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Recent data give unexpectedly large cro:
may imply that the proton has a no igil
are explored.

cctions for charmed particle production at high X in hadron collisions. This
uudec Fock 7 . The interesting consequences of such a hypothesis
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@ Introduction: the treatment of the charm PDF

© The NNPDF4.0 determination of PDFs

© Extraction of intrinsic ¢

Phenomenology: Z+c @ LHCb
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Introduction: the treatment of the charm PDF
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PDFs
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— fi (:17,,u2) are universal: can be extracted from a set of data for some processes

and used to make predictions for others
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Heavy quarks PDFs

Ny = 4 scheme (massless scheme)

Q >> Mme
computation of ' does not retain mass effects

. 2 . 1
o collinear log % are factored in charm PDF — f:f+ (z, 1)

4 active flavors in 8 function and DGLAP

Ny = 3 scheme (massive scheme)

o Q ~me
Q2

o computation of F retains mass effects, and explicit not resummed log g

@ charm decouples: renormalization-group independent charm PDF — f:bf (z)
[Collins, Wilczek and Zee, Phys.Rev. D18,242, 1978]

@ 3 active flavors in 8 function and DGLAP
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aFS: £ (2,Q7), q={uds,cu,d,s,

3FS: f;f (x,Q2) , f:f () q={u,d s,u,d 35 h=/{c¢c}

Relation between the PDFs and a5 in the two schemes is given by
fq Kan 2\ — Aqq ch fq " 2
()" = 2 (7)o

@ Operator Matrix Elements (OME) A;; known up to N3LO
o OME depend on as (un) and log £
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Perturbative charm

Charm in Ny = 4 generated purely by perturbative matching
+1
fr@=0 = 77 (zm?) = Y7 A fi! (z,m?) = 0 (a2)

i=q,9

2
7 (2,@7) ox aulog 2 (qu ® fg(”f“)) +0(a?)

(&

@ once the light flavors are determined, charm is fixed by matching and evolution

9/33



Fitted charm

Non vanishing Ny = 3 charm PDF is allowed

f (I) # 0 — fnf+1 Z Aczf (I m, ) + Accfc (I)

i=q,9

@ 4FS charm is not fixed by the light flavors PDF

@ we can fit charm PDF from data as any other quark

Can we provide a determination of f.7 (z) ?

intrinsic charm < f.'/ () #0

10/33



The NNPDF4.0 determination of PDFs
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Methodology

— PDFs are parameterized in Ny = 4, at Qo = 1.65 GeV

— PDFs parameterized using a neural network and a preprocessing polynomial factor

{2y

2 (1 — )P f@Py>®—| FK, |> 0,

— split of data in training validation sets — X%m , X121al

— minimization performed on X%T, stopping controlled by X121al
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Data

Kinematic coverage

o Fixed-target DIS
¥ Collider DIS
107§ & Fixed-target DY
< Collider gauge boson production
»  Collider gauge boson production+jet
Z transverse momentum
2064 = Top-quark pair production
“ Single-inclusive jet production
*  Dijet production
*  Direct photon production
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— new processes included for the first time: single top, W+jet, isolated photon,
di-jets

— extensive use of 13 TeV dataset

— total of O (4000) datapoints
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Data set NNPDF40 NNPDF3.1 ABMPI6 CTIS MSHT20

ATLAS W, Z 7 TeV (2010)
ATLAS W, Z 7 TeV (2011)

ATLAS low-mass DY 7 oV Data set NNPDF40 NNPDF3.1 ABMPI6 CTI8 MSHT20
:xwuw e CMS W electron asymmetry 7 TeV
ATLAS DY 2D 8 Tev CMS W muon asymmetry 7 TeV
ATLAS high-mass DY 2D § TeV OMS Drell-Yan 2D 7 TeV
ATLAS 0w,z 13 TeV. CMS W rapidity 8 TeV

ATLAS W+ +jet 8 TeV CMS Z pr 8 TeV.

ATLAS Z pr 8 TeV. CMS W +c7Tev

ATLAS ¢ 7,8 TeV. CMS W +¢ 13 TeV.

ATLAS offt 13 Tev OMS single-inclusive jets 2.76 TeV.
ATLAS t lepton-tiots 8 ToV CMS single-inclusive jets 7 TeV.
ATLAS (7 dilepton 8 TeV CMS dijets 7 TeV

ATLAS single-inclusive jets 7 TeV, R=0.6 CMS single-inclusive jets 8 TeV.
ATLAS single-inclusive jets 8 TeV, R=0.6 CMS 3D dijets 8 TeV'

ATLAS dijets 7 TeV, R=06 OMS ofg* 5 Tev

ATLAS direct photon production 13 TeV
ATLAS single top Re 7, 8, 13 TeV.

OMS ofgt 7,8 TeV
OMS of¢* 13 TeV.

ATLAS single top diff. 7, § TeV' CMS £ lepton-jets 8 TeV

ATLAS single top diff. 8 TeV' CMS tf 2D dilepton 8 TeV'
CMS f lepton-Hjet 13 TeV.

Data set NNPDF40 NNPDF3.1 ABMPI6 CTI8 MSHT20 CMS # dilepton 13 TeV

CMS single top a¢ + 07 7 TeV
CMS single top Re 8, 13 TeV

LHCb Z 940 pb
LHCb Z — ee 2 fb
LHCb W, Z = 7 TeV
LHCb W, Z - 8 TV
LHCb Z — jup, ee 13 TeV.
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Python object oriented codebase

Freedom to use external libraries (default: TensorFlow)

Documentation and tutorials provided

Results for a replica available in less than an hour (~ 40mins on 1 CPU)

Code fully public

NNPDF

Tests |passing | DO!  10.5281/zen0do.5362229

NNPDF: An open-source machine learning framework
for global analyses of parton distributions
The NNPDF collaboration determines the structure of the proton using Machine Learning methods. This is the main

repository of the fitting and analysis frameworks. In particular it contains all the necessary tools to reproduce the
NNPDF4.0 PDF determinations.
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Extraction of intrinsic c
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NNPDF4.0 charm PDF: parameterized and determined from experimental data in

c at 100 GeV cat 1.65 GeV
0.030 0.030
- NNPDF40 (NNLO) (68°% c.+10) NNPDF40 (NNLOY (68°% c.+10)
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Frrt (@) = B (QF - un) A (u3) B (i QF) £ (@0)
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EKV

Evolution Kernel Operators

) tests |passing codecov |100% | codefactor | A

EKO is a Python module to solve the DGLAP equations in N-space in terms of Evolution Kernel Operators in x-
space.

[Candido, Hekhorn and Magni, Eur.Phys.J.C 82 (2022)]

implementation of DGLAP solutions at LO, NLO, NNLO
various solution methods implemented

implementation of matching in Mellin space

Ll

inverse Matching implemented both exactly and expanding and as
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Intrinsic charm

T @ =165GeV) - T (@, p=151Gev) — fif ()

0.03 0.03

0.02 0.02
001 001
+ +
2 ©
=000 5o

—0.01 —— Intrinsic Charm, NNLO match (PDFU) o0t

IFNS Charm, Q=151 GeV (PDFU)
—— Tntrinsic Charm, N*LO match (PDFU) —— Tntrinsic Charm, O(a?) match (PDF+MHOU)
~0.02 ~0.02
02 04 06 08 02 04 06 08
z x

— valence like peak in the region 0.3 < z < 0.6
— in the region 0.3 < z < 0.6 PDF uncertainty is the dominant one

— large perturbative uncertainties for z < 0.2
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Momentum fraction

1
[c] :/0 dezct (z,Q)

Scheme Q Charm PDF me [e] (%)

3FNS - default 1.51 GeV 0.62 £ 0.28,4r & 0.54mhou
4FNS 1.65 GeV default 1.51 GeV 0.87 + 0.23p4a¢

4FNS 1.65 GeV perturbative 1.51 GeV 0.346 £ 0.005,4f & 0.44hou

=== default charm PDF
perturbative charm PDF

10! 10?

10°

— momentum fraction of 4FNS PDF
different from 0 at 3o level (PDF
uncertainty only)

— big MHO uncertainty on IC
momentum fraction (due to region
x <0.2)

— not possible to tell whether 4FS
momentum fraction is of perturbative
or intrinsic origin
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Dataset dependence
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1o LHCh W.Z data (PDF+MHOU) ~—— DIS dataset (PDF+MHOU)
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xr xr
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0.2 0.4 0.6 08 02 0.4 0.6 08
x x
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Comparison with models

0.03
@ BHPS model: [Phy. Letter B (1980) 451-455] 0.02
+ ! 3 1 2 2
zct = —Na® |- —2) (1+100 +2%) +22 (1+2°)ma — o0l
2 3 B
@ Meson Baryon model: [arxiv:1311.1578] = o0
+ N o I 001 —— Intrinsic Charm, NNLO match (PDF+MHOU)
zet = ——— Y -0 - :
Blat2 B8+1) BHPS model
— = Meson/Baryon Cloud model (effective mass)
—0.02
02 04 06 0s
xr
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Phenomenology: Z+c @ LHCb
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Z-+c measurements from LHCb

Measurement of Z bosons produced in association with charm in the forward region

[Phys.Rev.Lett. 128 (2022)]

o (pp = Z + charm jet)

RE =

J

o (pp — Z+jet)

y(Z)

R; (%)

2.00-2.75
2.75-3.50
3.50-4.50

6.84 £0.54+0.51
4.05£0.32+0.31
4.80 £0.50 +£0.39

2.00-4.50

4.98£0.25+0.35
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_ 1 1 1 1 =
0.2 0.4 0.6 0.8
T

— The most forward rapidity bin is sensitive to charm PDF in the region of the valence peak



Theory prediction for R; computed using POWHEG @ NLO + PS, using both perturbative and
default (fitted) charm

Z bosons  pr(p) > 20GeV, 2.0 < n(p) < 4.5, 60 < m(ptp) < 120 GeV

Jets 20 < pr(j) < 100GeV, 2.2 < n(j) < 4.2
Charm jets pr(c hadron) > 5GeV, AR(j, ¢ hadron) < 0.5
Events AR(u, §) > 0.5
0.09
c at 100 GeV s LHCb data
0.004 { SN perturbative charm (68% ..+ 1) E ) §  default charm
N\ e am el T 007 }  perturbative charm
0.003 R =
- S 006
X 0.06
. 8 i,
€
= 0.05
T:, 0.002 l 5 i
S om
0.001 &5
& 03 =
0.000 0.02
20 25 30 3.5 10 L5
0.35 0.40 0.45 0.5;) 055 0.60 0.65 w(2)

— theory prediction based on perturbative charm in disagreement with LHCb data

— better agreement found using NNPDF4.0 baseline (fitted charm)
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0.03 0.03
0.02 0.02
0.01 0.01
0.00 0.00
4FNS, Q = 1.51 GeV Intrinsic Charm
~0.01 ataset ~0.01 —— Bascline dataset
¢ (uncorr. sys) + LHCD Z+c (uncorr. sys)
+ LHCb Z-+c (corr. sys) + 4+ LHCb Z+c (corr. sys)
~0.02 ~0.02
0.2 0.4 0.6 08 02 0.4 0.6 08
x x

[e*(z)/dct ()| )

Intrinsic Charm

inclusion of LHCb (by bayesian RW)
and EMC data gives compatible
results with moderate reduction of
PDF error

local significance for IC at 2.50 in

0.3 < z < 0.6, getting to 30 when
including LHCb and EMC data
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Summary

o starting point: NNPDF4.0 charm PDF, fitted in the 4FS

@ determination of charm PDF in the 3FNS

— local evidence for non-vanishing valence peak
— large uncertainties at small x

future data

— HL-LHC data
— EIC data for F2

e to do:

— ¢ — ¢ asymmetry
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Hyperoptimization

5
=

=2

’k
13

Parameter

NNPDF4.0

Architecture

Activation function
Initializer

Optimizer

Clipnorm

Learning rate

Maximum # epochs
Stopping patience

Initial positivity A (POS)
Initial integrability A (int)

2-25-20-8
hyperbolic tangent
glorot_normal
Nadam

6.0x10~6
26x10 73

17x 103

10% of max epochs

18 . e n® =g

e o o o e o
- e / ./ [\ \. \ .
(e 0)  xE(w Q) V500  xVix0) wyx0) Ty 0y Ty(x.0) Tisx.0p)
(e, Qp)  xu(v,Q) ¥, Q)  xd(x,0) xdx, Q) ¥5,0)  w(x,0p)  xc*(xQy)

X Selecting manually the best set of parameters is a slow process and systematic
success is not guaranteed

v' Hyperparameter scan: let the computer decide automatically

o Define a methodology (a specific hyperparameter combination)
o Define a reward function to grade the methodology
o Scan over thousands of hyperparameter combinations and select the best one
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DGLAP

Evolution equations

d
il (o) = P (o (i) 1i3) @ F (13)
M

can be written in Mellin space as

df

dasg

7(N7O‘S)” a
B(Oés) f(N’ S) )

(N7a3) =

and solved as

oy (al)

(af)

2

<)
@

@

f(N,aS):E(aseag)f(N,cxg) , E~(as<—a2):73exp |:—

dals:| .

3

In x-space

F(z,p) = E (p < po) ® f (x, po) -
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Matching
When we cross the threshold for heavy quark production we have to apply the

matching

Fr (@) = Bt (QF < wn) A (u3) BO) (un  QF) £77 (@)

o\ nftl AN
()" e =ave, (V) o
g nytl g\ "
(? ) (uh) = Agh, (u7) <~i ) (ki)
hy By

OME depend on a?f+1 (ui) and log (ui/mi)
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Matching: more in details

OME are available up to N3LO with only NLO for heavy quark entries

A" (u3) = T4 ae (u}) A" 102 (u3) 470 10

S, S,y AS, @ a8 @
g Ay 0 Ayl np 99 99,
A = 0 0 0 A = 0 A 0
s S| TSk A ’
A 5 (1) 0 A 5(1) AS,(z) A 5(2)

Hg HH Hg Hgq

np.m o 0 npe ANS»
ANS,h_ = (n AZSMH) + ANSh_ = ( a9 o)

NNLO [Eur.Phys.J.C 1 (1998) 301-320],
NLO massive [Phys.Lett.B 754 (2016) 49-58],
N3LO [Ablinger, Blumlein et al, 2009-2017]

The inversion can be done either perturbatively or exactly

(Anf>71 (P‘?h) I —as (F‘;,,) Anf,m +‘12 (“2) (Anf,(z) _

S(u2) A g

S, S,
R Agy Agg
ST ®) o AG
R [l
A 5(2) A 5(2)
Hg Hq
npe NS,
£ _ (Aqq 0
NS,h_ 7 o

(A"0)) 0 w2)
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Fitted vs perturbative charm

Fitted charm

. ny
— agnostic about f.

— independent of matching conditions: no
dependence on perturbative order, uy, m.

— more realistic PDF error given by the data

0.03
0.02

0.01

xc(x)

0.00

—0.01

—0.02

Perturbative charm

X fix fof =0

X c PDF built using matching + evolution:
perturbative unstable, strong dependence
on fip, Me

X big MHO uncertainty, unrealistic PDF error

cat 1.65 GeV

5+ perturbative charm NNLO (68% c.l.+10)
perturbative charm NLO (68% c.l.+10)

1074 1073

1072 107t 10°
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Mass dependence

xct(z)

0.03

0.02

0.01

0.00

=0.01

—0.02

—— m = 138 GeV (PDFMHOU)
~=== m, =151 GeV (PDF+MHOU)
m, = 1.64 GeV (PDF4MHOU)

0.4

0.6 0.8

Charm Momentum Fraction (%)

< me =138 GeV

default charm PDF

10 10? 10°
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