
Fred Olness
SMU 

Fantômas: Analysis of parton distributions in a pion with Bézier parametrizations

From PDFs to the underlying QCD 

Thanks for substantial input 
from my friends & colleagues

CFNS
Stony Brook U

25 June 2024

Aurore Courtoy,   Tim Hobbs,  Lucas Kotz, 
Pavel Nadolsky, Maximiliano Ponce-Chavez

FANTÔMAS





The Goal
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QCD:    From Parameterization to a Deeper Understanding  4

QCD
Lagrangian

Conjecture: A theory can’t be 
fundamental unless it fits on a coffee mug.

Quantum ChromoDynamics



● Spin
● TMDs
● GPDs

QCD:    From Parameterization to a Deeper Understanding  5

Lattice QCD

QCD
Lagrangian

Quantum ChromoDynamics



Q cut

W cut

To boldly go where no analysis has gone before ...

High-x: 
Nuclear PDFs:  x>1 allowed; 

impacts F2
Nuc/F2

Iso in Fermi region
Target Mass Corrections

pick up M2/Q2 higher twist 
Deuteron Corrections 

impacts F2
Nuc/F2

Deuteron  ratio

Low-Q2:
Non-Perturbative inteface

collective effects
Target Mass Corrections

pick up M2/Q2 higher twist 
FL at low Q2 access to g(x) 

Low-x:
Shadowing
Recombination
Resummation
BFKL
Saturation

Are we just looking under the lamppost

Need theoretical guidance in these regions
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nCTEQ: PRD104 (2021) 094005.

nCTEQ: Phys.Rev.D 104 (2021) 094005

nCTEQ: arXiv: 2204.13157

nCTEQ: Phys.Rev.D 103 (2021) 11, 114015 

nCTEQ15º nCTEQ15WZ

nCTEQ15WZ+SIH nCTEQ15HIX

Key
 fo

r 

EIC
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t

Pers
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PDF

Gluo
n  

PDF

precision fA(x,Q)  can serve as Boundary Condition for fA(x,Q,kT,bT,¾) 
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xFitter 
8

The xFitter project is an open source 

QCD fit framework ready to extract PDFs 

and assess the impact of new data

…

including mesons



xFitter
Sample data files:

LHC: ATLAS, CMS, LHCb
Tevatron: CDF, D0
HERA: H1, ZEUS, Combined
Fixed Target: …
User Supplied: ...

www.xFitter.org

xFitter 2.2.0
Future Freeze

Data: HERA, Tevatron, LHC, 
fixed target experiments

Processes: 
Inclusive  DIS, Jets, Drell-Yan, 
Diffraction, Top production 
W and Z production

HQ Schemes: MSTW, NNPDF, ABM, ACOT
Jets, W, Z: FastNLO, ApplGrid
Top: Hathor
Evolution: QCDNUM, APFEL, k

T
 

Other: NNPDF reweighting
TMDs, Dipole Model, ...

Parton Distribution 
Functions:

PDF, Updf, TMD

α
S
(M

Z
), m

c
,m

b
,m

t
 ...

Theoretical 
Cross Sections

Comparisons 
to other PDFs 

(LHAPDF)

Experimental Data

Theory Calculations

xF
it

te
r

Features & Recent Updates:
NNLO DGLAP
Photon PDF & QED 
Pole & MS-bar masses
Profiling and Re-Weighting
BFKL interface

Heavy Quark Variable Treshold
Improvements in Â2 and correlations 
TMD   PDFs (uPDFs)
 … and many other

extensio
ns in

clude 

nuclear PDFs

PROTO
N

NUCLEON

M
ESON
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xFitter: Tools for nucleon and meson PDF fits

… xFitter with nucleons & pions ...

https://www.xfitter.org/

xFitter Collaboration Meeting
February 2020, DESY
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xFitter Pion Fit
11

Phys.Rev.D 102 (2020) 1, 014040 



xFitter Meson PDFs

xFitter: open-source framework for global fits to meson PDFs

https://www.xfitter.org/

π

N

μ+

μ-

E615 & NA10
Pions on Tungsten

π

N

γ π

N

γ

WA70
Pions on Proton

Special thanks to: Ivan Novikov, 
Alexander Glazov, Oleksandr Zenaiev
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Phys.Rev.D 102 (2020) 1, 014040 



Pions (π--) on Tungsten

E615   Eπ = 252 GeV 

NA10  Eπ = 194 GeV & 286 GeV 

Pion Data:

π

N

μ+

μ-

π
N

γ

Pions (π±) on Proton

WA70  π+   π-   
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NLO computation with MCFM / APPLGRID 
  • theory errors from ®

S
, and nPDF uncert

  •  uncertainties include scale variations.
     • for factorization scale variation 
       modify APPLGRID for two PDFs



Special thanks to: Ivan Novikov, 
Alexander Glazov, Oleksandr Zenaiev

xFitter Pion PDFs 14



The Tools

xFitter-draw
Python Jupyter

Mathematica: ManeParse
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xFitter Pion PDFs

Pion PDFs at Q=2 GeV

Valence vs Q

Scale dependence
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Mathematica 

Interface



xFitter Tools: xfitter-draw
xfitter-process

Data vs. Theory

PDF Plots

Chi2 
Tables
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The Goal
Demonstrate xFitter for Meson PDFs

so that others can use this code

18



https://smu.box.com/s/78k1jr8l1ahrtd1h1t3khz05l1amh2g7

https://smu.box.com/s/78k1jr8l1ahrtd1h1t3khz05l1amh2g7
https://smu.box.com/s/78k1jr8l1ahrtd1h1t3khz05l1amh2g7


Others did use this code: … Fantômas  20

NNPDF: Nucl.Phys.B838:136-206,2010

Motivation: Standard polynomial forms can be restrictive. Desire more flexibility

Example: Strange PDF at small x



Aurore Courtoy



Fantômas:  A more flexible parameterization 22

Bézier CurveParametric Form

Carrier:



Data Sets:   Start from xFitter Analysis and add H1 LN Set 23

H1 Leading Neutron = (pion flux factor) ×  (pion DIS SF)

E615 & NA10
Pions on Tungsten

WA70
Pions on Proton



PDF Uncertainties:     Variation of:  1) Data Values  & 2) Theory Values 24

Bootstrap; resampling or importance sampling, 
it involves generating N rep = 50 replicas 

fluctuating the central data values according to 
their respective standard deviations.

The total uncertainty can be estimated by combining the curves 
from both sources, which can be done using the METAPDF

Parameter-space sampling: uncertainties for 
replicas sampled over the space of models.

Experimental Uncertainty Theoretical Uncertainty



Explore wide variety of solutions … 25

Valence

Sea Gluon

Combine



Interplay between Gluon and Sea 26

Gluon

Sea Sea

Gluon



Interplay between Gluon and Sea 27

Gluon

Sea



Interplay between Gluon and Sea 28

Strong constraints from 
the pion induced ‑

Drell Yan pair production ‑
on a tungsten target.

E615 NA10

WA70
LN

Balancing separate 
data sets

TOT

Exp #1Exp #2



Interplay between Gluon and Sea 29

Considering multiple functional forms. The 
most constraining set of the experimental 

data, coming from the pion-induced 
Drell Yan pair production on a tungsten ‑

target, is characterized by large momentum 
fractions for the pion beam.  

Reference

<xg>=0 <xg>=Shift



Pion Momentum Fractions 30



Comparison with other sets 31

● General agreement w/ others sets

● Increased uncertainties

● Parm/theory uncertainties included

Should we include other constraints?



Comparison to Lattice Results 32

Lattice can help here

Future: impose 
moment constraints



NEW TOOLS:     (Proton) Sensitivity to Moments   33

Hobbs, Wang, Nadolsky, Olness  PRD 100, 094040 (2019)
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http://metapdf.hepforge.org/PDFSense/http://metapdf.hepforge.org/PDFSense/PDFSense:
Visualizing sensitivity of hadronic experiments to the nucleon structure
arXiv:1803.02777

Bo-Ting Wang, T.J. Hobbs, Sean Doyle, 
Jun Gao, Tie-Jiun Hou, 

Pavel Nadolsky, Fred Olness.
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35

TensorFlow Embedding Projector
http://projector.tensorflow.org

35

Reads 2 .tsv files with vectors and metadata (descriptions of data points)

Principal Component Analysis (PCA) 
visualizes the 56-dim. manifold by 

reducing it to 10 dimensions 
(à la META PDFs)

t-distributed stochastic neighbor 
embedding (t-SNE) sorts  vectors 

according to their similarity



xFitter Nuclear Fit

36



Open-source QCD analysis of nuclear parton 
distribution functions at NLO and NNLO

Marina Walt, Ilkka Helenius, Werner Vogelsang
Tübingen U, Jyvaskyla U (TUJU)

Phys. Rev. D 100, 096015 (2019)

xFitter Nuclear PDFs 37



Parton Distributions and Lattice Calculations (PDF Lattice 2024) 18-20 November  2024



● Spin
● TMDs
● GPDs

QCD:    From Parameterization to a Deeper Understanding  39

Lattice QCD

QCD
Lagrangian

Quantum ChromoDynamics
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