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1. Parton Distribution Functions at the LHC
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Determining PDFs from experimental data

@ Collinear, leading-twist factorisation of physical observables
L dz R T
@) =Y [ TLiy e (Lau@)k) L@ = (M er)(= @)
ij 7T

e Parametrisation: general, smooth, flexible at an initial scale Q%

ofi(@,Q3) = Ay, 2™ (1= 2)"Fi F (2, {cy,})
small z large ©
g(z,{ch 1) %}ﬁnitc

2y *—0 ayf. 1
zfi (Iv Q ) —— afi smooth interpolation in between zf; (377 Q2) Z_> (1 - x)bfi
(Regge theory) (polynomials, neural networks) (quark counting rules)

© A prescription to determine/compute expectation values and uncertainties

Naat
x* = 3 L@} — Dil(cov™ "), (15 [{a}] - Dyl
3y

Em:/bwmmmaﬁ vm=/Dwmmmwm—mm2

Monte Carlo: P(f|data) — {fi} Maximum likelihood: P(f|data) — fo
E[O] = + 33 O(fr) E[O] ~ O(fo)
V[O] ~ % S LlO(fx) — E[O]]? V[0O] = Hessian, Ax2envelope, . ..
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Determining PDFs from experimental data

[ QCD theory } { PDF parametrisation ]

[ theoretical predictions ]

minimisation
algorithm

comparison with
experimental data

i

yes

[ best-fit parameters ]
FITTING ALGORITHM

Assume a reasonable PDF parametrisation
Obtain theoretical predictions for various processes and compare predictions to data
Determine the best-fit parameters via minimisation of a proper figure of merit (e.g. x?)
Self-validate PDF'’s accuracy and precision
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Making predictions with PDFs

PDF uncertainty is often the dominant source of uncertainty in LHC cross sections

Higgs boson characterisation

Determination of SM parameters, such as the mass of the W boson

Searches for beyond SM physics at large invariant mass of the final state

Precision Discovery
Higgs Production Channel % theo. uncertainty o@13TeV b
.00 —————— X7
M PDF+as 200 — — ‘
ver coco) [ Kxvos+niL(pp = 33 + X) Q
1.80 = g
wH o) [N o s VS =13 TeV ) ,
cale L NNPDF3.0NLO
ZH (N2L0) _ 1.60 CTEQ66 ,”
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PDF uncertainty is often the dominant source of uncertainty in LHC cross sections

Making predictions with PDFs
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Next generation PDFs: NNPDF4.0 , ]

@ Refined theoretical framework [ ]
— nuclear uncertainties for both deuteron and heavy nuclei included by default
— NNLO charm-quark massive corrections implemented
— EW corrections not included to ensure consistency with data, but carefully checked
— charm PDF parametrised on the same footing as other PDFs

@ Improved implementation of PDF properties | ]
— extended positivity constraints for light quark/antiquark and gluon PDFs
— extended integrability constraints of non-singlet light quark PDF combinations

@ New PDF parametrisation and optimisation | 1
— single neural network to parametrise eight independent PDF combinations
— check of the independence of the results from the chosen parametrisation basis
— new optimisation strategy based on gradient descent rather than genetic algorithms
— scan of the hyperparameter space to find the optimal minimisation settings

@ Complete statistical validation of PDF uncertainties | ]
— (multi-)closure tests to validate PDF uncertainties in the data region
— future tests to check the sensibleness of PDF uncertainties in extrapolation regions

@ Open source fitting code | ]
https://nnpdf.mi.infn.it/nnpdf-open-source-code/
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Next generation PDFs: NNPDF4.0 , ]

Data set Naat X2/Ndat
Fixed-target DIS 1881 1.10
HERA 1208 1.21
e 37 2.11
o, 26 1.48
Fixed-target Drell-Yan 189 1.00
CDF 28 1.31
DO 37 1.00
ATLAS 621 1.18
Drell-Yan, 7, 8, 13 TeV 153 1.32
W+jet, 8 TeV 32 1.15
single top, 7, 8, 13 TeV 14 0.36
di-jets, 7 TeV 90 1.93
jets, 8 TeV 171 0.61
top pair, 7, 8, 13 TeV 16 2.30
Zpr, 8 TeV 92 0.86
direct photon, 13 TeV 53 0.72
CMS 411 1.40
Drell-Yan, 7, 8 TeV 154 1.34
single top, 7, 8, 13 TeV 3 0.43
di-jets, 7 TeV 54 1.67
di-jets, 8 TeV 122 1.50
top pair, 5, 7, 8 TeV 29 0.84
top pair, 13 TeV 21 0.67
Zpr, 8 TeV 28 1.42
LHCb 116 1.53
Total 4491 1.17
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So, how large are PDF uncertainties?

1 MxeY Mxe Y
Lij(Mx,y,V/s) = ;fi (inX) fj (L,MX>

Vs Vs
SINGLET
NNPDF3.1 (NNLO) NNPDF4.0 (NNLO)
Relative uncertainty for qg-luminosity Relative uncertainty for qg-luminosity
NNPDF3.1 (NNLO) - VS = 14000.0 GeV NNPDF4.0 (NNLO) - VS = 14000.0 GeV

104

Relative uncertainty (%)
My (GeV)
«

Relative uncertainty (%)

-
-

50 104 50
25 25
K 103
10 10
5
E 102
10*

Steady progress towards 1% relative uncertainties on £;; in a broad kinematic range J

The path towards 1% PDF uncertainties goes through data, methodology and theory J
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So, how large are PDF uncertainties?
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2. Theory uncertainties in PDF determination
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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
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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

Naat
2 -1 k k) —
X2 = E (Di—T3)(covexp + coven);; (D =T;); (coven)i; E A A( ) A( ) = i( )—Ti
,J
Problem reduced to estimate the th. cov. matrix, e.g. in terms of nuisance parameters
(k’) — < HF KR <
A Ti(pr, 1r) — Ti(r,0, kF0); vary scales in & < irot hay =2
0.5 Square root of diagonal elements of covariance matrices (7 pt), norm.alised to gbsolute value of data
! f o Experiment . - ! il !
' . - Theory E
Total
0.4

b5

=2
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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

Nyat
_ k k
X2 = Z(Di—Ti)(covexp +covth)ij1(Dj—Tj); (coven)ij ZA A( ). A( ) = i( )—Ti
%]
Problem reduced to estimate the th. cov. matrix, e.g. in terms of nuisance parameters
k 1
AP = Ty(up, ur) — Ti(kr,0, uro); vary scales in 5 < :FFO J;RO <2

—— MHOU (7 point)
—— NNLO-NLO Shift

0.3

0.2
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Theory uncertainties in PDF determination

2 at 100 GeV g at 100 GeV
1.06 | : 1.06
71 NNLO-MHOU

1.04{ =1 NNLO 104
3 =1 NLO-MHOU 3
L 1024 55 NO 102 !
Z 1.00 £ 1.00
8 S
£ 0.98 £ 0.981 = NNLO-MHOU
e H & £ NNLO

0.96 0.96 { =1 NLO-MHOU

E5 NLO
0.94 0.94 1 ; 7
104 10-2 102 10-1 1074 102 102 10-?
X X
3 at 1.65 GeV gat1.65Gev
P
1.015 L
p

1.010

1.005 F
8
5 1.000 o

0.995 N

0.990 '\ N\

NNLO / NLO MHOU (68% c 1-+10) N NNLO / NLO MHOU (88% ¢ 1.+10)
0.985 NNLO /NLO CENTRAL (68% €. +10) ANLO, NLO CENTRAL (69% < .+10)

02 0.4 0.6 0.8
X

02 0.4 0.6
X

0.8

Faster perturbative convergence when MHOU are incorporated into PDFs
[EPJ C79(2019) 838; ibid. 931; arXiv:2401.10319]
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Theory uncertainties in PDF determination

2 at 100 GeV g at 100 GeV
0.014 1 NNLO-MHOU 0.014 NNLO-MHOU
_ NNLO _ NNLO
3 00121 NLO-MHOU 3 00121 NLO-MHOU
< 0.0101 NLO < 0.010 NLo
) S
= 0.008 = 0.008
=4 =z
£ 0.006 A £ 0.006
° °
& 0.004 1 & 0.004 1
T B
0.002 4 0.002 1
0.000 : . . . 0.000 . . . .
104 10-3 10-2 10-! 10 10-3 10-2 10-!
X X
NLO NNLO
Dataset Ndat 1o MHOU MHOU no MHOU MHOU
DIS NC 2100 1.30 1.22 1.23 1.20
DIS CC 989 0.92 0.87 0.90 0.90
DY NC 736 2.01 1.71 1.20 1.15
DY CC 157 1.48 1.42 1.48 1.37
Top pairs 64 2.08 1.24 1.21 1.43
Single-inclusive jets 356 0.84 0.82 0.96 0.81
Dijets 144 1.52 1.84 2.04 1.71
Prompt photons 53 0.59 0.49 0.75 0.67
Single top 17 0.36 0.35 0.36 0.38
Total 4616 1.34 1.23 1.17 1.13

Overall (rather small) variation of uncertainties. Tensions relieved:
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3. N3LO QCD corrections in PDF determination
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6 = also+al o1 +al 26,40 (alt3)

5/6i0tax100%

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
may become a significant source of uncertainty

Higgs production in gluon-gluon fusion

5(PDF+a;) -

6 N 8(1/my)

(2)

(2)
1|0 _ — 0 _
5(PDF _ TH) P NNLO-PDFs NLO—PDFs

»@
NNLO—-PDFs

W boson production in CC Drell-Yan

— O(P)

10,

9 PDF & a; Uncertainties

S(PDF;

8 LHC 13 TeV EDE)

6l PDF4LHCI5_nnlo_mc | = 6(PDF+ay)
5 PP WX

4

3

2|

1

Nabg ————————
aL %7
5(PDF-TH)
2r 1
S(scale) ]
[ S— P R R — . T —— A |
0 20 40 60 80
Collider Energy / TeV

[ ]
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N3LO QCD corrections in PDF determination

Splitting Functions (information is partial)
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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Approximate N3LO anomalous dimensions

@ We include all analytically known terms in the ny expansion
7 (N) = 25V (N) + gy (V) + ndy 2 (N) +nrgs ™ (V)

which we collectively denote as 'yi(j,)nf (N).

@ We include all analytically known terms from large-z and small-z resummation, to
the highest known logarithmic accuracy, including all known subleading power
corrections in both limits: 'yg”)N_)OO(N), 72.(;’,)]\,_)0(N), ’Yi(?,)N—u(N)-

@ We write the approximate anomalous dimension as

3 3 3 3 ~(3
’Yz(])(N) = ’Yz(],)nf( ) +ry'§j,)]\7~>oo(N) +7i(j,)N~>O( ) +’YU N~>1(N) +’Yi(j)(N)~

@ We determine 7(3)(N) as a linear combination of a set of n'/ interpolating
functions (equal to the number of known Mellin moments):
nig; —ng Gy (N) (fixed) and ng H,’ (N) (varied)

nij—nH
(3 -
) = 3 G 3 )
=1
with the coefficients bfgj constrained by Mellin moments.

@ We make N;; different choices for each of the ny = 2 functions H,’ (N) in the
singlet sector; ng = 0 in the non-singlet sector.
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Incomplete Higher-Order Uncertainties

@ We have an ensemble of N,J different approximations to 'y( )(N); we approximate
its best estimate with the average

Nij

(3 (3), (k)
%J Z

ZJ k=1

@ We include the uncertainty on the average with the theory covariance matrix
formalism (each instance 'yi(?)’ ") is seen as a nuisance parameter)

N,
Arm(ij,k) = T (ij, k) = T coVlil) = <3 Am(ify k) An(if F)
ij T Yk
@ The total contribution to the theory covariance matrix is

IHOU (g99)

COV,y = COV,od) + cov,(ﬁ,‘i) + covfj{ﬁ) + cov(‘”)

@ The total theory uncertainty is the sum in quadrature of the IHOU and MHOU

tot IHOU MHOU
COVior = COVymn~ 4 COVynn
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Splitting functions: non-singlet

1
M[(1 - z)In(1 — )](N)
M(1 - 2) (1 - 2)](N)
M((1 - z)In®(1 - 2)|(N)
S1(NV)
T
ey

L
N+1)%
1

1
(N+2)° (N+3)

Pys—(z), ag =02 ny=4

aN’LO
-=== NNLO
—— NLO
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Splitting functions: singlet

) M1 — ) (1~ 2))(N)
GH(N) wE
55 (N) G (N) o

{HP(N), (N} Fer 0 w0 w0 ez ML= 2) (1= 2))(V), M[(1 =) In(1 - 2)](N)

G{'(N) M1 — 2)](N)
ayw) —
e (N) GH(N) o
{H'(N), HF'(N)} o W ¥ w we M- 2))(N), M{in(1 - 2)(N)
GY'(N) MIn*(1 — 2)](N)
GF(N) 1
245 (V) e wTow
G _s(N) ooy mr a ML - 2))(N)
M{in(z)In(1 - 2)](N), M[In(1 — 2)](N), M[(1 - z)In*(1 - 2)](N
PN, HE (V) [ln(z) In(1 = 2)|(N), M NN), M(1 = 2) o’ (1 = 2)|(N)
M((1 - 2) (1 2)|(N), M[(1 - 2)In(L - 2)|(N), 2
G (N) MI(1 —z) In*(1 - z)](N)
GTP(N) e
ey EE o
1

e ML= ) (1 - 2)](V)
ML= 22 In(1 — 2)?](V), M1~ ) In(@)](N)
ML= 2)(1+ 20)](V), ML~ 2)a2](N),
ML= 2)2(1 4 D)(N), M(L = )](N)

GITaN)

{HITP(N), HITP(N)}
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Splitting functions:

zPyy(x), ag =02ny =4

p NNLO
0.00 NLO
....... LO
%y [ i3 i [ i
x
2Pyy(x), oy =0.2np =4
o2k

010
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unb?\\ .-

0045

0021

0.00
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Splitting functions: singlet

T Pyy(x), s =0.2ny =4 2Pyy(x), oy =02 ny =4

. -_,_-‘,.-_7_:\_
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A general-mass

L05 -

variable flavour number scheme at N3LO

Féw)(x, @?), ratio to aN’LO

100
0.95 -

T
090/
14 /

085 - /
/ x = 0.0002
s/
Bhf —— aN’LO (IHOU)
--- NNLO
—+= NLO

w0 10 10

L2\,
N, x=0.02
Lg \,\
1.08 '\\ ‘\.
. .

N,

L0 E N b
. ~o

o4 N ~o
Loz Za el
100 e — e

10 w0? 10

Q?
FFONLL
i

Emanuele R. Nocera

NITO)

= F"(2,Q*m}) + F"™ (2,Q) — F™ (2,In(Q*/m}))

110§
\,

108 Y = 0.002
I ———
\\ ./ \\
sy ~—
N ~.
104 oS ~~
L02F 7 fhac Tl
/

100 e ——————
oos|
0.96 -

10" 10% 10*
1035 .

. r=0.2
N
1030 o
.

1025 - ~;

.
1020 e

e

Lo15 - s
L1010 - el
] s e — e
1000 ———— T TTE=ooos

10! 107 10°

Q?

i=21L,3

The Path to N3LO PDFs



A general-mass variablel flavour number

scheme at N3LO
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N3LO corrections to hadronic data

Dataset Ndat Kiny King [GeV] C-factor N3LO/NNLO
ATLAS high-mass DY 7 TeV 13 Inel < 2.1 116 < mygp < 1500 do /dmyy

ATLAS Z 7 TeV (L = 35 pbfl) 8 me,yz| < 3.2 Q=mgyg do/dmyy (66 < myp < 150)
ATLAS Z7TeV (£ = 4.6 fb~1) 39 |ny,yz| < 2.5,3.6 Q=mgy do/dmygy (46 < myy < 116)
ATLAS atvgfz 13 TeV 3 — Q=mw,my o

Atlas high-mass DY 7 TeV

f—e—
#  NNLO/NLO
1.04F -
#4  N3LO/NNLO ———
1.03 - Ps
~ —a——v
S - ——
9]
&
:<: 1.01 -
| ——
——t—
1.00
0.99 -/_/_/_'_.—f'_’f
J_‘N 11(1 “‘r“ L\"H _’Y‘)(A _’L"(A J‘IU _"L’: .(")H I"m M‘H) ﬁl;(l Il";(l
my [GeV]

When N3LO corrections are not known, a 3pt MHOU is included in the cov. matrix

OO = 5 (Am(H)An(+) + An()An(-))
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Fit quality

NLO

NNLO

aN3Lo

Dataset Ngat no MHOU MHOU Ng,t no MHOU MHOU Ng,t no MHOU MHOU
DIS NC 1980  1.30 122 2100 122 120 2100 122 1.20
DIS CC 988 0.92 0.87 989 0.90 0.90 989  0.91 0.92
DY NC 667  1.49 1.32 736 1.20 1.15 736 117 1.16
DY CC 193 131 1.27 157 145 137 157 1.37 1.36
Top pairs 64  1.90 1.24 64 127 1.43 64 1.3 141
Single-inclusive jets 356 0.86 0.82 356 0.94 0.81 356 0.84 0.83
Dijets 144 155 1.81 144 201 17 144 178 1.67
Prompt photons 53 058 0.47 53 076 0.67 53 072 0.68
Single top 17 035 0.34 17 036 0.38 17 035 0.36
Total 4462 1.24 116 4616 117 113 4616 115 1.14
Total Dataset
1.26
Fit quality improves with perturbative order ~#:* NNPDFL0 no MHOU
Loabl o NNPDF4.0 MHOU
Fit quality almost independent from L2 .
perturbative order when MHOU are included = | )
Fo
\:_'
Data whose theoretical description is R=RE o )
affected by large scale uncertainties P I R St ]
are deweighted in favour of more e
. 114 —
perturbatively stable data
112 \'I‘.U .\IN‘I.O (\\'I;I.U
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Perturbative dependence of PDFs: w/o MHOU

u at 100 GeV d at 100 GeV
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Perturbative dependence of PDFs: w/ MHOU
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PDF uncertainties
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Dependence on splitting function parametrisation

u at 100 GeV d at 100 GeV
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Comparison with MSHT20: PDFs

u at 100 GeV d at 100 GeV
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Comparison with MSHT20: partonic luminosities

gg luminosity

gg luminosity
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Ratio to NNPDF4.0 aN3LO no MHOU

Partonic luminositites: w/o MHOU

gg luminosity
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Ratio to NNPDF4.0 aN3LO MHOU
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Inclusive cross

sections: Drell-Yan
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Inclusive cross

sections: Higgs
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xc*(x)

Implications for Intrinsic Charm
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4. Conclusions
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Summary

For all PDFs good perturbative convergence is observed,
with differences decreasing as the perturbative order increases.

The effect of higher orders is negligible for quark PDFs,
while it is sizeable for the gluon PDF.

The inclusion of MHOUs improves perturbative convergence,
mostly by shifting central values at each order towards the higher-order result,
by an amount that decreases with increasing perturbative order.

Upon inclusion of MHOUs the fit quality becomes independent of perturbative order
PDF uncertainties generally do not change.

The effect of MHOUs at N3LO is negligible for all PDFs, but for the gluon.

The impact of N®LO corrections on total cross-sections (e.g. Higgs in gg fusion)
is very small on the scale of the PDF uncertainty.

Evidence for intrinsic charm is unchanged upon inclusion of N®LO corrections/MHOUs.

Check out our aN*LO and MHOU PDFs at
https://nnpdf .mi.infn.it/nnpdf4-0-n3lo/
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Summary

For all PDFs good perturbative convergence is observed,
with differences decreasing as the perturbative order increases.

The effect of higher orders is negligible for quark PDFs,
while it is sizeable for the gluon PDF.

The inclusion of MHOUs improves perturbative convergence,
mostly by shifting central values at each order towards the higher-order result,
by an amount that decreases with increasing perturbative order.

Upon inclusion of MHOUs the fit quality becomes independent of perturbative order
PDF uncertainties generally do not change.

The effect of MHOUs at N3LO is negligible for all PDFs, but for the gluon.

The impact of N®LO corrections on total cross-sections (e.g. Higgs in gg fusion)
is very small on the scale of the PDF uncertainty.

Evidence for intrinsic charm is unchanged upon inclusion of N®LO corrections/MHOUs.

Check out our aN*LO and MHOU PDFs at
https://nnpdf .mi.infn.it/nnpdf4-0-n3lo/

Thank you
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