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PDFs Event generators No summary

Parton density fits

Parton densities involve QCD at low momentum scales ↔ large coupling

I can compute ∂f(x, µ)/∂µ in perturbation theory, but not f(x, µ)

I ongoing effort to compute with non-perturbative methods
e.g. in lattice QCD

I in practice: determined from experimental data

Principle of PDF determinations:

I data for observables with factorisation formulae

most important: DIS (ep→ e+X), Drell-Yan (pp→ `+`− +X,
pp→ `ν +X), jets in ep and pp, tt̄ production in pp, . . .

I parameterise PDFs at “starting” scale µ0

use DGLAP eqs. to evolve to scales µ needed in fact. formulae

I determine PDF parameters by fit to data
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PDFs Event generators No summary

Uncertainties on extracted PDFs

“PDF errors”

I errors (stat. and syst.) of fitted data propagated to PDF parameters

“systematic theory uncertainties”

I selection of data sets and kinematics

I perturbative order of evolution and hard-scattering cross sections

I values of αs and mc,mb and possibly other constants
if taken as external parameters rather than fitted

I fine details of perturbative calculations
e.g. treatment of heavy quarks, resummation

I power corrections (try to avoid by using data with Q > Qmin)

recent work: include uncertainties from higher orders in PDF errors

(using scale variation) Harland-Lang, Thorne 2018; Khalek et al. 2019
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PDFs Event generators No summary

Illustration of PDF sets and their errors
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all PDFs at NNLO, error bands for 68% CL

I spread between different parameterisation often larger than error
bands of single parameterisation

I error bands propagate uncertainties of fitted data into PDFs
but do not reflect “systematic theory uncertainties” of extraction
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PDFs Event generators No summary

Illustration of PDF sets and their errors
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all PDFs at NNLO, error bands for 68% CL

I strangeness distribution remains poorly known
sometimes assume s(x) ∝ ū(x) + d̄(x) or s(x) ∝ d̄(x) at µ = µ0

 small errors in fit
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Illustration of PDF sets and their errors
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all PDFs at NNLO, error bands for 68% CL

I evolution to higher scales  qq̄ pairs at low x
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Illustration of PDF sets and their errors
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all PDFs at NNLO, error bands for 68% CL

I evolution to higher scales  qq̄ pairs at low x

I all q(x) and q̄(x) become similar at high scales and low x

I relative uncertainties shrink
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Illustration of PDF sets and their errors
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I g(x)� q(x) for x below 0.1

I at low scale and low x gluon known very poorly
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Illustration of PDF sets and their errors
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I g(x)� q(x) for x below 0.1

I evolution for g(x) even stronger than for q(x)
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PDFs and LHC data

-
W
fidσ / +W

fidσ
1.2 1.22 1.24 1.26 1.28 1.3 1.32 1.34

ATLAS
-113 TeV, 81 pb

 total uncertainty±data 
 stat. uncertainty±data 

ABM12
CT14nnlo
NNPDF3.0
MMHT14nnlo68CL
ATLAS-epWZ12nnlo
HERAPDF2.0nnlo

-W
fidσ / +W

fidσ = -/W+WR

W+ and W− production√
s = 13TeV, 81 pb−1

ATLAS, arXiv:1603.09222

(W+c) [pb]  σ
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CMS  (13 TeV)-135.7 fb

W + c production√
s = 13TeV, 35.7 fb−1

CMS, arXiv:arXiv:1811.10021
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Monte Carlo generators e.g. Herwig, Pythia, Sherpa

I build on structure of factorisation formulae e.g. for pp→ H + g+X

I but compute fully specified events, i.e. no “+X”
schematically:

p

p

Ht

I ingredients:

• parton densities and hard-scattering matrix elements

• parton showers: collinear and soft radiation from partons in
initial and final state (in perturbative region)

• models for multiparton interactions
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PDFs Event generators No summary

Monte Carlo generators e.g. Herwig, Pythia, Sherpa

I build on structure of factorisation formulae e.g. for pp→ H + g+X

I but compute fully specified events, i.e. no “+X”
schematically:

I ingredients:

• parton densities and hard-scattering matrix elements
• parton showers: collinear and soft radiation from partons in

initial and final state (in perturbative region)
• models for multiparton interactions and hadronisation
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Instead of a summary:
∫
L dt

[fb−1]
Reference

WWZ σ = 0.55 ± 0.14 + 0.15 − 0.13 pb (data)
Sherpa 2.2.2 (theory) 79.8 arXiv: 1903.10415

WWW σ = 0.65 + 0.16 − 0.15 + 0.16 − 0.14 pb (data)
Sherpa 2.2.2 (theory) 79.8 arXiv: 1903.10415

tZj σ = 620 ± 170 ± 160 fb (data)
NLO+NLL (theory) 36.1 PLB 780 (2018) 557

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

σ = 950 ± 80 ± 100 fb (data)
Madgraph5 + aMCNLO (theory) 36.1 PRD 99, 072009 (2019)

t̄tW 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)

ts−chan
σ = 4.8 ± 0.8 + 1.6 − 1.3 pb (data)

NLO+NNL (theory) 20.3 PLB 756, 228-246 (2016)

ZZ
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

WZ
σ = 19 + 1.4 − 1.3 ± 1 pb (data)

MATRIX (NNLO) (theory) 4.6 EPJC 72, 2173 (2012)
PLB 761 (2016) 179

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

PLB 761 (2016) 179

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

PLB 761 (2016) 179

Wt
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

H
σ = 22.1 + 6.7 − 5.3 + 3.3 − 2.7 pb (data)

LHC-HXSWG YR4 (theory) 4.5 EPJC 76, 6 (2016)

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

σ = 57 + 6 − 5.9 + 4 − 3.3 pb (data)
LHC-HXSWG YR4 (theory) 36.1 ATLAS-CONF-2017-047

WW
σ = 51.9 ± 2 ± 4.4 pb (data)

NNLO (theory) 4.6 PRD 87, 112001 (2013)
PRL 113, 212001 (2014)

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 arXiv: 1905.04242

tt−chan
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

t̄t
σ = 182.9 ± 3.1 ± 6.4 pb (data)

top++ NNLO+NNLL (theory) 4.6 EPJC 74: 3109 (2014)

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

σ = 818 ± 8 ± 35 pb (data)
top++ NNLO+NLL (theory) 3.2 PLB 761 (2016) 136

Z
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

W
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 arXiv: 1904.05631

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

pp
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

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

σ [pb]
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Status:
July 2019
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Run 1,2
√
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Theory

LHC pp
√
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Data
stat
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LHC pp
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Data
stat
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LHC pp
√
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Data
stat
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Standard Model Total Production Cross Section Measurements
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