-N contributions

➡ Sub-leading

• Varying the sub-leading basis produces different candidates ➜ Incomplete Higher Order Uncertainty (IHOU)

• Different choice of basis and approaches in varying basis between NNPDF and MSHT and playing it the fit

�ij(N) = �
Z 1

0
dx xN�1Pij(x)

<latexit sha1_base64="2sebkdBnk6WeY+3aXXdtsk5k550="></latexit>



THE MCSCALES APPROACH 13/22

✓ Main idea of MCscales: the renormalisation and factorisation scales are free parameters of the fixed-order theory, that 
induce an uncertainty on the theory predictions included in a PDF fit & need to be propagated

✓ Joint sampling of experimental uncertainty (propagated to PDF uncertainty by MC sampling) by specifying a suitable 
prior probability distribution of all possible scale choices & a-posteriori criterion based on agreement with the data. 

with 

31+Np

<latexit sha1_base64="aMfVO/CmUxJsVJmAYOPOpmAJQiQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEMquVvRY9OJJKtgPadeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c0vLK6lp+vbCxubW9U9zda+goUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDK8nfvOJKs0ieW9GMfUF7ksWMoKNlR7OHlPv5LYbj7vFklt2p0CLxMtICTLUusWvTi8iiaDSEI61bntubPwUK8MIp+NCJ9E0xmSI+7RtqcSCaj+dHjxGR1bpoTBStqRBU/X3RIqF1iMR2E6BzUDPexPxP6+dmPDST5mME0MlmS0KE45MhCbfox5TlBg+sgQTxeytiAywwsTYjAo2BG/+5UXSOC17lfL5XaVUvcriyMMBHMIxeHABVbiBGtSBgIBneIU3RzkvzrvzMWvNOdnMPvyB8/kD9GGP3g==</latexit>

elements, with Np = 5, p=DIS NC, DIS CC, DY, JET, TOP

Choose prior = choose P(𝝎)

Posterior 
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✓Can compute full PDF+SCALE uncertainty in cross 
sections at NLO by matching the scales in the hard 
cross section computation with the scales in the 
MCscale PDF set: correlation fully taken into account

No MHOU 
in PDFs 

2.4%

MHOU in 
PDFs 

uncorrelated 
with MHOU in 
partonic xsec 

4.2%

MHOU in 
PDFs 

correlated 
with MHOU in 
partonic xsec 

2.3%

No MHOU 
in PDFs 
17.7%

MHOU in 
PDFs 

uncorrelated 
with MHOU in 
partonic xsec 

17.9%

MHOU in 
PDFs 

correlated 
with MHOU in 
partonic xsec 

19.5%

THE MCSCALES APPROACH 



14/22

✓ Can look at the 
distribution of each of the 
scales over replicas.


✓ Flat distribution for the 
MCscales uniform prior. 


✓ After applying postfit 
observe preference for 
central factorisation scale.


✓Each process affected in a 
different way.

THE MCSCALES APPROACH 



OVERLAP BETWEEN DATA IN PDF AND SMEFT FITS
➡  Top pair production and single top 

data included in SMEFT analysis 
[Hartland et al 1901.05965] [Ellis et al 2012.02779] 


➡ Dijets data  in [Bordone et al 2103.10332] 
[Alioli et al 1706.03068]


➡ Drell-Yan data in [Farina et al 1609.08157] 

[Torre et al 2008.12978] 

➡ Inclusive jets in [Alte et al 1711.07484]

➡ Overlap enhanced in HL-LHC 

projections [Abdul Khalek et al,1810.03639]

Abdul Khalek et al, arXiv:1810.03639Ball et al, arXiv:2109.02653



DARK PHOTON
• If there was a lepto-phobic dark 

photon weakly coupled to quarks, 
it would appear among the 
partons of the proton.


• The presence of the dark Parton 
would modify the evolution of 
standard quarks and gluon.


• Precise LHC data can indirectly 
constrain parameter space of the 
dark photon in a competitive way 
compared to direct searches

M. McCullough, J. Moore, MU, arXiv:2203.12628



PreliminaryPreliminary

• Two main changes required to account for QED effects in PDF fits: modified DGLAP 
equations including O(⍺s⍺) and O(⍺2) terms and mixed QCDxQED sum rules implemented 
in new theory pipeline given by EKO [Candido, Hekhorn, Magni arXiv:2202.02338] and Yadism [Candido, 
Hekhorn in preparation]


• NNPDF4.0QED: PDFs and photon determined such that they satisfy sum rules

• Photon iteratively computed during the fit using structure function input  

a la LUXQED Manohar, Nason, Salam, Zanderighi [arXiv:1607.04266,1708.01256]

@Tanjona R. Rabemananjara
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