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Outline

1. State-of-the-art in Proton, Deuteron, and nuclear
fits [(N)NNPDF]

2. Toward a Simultaneous determination

3. Preliminary Results
4. Toward NNLO (n)PDF determination (theory & Fits)

Neutrino Structure Functions from GeV to EeV in WG3

( Preprocessing )

(wt7e) N,
&)

Sort of similar approach
used in the Determination
of low energy neutrino
Structure Functions
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Introduction & Motivations



Introduction & Motivations

So far:

O Proton PDF fits include theoretical
uncertainties due to Nuclear Effects:
requires nuclear PDFs as input

O Nuclear PDF fits depend on Proton PDF:
requires a fixed Proton baseline PDF

However:

O Various Nuclear datasets constrains Proton PDFs:
from lepton-nucleon, lepton-nucleus, and proton-
nucleus measurements

OA combined (potentially with polarised &

fragmentation fits) QCD analysis is crucial to fully
interpret the EIC data

Proton PDFs

Nuclear PDFs

A=1 Limit
Lepton-Nucleus
Proton-Nucleus

Polarised PDFs
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So far:

O Proton PDF fits include theoretical
uncertainties due to Nuclear Effects:
requires nuclear PDFs as input

O Nuclear PDF fits depend on Proton PDF:
requires a fixed Proton baseline PDF

However:

O Various Nuclear datasets constrains Proton PDFs:
from lepton-nucleon, lepton-nucleus, and proton-
nucleus measurements
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fragmentation fits) QCD analysis is crucial to fully
interpret the EIC data

Proton PDFs
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State-of-the-Art in Free-Proton and
Nuclear PDF fits - (n)NNPDF



Methodology

NNPDF Free-Proton PDF Fit
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O Positivity of Physical Observables & Positivity of the MS PDFs

O Integrability of Non-Singlet Distributions (Gottfried Sum Rules)
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NNPDF Free-Proton PDF Fit: Experimental & Theory Inputs

Kinematic coverage

Fixed-target DIS

Collider DIS

Fixed-target DY

Collider gauge boson production
Collider gauge boson production+jet
Z transverse momentum

Top-quark pair production
Single-inclusive jet production

Di-jet production *
Direct photon production

A D> aqeo

O e o =

Black edge: new in NNPDF4.0 <4 d=

| NNPDF4.0 S

<404 Fn 4 04 T4 QY
0 ot oaP* %o

o %

Q W o ¥

1.

w w

* ~
<,§<f<<*3<:~<<*«:f<<~<114*§<ﬁ
*oox X x ®O® d

*

*ox ok y ow lx

WWWIVVTWYVW VW WV

YT Y'Y y

44 <

\ 4
v

1
-
qa

<< € <114
< 4 €4 el
<
PP

0 oY
b+ @] %0 > T p<
< g dpBe Eerieaifaridy ]
0 * 0O 0> o %0 ok v
4 < “3‘%“3“?‘?:‘”1&‘3«0«3‘ < 0’ <

Single top-quark production #

dOd<AAC O IA L O <K A O<d <A 4 IV
>

* %
® Ug VR T

£hel
?5'553
,pg v
y
3%
#3y,
£

%o D> o% %o

%
o8
o

P
b+
-
Op
WD

ot

ok %
*0

I IR ERELEERER, R

vavavava

* datasets pre HERA A A

1073 v datasets pre LHC A

Kinematic coverage

NNPDF40 datasets

109

Number of data points

Tevatron
LHC Runl LHC Runll
2008 2010 2012 2014 2016 2018 2020 2022
1 1 1 1 | 1
4600 = 90
|
4400 = :_ 30
I
4200 = : :
1 —170 2
(O]
1 | 0
4000 |- ! ! ! <
©
I I =160
3800 |- | | B
1 1 | o
1 1150 5
3600 = | : : g
I I I
1 1 1= 40 2
3400 = | 1 1
I I I I
o I I I I I
3200 |- YA ! ! - 30
I o I I I I
o0 o I I I I
3000 k= M1 1 1 1 I | 1 | I= 20
L1 1 1 1 1 1 1 1 1
Yy v & Y Vv 7 N Y S
AR AN AN AL Q Q <&
L && 8 3 3 3
LELFLE § $ $ $
TS §§ S S S S

Experimental Data

Abundant experimental data (thanks to LHC Run II) are now available

NNPDF 4.0 contains of the Order of 4500 data points

The experimental data probe various processes (more important than number Datapoints)

Theory Ingredien

Improvemen

Proton & Deuteron PDFs are determined Simultaneously in a self-consistent way

Heavy Nuclear Corrections are accounted for via as Theoretical Uncertainties

On the way to deliver N3LO PDF with Theoretical Uncertainties (See Giacomo’s Talk)
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NNPDF Free-Proton PDF Fit: Precision Determination

Relative uncertainty for gg-luminosity Relative uncertainty for qg-luminosity
NNPDF4.0 - vs =14000.0 GeV NNPDF4.0 - vs =14000.0 GeV

50 104 -

-

-
W
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102 -

Relative uncertainty (%)
My (GEV)

Achieves ~ONE percent accuracy across a Wide range of kinematics

Relative uncertainty (%)



nNNPDF nuclear PDF Fit: Methodology

The nucleus is not just an ensemble of Z free-protons and (A — Z) free neutrons. Nuclear PDFs are defined at scale Q as:

NIA — | pA | n/A NIA _ ANIA o £NIA
1, Q) n (x, Q) A Jix, Q) ON = OV Q f:
A . .
flP/A = f(x, A): Object to be Fitted Computed from fl 7" using Isospin Symmetry

In the nNNPDF[3.0] determination, only 6 independent nuclear PDF (nPDF) combination are parametrised:
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NnNNPDF nuclear PDF Fit: Experimental & Theory Inputs
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nNnNNPDF nuclear PDF Fit: Predictions
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L d 2O8Pb —
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Strong Evidence to gluon Small-x Shadowing and Large-x Anti-Shadowing 3




Simultaneous determination of
Proton, Deuteron and Nuclear PDFs



Methodology
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Integrated Proton & Nuclear Fit: Experimental & Theory Inputs

Kinematic coverage
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Proton Datasets includes everything in NNPDF4.0 @ NLO with Perturbative

Charm and Nuclear Corrections Removed ~ Order(1500)

Nuclear Datasets are exactly the same as in the Published nNNPDF3.0

with Perturbative Charm

The fitting scale is set to be the same as in default NNPDF4.0, ie O, = 1 GeV

Moment Sum Rules
¥ Positivity of MS PDFs

X
Physical Constraints for A # 1

Positivity of Observables

Physical Constraints for A = 1 ~NNPDF4.0

10V

X Integrability of T3 ¢ Distributions
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Integrated Proton & Nuclear Fit: A = | Limit

d at 1.651 GeV

NLO PCH simultaneous fit (NOPOS for nuclei) (68% c.l.+10)
i NLO PCH free-proton with nuclear effect incl. (68% c.l.+10)
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Comparisons: Free-Proton +

107>
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c at 1.651 GeV

NLO PCH simultaneous fit (NOPOS for nuclei) (68% c.l.+10)
i NLO PCH free-proton with nuclear effect incl. (68%c.l.+10 )

Nuclear Uncertainties vs
Integrated Fit

Qualitative Shapes of both
determinations are comparable

within 1o error bands

Enhanced effects in the large-x
anti-shadowing regions of the i

and d quarks: genuine effects or
fit artifacts?
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Integrated Proton & Nuclear Fit: Heavy Nuclei
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nNNPDF3.0 determination vs Nuclear
PDFs from Integrated Fit

Results from Both determinations are
compatible within 1o error bands

Better agreement for Lead while some
discrepancy can be seen for Iron
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Towards an Integrated NNLO Proton
and Nuclear Global Fits



NNLO Global Fit: Status & Aims

DSSZ12 KA15 nCTEQ15 EPPS16 TUJU19 TUJU21 NnNNPDF1.0 | nNNPDF2.0 | nNNPDEF3.0 Integrated
Order NLO NNLO NLO NLO NNLO NNLO NNLO NNLO

NC DIS
""" yee) | @ @ @ & X &8 X X @ o
rmuc | @ X @ @ X X X X x -
""""" ccos | @ X X ®©@ ©@ @ X ®&@ &8 o
pyeionta)] X 000 X X 9@ X 99X X X x o
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Datapoints | 1579 1479 08 181 336 336 51 147 2151 215144426
Error Analys. [ e S T TR Y ey R Yy e
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Reference PR D.100.096015 | PR D.93.014026 | PR D.93.085037 EPJ C77 163 PR D.100.096015 | PR D.105.094031 EPJ C79 471 JHEP 09 (2020) 183 | JHEP 82 (2022) 507
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Experimental
Inputs that provides

the kinematics and
the corresponding
central values

NNLO Global Fit: Benefitting from a New Pipeline

Fitting Code can be anything:
NNPDEF, CTEQ, MSHT, etc.

Instructions

Kinematics

Generators providing Theory

Predictions
MATRIX, MCFM?

Runcard

y

table Pineline

exp. data

Fitting Code

Computes/Provides
the Evolution Kernel
Operators (EKO) to
Evolve the PineAPPL
grids to the fitting

Scale Q)

arXiv:2302.12124
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NNLO Global Fit: Exploiting Hardware Acceleration m center

O Monte Carlo replicas fits could greatly benefit from GPU
parallelisation

O GPU workloads for most University’s servers are mostly empty/unused

O Might open new possibility to perform a hyperparameter scan at the
level of the PDF distribution
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Conclusions & Outlook



Summary & Outlook

O An integrated analysis of proton, deuteron, and nuclear PDFs is under
way and benefits from the features of the NNPDF codebase

O Further works are required in order to fully understand the stability of
the combined fits

O Extend the framework to a global fit @ NNLO potentially with Missing
Higher Order Uncertainties estimation

O Computing DIS theory @ NNLO is nowadays more convenient and
easier thanks to the new Pipeline

O Remain to compute NNLO K-factors for the hadronic processes thanks
to the modified MCFM codes provided by the TUJU group
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