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QCD:    Remarkably successful at describing High Energy Processes 2

QCD
Lagrangian

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

Quantum ChromoDynamics

… we can go further



● GPDs
● TMDs
● Spin

QCD:    From PDFs to the underlying QCD 3

Lattice QCD

QCD
Lagrangian

Nuclear targets key 
for flavor 

differentiation

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



nCTEQ project is an extension of the CTEQ 
collaborative effort to determine nuclear parton 

distribution functions (nPDFs). 

Grenoble, April 2024
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Q cut

W cut

To Boldly Go Beyond ... into the corners of the {x,Q2} Kinematic Plane

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) 
Run at multiple energies

Low-x:

Shadowing
Recombination
Resummation
BFKL
Saturation
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source: 
Economist

EIC
●Luminosity
●Polarization
●A-Dimension



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



nCTEQ26



nCTEQ26 ...  available on HepForge 8

https://ncteq.hepforge.org/

https://ncteq.hepforge.org/


9Data Overview:  nCTEQ15



PDF Sets on 
HepForge
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Tomas 
Jezo

Katrin 
Greve

Jan 
Wissmann

Aleksander
Kusina

Data Overview:  nCTEQ26



Towards nCTEQ26

nCTEQ26
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740 data points

LHC W/Z

Expand {Q,W}

SIH Data

CC DIS

HQ Data



General 
Properties
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strange only

UV

S

DV
G

UbUb Db

13nCTEQ26 ...  new parameterization

Good agreement with other nPDF sets
non-trivial

based on CJ15



14nCTEQ26 ...  new A-dependence

Eliminates correlations of previous



15nCTEQ26 ...  Nuclear Modification Ratios



UV S

DV G

16nCTEQ26 ...  more flexibility across nuclear A 



  F. Olness                                                        

Challenges at Large x  & Low Q2 & Low W2:   17

Nuclear PDFs:  x>1 allowed; 
       impacts F2

Nuc/F2
Iso in Fermi region

Target Mass Corrections
pick up M2/Q2 higher twist cont.

Deuteron Corrections 
impacts F2

Nuc/F2
Deuteron  ratio

Extend nCTEQ framework 
to accommodate this region

{Q,W}= {2, 3.5} ⇒ {1.3, 1.7}

nCTEQ15HIX -- Extending nPDF Analyses 
into the High-x, Low Q2 Region

E.P. Segarra, T. Ježo, et al., PRD 103, 114015 (2021)

NEW

open points: new with relaxed cuts



18nCTEQ26 ...  quality of fit across data sets

light shaded regions are the normalization penalty

3357.97 for 3598 data points 
36 free parameters
χ2 /Ndof = 0.943.



STRANGE



Fixed Target DIS

Puzzle:   Split Personality … What is the correct Nuclear ratio

Neutrino DIS

Charged Lepton DIS 

g/Z

W

20

Depends on nuclear corrections

some caveats
… correlated errors

Propagation of °/W thru nuclei

Fe
D

Ingo Schienbein, … (2007)

Karol Kovarik, … (2010)



Valerio 
Bertone

Peter Risse

Fast Evaluation of Complex (N2LO) Amplitudes: …  e.g. APFEL++ Library 21

Phys.Rev.D 112 (2025) 11, 11

https://doi.org/10.1103/hmlr-p7zbhttps://doi.org/10.1103/hmlr-p7zb


Surprise:  …  LHC sees more strange than expected 22

ATLAS: Eur. Phys. J. C 77 (2017) 367

Surprise:
We expected rs = 1/2

LHC finds  rs > 1

We expect: At the LHC:

Proton
case



23nCTEQ26 ...  detailed analysis of strange PDF

Asymmetric Uncertainty Band



Phys.Rev.D 103 (2021) 7, 074023

24Charm Jets at the EIC: 

Clear measure of 
Strange PDF beyond 

uncertainties

M. Arratia, Y. Furletova, T.J. Hobbs,
 F. Olness, S.J. Sekula, 
Phys.Rev.D 103 (2021) 7, 074023



The Gluon



Measuring the nuclear Gluon PDF
(nCTEQ) Pit Duwentaster, Michael Klasen, ...

how can we 
determine the gluon

Parton Distribution Functions

gg
N

26

Single Inclusive 
Hadron Production Quarkonia 

Production



Q = 2 GeV

nCTEQ15

nCTEQ15+SIH

Improved Gluon  nPDFs 27

Gluon 
improvement 

nCTEQ26 
vs 

nCTEQ15



Hi 
Energy

Low 
Energy

g(x)

Nuclear medium 
effects:
● Quark Gluon Plasma
● Color Glass 

Condensate
● Recombination
● Saturation
● Resummation
● …    your theory here

Nuclear Medium Effects at small momentum fraction (x) 28

We gain a geometric  
factor of   A1/3 



SURGE Topical Collaboration

Global analyses 

performed here
Global analyses 

performed here
Global analyses 

erformed here

QCD evolution phase diagram

Global analyses 

performed here

Mission statement: Discover and explore the gluon saturation regime of quantum 
chromodynamics by advancing calculations to high precision and developing a 

comprehensive framework to compute observables and compare to a wide range of 
experimental data, including predictions for the Electron Ion Collider (EIC).
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Parton Model

Dipole Model

Implemented in xFitter
uses several numerical “tricks”

for efficient computation

GOAL:  Develop flexible
 framework to test 

initial/final-state, spin, NLO ...

Paradigm Choice:    Parton Model    & Dipole Model 30

The dipole model excels at small-x  and 
describes the transition between perturbative 

and non-perturbative QCD regime.  
Incorporates "shadowing" or "saturation" 

which is key for dense gluon configurations.



31xFitter: BFKL               ... and future BK             31

xsect_dipole_proton.c

#include <math.h>
#include "xsect_dipole_proton.h"

/////////////////////////////////////////////////////////
// Parametrisation of the dipole-proton cross-section  //
// as obtained from high-energy QCD with saturation    //
/////////////////////////////////////////////////////////
// This file contains two version of the cross-section //
// The first one is the original from        //
//   [1] E. Iancu, K. Itakura and S. Munier,        //
//       Phys.Lett.B590:199-208,2004 [hep-ph/0310338]  //
// which includes only light quarks.        //
// The second is from        //
//   [2] G. Soyez, in preparation        //
// which also accounts for heavy quarks.        //
// They both implement eq. (8) of Ref. 1 or eq. (3) of //
// Ref. 2. Only the parameters of the fit vary.        //
//        //
// - Arguments:        //
//    r : dipole size        //
//    Y : rapidity (Y=log(1/x))        //
// - Returned value:        //
//    the dipole-proton cross-section (in GeV^{-2})    //
//        //
// Additional remarks:        //
// - The quark masses are        //
//     m_{u,d,s}=140 MeV, m_c=1.4 GeV and m_b=4.5 GeV  //
// - When the heavy quarks are considered (2nd model), //
//   the x value for their contribution has to be      //
//   shifted to x(1+4 m^2/Q^2)        //
/////////////////////////////////////////////////////////



CONCLUSIONS



9 - 13 November 2026

QUARK-GLUON DYNAMICS
IN THE NUCLEAR MEDIUM

ECT* Director: Prof. Ubirajara van Kolck

ECT* - Villa Tambosi, Villazzano

ORGANIZERS
Holly Szumila-Vance, Florida International University

Cynthia Keppel, 3q Scientific Consulting
Fredrick Olness, Southern Methodist University

Matteo Rinaldi, INFN Perugia
Misak Sargsian, Florida International University

The ECT* is part of the Fondazione Bruno Kessler. The Centre is funded
by the Autonomous Province of Trento, funding agencies of EU Member and

Associated states, and by INFN-TIFPA and has the support of the Department
of Physics of the University of Trento. 

For the organization please contact: Barbara Gazzolii – ECT* Secretariat - Villa
Tambosi - Strada delle Tabarelle 286 | 38123 Villazzano (Trento) – Italy

Tel.:(+39-0461) 314763, E-mail: gazzoli@ectstar.eu or visit http://www.ectstar.eu

SUPPORTING INSTITUTIONS 

WORKSHOP

This workshop will bring together experimentalists and theorists to
discuss recent progress and open questions in understanding how
quark and gluon dynamics are modified in the nuclear environment.
The workshop aims to foster focused discussion across subfields
and to identify key directions for future measurements and
theoretical work.

Topics will cover related developments in theory, phenomenology,
and experiment in the areas of gluonic components in nuclei,
hadronization, partonic structure, nuclear medium effects, short-
range correlations, 3D nucleon/nuclear structure, vector mesons,
hypernuclei, and connections to the future electron ion collider.

9 – 13 November 2026
Topics will cover related developments 

in theory, phenomenology, and 
experiment in the areas of gluonic 

components in nuclei, hadronization, 
partonic structure, nuclear medium 
effects, short-range correlations, 

3D nucleon/nuclear structure, vector 
mesons, hypernuclei, and connections 

to the future electron-ion collider. 

https://indico.ectstar.eu/event/276/
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https://indico.ectstar.eu/event/276/


Q cut

W cut

To Boldly Go Beyond ... into the corners of the {x,Q2} Kinematic Plane

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) 
Run at multiple energies

Low-x:

Shadowing
Recombination
Resummation
BFKL
Saturation

34

source: 
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●Polarization
●A-Dimension



PDF Sets on 
HepForge

35

Tomas 
Jezo

Katrin 
Greve

Jan 
Wissmann

Aleksander
Kusina

Data Overview:  nCTEQ26





PDF Tools
xFitter

37

xFitter Collaboration Meeting
February 2020, DESY



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, kT 
Other: NNPDF reweighting

TMDs, Dipole Model, ...

Parton Distribution 
Functions:

PDF, Updf, TMD

αS(MZ), mc,mb,mt ...

Theoretical 
Cross Sections

Comparisons 
to other PDFs 
(LHAPDF)

Experimental Data

Theory Calculations

xF
itt

er

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

extensions in
clude 

nuclear PDFs

PROTON
NUCLEON
MESON
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Probing Dense Nuclear Matter at Small-x
SURGE Global Analysis WG

GOAL: Sketch a work-flow for a global analysis framework.  

Fred Olness
(SMU)

with contributions from many others including

https://agenda.infn.it/event/47074/contributions/289276/


Global Analysis                … developing an efficient framework 40

Convolution
2D Grid-based calc

… F2 & FL

Dipole–nucleus 
cross section

Photon light-front 
wave function

must be fast!!!
Grid
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41The Goal: Global Analysis                … developing an efficient framework



https://arxiv.org/abs/2105.09873


