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1/22PDFS AND LHC PRECISION PROGRAM
✓ Abundance of precise LHC data allows to extract PDFs with unprecedented precision.  

NNPDF4.0, Ball et al, arXiv: 2109.02653

At current level of precision, 
issues that were considered 
unimportant become crucial, 
and a new level of rigour and 
accuracy is needed.
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PRECISION AND ACCURACY: THE NNPDF4.0 CASE



✓ PDF fitting example of inverse problem: aim to find a posterior probability of f given the data D.    

✓ Parametrization of PDFs: finite-dimensional problem. 

✓ The posterior probability for the parametrization depends on both the figure of merit that maximises the data 
likelihood given the parameters and on prior probability H.

PRIOR PROBABILITY IN PDF FITS

f(x) ⇡ f̃(x, ✓) 2 F

<latexit sha1_base64="dOJOK7YhnCJ5Ah7P96wS9hYsAbA=">AAACFXicbVDLSgNBEJz1bXxFPXoZDEIECbui6FEUxKOCUSEbQu+k1wzOzi4zvZKw5Ce8+CtePCjiVfDm3ziJOfgqaCiquunuijIlLfn+hzc2PjE5NT0zW5qbX1hcKi+vXNg0NwLrIlWpuYrAopIa6yRJ4VVmEJJI4WV0czTwL2/RWJnqc+pl2EzgWstYCiAntcpbcbW7GUKWmbTLQ5KqjUXcr3a3QuogwSYPpeZFKEDx436rXPFr/hD8LwlGpMJGOG2V38N2KvIENQkF1jYCP6NmAYakUNgvhbnFDMQNXGPDUQ0J2mYx/KrPN5zS5nFqXGniQ/X7RAGJtb0kcp0JUMf+9gbif14jp3i/WUid5YRafC2Kc8Up5YOIeFsaFKR6joAw0t3KRQcMCHJBllwIwe+X/5KL7VqwU9s926kcHI7imGFrbJ1VWcD22AE7YaeszgS7Yw/siT17996j9+K9frWOeaOZVfYD3tsnQgWeQA==</latexit>

p(✓|D,H) / p(D|✓,H) p(✓|H)

= exp(�L(✓, D)) p(✓|H)

<latexit sha1_base64="tOV9LljpAy2oe+yQ6EgfIIPh1vA="></latexit>

Prior: functional form, integrability, 
positivity, sum rules, behaviour at small-x 
and large-x…
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<latexit sha1_base64="rijAlY7OULXi8vocI/NgB2RU81s="></latexit>
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<latexit sha1_base64="Qzr3CDhdyzJO3LKFgd4VcqJzBZE="></latexit>

Ball et al, arXiv:0912.2276
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p(f |D) / p(D|f) p(f)

<latexit sha1_base64="MVl17ac/xnoHcdesXbPN9A0H+Ro=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahBSkzUtFl0S5cVrAP6JSSSTNtaGYSkoxQpgU3/oobF4q49Sfc+Tem7Sy09UDgcM693JzjC0aVdpxvK7Oyura+kd3MbW3v7O7Z+wcNxWOJSR1zxmXLR4owGpG6ppqRlpAEhT4jTX94M/WbD0QqyqN7PRKkE6J+RAOKkTZS1z4ShWBcLXpCcqE5FIXqOCh6Z0Ytdu28U3JmgMvETUkepKh17S+vx3EckkhjhpRqu47QnQRJTTEjk5wXKyIQHqI+aRsaoZCoTjLLMIGnRunBgEvzIg1n6u+NBIVKjULfTIZID9SiNxX/89qxDq46CY1ErEmE54eCmEGTdloI7FFJsGYjQxCW1PwV4gGSCGtTW86U4C5GXiaN85JbLl3clfOV67SOLDgGJ6AAXHAJKuAW1EAdYPAInsEreLOerBfr3fqYj2asdOcQ/IH1+QPI+5ZU</latexit>



3/22THE NNPDF4.0 PDFS

Snowmass report, arXiv: 2203.13923 

Ball et al, arXiv: 2209.08115 

✓ NNPDF4.0: Small uncertainty in data region (due to 
large number of experimental data included and 
hyper-optimised methodology)   
✓ Larger uncertainty in the extrapolation region (due to 
flexibility of NN parametrization)

2111.05787



TESTING THE NNPDF4.0 METHODOLOGY

✓ Methodology efficiency and PDF uncertainties tested 
via closure test (in the data region) [Del Debbio, Giani, Wilson, 

2111.05787] and future test (in the extrapolation region) 
[Cruz-Martinez, Forte, Nocera, 2103.08606]. 
✓ Closure tests assess faithfulness of uncertainty 
estimate. They do not account for theory uncertainties 
nor for data inconsistencies.

Del Debbio et al, arXiv: 2111.05787 

Level-0:

Underlying law 
reproduced by fit
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THE HOPSCOTCH STUDY: QUESTIONS

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>

Courtoy et al, arXiv: 2205.10444

Irrelevant: not the 
𝝌2 used to fit 
NNPDF replicas

Relevant: are there NNPDF replicas that look like the hopscotch (HS) 
PDFs? If so, why do they have low probability?

— 68% CL

- - 95% CL

✓ A ”hopscotch” scan made to search for solutions with equal 
or better 𝝌2 by building ad-hoc linear combinations of 
NNPDF4.0 Hessian e-vectors [Courtoy et al, arXiv: 2205.10444]. 
✓ Is the sampling of the PDF uncertainty of an experimental 
observable truly representative of all acceptable solutions?
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✓ Note: only black and red 
ellipses have statistical 
meaning



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>

THE HOPSCOTCH STUDY: ANSWERS
Preliminary observations on MC sampling  

✓ The 𝝌2 of the central replica (average of PDF reps) 
is not necessarily the min 𝝌2 of the replicas 
✓ Given that each PDF replica is the best fit of a 
different MC pseudo-data, the 𝝌2(k) does not increase 
monotonically moving away from the 𝝌2(0) of the 
central replica.

D(k) = D(0) + ⌘ + ✏(k)

<latexit sha1_base64="qnfwGvdGQA0oXekqR3hc8hy0dFs=">AAACEXicbVDNS8MwHE3n15xfVY9egkPYEEYrE70IQz14nOA+YKsjzdItLE1Lkgqj9F/w4r/ixYMiXr15878x7XrQzQchj/fej+T33JBRqSzr2ygsLa+srhXXSxubW9s75u5eWwaRwKSFAxaIroskYZSTlqKKkW4oCPJdRjru5Cr1Ow9ESBrwOzUNieOjEacexUhpaWBWru/jyqSaXMCUWNUEHsM+USi7QklZwGeBgVm2alYGuEjsnJRBjubA/OoPAxz5hCvMkJQ92wqVEyOhKGYkKfUjSUKEJ2hEeppy5BPpxNlGCTzSyhB6gdCHK5ipvydi5Es59V2d9JEay3kvFf/zepHyzp2Y8jBShOPZQ17EoApgWg8cUkGwYlNNEBZU/xXiMRIIK11iSZdgz6+8SNonNbteO72tlxuXeR1FcAAOQQXY4Aw0wA1oghbA4BE8g1fwZjwZL8a78TGLFox8Zh/8gfH5A2LnmuU=</latexit>

x

⌘ , ✏ ⇠ N (0, cov)

<latexit sha1_base64="ephQxiUtxfSgKJXy80e3n8xXpSg=">AAACFXicbZDLSgMxFIYzXmu9jbp0EyxChVJmpKLLohtXUsFeoFNKJs20obkMSaZQhr6EG1/FjQtF3ArufBvTdhbaeiDk4//PITl/GDOqjed9Oyura+sbm7mt/PbO7t6+e3DY0DJRmNSxZFK1QqQJo4LUDTWMtGJFEA8ZaYbDm6nfHBGlqRQPZhyTDkd9QSOKkbFS1y0FxKCgZK9YUyZFUAo05UEpDTBi8G5S9CwqDrEcTc66bsEre7OCy+BnUABZ1bruV9CTOOFEGMyQ1m3fi00nRcpQzMgkHySaxAgPUZ+0LQrEie6ks60m8NQqPRhJZY8wcKb+nkgR13rMQ9vJkRnoRW8q/ue1ExNddVIq4sQQgecPRQmDRsJpRLBHFcGGjS0grKj9K8QDpBA2Nsi8DcFfXHkZGudlv1K+uK8UqtdZHDlwDE5AEfjgElTBLaiBOsDgETyDV/DmPDkvzrvzMW9dcbKZI/CnnM8f0cOd+g==</latexit>
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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>

 Q1: Are there PDF replicas that look like the PDFs 
picked in the HS scan?  — Yes 

✓ If HS PDFs are used as input PDF set in level-0 
closure test (underlying law = one of the HS PDFs 
outside 95%C.L of NNPDF4.0) the shape is 
reproduced in the data region (not the wiggles), 
not in the extrapolation region and get 𝝌2=0 
✓ NNPDF4.0 parametrization is flexible enough to 
reproduce the HS parametrization in the data 
region is HS was the underlying law. 
✓ HS PDFs not forbidden by the NNPDF 
methodology 

HS PDF
NNPDF L0-Closure Test

HS PDF
NNPDF L0-Closure Test
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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>

Q2: Why are the HS PDFs unlikely in the 
NNPDF4.0 probability distribution? 

✓ The HS replicas that fall outside the NNPDF4.0 
95% C.L. error bands (in green) display kink in  
gluon in the extrapolation region (below 10-4). 
✓ The prior H disfavours this behaviour as it does 
not assume any structure in the extrapolation 
region.  
✓ Also, notice signs of overfit in the data region 
(possibly to compensate kink in the extrapolation 
region).  
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fi(x, µ)
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✓ More generally: if one fits (rather than scan) the 
coefficients of a linear combination of NNPDF 
replicas, can find a better 𝝌2, but one must be 
careful with overfitting  
[Kassabov, Moore, MU in preparation]. Training Validation
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THE HOPSCOTCH STUDY: ANSWERS



MISSING HIGHER ORDER UNCERTAINTIES



THEORY UNCERTAINTIES IN PDF FITS
� = ↵p
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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 (N3LO splitting functions partially known [R. Thorne’s talk] 

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

M. Cepeda et al. [HL/HE WG2 group], arXiv:1902.00134 C. Duhr et al, JHEP 11 (2020) 143 
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Gluon-gluon fusion into Higgs Drell-Yan
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➡  How to include Missing Higher Order Uncertainties in a PDF fit? So far tested at NLO but soon there for NNLO & N3LO  
➡ Construct a theory covariance matrix from scale-varied cross sections and combine it with the experimental covariance 

matrix  [R.D. Ball et al, Eur.Phys.J.C 79 (2019) 11, 931, Eur.Phys.J. C (2019) 79:838] 

➡ Assumptions:  experimental and theoretical errors independent and Gaussian 
➡ Accounting for the theory covariance matrix will modify the relative weight that each of the datasets carries in the global 

fit: processes with higher MHOUs will be ``de-weighted’’ 
➡ Assumptions on correlation of scales and scale ratio will determine the specific form of the covariance matrix  

THE THEORY COVARIANCE MATRIX APPROACH

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

�2 =
NX

m,n=1

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

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

9-pts variation
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THEORY UNCERTAINTIES IN PDF FITS

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

Abdul Khalek et al Eur.Phys.J.C 79 (2019) 11
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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 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 
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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 
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EXTRACTING PHYSICS PARAMETERS FROM LHC DATA

�2 =
1

Ndat

NdatX

i=1

(Ti({✓}, {c})�Di) cov
�1
ij (Tj({✓}, {c})�Dj)
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Ti({✓}, {c}) = PDFs({✓}, {c})⌦ �̂i({c})

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

✓ Abundance of precise LHC data allows to extract 
information on SM and BSM parameters 

✓ 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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EXTRACTING PHYSICS PARAMETERS FROM LHC DATA

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
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✓ Abundance of precise LHC data allows to extract 
information on SM and BSM parameters 

LSMEFT = LSM +
X

i

ci
⇤2

O
(6)
i + · · ·
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INTERPLAY BETWEEN PDF FITS AND SMEFT FITS
• In principle low-scale physics is separable from high-scale physics, BUT the complexity of the LHC environment 

might well intertwine them.  
• PDFs are low-scale quantities extracted from experimental data at all scales, without considering any potential 

contamination due to new physics in high-energy data.  
• (SM)EFT fits are performed by assuming a priori that PDFs are SM-like. 

Ball et al, arXiv:2109.02653 Ethier et al, arXiv: 2105.00006 
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• 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 
can shed light on 
their interplay

LSMEFT = LSM +
X

i

ci
⇤2

O
(6)
i + · · ·
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f({✓k})
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T ({✓k}, {ci})
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SIMUNET: A DEEP-LEARNING BASED SIMULTANEOUS FIT

S. Iranipour,  MU - arXiv: 2201.07240

‣ The idea: take a PDF fit based on NNPDF4.0 
methodology and make dependence of 
observables on physics parameters {ci} 
explicit via fast interface before computing 
the loss function (e.g. adding SMEFT 
corrections, expanding observables in 
terms of SM precision parameters) 

‣ Perform minimisation of loss function over  

    by adding new layer to the deep neural    
network used in NNPDF4.0 

‣ Can expand dependence on ci beyond 
linear terms in T (up to generic power in 
polynomial expansion) by adding non-
trainable edges   

‣ Can be done both for SM parameters and 
SMEFT coefficients.

Σ({ci}) are pre-computed  
tables for fast interface  
accounting for PDF  
evolution and part. xsec
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APPLICATION TO SIMULTANEOUS DETERMINATION OF PDFS AND SMEFT WCS

Torre et al, 2008.12978

PDF set: PDF4LHC15_nlo_30_pdfas 

• Case study at higher energy: EW oblique corrections in high-mass NC and CC 
Drell-Yan tails. 

• W and Y parametrise the self-energy of gauge bosons and are powerful probes 
of quark-lepton contact interactions that produce effects that grow with energy  
[Torre et al, 2008.12978] 

•  Interplay first studied with scan method over W-Y parameters in [Greljo et al, 
2104.02723]
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THE SIMUNET ANALYSIS

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

Linear dim-6 operator

Quadratic dim-6 operator

• SimuNET yields a truly simultaneous fit, rather than a scan in benchmark point in W-Y parameter space and it does 
not have limit in number of parameters that can be fitted alongside PDFs at the initial scale!
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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 
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• In an era of precision, need careful assessment of PDF uncertainties and rigorous claims about faithfulness of 
PDF uncertainties.  

• PDF uncertainties in standard fit underestimated due to lack of inclusion of MHOU, several methods 
developed to include it in PDF uncertainties under scrutiny, and progress towards approx N3LO PDFs.  

• While huge progress made in determining key ingredients of theoretical predictions from the data, PDFs, 𝛂s, 

SMEFT WCs coefficients, not yet evident how to combine all these partial fits into a global interpretation of 
the LHC data  

•  SimuNET methodology based on an extension of the NNPDF4.0 NN architecture, allows the addition of an 
extra layer to simultaneously determine PDFs alongside an arbitrary number of physics parameters that enter 
predictions. 

• No time to mention other interesting interplay between PDFs and new physics due to the presence of new 
partons (dark photon, see M. McCullough, J. Moore, MU, arXiv:2203.12628) 

• Lots of new exciting avenues being explored: 
➡ Determination of PDFs and 𝛂s (Stegeman et al) 
➡ Determination of PDFs and SMEFT coefficients in the top sector (Kassabov, Madigan, Mantani, Moore, Morales, Rojo, MU) 

➡Systematic study of new physics contamination in PDF fits  
➡Determination of PDFs and electroweak parameters
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fi(x, µ)
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NNPDF4.0: THE ROLE OF METHODOLOGY
NNPDF3.1 NNPDF4.0

NNPDF3.1 
(4093) 1.19 1.12

NNPDF4.0 
(4491) 1.25 1.17

DATA

METHODOLOGY

NNPDF3.1 NNPDF4.0

NNPDF3.1 
(4093) 1.19 1.12

NNPDF4.0 
(4491) 1.25 1.17

DATA

METHODOLOGY

➡ Shift in parton luminosities mostly due to inclusion of O(500) more data points   
➡ Parton luminosities based on same dataset are consistent with each other but 4.0 methodology displays smaller uncertainty 

than 3.1 methodology: NNPDF4.0 more accurate and superior to previous methodology 

NNPDF3.1 vs NNPDF4.0

NNPDF4.0 data - NNPDF3.1 vs NNPDF4.0 methodology 



PDFS AND NEW PHYSICS
➡  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



ANALYSIS METHODOLOGY

SM PDFs SMEFT PDFs / Simultaneous fit

1. Take data, make theoretical predictions accounting for 
operator in partonic cross section with fixed SM PDFs.  

2. Compute chi2 as a function of WCs (Wilson Coefficients) 
3. Minimise chi2 and find best-fit and C.L.s of WCs 
4. Extract bounds

1. Take data, make theoretical predictions accounting for 
operator in partonic cross section and PDFs.  

2. Compute chi2 as a function of WCs (Wilson Coefficients) 
3. Minimise chi2 and find best-fit and C.L.s of WCs 
4. Extract bounds

• We performed a similar analysis as in Torre et al, now with emphasis 
on PDF and their interplay with bounds on oblique operators  
[Greljo, Iranipour, Kassabov, Madigan, Moore, Rojo, MU, Voisey: 2104.02723]  



ANALYSIS METHODOLOGY

SM PDFs SMEFT PDFs / Simultaneous fit

Ball et al, 1110.2483

T = f1(↵s)⌦ f2(↵s)⌦ �̂(↵S)
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1. Take data, make theoretical predictions accounting for 
operator in partonic cross section with fixed SM PDFs.  

2. Compute chi2 as a function of WCs (Wilson Coefficients) 
3. Minimise chi2 and find best-fit and C.L.s of WCs 
4. Extract bounds

1. Take data, make theoretical predictions accounting for 
operator in partonic cross section and PDFs.  

2. Compute chi2 as a function of WCs (Wilson Coefficients) 
3. Minimise chi2 and find best-fit and C.L.s of WCs 
4. Extract bounds

• We performed a similar analysis as in Torre et al, now with emphasis 
on PDF and their interplay with bounds on oblique operators  
[Greljo, Iranipour, Kassabov, Madigan, Moore, Rojo, MU, Voisey: 2104.02723]  

• Methodology for simultaneous fit is similar to the one adopted in  
fits of 𝛂S from a global fit of PDFs



• We performed a similar analysis as in Torre et al, now with emphasis 
on PDF and their interplay with bounds on oblique operators  
[Greljo, Iranipour, Kassabov, Madigan, Moore, Rojo, MU, Voisey: 2104.02723]  

• Methodology for simultaneous fit is similar to the one adopted in  
fits of 𝛂S from a global fit of PDFs

ANALYSIS METHODOLOGY

SM PDFs SMEFT PDFs / Simultaneous fit

Greljo  et al, 2104.02723

1. Take data, make theoretical predictions accounting for 
operator in partonic cross section with fixed SM PDFs.  

2. Compute chi2 as a function of WCs (Wilson Coefficients) 
3. Minimise chi2 and find best-fit and C.L.s of WCs 
4. Extract bounds

1. Take data, make theoretical predictions accounting for 
operator in partonic cross section and PDFs.  

2. Compute chi2 as a function of WCs (Wilson Coefficients) 
3. Minimise chi2 and find best-fit and C.L.s of WCs 
4. Extract bounds

T = f1(Ŵ )⌦ f2(Ŵ )⌦ �̂(Ŵ )

<latexit sha1_base64="A+LHPn5znwQ/qh5+JFJMpwnuObk=">AAACKnicbVDLSgMxFM3UV62vUZdugkWomzJTKroRqm5cVugLOsOQSTNtaOZBckcoQ7/Hjb/ipguluPVDTB+Ith4InHvOvdzc4yeCK7CsqZHb2Nza3snvFvb2Dw6PzOOTlopTSVmTxiKWHZ8oJnjEmsBBsE4iGQl9wdr+8GHmt5+ZVDyOGjBKmBuSfsQDTgloyTPvGvgWB55dcgYEsvb40omBh0xprbKmzWtH8X5Ixj+mZxatsjUHXif2khTREnXPnDi9mKYhi4AKolTXthJwMyKBU8HGBSdVLCF0SPqsq2lE9Go3m586xhda6eEglvpFgOfq74mMhEqNQl93hgQGatWbif953RSCGzfjUZICi+hiUZAKDDGe5YZ7XDIKYqQJoZLrv2I6IJJQ0OkWdAj26snrpFUp29Xy1VO1WLtfxpFHZ+gclZCNrlENPaI6aiKKXtAbekcfxqsxMabG56I1ZyxnTtEfGF/fasSmvg==</latexit>



INTERPLAY @ RUN I AND RUN II

• With current data, PDFs are moderately affected by inclusion of 
non-zero W and Y coefficients in the fit, mostly quark-antiquark 
luminosity within uncertainties 

• Broadening of individual bounds on W and Y once SMEFT PDFs 
are used (i.e. PDFs that have been fitted with consistent values of 
W and Y) is not negligible, but still within PDF uncertainties 

• If SMEFT PDFs are used in determining bounds from ATLAS 
search same mild broadening (larger than PDF uncertainties)



RESULTS: DRELL-YAN DATA @HL-LHC
• Add HL-LHC projections for both NC and CC in PDF fit 

+ muon channel

Abdul-Khalek  et al, 1810.03639



• Compare Wilson coefficients bounds from HL-LHC projections assuming SM PDFs (that include NC+CC data) to 
the bounds on the same Wilson coefficients obtained from a simultaneous fit of PDFs and Wilson coefficients 

• Not accounting for interplay (using PDFs as a black box) leads to over-constrained bounds  
• PDFs do absorb effect of new physics in this case! 

INTERPLAY @ HL-LHC

Greljo et al, 2104.02723

PDF set with all data in
“Conservative” PDF 

set without any high-
mass DY data

Simultaneous PDF 
and SMEFT fit

All error bands include PDF 
uncertainties



• Compare Wilson coefficients bounds from HL-LHC projections assuming SM PDFs (that include NC+CC data) to 
the bounds on the same Wilson coefficients obtained from a simultaneous fit of PDFs and Wilson coefficients 

• Not accounting for interplay (using PDFs as a black box) leads to over-constrained bounds  
• PDFs do absorb effect of new physics in this case! 

INTERPLAY @ HL-LHC

Greljo et al, 2104.02723



THE SIMUNET ANALYSIS

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

Linear dim-6 operator

• With SimuNET we can do a truly simultaneous fit, rather than a scan in benchmark point and it does not have limit 
in number of parameters that can be fitted alongside PDFs at the initial scale! 
[Iranipour, MU, Voisey: 2201.07240]  



THE SIMUNET ANALYSIS

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

Linear dim-6 operator

Quadratic dim-6 operator

• With SimuNET we can do a truly simultaneous fit, rather than a scan in benchmark point and it does not have limit 
in number of parameters that can be fitted alongside PDFs at the initial scale! 
[Iranipour, MU, Voisey: 2201.07240]  



RESULTS: DRELL-YAN DATA @RUN1 AND RUN2

Distribution of W & Y best fits 
over MC reps with fixed SM 
PDFs (baseline)

Distribution of W & Y best fits 
over MC reps with PDFs fitted 
alongside them

Same comparison for 
quark-antiquark luminosity



RESULTS: DRELL-YAN DATA @RUN1 AND RUN2
✓ Simultaneous analysis confirms results 
of previous study based on scan on 
benchmark points in the SMEFT space: 
with current data effect is not-negligible 
but small compared to PDF uncertainties 

✓ Methodology able to find flat direction 
in W-Y parameter space 

✓ To eliminate it, need Drell-Yan charged 
current data



PDFS AND 𝛂S

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  
➡ Many determination of 𝛼s from analyses of specific LHC 
processes have been published recently ( from tt~, Z and 
W production, jets)  
➡ How reliable are such partial determination of 𝛼s ?

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.



‣Given the strong correlation between 
PDFs of the proton and 𝛂s, a non 
simultaneous determination of 𝛂s 
along with the PDFs from LHC 
processes might yield misleading 
results

SIMULTANEOUS FITS FOR SM 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  
‣ Similar considerations for fits of polarised/

unpolarised PDFs, proton/nuclear PDFs or 
PDFs and FFs (universal fits)

Forte, Kassabov 2001.04986

Alekhin, Moch, Their 1608.05212

1806.01176

H1 collaboration 1806.01176



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


