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Introduction



Parton Distribution Functions

Parton Distribution Functions (PDF) f(x, µ2
F)

▶ describe the fundamental constituents of the proton: quarks, gluons
▶ µF-dependence: DGLAP equations!
▶ x-dependence: fit!
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How to fit a PDF?
Experiment:

taken from [JHEP12.061]

Methodology:
x ln x

xg(x, Q0) xΣ(x, Q0) xV(x, Q0) xV3(x, Q0) xT3(x, Q0) xT15(x, Q0)xT8(x, Q0)xV8(x, Q0)

xg(x, Q0) xu(x, Q0) xū(x, Q0) xd(x, Q0) xs(x, Q0) xc+(x, Q0)xs̄(x, Q0)xd̄(x, Q0)

n(4) = 8

n(3) = 20

n(2) = 25

n(1) = 2

taken from [EPJC82.428]

Theory:

taken from [1910.01536]

Strategy:
repeat until converged:

guess candidate PDF f(Q2
0)→ compute theory predictions T→ compare to data D
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https://doi.org/10.1007/JHEP12(2019)061
https://doi.org/10.1140/epjc/s10052-022-10328-7
https://arxiv.org/abs/1910.01536


Call for Precision

Experiment:
∫
L dt

[fb−1]
Reference

t̄tt̄t
WWZ
WWW

t̄tZ

t̄tW

ts−chan

ZZ

WZ

WW

H

Wt

tt−chan

t̄t

Z

W

pp

σ = 24 ± 4 ± 5 fb (data)
NLO QCD + EW (theory) 139 JHEP 11 (2021) 118

σ = 0.55 ± 0.14 + 0.15 − 0.13 pb (data)
Sherpa 2.2.2 (theory) 79.8 PLB 798 (2019) 134913

σ = 0.82 ± 0.01 ± 0.08 pb (data)
NLO QCD (theory) 139 arXiv:2201.13045

σ = 176 + 52 − 48 ± 24 fb (data)
HELAC-NLO (theory) 20.3 JHEP 11, 172 (2015)

σ = 990 ± 50 ± 80 fb (data)
Madgraph5 + aMCNLO (theory) 139 Eur. Phys. J. C 81 (2021) 737

σ = 369 + 86 − 79 ± 44 fb (data)
MCFM (theory) 20.3 JHEP 11, 172 (2015)

σ = 870 ± 130 ± 140 fb (data)
Madgraph5 + aMCNLO (theory) 36.1 PRD 99, 072009 (2019)

σ = 4.8 ± 0.8 + 1.6 − 1.3 pb (data)
NLO+NNL (theory) 20.3 LB 756, 228-246 (2016)

σ = 6.7 ± 0.7 + 0.5 − 0.4 pb (data)
NNLO (theory) 4.6 JHEP 03, 128 (2013)

PLB 735 (2014) 311

σ = 7.3 ± 0.4 + 0.4 − 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01, 099 (2017)

σ = 17.3 ± 0.6 ± 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

σ = 19 + 1.4 − 1.3 ± 1 pb (data)
MATRIX (NNLO) (theory) 4.6 EPJC 72 (2012) 2173

σ = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

σ = 51 ± 0.8 ± 2.3 pb (data)
MATRIX (NNLO) (theory) 36.1 EPJC 79 (2019) 535

σ = 51.9 ± 2 ± 4.4 pb (data)
NNLO (theory) 4.6 Phys. Rev. D 87 (2013) 112001

arXiv:1408.5243

σ = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

σ = 130.04 ± 1.7 ± 10.6 pb (data)
NNLO (theory) 36.1 EPJC 79 (2019) 884

σ = 22.1 + 6.7 − 5.3 + 3.3 − 2.7 pb (data)
LHC-HXSWG YR4 (theory) 4.5 EPJC 76 (2016) 6

σ = 27.7 ± 3 + 2.3 − 1.9 pb (data)
LHC-HXSWG YR4 (theory) 20.3 EPJC 76 (2016) 6

σ = 55.5 ± 3.2 + 2.4 − 2.2 pb (data)
LHC-HXSWG YR4 (theory) 139 ATLAS-CONF-2022-002

σ = 16.8 ± 2.9 ± 3.9 pb (data)
NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

σ = 23 ± 1.3 + 3.4 − 3.7 pb (data)
NLO+NLL (theory) 20.3 JHEP 01, 064 (2016)

σ = 94 ± 10 + 28 − 23 pb (data)
NLO+NNLL (theory) 3.2 JHEP 01 (2018) 63

σ = 68 ± 2 ± 8 pb (data)
NLO+NLL (theory) 4.6 PRD 90, 112006 (2014)

σ = 89.6 ± 1.7 + 7.2 − 6.4 pb (data)
NLO+NLL (theory) 20.3 EPJC 77 (2017) 531

σ = 247 ± 6 ± 46 pb (data)
NLO+NLL (theory) 3.2 JHEP 04 (2017) 086

σ = 182.9 ± 3.1 ± 6.4 pb (data)
top++ NNLO+NNLL (theory) 4.6 EPJC 74 (2014) 3109

σ = 242.9 ± 1.7 ± 8.6 pb (data)
top++ NNLO+NNLL (theory) 20.2 EPJC 74 (2014) 3109

σ = 826.4 ± 3.6 ± 19.6 pb (data)
top++ NNLO+NNLL (theory) 36.1 EPJC 80 (2020) 528

σ = 29.53 ± 0.03 ± 0.77 nb (data)
DYNNLO+CT14 NNLO (theory) 4.6 JHEP 02 (2017) 117

σ = 34.24 ± 0.03 ± 0.92 nb (data)
DYNNLO+CT14 NNLO (theory) 20.2 JHEP 02 (2017) 117

σ = 58.43 ± 0.03 ± 1.66 nb (data)
DYNNLO+CT14 NNLO (theory) 3.2 JHEP 02 (2017) 117

σ = 98.71 ± 0.028 ± 2.191 nb (data)
DYNNLO + CT14NNLO (theory) 4.6 EPJC 77 (2017) 367

σ = 112.69 ± 3.1 nb (data)
DYNNLO + CT14NNLO (theory) 20.2 EPJC 79 (2019) 760

σ = 190.1 ± 0.2 ± 6.4 nb (data)
DYNNLO + CT14NNLO (theory) 0.081 PLB 759 (2016) 601

σ = 95.35 ± 0.38 ± 1.3 mb (data)
COMPETE HPR1R2 (theory) 8×10−8 Nucl. Phys. B, 486-548 (2014)

σ = 96.07 ± 0.18 ± 0.91 mb (data)
COMPETE HPR1R2 (theory) 50×10−8 PLB 761 (2016) 158

10−5 10−4 10−3 10−2 10−1 1 101 102 103 104 105 106 1011

σ [pb]
0.5 1.0 1.5 2.0 2.5

data/theory
Status: February 2022

ATLAS Preliminary
√
s = 7,8,13 TeV

Theory

LHC pp
√
s = 13 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 8 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 7 TeV

Data
stat
stat ⊕ syst

Standard Model Total Production Cross Section Measurements

taken from
ATL-PHYS-PUB-2022-009

Methodology:
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NNPDF4.0 (68 c.l.+1 )
NNPDF3.1 (NNPDF4.0 dataset) (68 c.l.+1 )

taken from [EPJC82.428]

Theory:
LO NLO

NNLO N3LO
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taken from [JHEP03.116]

but
which PDF to use?
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https://doi.org/10.1140/epjc/s10052-022-10328-7
https://doi.org/10.1007/JHEP03(2022)116


Ingredients for an aN3LO PDF Fit

Factorization:

T(Q2) = C(Q2)⊗ f(Q2) = C(Q2)⊗ E(Q2 ← Q2
0)⊗ f(Q2

0) (1)

Upgrade perturbative elements:

X = X(0) + asX
(1) + a2

sX
(2) + a3

sX
(3) + . . . (2)

partonic cross-sections C:
▶ DIS
▶ LHC (and everything else)

evolution E:
▶ splitting functions
▶ transition matrix elements

Account for uncertainties!
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Theory Uncertainties



Covariance Matrix Formalism [EPJC79.931]

To maximize the (Bayesian) probability P(T|D) for a theory prediction T to describe a data
point D we minimize

χ2 = (T − D)TC−1(T − D) (3)

and assuming the experimental cov. matrix C is independent of a theoretical cov. matrix S
we can minimize:

χ2 = (T − D)T(C+ S)−1(T − D) (4)

Both can contain:

▶ statistical uncertainties (e.g. QM vs. MC)
▶ systematic uncertainties (e.g. resolution vs. scale)

Strategy:

decompose Stot = SMHOU + SIHOU
6

https://doi.org/10.1140/epjc/s10052-019-7401-4


MHOU Using Scale Variations [EPJC79.931]

T(Q2, µ2
r , µ

2
f ) = C(Q2, µ2

r )⊗ E(Q2 ← Q2
0, µ

2
f )⊗ f(Q2

0) (5)

Factorization scale variations:

▶ finite knowledge of splitting functions
▶ correlated across datasets as PDFs are universal

Renormalization scale variations:

▶ finite knowledge of partonic cross-sections
▶ correlated for a given process (DIS NC, DIS CC, TOP, JETS, . . . )

Choose:
µ = κµ0 κ ∈ {1/2, 1, 2} (6)
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https://doi.org/10.1140/epjc/s10052-019-7401-4


Cross-Sections



DIS with QCD@N3LO

▶ light coefficient functions [VVM05],[MVV05],[MV00],[MRV08],[MVV09]✓

▶ massive coefficient functions→ approximation in MSc thesis of N. Laurenti ✓
i.e. combine in a suitable way:
▶ threshold limit s→ 4m2

▶ high-energy limit s→∞
▶ asymptotic limit Q2 ≫ m2

8

https://doi.org/10.1016/j.nuclphysb.2005.06.020
https://doi.org/10.1016/j.physletb.2004.11.063
https://doi.org/10.1016/S0550-3213(00)00045-6
https://doi.org/10.1016/j.nuclphysb.2007.09.022
https://doi.org/10.1016/j.nuclphysb.2009.01.001


DY with QCD@N3LO

▶ even if available, most codes are private
▶ use n3loxs [JHEP12.066] to obtain k-factor for inclusive distributions, e.g. [PLB725.223]
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9

https://doi.org/10.1007/JHEP12(2022)066
https://doi.org/10.1016/j.physletb.2013.07.049


Evolution



Transition Matrix Elements
Use whatever is available in literature:
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Approximating Splitting Functions

Splitting functions are not known fully analytically, but some partial information:

▶ large nf contributions [NPB915.335], [JHEP10.041], [2310.01245]

▶ small x limit (from BFKL) [JHEP06.145], [JHEP08.135]

▶ large x limit (from soft) [NPB832.152], [JHEP04.018], [JHEP09.155]

▶ some (low) moments [JHEP10.041], [PLB825.136853], [PLB842.137944], [2307.04158],
[2310.05744]

Strategy:
combine known limits and add sub-leading functions to ensure moments⇒ IHOU
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https://doi.org/10.1016/j.nuclphysb.2016.12.012
https://doi.org/10.1007/JHEP10(2017)041
https://arxiv.org/abs/2310.01245
https://doi.org/10.1007/JHEP06(2018)145
https://doi.org/10.1007/JHEP08(2022)135
https://doi.org/10.1016/j.nuclphysb.2010.02.003
https://doi.org/10.1007/JHEP04(2020)018
https://doi.org/10.1007/JHEP09(2022)155
https://doi.org/10.1007/JHEP10(2017)041
https://doi.org/10.1016/j.physletb.2021.136853
https://doi.org/10.1016/j.physletb.2023.137944
https://arxiv.org/abs/2307.04158
https://arxiv.org/abs/2310.05744


Non-Singlet Splitting Functions

8 known moments ✓
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Singlet Splitting Functions
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Comparison with MSHT [EPJC83.185]
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NNPDF4.0 with QCD@aN3LO
(preliminary)



PDFs
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Luminosities
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Some First Pheno . . .

NLO + PDF@NLO NNLO + PDF@NNLO N3LO + PDF@NNLO N3LO + PDF@aN3LO
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Summary

For PDFs at % accurarcy we need:

▶ include QED and EW effects→ NNPDF4.0QED
▶ account for theory uncertainties→ NNPDF4.0MHOU
▶ use N3LO accuracy→ NNPDF4.0aN3LO

For PDFs with QCD@aN3LO we need:

▶ approximate splitting functions
▶ upgrade as many processes as possible
▶ account for theory uncertainties

Danke! Thanks! Kiitos!
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New Theory Prediction Pipeline Pineline [2302.12124]

Produce FastKernel (FK) tables!

  

yadismmg5

pinefarm

Theory 
Runcard

grid

pineko

ekoeko

FK 
table

Kinematics

Fitting Codeexp. data

Instructions

Vrap

program

object

config

The workhorse in the background: PineAPPL

https://arxiv.org/abs/2302.12124


Usage of PDFs with Theory Uncertainties [EPJC79.931]

▶ PDFs are universal
▶ we can assume uncertainties for a given process independent of the PDF

In the end we can just do:

(δσtot)2 = (δσMHOU)2 + (δσPDF)2 (7)

with (as usual):

(δσMHOU)2 = ⟨(Tσ[µ]− Tσ[µ0])
2⟩µ∈Vµ (8)

(δσPDF)2 = ⟨(Tσ[f (k)]− Tσ[f (0)])2⟩k=1...Nrep (9)

https://doi.org/10.1140/epjc/s10052-019-7401-4


Intrinsic Charm: Strategy [Nature608.483]

based on NNPDF4.0 [EPJC82.428]

4FNS Charm PDF constrained by experimental data for Q > Q0

• NNPDF4.0 dataset • NNLO QCD calculations

4FNS Charm PDF parametrised at Q0

• Deep-learning parametrisation • Monte Carlo representation of uncertainties

4FNS to 3FNS transformation

NNLO or N3LO matching conditions

Intrinsic (3FNS) Charm

• Scale-independent • PDF and MHO uncertainties

QCD evolution

QCD evolution

1

https://doi.org/10.1038/s41586-022-04998-2
https://doi.org/10.1140/epjc/s10052-022-10328-7


Intrinsic Charm: PDF plot [Nature608.483]
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BHPS model

Meson/Baryon Cloud model (effective mass)

[BHPS] or [Meson/Baryon Cloud Model]

▶ in 3FNS a valence-like peak is present
▶ for x ≤ 0.2 the perturbative uncertainties are quite large
▶ the carried momentum fraction is within 1%

https://doi.org/10.1038/s41586-022-04998-2
https://doi.org/10.1016/0370-2693(80)90364-0
https://doi.org/10.1103/PhysRevD.89.074008
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