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Standard Model Production Cross Section Measurements



PDFs in the LHC era

• Parton Distribution Functions (PDFs) describe the nonperturbative structure of 
nucleons


• Predictions of any physics observable at the LHC require a “precise” 
knowledge of PDFs


• PDFs are amongst the dominant uncertainties for the determination of SM 
parameters (W mass, EW mixing angle, Higgs production, alphas)


• … and we cannot neglect the correlations between PDFs and these 
parameters                                                                           [Forte & Kassabov 20]


• Discovery of new physics depends critically on this knowledge - what is 5 
sigma? 
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Deep Inelastic Scattering

• lepton-nucleon scattering
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non perturbative physics

measured by experiments



Factorization & PDFs
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universal: encodes the non perturbative dynamics of the nucleon

measured by experiments

computed in perturbation theory

• Lattice pseudo-PDF, quasi-PDF, Ioffe-time correlators are just observables



PDF Determination & Inverse Problems
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yI =

Z
dxCI(x)f(x)

<latexit sha1_base64="dnte5rYjAT8a48e9/JwfajIfeJ8=">AAACBHicbVDLSsNAFJ34rPUVddnNYBEqSElE0I1Q7MbuKtgHNCFMppN26GQSZibSELpw46+4caGIWz/CnX/jtM1CWw/McDjnXu69x48Zlcqyvo2V1bX1jc3CVnF7Z3dv3zw4bMsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH9WnfueBCEkjfq/SmLghGnAaUIyUljyzlHoNeA0dyhXsj50zWPcalfEpDPTnmWWras0Al4mdkzLI0fTML6cf4SQkXGGGpOzZVqzcDAlFMSOTopNIEiM8QgPS05SjkEg3mx0xgSda6cMgEvrpZWbq744MhVKmoa8rQ6SGctGbiv95vUQFV25GeZwowvF8UJAwqCI4TQT2qSBYsVQThAXVu0I8RAJhpXMr6hDsxZOXSfu8altV++6iXLvJ4yiAEjgGFWCDS1ADt6AJWgCDR/AMXsGb8WS8GO/Gx7x0xch7jsAfGJ8/2VqVpQ==</latexit><latexit sha1_base64="dnte5rYjAT8a48e9/JwfajIfeJ8=">AAACBHicbVDLSsNAFJ34rPUVddnNYBEqSElE0I1Q7MbuKtgHNCFMppN26GQSZibSELpw46+4caGIWz/CnX/jtM1CWw/McDjnXu69x48Zlcqyvo2V1bX1jc3CVnF7Z3dv3zw4bMsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH9WnfueBCEkjfq/SmLghGnAaUIyUljyzlHoNeA0dyhXsj50zWPcalfEpDPTnmWWras0Al4mdkzLI0fTML6cf4SQkXGGGpOzZVqzcDAlFMSOTopNIEiM8QgPS05SjkEg3mx0xgSda6cMgEvrpZWbq744MhVKmoa8rQ6SGctGbiv95vUQFV25GeZwowvF8UJAwqCI4TQT2qSBYsVQThAXVu0I8RAJhpXMr6hDsxZOXSfu8altV++6iXLvJ4yiAEjgGFWCDS1ADt6AJWgCDR/AMXsGb8WS8GO/Gx7x0xch7jsAfGJ8/2VqVpQ==</latexit><latexit sha1_base64="dnte5rYjAT8a48e9/JwfajIfeJ8=">AAACBHicbVDLSsNAFJ34rPUVddnNYBEqSElE0I1Q7MbuKtgHNCFMppN26GQSZibSELpw46+4caGIWz/CnX/jtM1CWw/McDjnXu69x48Zlcqyvo2V1bX1jc3CVnF7Z3dv3zw4bMsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH9WnfueBCEkjfq/SmLghGnAaUIyUljyzlHoNeA0dyhXsj50zWPcalfEpDPTnmWWras0Al4mdkzLI0fTML6cf4SQkXGGGpOzZVqzcDAlFMSOTopNIEiM8QgPS05SjkEg3mx0xgSda6cMgEvrpZWbq744MhVKmoa8rQ6SGctGbiv95vUQFV25GeZwowvF8UJAwqCI4TQT2qSBYsVQThAXVu0I8RAJhpXMr6hDsxZOXSfu8altV++6iXLvJ4yiAEjgGFWCDS1ADt6AJWgCDR/AMXsGb8WS8GO/Gx7x0xch7jsAfGJ8/2VqVpQ==</latexit><latexit sha1_base64="dnte5rYjAT8a48e9/JwfajIfeJ8=">AAACBHicbVDLSsNAFJ34rPUVddnNYBEqSElE0I1Q7MbuKtgHNCFMppN26GQSZibSELpw46+4caGIWz/CnX/jtM1CWw/McDjnXu69x48Zlcqyvo2V1bX1jc3CVnF7Z3dv3zw4bMsoEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH9WnfueBCEkjfq/SmLghGnAaUIyUljyzlHoNeA0dyhXsj50zWPcalfEpDPTnmWWras0Al4mdkzLI0fTML6cf4SQkXGGGpOzZVqzcDAlFMSOTopNIEiM8QgPS05SjkEg3mx0xgSda6cMgEvrpZWbq744MhVKmoa8rQ6SGctGbiv95vUQFV25GeZwowvF8UJAwqCI4TQT2qSBYsVQThAXVu0I8RAJhpXMr6hDsxZOXSfu8altV++6iXLvJ4yiAEjgGFWCDS1ADt6AJWgCDR/AMXsGb8WS8GO/Gx7x0xch7jsAfGJ8/2VqVpQ==</latexit>

[NNPDF4.0]

https://inspirehep.net/literature/1918284


• Trying to determine a (continuous) function


• … using a finite set of experimental data


      ill-posed problem 

7

• Solution depends on the assumptions that are made 


• Central values and covariances are both affected


• Bias/Variance trade-of
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• Overfitting/underfitting, robust extrapolations



Bayesian Approach

9
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• Probability distributions are represented by ensembles of replicas



Gaussian Processes

11
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Gaussian Process Prior Distribution

13
hyperparameters



14

l(x) = l0(x+ �)
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Data and Likelihood
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Posterior Distribution
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Posterior distribution

17

p̃(f) = p(f |Y ) =

Z
d✓ p(f , ✓|Y )

p(f , ✓|Y ) = p(f |✓, Y )p(✓|Y )
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• Compute each factor independently

p(f |✓, Y ) / exp

⇢
�1

2
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�
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Posterior for fixed hyper parameters

18

• Posterior in this case is Gaussian

f |✓, Y ⇠ N (m̃, K̃)
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• Explicit dependence on the prior



Interpretation of the result: closure test
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Inference for hyperparameters

20

another prior 
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Putting both factors together
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Comparing with fitting the data

23

• Parametrize the unknown function f(x, ✓)
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• Prior for the (hyper)parameters induces a prior for f

p(f) =

Z
d✓ p(✓)

Y

x

� (f(x)� f(x, ✓))
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NNPDF @ init - distribution over replicas
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(almost) Gaussian Process with K determined by the NN architecture



Training - minimising the loss
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for linear data & NN parametrizations
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• The rate at which features are learned is dictated by the eigenvalues/
eigenvectors of a flow Hamiltonian


• There is a strong hierarchy in the eigenvalues (spectral bias)


• Solution of the flow equation


• At infinite training time, reproduces the GP result for 


• WIP: understanding stopping criteria in this formalism
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ft = Ae�H̃tf0 +A
⇣
1� e�H̃t

⌘
AT (FK)TC�1

Y
Y
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Outlook

• PDFs are a crucial ingredient for exploiting LHC experiments


• Bayesian approach is a convenient framework for solving the related inverse 
problem


• All hypotheses are explicit in the prior


• Compare different methodologies


• Robust errors defined from the comparison


• Relation between NN/Gaussian Processes/Backus-Gilbert 
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