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1. Charm in the proton

[Nature 608 (2022) 7923 483; Phys.Rev. D109 (2024) L091501]
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How intrinsic charm is determined in NNPDF

4FNS CHARM PDF CONSTRAINED BY EXPERIMENTAL DATA FOR @ > (g
e NNPDF4.0 dataset e NNLO QCD calculations

QCD evolution

‘ 4FNS CHARM PDF PARAMETRISED AT Qo ‘

e Deep-learning parametrisation e Monte Carlo representation of uncertainties

QCD evolution

|

4FNS 10 3FNS TRANSFORMATION
NNLO or N3LO matching conditions

INTRINSIC (3FNS) CHARM
e Scale-independent e PDF and MHO uncertainties

Qo = 1.65 GeV > m. = 1.51 GeV
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Total intrinsic charm
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Small but nonzero
valence-like intrinsic charm (3FNS)

Stable upon inclusion of MHOUs
(estimated as the difference between
NNLO and N3LO matching conditions)

Consistence with model predicitons

2.50 significance for baseline
3.00 with LHCb Z + ¢ and/or EMC Fy¥
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Intrinsic charm-anticharm asymmetry

=== 4FNS, Q = 1.65 GeV (PDFU)
0.03F = 3FNS (PDFU + MHOU)
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Small but nonzero
charm-anticharm asymmetry (3FNS)

MHQOUs estimated as the difference between
NNLO and N3LO matching conditions

1.50 significance for baseline
2.50 with LHCb Z + ¢ and/or EMC F¥

Can be significantly improved at the EIC
Ao (3, Q) = Zhaa2:0%) ok (10

o (2,Q°)
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2. Theory uncertainties in PDF determination
[ ]
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A theory covariance matrix

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

Ndat N
_ 1
X2 = 2 (Di—Ti)(COVexp + COVth)ijl(Dj —Tj); (COVth)ij = N E A,Ek)Agk), A£k> = T,b(k) —T;
g 2

Problem reduced to estimate the th. cov. matrix, e.g. in terms of nuisance parameters

k .
AM = Ty(ug, ur) — Ti(ur,0, nr,o0); vary scales in 3 < <2

Theory Correlation matrix (7 pt)

r 1.00 Experimental + Theory Correlation Matrix (7 pt) 1.00
TR Mmoo
i i ¥ 1l [ W
e 075 - - R 075
y |
DISNC{~ = -
050 L 050
025 025
0.00 Dis cc & 10.00
Top =
-025 \ -025
DYNC E :
-050 { -050
Dy cc{ = DY cC
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9 C R < R & -0 < C R < -0
oo 9o¢ @ o Q}%&’ \?&&%\@ oo 90¢ g
o™ o™
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A theory covariance matrix

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 = Z(Di—Ti)(covexp + covin)y; (D5 =T5); (coven)ij ZA A( ) A( ) = i( )T,
,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

b5
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X

2

A theory covariance matrix

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

Naat
= Z (Di—T3)(covexp + covth);jl(Dj —Tj); (coven)ij
4,7

()

l

~T,

Problem reduced to estimate the th. cov. matrix, e.g. in terms of nuisance parameters

k 1
A( ) = Ty(ur, ur) — Ti(kr,0, ir0); Vary scales in 25 iro u‘jaRo <2
—— MHOU (7 point)
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Impact

on parton distributions

2 at 100 GeV g at 100 GeV
1.06 I ; 1.06
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Z 1.00 Z 1.00
2 2
£0.98 2 0.98 9 =] NNLO-MHOU
e H & £ NNLO
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Faster perturbative convergence when MHOU are incorporated into PDFs
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Impact on uncertainties and fit quality

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. Parton distributions at aN®LO

[Eur.Phys.J. C84 (2024) 659]
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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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Incomplete Higher-Order Uncertainties

@ We construct an ensemble of N;; different approximations to 7(3)(N) as
interpolation functions that satisfy the known limits

@ We approximate its best estimate with the average

Nij

3 1 3), (k
AP0 = 350y,
Nij =
@ We include the uncertainty on the average with the theory covariance matrix
formalism (each instance 71-(;’)’ ") is seen as a nuisance parameter)

MZ:

Am (133 k) = Tm(lja k) - Tm COV%JTZ = ZJ? (7’.77 k) .
ij k:
@ The total contribution to the theory covariance matrix is
covOV — cov¥9 + covl¥D + cov!d?) 4 cov1?

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

tot IHOU MHOU
COVyppy = COVyppy + COViypp
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Splitting functions: singlet

2 Pyy(), ay =02 ny =4
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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 1.17 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 1.16 4616 1.17 1.13 4616 1.15 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
3
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

u at 100 GeV d at 100 GeV

1.15 1154
> =71 NNPDF4.0 aN3LO MHOU o
2110 =1 NNPDF4.0 NNLO MHOU 21104
g =1 NNPDF4.0 NLO MHOU g
@ 1.05 @ 1.054
=4 =z
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3 1.00 3 1.00
b I
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S S
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5 5
-4 o

0.85 0.85

1074 1073 1072 1071 1074 1073 1072 1071
X X
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Ratio to NNPDF4.0 aN3LO MHOU

1074 1073 1072 107t
X

Emanuele R. Noc

Ratio to NNPDF4.0 aN3LO MHOU

1074 1073 1072 107t
x

aN3LO corrections suppress the gluon PDF by 2-3% at = ~ 0.01 w.r.t. NNLO
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Partonic luminositites

qq luminosity gq luminosity
Vs =14 TeV Vs =14 TeV
1.25 125
3 3
g 1.20 2 1.20
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z Z 110
o o
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i I
e g
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= z
2 2 o0.
L k]
3 5090
0.85 o
10! 102 103
myx (GeV) mx (GeV)
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1.25 125
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21204 2120 <01 NNPDF4.0 NNLO MHOU
§ 1.154 FERTEN E== NNPDF4.0 NLO MHOU
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aN3LO corrections suppress the gg luminosity by 1-2% at mx ~ 100 GeV w.r.t. NNLO
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Inclusive cross sections

«10*  Neutral Current Drell Yan (PDF + MHOUs) «10¢  Charged Current Drell Yan (PDF + MHOUSs)
NNPDF4.0 /s =13.6 TeV 100 ® NNPDF4.0 Vs =13.6 TeV -
NNPDF4.0 (NNLOpit) = 60 GeV < mpe <120GeV 7| = & NNPDF4.0 (NNLOpar) 0 GeV < my, < 120 eV
MSHT20 f | ¥ MsHT20
MSHT20 (NNLOyar) FOBEF MSHT20 (NWLOpar) ]
4 %
T
I 1090 i B
: Wy S f By
{ 20851 { -
4 %
I | I 080 i i i |
NLO NNLO N°LO NLO NNLO NLO
Perturbative Order (ME) Perturbative Order (ME)
X101 Higgs in Gluon Fusion (PDF + MHOUSs) i Higgs in Vector Boson Fusion (PDF + MHOUs)
V5 = 13.6 TeV | & ~nepRio V5 = 13.6 TeV
450 { 4 =gl ¥ NNPDF4.0(NNLOp) B
= §  MSHT20
L , & L5k & MSHT20 (NNLOyar) i
= 2 I
2 351 — § 44 { I i -
< # NNPDF4.0 1
30k § NNPDF4.0 (NNLOyqf) 43 4
§ MSHT20 ?
_ & MSHT20 (NNLOpar) 1ok 4
251 | L 42 I I I
NLO NNLO N’LO NLO NNLO NILO
Perturbative Order (ME) Perturbative Order (ME)
Effect of using aN3LO PDFs instead of NNLO PDFs in N3LO predictions is small
Good consistency with MSHT20 | ]

Emanuele R. Nocera

NITO) Progress from NNPDF



4. Implications of NNPDF4.0 for LHC data
[ ]
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Making predictions wit

h P

DFs

4000f @ CT18 ' eCTIs
o MSHT20 9200F o MSHT20
& NNPDF3.1 & NNPDF3.1
3900 o ABMP16 9000f & ABMP16
& ATLASpdf21 2 ATLASpdf21
3800F ® PDFALHC15 8800} ¢ PDFLHC15
= # PDFALHC21 #PDFALHC21
- © NNPDF4.0 ~ 8600} ® NNPDF4.0
= 3700F =
S )
8400
3600F
8200
33000 LHC 14TV, 207 go00 LHC 14 TeV, 20,
4600 4800 5000 5200 T60 TR0 800 820 840 860 880
o [ph] oz [ph]
oo HC M T, 20 0.46EHO 14 TeV, 20
1050F o44p
1000F Z 042
o CT18 = aCTI8
9506 © MSHT20 £ 0.40p © MSHT20
' & NNPDF3.1 & NNPDF3.1
© ABMP16 o038k > ABMP16
900F & ATLASpdf21 & ATLASpdf21
@ PDFALHC15 b +PDF4LHC15
ssok apDRLHC21] %6 % PDFALHC21
o NNPDF4.0 @ NNPDF4.0
50 52 54 56 58 60 62 50 52 54 56 58 60 62
oy [pb] oy [pb]
[Acta Phys.Polon.B 53 (2022) 12]
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Accuracy vs precision or bias vs variance

overfit

error

r op‘t:ﬁmoxl
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underfit
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}ncfao\sing B
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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)

]
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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 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
0.034
0.02
0.01
0.00 — T T T T T
0 20 40 60 80 100

[

]

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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Are all PDF sets equally accurate?

cms 13

ATLAS 13 TeV 13

ATLAS 13 Tel 1 22

Emanuele R. Nocera

TV

Ay for datasets
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ATLAS 13T ol BRIV ARES 2oV hod: ey

2,(1)
Xexp+mhou+pdf
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Te had: 32
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2
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b
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5. To conclude
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