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PDFs at the LHC
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PDF uncertainty is often the dominant source of uncertainty in LHC cross sections )
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Physics at the LHC as Precision Physics

. . Status:
Standard Model Production Cross Section Measurements ;j'= .,
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We are approaching 1% PDF uncertainties

gg luminosity
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[J.Phys.G 49 (2022) 080501]

The path towards 1% PDF uncertainties goes through data, theory and methodology J
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1. Data
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Data: kinematic coverage

Kinematic coverage
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Data consistency

Strange in the proton | ]
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Data inconsistency: tensions between data sets

Give more weight to a data set p

g at 1.65 GeV

7771 Unweighted (68% c.l.)
1 ATLAS W, Z 7 TeV (central) (68% c.l.)
= ATLAS tf /+jets 8 TeV (68% c.l.)

1.0
2 2 2
X° = x°t+wx;
038
Refit: the total x? will increase
. 0.6
Which data sets get worse? How much? =
K]
. . x
Refit: the data set x5 will decrese 04
Self-consistency? Inconsistency? 02
Examples: ATLAS W, Z and tt 00
Inconsistency clearly spotted
unnatural PDF shapes appear
error in other data sets increases
0.12
Otherwise global fit quality 0.10
and PDFs remain unaltered 0.08
5
Data set baseline rw W, Z rw tt g 0.06
ATLAS W, Z 7 TeV 1.86 1.23 — 0.04
ATLAS t 8 TeV 4.11 — 121 0.02
Total 1.20 121 173 0.00
[
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Data inconsistency: experimental correlations

Single inclusive jet data from ATLAS 7 TeV

default correlations: terrible x?
(correlations across rapidity bins)

decorrelation models: improve the fit a lot

Top pair production from ATLAS 8 TeV

default correlations: terrible 2
(correlations across different spectra)

decorrelation models: improve the fit a lot

default part. decorr. full decorr.

Ndat

default stat. uncorr. p.s. uncorr

Mdat

140 1.89 1.28 0.83

25 7.00 3.28 1.80

no significant effect on the extracted gluon
similar gluon irrespective of the rapidity bin

1 Gluon (NNLO), Q* = 10*GeV?, R = 0.6

MMHT (no jets) —

10 ATLAS ---- J
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appreciable effect on the extracted gluon
different gluon depending on the top spectrum

Combined, p.s decorrelated between distributions
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Good knowledge

Ao, (67 =4)
ATLAS W, Z 7 TeV 2011 Central selection
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of experimental correlations is important
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Assumptions:
correlations are determined less precisely than variances
inaccuracy is limited to a small number of uncertainties

Regularisation procedure:
clip the singular values of the correlated part of the matrix of
uncertainties to a constant d, whenever these are smaller than
that, while leaving the rest of the singular vectors unchanged
X30/Naat = 116 x2_,/Naar = 1.11  (Naat = 4618)
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Impact of future data: HL-LHC

Kinematic coverage
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Impact of future data: EIC

L Current DIS Data
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Impact of future data: FPF
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2. Theory
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6 = also+al o1 +al 126,40 (alt3)
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N3LO QCD corrections in PDF determination

NNLO is the precision frontier for PDF determination

N3LO is the precision frontier for partonic cross sections

Mismatch between perturbative order of partonic cross sections and accuracy of PDFs
is becoming a significant source of uncertainty

Higgs production in gluon-gluon fusion
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N3LO QCD corrections in PDF determination

NNLO is the precision frontier for PDF determination
N3LO is the precision frontier for partonic cross sections

Mismatch between perturbative order of partonic cross sections and accuracy of PDFs
is becoming a significant source of uncertainty

(2) (2)
1|0 _ — ONLo—
6 = abootal 61+al 25,400 T?)  S(PDF —TH) = _ | REO=s  RRO=TDE
INNLO—PDFs

Perturbative stability and uncertainty of the gluon PDF
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N3LO QCD corrections in PDF determination

Splitting Functions
Singlet (Paq, Pag, Paq. Pag)

— large-ny limit | 1

— small-z limit [ ]

— large-x limit [ |
— 5 (10) lowest Mellin moments |

Non-singlet (Pns,v, Pns,+, Pns,—)

— large-ny limit | ]

— small-z limit [ ]

— large-x limit [ ]

— 8 lowest Mellin moments | ]

DIS structure functions (Fr, F2, F3)

— DIS NC (massless) [ ]
— DIS CC (massless) | ]
— massive from parametrisation combining known limits and damping functions |

PDF matching conditions

— all known except for a?}’I g | ]
Coefficient functions for other processes
— DY (inclusive) [ 1; DY (y differential) [ ]
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g, Ratio to NNLO, Q* =10 GeV*

aN3LO PDFs — MSHT

g, Ratio to N°LO, Q* =10" GeV*

¢, Ratio to NNLO, Q? = 10" GeV?

1. 1.100 120 LD
NNLO | aN'LO (1, + K,) e
1075 aNLO (H, + Ky) - 1075 aN'LO (1) 115 ok
1.050{ >y aN’LO (H}) | 1.050 aN’LO (no theory unc.) 110 NNLO (without HERA)
=y NNLO (without HERA) 1 —
1.025 | 1025 105
1.000 1 1.00
0975 0975 095
0.950 0.950 0.90
0925 0025 —= aN’LO (NNLO K-factors) 088
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1ot 1ot 10° 107 10! 100 1ot 10
. z z
s+ 5, Ratio to NNLO, Q?=10* GeV? B u, Ratio to NNLO, Q2 = 10" GeV? 100 d, Ratio to NNLO, Q2 = 10" GeV?
NNLO NNLO
14 aN’LO (H, + K,;) 1.075 1075 aN’LO (H,, +K,;)
aN’LO (H)) 1.050 1.050 aN'LO ()
12 3 NNLO (without HERA)
NNLO (without HERA) 1.025 1.025 ;
1.0 - 1 1
e 0.975 0.975
08
0.950 0.950
0 0.925 0.925
X 0.
104 0% 10+ 10° 107 1ot 107 10
x z

3-5% correction on the gluon PDF at 2 ~ 1072

larger charm PDF (perturbatively generated)

inclusion of theory uncertainties may inflate PDF uncertainties at small z

inclusion of aN3LO corrections generally improve the x? of HERA and LHC jets
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Theory uncertainties in PDF determination

Assuming that theory uncertainties are (a) Gaussian and (b) independent from
experimental uncertainties, modify the figure of merit to account for theory errors

o L A (A, A®) — p(0)
2 _ ) ) 1. ). R . = )
X = E (Di=Ti)(covexp + covin); (Dj—Tj); (coven)ij = N E AN A =TV T
i, K
Problem reduced to estimate the th. cov. matrix, e.g. in terms of nuisance parameters
(k’) T . H 23 KR
= ; var les in 5 < <2
Ti(pur: pr) = Ti(ur,0, 1r0); vary scales in 5 < BB BE <
VTho orrelation matrix (7 pt) - 1.00 e Experlmental + Theory Correlation Matrix (7 pt) 1.00
1 "R
0.75 - 0.75
T
0.50 Dishc| ww | | _ 0.50
025 025
10.00 DIS c¢ .‘\‘\V'Q 10.00
~025 or l!k -025
DY NC k X
-0.50 ] -0.50
DY cc ™= DY cC I
SINGLETOP SINGLETOP
JETS =075 JETS -075
PHOTON PHOTON
DIET il DIET
© © F 0 é o~ -L00 © EAP -1.00
o g6& & g @3" e o R K

Emanuele R. Nocera (UNITO) Collinear PDFs



Theory uncertainties in PDF determination

Assuming that theory uncertainties are (a) Gaussian and (b) independent from
experimental uncertainties, modify the figure of merit to account for theory errors
Ry 1L ) Ak k k
X* = D (Di=T;)(covexp + covin) ;' (Dj=T}); (covin)ij = N S Al )A§ A =7
i k
Problem reduced to estimate the th. cov. matrix, e.g. in terms of nuisance parameters

AW = Ty(up, pr) = Ti(ug,0, pro); vary scales in 1 < HE MR <9

2 = pro’ BRO —
05 Square root of diagonal elements of covariance matrices (7 pt), normalised to absolute value of data
Experiment T
Theory

Total
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Theory uncertainties in PDF determination

3 at 1.65 GeV gat1.65Gev

1015 10
1.010
1.005

]
1.000 &

Ratio

0.995

0.990
NNLO / NLO MHOU (68°% c.1.+10) NNLO / NLO MHOU (68% c.1.+10)
0.085 NNLO/ NLO CENTRAL (68% c..+10) 0.5 NNLO /NLO CENTRAL (68% c.. +10)
02 0.4 0.6 0.8 02 0.4 0.6 0.8
X X

Faster perturbative convergence when MHOU are incorporated into PDFs
Overall (rather small) increase in uncertainties

Increase in PDF uncertainties due to replica generation
is counteracted by extra correlations in fitting minimisation
Tensions relieved: improvement in 2
exp only: x?/Naa, = 1.21 exp+th: x?/Ngar = 1.20
Data whose theoretical description is affected by large scale uncertainties

are deweighted in favour of more perturbatively stable data
[ I

What happens at N3LO? )

Emanuele R. Nocera (UNITO) Collinear PDFs 23 October 2023 19/28



Incomplete higher

Approximate N3LO splitting functions as

3) _ (3 (3 3) ~ (3
’Yz(] = 'Ym) 3 T %, )N~>oo + ryi(j,N%O + %45 )

Parametrlse'y => (Z)Gz( N)

— G for the leading unknown large-N term

— G2 for the leading unknown small-N term

— 3 or 8 G for the sub-leading unknown small-
and large-N contributions

— vary the functions G; to generate a variety of
approximations and estimate IHOU

— determine the coefficients a(J) with known
moments and momentum conservation

Adopted basis function for 75/:)

G1(N) M[(1 - z)In%(1 — z)]
Ga(N) -t
GV QNI" =B 2\/1[(1 —z)ln (1-2)]
M[(1 =2)’In(1 - 2)?], 55— N, M[(1 - z)In(z)]
Ga(N) M((1 - 2z)(1 + 22)], M[(1 - 2)z?],

M((1 - z)z(1+ z)], M[(1—=z)]

order uncertainties

—— aN3LO ((MHOU) + IHOU)
0= NNLO (MHOU)
—:= NLO (MHOU)
»»»» LO (MHOU)
10
T
01z —— aN3LO ((MHOU) + IHOU)
=== NNLO (MHOU)

S == NLO (MHOU)

S0 e LO (MHOU)
—= /Oy Py,
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Incomplete higher

Approximate N3LO splitting functions as

3) _ @3 (3 3) ~ (3
’Yz(] 'Ym) 3 T %, )N~>oo + ryi(j,N%O + %45 )

Parametrlse'y => (Z)Gz( N)

— G for the leading unknown large-N term

— G2 for the leading unknown small-N term

— 3 or 8 G for the sub-leading unknown small-
and large-N contributions

— vary the functions G; to generate a variety of
approximations and estimate I(H)OU

— determine the coefficients a; ij
moments and momentum conservation

with known

Adopted basis function for 75/:)

G1(N) M[(1 - z)In%(1 — z)]
Ga(N) -t
Ga(V) 2ﬁ‘4’1 =B M[(l—z)ln 1-z)
M((1 - 2)2In(1 - 2)?], j - N, M[(1 - z)In(z)]
Ga(N) M((1 - 2z)(1 + 22)], M[(1 - 2)z?],

M((1 - z)z(1+ z)], M[(1—=z)]

order uncertainties

= MSHTaN3LO (prior)

L. === NNLO

Emanuele R. Nocera (UNITO) Collinear PDFs

MSHTaN3LO (prior)

aN3LO

—— MSHTaN3LO (posterior)
=== NNLO

xP

23 October 2023
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aN3LO PDFs — NNPDF PRELIMINARY

z at 100 GeV g at 100 GeV
1.024 aN3LO (MHOU+IHOU) (68% c.I.+10)
1.005 4 NNLO (MHOU) (68% cl.+10)
— s 1.014
3 1.0001 3
T I
= =
S 0.9951 9 1.001
= 2
= r<
£ 0.9901 2 0.991
o o
2 &
0.985 1 0981
Lo (OO (5% <1 +10
0,080 Ao ) (600 1 10
10-3 10"A 10"3 10"Z ld'l 16” 10-5 104 1073 1072 1071 100
X X
gg luminosity
IHOU incorporated into Vs =13 Tev
an independent covariance matrix 110 micma e
where nuisance parameters are averaged _
2
over parametrisation variations gms—
X?/Ndat = 1.20 (NNLO (MHOU)) =
Z 1.001
X*/Naar = 1.19 (aN*LO (MHOU+IHOU)) =
o
PDFs only affected at small = Z 095
o Lo
largest effect: 2% suppression in Lgg 050
around the Higgs mass 10t 102 10
my (GeV)
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NLO EW corrections in PDF determination

If we aim to PDF accurate to 1% NLO EW corrections do matter
especially as higher invariant mass and transverse momentum regions are accessed
Different approaches taken in general-purpose PDF fits
NLO EW K-factors (MSHT20); no NLO EW corrections by default (NNPDF4.0)

Differential Drell-Yan cross section at 14 TeV' Differential top-pair production cross section at 14 TeV
10!
= =
Z 10! z
o] o -
2 9 2 107
ES ES
10 F10
60 i — NLOGeD — NLO QCD.
= — w0 qenw £ 10 — N0 gepeew
g0 i g
22 o0
z &
o o
=} 2w
10%
My [GeV] My [GeV]
QED corrections in DGLAP evolution Automation of NLO EW corrections
[Com.Phys.Commun. 185 (2014) 1647] [JHEP 07 (2018) 185]
Photon PDF Fast interpolation grids: PINEAPPL
[PRL 117 (2016) 242002; JHEP 12 (2017) 046] [JHEP 12(2020 108]
Photon PDF fits a la LuxQED Careful scrutiny of data
[SciPost Phys. 5(2019) 1; JHEP 79 (2019) 10] (no FSR nor photon-initiated subtraction)
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3. Methodology
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Validation of PDF uncertainties

Data region: closure tests

Fit PDFs to pseudodata generated
assuming a known underlying law

Define bias and variance
bias difference of central prediction and truth
variance uncertainty of replica predictions

If PDF uncertainty faithful, then
E[bias] = variance
25 fits, 40 replicas each

0.044 fits bias distribution
replicas variance distribution
0.034
0.02
0.01
0.00 — T T T T T
0 20 40 60 80 100

[
Emanuele R. Nocera (UNITO)

]

Collinear PDFs

Extrapolation regions: future test

Test PDF uncertainties on data sets
not included in a given PDF fit
that cover unseen kinematic regions

Data set NNPDF4.0 pre-LHC pre-HERA
pre-HERA 1.09 1.01 0.90
pre-LHC 1.21 1.20 23.1
NNPDF4.0 1.29 3.30 23.1
Only exp. cov. matrix
uat 1.7 GeV
07 7 PreHera (68 c.l.+10)
N1 PreLHC (68 c.l.+10)
NNPDF4.0 (68 c.l.+10)
0.6
Xx0.5
p=}
x
0.4
0.3
10-° 1074 1073 1072 107! 100
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Validation of PDF uncertainties

Data region: closure tests

Fit PDFs to pseudodata generated
assuming a known underlying law

Define bias and variance
bias difference of central prediction and truth
variance uncertainty of replica predictions

If PDF uncertainty faithful, then
E[bias] = variance
25 fits, 40 replicas each

0.044 fits bias distribution
replicas variance distribution
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0.01
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Extrapolation regions: future test

Test PDF uncertainties on data sets
not included in a given PDF fit
that cover unseen kinematic regions

Data set NNPDF4.0 pre-LHC pre-HERA
pre-HERA 0.86
pre-LHC 1.17 1.22
NNPDF4.0 1.12 1.30 1.38

Exp+PDF cov. matrix

uat 1.7 GeV
07 71 PreHera (68 c.l.+10)
N0 PreLHC (68 c.l.+10)
NNPDF4.0 (68 c.l.+10)
0.6
Xx0.5
p=}
x
0.4
0.3
10-° 10 1073 1072 107t 10°
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Benchmarks
Benchmark of the theory

s ATLAS (7 TeV, 46 ) Be careful about the use of different
o | NNLO codes for DY production
%m e in particular when experiments use
3 , i HI \ * non-optimal fiducial cuts [£PJC81(2021)573]
wos | i L b ’}*’HH } NNLO corrections usually
o wor ' implemented via K-factors

" :;EZE:Q iii%{ NNLOJet/ApplFast provide NNLO
e : N B K B ! @ s lookup tables for a limited set of data

Benchmark of PDF sets
i 1.20

=i e e
MSHT2
12} S NNPDF3.0 1.15 NﬁpDFg'T‘:ed
“cTia -
MMHT14 1.10 CT18red

g/g(ref)

Cd il il

1077 1071 107* 1072 107!

10° 104 10° 102 10!

X xr

[PDF4LHC15 benchmark, JPG 43 (2016) 023001] [PDF4LHC21 benchmark, JPG 49 (2022) 080501]
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Tools

Progress has been possible thanks to the development of computational tools J

Many of them are publicly available (and some are unfortunately not)

Monte Carlo generators
madgraph, MCFM, MATRIX, NNLOjet, ...

PDF evolution codes and DIS codes
Hoppet, Pegasus, QCDnum, APFEL, APFEL++, EKO, YADISM, ...

Fast-interpolation grid formats
APPLgrid, FastNLO, APPLfast, PineAPPL

Statistical tools for PDF manipulation
Monte Carlo compression, Hessian and Monte Carlo conversion

Tools to study the PDF sensitivity to data sets
L2 sensitivity, Hessian profiling, Bayesian reweighting, SMPDF

Fitting codes
XFitter, NNPDF
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4. Conclusions
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Summary

A precise and accurate determination of PDFs is key to do precision phenomenology.
LHC measurements are being instrumental to reduce PDF uncertainties to few percent.
The goal of achieving PDF determinations accurate to 1% opens up some challenges.
Understand experimental systematic uncertainties and their correlations.
Refine the theoretical accuracy of a PDF determination.
Represent theory uncertainties into PDF uncertainties.
Deploy a robust fitting methodology and good statistical tests of it.

Benchmark efforts may benefit from public releases of PDF codes and inputs.
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Summary

A precise and accurate determination of PDFs is key to do precision phenomenology.
LHC measurements are being instrumental to reduce PDF uncertainties to few percent.
The goal of achieving PDF determinations accurate to 1% opens up some challenges.
Understand experimental systematic uncertainties and their correlations.

Refine the theoretical accuracy of a PDF determination.

Represent theory uncertainties into PDF uncertainties.

Deploy a robust fitting methodology and good statistical tests of it.

Benchmark efforts may benefit from public releases of PDF codes and inputs.

Thank you
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