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Why Nucleon Structure?



Why Nucleon Structure?

One may claim that the nucleon is a rather "boring’ particle, surely
after one century of studying it, we know everything about the proton?




Why Nucleon Structure?

nothing farther from reality: the proton is a beautiful example of the richness of quantum
mechanics: what a proton is depends on the resolution with which we examine it!

NEVER TRUST AN ATOM

THEY MAKE UP

EVERYTHING

long distances / low energies short distances / high energies

a point particle

E <1 GeV
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Why Nucleon Structure?

nothing farther from reality: the proton is a beautiful example of the richness of quantum
mechanics: what a proton is depends on the resolution with which we examine it!

NEVER TRUST AN ATOM

THEY MAKE UP

EVERYTHING

long distances / low energies short distances / high energies

a point particle 3 valence quarks sea quarks, gluons heavy quarks, photons,
leptons, Higgs bosons

E<k1GeV ENfeWGeV7 E ~ 50 GeV E 1 TeV



A gateway to unravelling QCD
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Proton Spin Mystery Gains a New
Clue

Scientific. Ameérican (2014)

Gluons contribute to proton spin

The proton keeps surprising us as an endless source of fundamental discoveries!
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Gluons contribute to proton spin

The proton keeps surprising us as an endless source of fundamental discoveries!

After 40 years of studying the strong
nuclear force, arevelation gluon-dominated

This was the year that analysis of data finally backed up a prediction, S t a te (o) f ma ttel‘
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A gateway to unravelling QCD

THE SCIENCES

Proton Spin Mystery Gains a New
Clue

up quark

Scientific.American (2014)

Gluons contribute to proton spin

The proton keeps surprising us as an endless source of fundamental discoveries!

Decades-Long Quest Reveals Details of the

Proton’s Inner Antimatter After 40 years of studying the strong

nuclear force, a revelation gluon-dominated

Twenty years ago, physicists set out to investigate a mysterious
asymmetry in the proton’s interior. Their results, published today, show This was the year that analysis of data finally backed up a prediction, Sta te Of ma ttef
made in the mid 1970s, of a surprising emergent behaviour in the

how antimatter helps stabilize every atom’s core.
strong nuclear force

Antimatter asymmetry in the proton

Quanta Magazine (2021)
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A gateway to unravelling QCD

THE SCIENCES

Proton Spin Mystery Gains a New
Clue .~ New Scientist (2021)

Simpelewaterstofkern blijktverrassend
charmant

27 september 2021 @ Dorine Schenk

Gluons contribute to proton spin Intrinsic Charm

up quark

Scientific: Merlcan (2014)

The proton keeps surprising us as an endless source of fundamental discoveries!

Decades-Long Quest Reveals Details of the

Proton’s Inner Antimatter After 40 years of studying the strong

nuclear force, arevelation gluon-dominated

Twenty years ago, physicists set out to investigate a mysterious
asymmetry in the proton’s interior. Their results, published today, show This was the year that analysis of data finally backed up a prediction, Sta te Of ma ttel'
made in the mid 1970s, of a surprising emergent behaviour in the

how antimatter helps stabilize every atom’s core.
strong nuclear force

Antimatter asymmetry in the proton

Quanta Magazine (2021)
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Why Nucleon Structure?

Address fundamental questions
about Quantum Chromodynamics

€ origin of mass & spin

¢ heavy quark & antimatter content

¢ 3D imaging

€ gluon-dominated matter

¢ nuclear modifications

¢ Interplay with BSM e.g. via SMEFT PDFs
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Why Nucleon Structure?

Key component of predictions for particle,
nuclear, and astro-particle experiments

¢ pp: ATLAS, CMS, LHCb, ALICE
¢ ep: fixed target DIS, HERA

¢ neutrinos: IceCube, KM3NET,
Forward Physics Facility @ LHC

¢ heavy ions: LHC Pb, LHC O, RHIC
¢ pp (future): HL-LHC, FCC, SppS

¢ ep (future): Electron-lon Collider,
LHeC, FCC-eh
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Address fundamental questions
about Quantum Chromodynamics

€ origin of mass & spin

¢ heavy quark & antimatter content

¢ 3D imaging

¢ gluon-dominated matter

¢ nuclear modifications

¢ Interplay with BSM e.g. via SMEFT PDFs



Parton Distributions



Parton Distributions

Proton energy divided among
constituents: quarks and gluons

Parton Distribution Functions
(PDFs)

|

Determine from data:
Global QCD analysis

Also important recent results from lattice QCD!

What do we need to extract PDFs from data?
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Parton Distributions

NLHC(H) ~ 8 X g ® 8JggH

Parton Distributions

All-order structure: QCD factorisation theorems



Parton Distributions

g(z, Q)
\ Energy of hard-scattering reaction:
inverse of resolution length
Probability of finding a gluon inside a

proton, carrying a fraction x of the proton x: fraction of proton
momentum, when probed with energy Q momentum carried by gluon

Dependence on x fixed by non-perturbative QCD dynamics: extract from experimental data

g(X, Q09 {Clg}) =]fg(x9 a(él)a a(éZ), oo )

constrain from data

¢ Quark number conservation ¢ Energy conservation: momentum sum rule

1 1 Ty
[ dx (u(x, Q% — i(x, %) =2 J dx x ( D [l 0% + G(x. Q%] + gl Q2)> =1

0 0 i=1



Parton Distributions

g(z, Q)
\ Energy of hard-scattering reaction:
inverse of resolution length

Probability of finding a gluon inside a
proton, carrying a fraction x of the proton x: fraction of proton
momentum, when probed with energy Q momentum carried by gluon

Dependence on Q fixed by perturbative QCD dynamics: computed upto © (a&fl )
Nik[hef!
' dz X
2 2 2
qx, Q7)) =] —P; | — a0 | q(z, Q")

. Z Z

01ln Q2

(3

DGLAP parton evolution equations



A proton structure snapshop
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The global QCD analysis paradigm

QCD factorisation theorems: PDF universality

Glp—mX — Euy—m ® M(X) * 6pp—>W — guj—)W ® M(X) ® CZ('X)

Q

u(x) —

e —

_a—

Determine PDFs from deep- ... and use them to compute predictions
inelastic scattering. .. for proton-proton collisions
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The global QCD analysis paradigm

\)

M?2

~

u() —

e

= 0 ==

P

1 (! dx 0?
Z,4(Q,5) = ;J' T.fu <E Q)fd (x, Q)
Q2/s

Using leading-order kinematics:

X = "Wt X, = W, ==y | forward rapidities probe small
\/E \/E and large x (momentum fractions)



The global QCD analysis paradigm

M Parametrise the PDFs at the boundary (Q = 1 GeV) between perturbative and non-perturbative QCD
— _ 1 2
xg(x, Qy =1 GeV, {a}) = f,(x,al",al”, ...)

M Evaluate predictions for LHC cross-sections using QCD factorisation theorem
S
k k
oM. s, {a}) ZJ ds Z3.s. (a"}. (aV}) 5,8, a (M)
i

[ Extract PDF parameters from data via log-likelihood maximisation

Myat

X ({a(k)} - Z < 1th({a(k)}) 1exp> (COV_1>Z'J- <O-j,th({a(k)}) - Gj,exp)

n
datl] 1

[ Estimate the associated uncertainties

The resulting PDFs are then ready for phenomenological applications
In processed involving proton/nuclear targets and projectiles
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The NNPDFA4.0 Global
PDF Determination

NNPDF Collaboration, arXiv:2109.02653



The NNPDF4.0 dataset

Deep Inelastic Scattering
Fixed-Target Drell-Yan
Drell-Yan Rapidity Distribution
Drell-Yan Mass Distribution
Heavy Quarks Total Cross Section
Jet Transverse Momentum Distribution
106 - Drell-Yan Transverse Momentum Distribution
: Heavy Quarks Production Single Quark Rapidity Distribution
Heavy Quarks Production Rapidity Distribution
Jets Rapidity Distribution
105 1 Dijets Invariant Mass and Rapidity Distribution
i ¢ Photon Production
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O(50) data sets investigated; (O(400) data points more in NNPDF4.0 than in NNPDF3.1



Fitting methodology

M Model-independent PDF parametrisation with neural networks as universal unbiased interpolants
M Stochastic Gradient Descent via TensorFlow for neural network training
M Automated model hyperparameter optimisation: NN architecture, minimiser, learning rates ...

[ Validation with future tests (forecasting new datasets) and closure tests (data based on known PDFs)

x Inx i )
n\ ,‘ g(x, Oy, {ag}) =fg(x, agf ), agf ), L)

//////

/////

PDFs should be
independent of
parametrisation
basis!

L/ ]V NN

Gcg(x, Qy)  xZ(x, Q) xV(x,Q) xVi3(x,Qyp) xVix,Qy xT3(x,0,) xTgx,Qy xT}5(x, QOD evolution basis
(xg(,Qp)  xu(x, Q) xi(x,Qy) xd(x, Q) xd(x,Qp) xs(,0Q) x5 Q) xc*(x,Qy))  flavor basis




Fitting methodology

epoch 3

102

1073

1058

1073

Error estimate based on Monte Carlo replica method (band: standard deviation over the MC replicas)



Parametrisation basis independence
V(x, Q) = (w—i) + (d — d) + (s — 5) ) (x, Qp)

1.2+ — PDF fit in evolution basis —
PDF fit in flavour basis

total valence PDF

() = 1.65 GeV )
e T 107
X

Radically different strategies to parametrize the quark
PDF flavour combinations lead to identical results:

evolution basis PDF parametrisation:
xV(x, Qp) o« NN(x)

flavour basis PDF parametrisation:

xV(x, Qy) & (NN, (x) — NN;(x) + NN (x) — NN z(x) + NN,(x) — NN;(x))

ultimate test of parametrisation independence



Evidence for intrinsic
charm in the proton

R. D. Ball , A. Candido , J. Cruz-Martinez , S. Forte , T. Giani, F. Hekhorn , K.
Kudashkin , G. Magni, J. Rojo, “Charm in the Proton”, under journal review

New Scientist (2021)

Simpele/waterstofkern blijktverrassend
charmant

27 september 2021 @ Dorine Schenk




The charm content of the proton

common assumption in PDF fits: the static proton wave function does not contain charm quarks:
the proton contains intrinsic up, down, strange (anti-)quarks but no intrinsic charm quarks

mass—
charge—-
spin—

name-=

Quarks

charm quarks heavier than the proton itself!

104 MeV
v S
Y2

strange

2.4 MeV 1.27 GeV 171.2 GeV
%3 %s s t
Y2 u Y2 C Y2
up charm top
4.8 MeV 104 MeV 4.2 GeV
-3 d -3 -3 b
LA S |y
down strange bottom

n, ~ 1 GeV

1.27 GeV

G
. G

ﬁ charm :




The charm content of the proton

common assumption in PDF fits: the static proton wave function does not contain charm quarks:
the proton contains intrinsic up, down, strange (anti-)quarks but no intrinsic charm quarks

the charm PDF is generated perturbatively (DGLAP evolution) from radiation off gluons and quarks

2
(n) (n+1) Q (n+1) 5
fcf—() —> fo ocaslnﬁ<qu®fgf )+@((IS)
3FNS charm 4FNS charm ¢ 4FNS gluon
a B

4 flavour scheme, Q > m,

U@ g@ ¢@ (@@

I 1

3 flavour scheme, Q < m,

NORCINORNE

J(x)

If charm is perturbatively generated, the charm PDF is "trivial”



The charm content of the proton

common assumption in PDF fits: the static proton wave function does not contain charm quarks:
the proton contains intrinsic up, down, strange (anti-)quarks but no intrinsic charm quarks

It does not need to be so! An intrinsic charm component predicted in many models

THE INTRINSIC CHARM OF THE PROTON P(x)
%
S.J. BRODSKY ! a

Stanford Linear Accelerator Center,
Stanford, California 94305, USA

and

P. HOYER, C. PETERSON and N. SAKAI ?
NORDITA, Copenhagen, Denmark

Xg

Received 22 April 1980

|p) = P3, luud)+Ps, |uudcc) + ...

Recent data give unexpectedly large cross-sections for charmed particle production at high x in hadron collisions. This

may imply that the proton has a non-negligible uudcc Fock component. The interesting consequences of such a hypothesis
are explored.

40 years of extensive searches for intrinsic charm: no unambiguous evidence ....



The charm content of the proton

common assumption in PDF fits: the static proton wave function does not contain charm quarks:
the proton contains intrinsic up, down, strange (anti-)quarks but no intrinsic charm quarks

It does not need to be so! An intrinsic charm component predicted in many models

in this scenario, the charm PDF extracted from data in the global fit is the combination of the
perturbative (DGLAP) and the intrinsic components

c=(x, Q) = ¢ V(x, Q) + ¢V (x, 0)

- (pert) (intr)

Extracted / \ (n/=3)

phenomenologically from QCD evolution from intrinsic o .nf - ( X) ?é 0
from data and matching component (10T

How to disentangle perturbative from intrinsic components?



Disentangling intrinsic charm

0, 4FNS CHARM PDF PARAMETRISED AT Qg
0=

1.65 GeV e Deep-learning parametrisation @ Monte Carlo representation of uncertainties




Qo=

1.65 GeV

Disentangling intrinsic charm

" =I(x, 0) ~ """ P(x, Q) + ¢V (x, 0)

/ (pert) (intr)

Extracted (n,=3)
phenomenologically from pQCD evolution from intrinsic ¢/ (x) #0

(intr)

from data and matching component
4FNS CHARM PDF CONSTRAINED BY EXPERIMENTAL DATA FOR Q > (o
e NNPDF4.0 dataset e NNLO QCD calculations

QCD evolution
‘ starting point: NNPDF 4.0 methodology

{ AFNS CHARM PDF PARAMETRISED AT Q) }

e Deep-learning parametrisation @ Monte Carlo representation of uncertainties




Disentangling intrinsic charm

" =I(x, 0) ~ """ P(x, Q) + ¢V (x, 0)

/ (pert) (intr)

Extracted (n,=3)
phenomenologically from pQCD evolution from intrinsic ¢ K (x) #0

(intr)

from data and matching component
4FNS CHARM PDF CONSTRAINED BY EXPERIMENTAL DATA FOR Q > Qo
e NNPDF4.0 dataset e NNLO QCD calculations

QCD evolution
‘ starting point: NNPDF 4.0 methodology

Qo=

|' AFNS CHARM PDF PARAMETRISED AT Q) J
1.65 GeV

e Deep-learning parametrisation @ Monte Carlo representation of uncertainties

QCD evolution

subtract perturbative
component {

Y

A4FNS TO 3FNS TRANSFORMATION

NNLO or N3LO matching conditions } I ] I /; @%)

C(nf=3)( X, Q) — C(intr) ( X) Evolution Kernel Operators

{ INTRINSIC (3FNS) CHARM }

e Scale-independent ¢ PDF and MHO uncertainties




4FNS to SFNS transformation

(e (@Q}) = [EC(@QF « QDA™ (QE™ Q) « @F)] & £")(Q0)

4FNS PDFs

DGLAP kernel

3

Uy

scheme matching
conditions

6(a)) &0 (a)) O (a;)

DGLAP kernel 3FNS PDFs

s
NNLO N3LO NNLO

0.03

perturbatively 0.02 -

unstable \
0.01

S

+
Q
S 0.00-

~0.01/

perturbatively stable, non-

———— zero charm in the 3FNS

Intrinsic Charm, NNLO match (PDFU)
—— 4FNS Charm, Q=1.51 GeV (PDFU)
Intrinsic Charm, N°LO match (PDFU)

—0.02

0.2

0.4 0.6 0.8



Intrinsic charm!

0.03
3FNS
(perturbative
0.02 - component removed)

0.01 1

rct(x)

0.00 +*

—0.01 - — Intrinsic Charm, NNLO match (PDF+MHOU)
BHPS model
—-= Meson/Baryon Cloud model
—0.02 4 . . . .
0.2 0.4 0.6 0.8
i

The 3FNS charm PDF displays non-zero component peaked at large-x
(30 local significance) identified with intrinsic charm

in excellent agreement with model predictions, specially from the Meson/Baryon Cloud model



(&)

Charm Momentum Fraction (%)

The charm momentum fraction

S

w

()

p—

Q (GeV)

Scheme Q Charm PDF Me [c] (%)

3FNS — default 1.51 GeV 0.62 £ 0.28,4¢ £ 0.54mhou
3FNS — default 1.38 GeV 0.47 £ 0.2754f £ 0.62mhou
4FNS 1.65 GeV default 1.51 GeV 0.87 £ 0.23 45

4FNS 1.65 GeV default 1.38 GeV 0.94 + 0.22,4¢

4FNS 1.65 GeV default 1.64 GeV 0.84 £ 0.24,4¢

4FNS 1.65 GeV perturbative 1.51 GeV 0.346 £ 0.005p4¢ = 0.44mhou
4FNS 1.65 GeV perturbative 1.38 GeV 0.536 £ 0.00654f £ 0.49mhou
4FNS 1.65 GeV perturbative 1.64 GeV 0.172 £ 0.003p4f £ 0.41mhou

| === default charm PDF
perturbative charm PDF —
oz ~ Intrinsic charm carries
” -
4 Lo e around 0.5% of the
7’ -~
7 vof | o7 proton’s total momentum
L, |-
/ 0.5 F
0.0 . . L : L L
1.50 1.75 2.00 2.25 2.50 2.75
10! 102 103



0.03

0.02 1

xct(x)

0.00

—0.01 1

—0.02

0.03 1

0.02 1

xct(x)

0.00

—0.01 1

—0.02

Consistent results for DIS-only and collider-only fits: no single dataset dominates the charm PDF

Dataset dependence

0.01 1

v

—— Baseline dataset (PDF+MHOU)
~ + EMC F; (PDF+MHOU)

0.2

0.4 0.6 0.8

0.01 1

—— Baseline dataset (PDF+MHOU)
- collider dataset (PDF+MHOU)

0.2

0.4 0.6 0.8
x

Youn

B

+
Q
8

xct(x)

0.05

0.04 1

0.03 1

0.02 1

0.01 1

0.00

—0.01 1

—0.02

0.04

0.03 1

0.02 1

0.01 1

0.00

—0.01 1

—0.02

—— DBaseline dataset (PDF+MHOU)
DIS dataset (PDF+MHOU)

0.2 0.4 0.6 0.8

—— Baseline dataset (PDF+MHOU)
no LHCb W,Z data (PDF+MHOU)

0.2 0.4 0.6 0.8
x

crucial constraints provided by the LHCb inclusive W,Z production data!



Z+charm @ LHCDb

Direct handle on the charm content of the proton

Z 1.0 _‘-.. ............................................................................................................................................................................ —]
. @ = 100 GeV

..
L
..
L

L J

""" 2.0 S Yz S 2.75

0.2 2.75 < yy < 3.5
—— 35<y,; <45
C 0.0= ' l l I =
0.2 0.4 0.6 0.8
T
R(yz) N (c tagged jets;yz) o(pp = Z + charm jet; yz)
\Yz) = ; = -
’ N (jets; yz) o(pp — Z + jet; yz)

Z+charm at forward rapidities (LHCb) sensitive to the charm PDF up to x=0.5

40



a(Zc)/o(ZJ)

(yz)

Z+charm @ LHCDb

0.09
NNPDF4.0 | LHCb data
0087 $  default charm
0.07 {  perturbative charm
0.06 - i,
0.05 -
{
0.04 -
0.03 A m
0.02 I 1 1 I
2.0 2.5 3.0 3.5 4.0 4.
y(2)
M A perturbative charm PDF disagrees with the
LHCb forward Z+charm data
M LHCb data favour intrinsic charm hypothesis,
with IC carrying 0.5% of proton’s momentum
41

0.03 . .
E3.5Syzs4.5 E
0.02 1
— 0.01 1
"
+
Q .
S 0004
—0.01 - — Intrinsic Charm, NNLO match (PDF+MHOU)
------ BHPS model
— = Meson/Baryon Cloud model
—0.02 4 . . . .
0.2 0.4 0.6 0.8
i
0.03
—— Default charm
/N
% ~==- Perturbative charm
D 0.02 :
- .
- .
— 1=
H 0.01 E
S .
< .
~— .
+U :
s 0.00 :
" | |

o
N




Z+charm @ LHCDb

0.09
NNPDF4.0 1 LHCD data
0087 $  default charm
0.07 {  perturbative charm
0.06 - 3 .
0.05 A {
0.04 -
0.03 A =
0-02 1 1 1 1
2.0 2.5 3.0 3.5 4.0 4,

M A perturbative charm PDF disagrees with the
LHCb forward Z+charm data

M LHCb data favour intrinsic charm hypothesis,
with IC carrying 0.5% of proton’s momentum

[ Striking consistency between direct (Z+c, F2°)
and indirect constraints on the charm PDF

42

0.03

0.02 1
o 0.011
G}
+
S 0.00

4FNS, Q = 1.51 GeV
—0.01 1 —— DBaseline dataset

-==- 4+ LHCb Z+c (uncorr. sys)
------- + LHCb Z+c (corr. sys)
—0.02

0.2 0.4 0.6 0.8

Intrinsic Charm

30 significance o~

" — Baseline dataset g
—~== 4+ EMC Fg MW
""" + LHCb Z+c

—= + EMC F5 + LHCb Z+c

0.2 0.4 0.6 0.8



zct(x)

Summary

M For more than four decades, the question of whether the proton contain charm quarks
has been passionately investigated, with no clear conclusions up to now

M The NNPDF4.0 global analysis reveals evidence for intrinsic charm in the proton,
consistent with BHPS and meson/baryon could models with 0.5% momentum fraction

M The NNPDF4.0 predictions are in excellent agreement with the independent constraints
provided by the LHCb Z+charm data in the forward region

0.03

0.02 -
0.01 -
0.00 F+=—

—0.01 A1

—0.02

Vs

—— Intrinsic Charm, NNLO match (PDF+MHOU)

BHPS model
— = Meson/Baryon Cloud model

0.2 0.4 0.6

0.8

(yz) = 0(Zc)/o(Z])

0.09

LHCDb data
0.08

$  default charm
0.07 I perturbative charm
0.06 - 3 )
0.05 A {
0.04 -
0.03 A n
0.02 1 1 1 1
2.0 2.5 3.0 3.5 4.0 4.5



Extra Material



Perturbative charm PDF

0.05
0.04 ~
0.03 1
6; 0.02 1
E 0.011
+
QO
8 0.00
Q=1.51 GeV
—0.01 - NS
—0.02- —— 4FNS, pert. charm, O(a?) match
—— 4FNS, pert. charm, O(a?) match
—0.03 — : : —
10~! 10°
i
0.047 —— mc=138GeV
=== m,= 151 GeV
0.03- === m, =164 GeV -
S
\i 0.02 default charm PDF _|
T Q = 1.65 GeV
S

0.06
—— 4FNS
0.051 —— 4FNS, pert. charm, O(a?) match (Total Err)
0.04 1
0.03 -
S e
B
8
0.00
_0.01 /
—0-029 Q=1.51 GeV
~0.03 0 —
x
0.04 —— me=1.38GeV
. == m,=1.51 GeV
S 003\ m. = 1.64 GeV
—
| 0.02 perturbative charm PDF _|
o 0
- Q = 1.65 GeV
¥ 0.01 -
Q
8
0.00 T
| | l |
0.2 0.4 0.6 0.8



A ML open-source QCD fitting framework

& jrojo@vunl |~

September 1, 2021

NNPDF/nnpdf: An open-source machine
earning framework for global analyses of
parton distributions

Richard D. Ball; Stefano Carrazza; Juan M. Cruz-Martinez; Luigi Del Debbio; Stefano Forte; Tommaso Giani; Shayan
Iranipour; Zahari Kassabov; Jose |. Latorre; Emanuele R. Nocera; Rosalyn L. Pearson; Juan Rojo; Roy Stegeman;
Christopher Schwan; Maria Ubiali; Cameron Voisey; Michael Wilson

This version is used for producing all the publicly released fits for NNPDF4.0.

Preview v

nnpdf-4.0.3.zip

! The previewer is not showing all the files

@ NNPDF-nnpdf-1229126

o [ ciscripts
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The global QCD analysis paradigm

Master Formula for LHC cross-sections:

)

o1 ye(M, §) Z ds Sfl-j(& S) 'El-j(ﬁ, aM)), i,j=u,d,s,g,...
ij -

TN

partonic luminosity hard-scattering matrix
(non-perturbative QCD, element (perturbative QCD,
phenomenological evaluate from Feynman
extraction from data) diagrams)
1
v 1 dx [ O*
glj(Q’S):_ fl SX,Q ]?(XaQ)a
\) X
]3' (X : Q) proton Parton Distribution
/ l \ Functions (PDFs)

flavour momentum  energy scale of
index fraction  partonic scattering
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