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Q cut

W cut

JLab Data @ Hi-X Low-Q2 
extend nCTEQ framework for this region 

Prepare for EIC

Preparing for the EIC                 … and exploiting the advantages

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 interface

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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Nuclear A-Dimension
PDFs: Collinear ...

Polarized, TMD, GPD 
Lattice QCD

New
 

pers
pect

ive







Many pieces to the puzzle ... 5



Lattice QCD

TMDs

Spin

Nuclear

Putting the pieces all together in a unified framework 6

PDFs

Enhancing open access research: The SURGE Collaboration will make software developed as part of the proposal, 
ranging from initial state, small-x evolution, and hadronization implementations, and data used in publications publicly 
available. This way the SURGE Collaboration will generate a lasting impact on the future of the high energy nuclear 
physics program in general, and the theory and phenomenology efforts focused on the upcoming EIC specifically.

we have the experts here



Our first “in person” meeting
I have more questions than answers

Will “float” some directions and plans … follow up with discussion



xFitter Collaboration Meeting February 2020, DESY www.xFitter.org

… an example 

for your consideration
… is xFitter the right tool?



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:
Photon PDF & QED 
Pole & MS-bar masses
Profiling and Re-Weighting

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

extensions in
clude 

nuclear PDFs

9

PROTON

NUCLEON

MESON



Example
plug in ...

BFKL w/ HELL

10

This can be replace by 
BK, CGC EFT,

JIMWLK, B-JIMWLK, 
BBGKY, ...



H1 and ZEUS Collaborations 
H.Abramowicz, EPJC 75,  580 (2015) 

Small-x resummation from HELL
Marco Bonvini, et al., 
Eur.Phys.J.C 76 (2016) 11, 597

Low Q
tension

s

Motivation for Improved Treatment at Small x 11

Small x (Low Q):  need to improve fits
NNLO:  “fits at NNLO do not improve agreement”

NNLO vs.NLONNLO  vs.  
NLO

HELL:
High Energy 
Leading Logs

resum logs



Small-x resummation from HELL
Marco Bonvini, Simone Marzani, Tiziano Peraro
Eur. Phys. J. C (2016) 76: 597

next-to-leading logarithmic (NLL) accuracy &
next-to-next-to-leading order (NNLO)

Towards parton distribution functions with small-x resummation: HELL 2.0
Marco Bonvini, Simone Marzani, Claudio Muselli
JHEP 12 (2017) 117

Resum small-x logs

Resummed

Original

Pgg

Pqg

HELL (High-Energy Large Logarithms) Program 12



xFitter Resummation Study 13

Impact of low-x resummation on QCD analysis of HERA data
xFitter Developers' Team: Eur.Phys.J.C 78 (2018) 8, 621

Gluon Sensitive xΣ

Pgg
NNLO

NNLO+NNLx
turn-over

Resummed

Original



FL driven by gluon

FL is senstive to Gluon and Small-x Treatments 14

Small
 x

La
rg

e x



Gluon PDF 

… key role in small-x region

focus o
n gluon

15



Review: Edmond Iancu & Raju Venugopalan: arXiv:0303204

Hi 
Energy

Low 
Energy

g(x)

Nuclear medium effects:
●Quark Gluon Plasma
●Color Glass Condensate
●Recombination
●Saturation
●Resummation
●…    your theory here

Gluon: Nuclear Medium Effects at small momentum fraction (x) 16

We gain a geometric  
factor of   A1/3 



Yuri Kovchegov (OSU)
MC4EIC: Monte Carlo event simulation for the EIC

New Phenomena in Corners of Kinematic Plane 17

Saturation, BFKL, recombination, ...

nuclei

proton



Heavy FlavorProduction: Effective Probe of Gluon PDF 18

gg
N

Nuclear Gluon PDF
Large uncertainties

Strong shadowing at small x



Q = 2 GeV

nCTEQ15

nCTEQ15+SIH

Precision Gluon can help study nuclear medium effects 19

Impact of inclusive hadron production data on nuclear gluon PDFs
nCTEQ: P. Duwentäster, et al., PRD104 (2021) 094005.

Semi-Inclusive 
Hadron (SIH)
production 

Determines gluon 
in small x region

nCTEQ: Pit Duwentaster, Michael Klasen, ...

Semi-Inclusive 
Hadron (SIH)
production 



Possible directions

… moving forward ...

20



Our first “in person” meeting
I have more questions than answers
Will “float” some directions and plans … follow up with discussion



Lattice QCD

TMDs

Spin

Possible direction … for discussion ... 22

we have the experts here

Beyond 
BFKL

Question: is 
xFitter the best 

framework?



APPENDIX
● xFitter Material & Examples :

● Snowmass xFitter reference document
● Pion PDF & Fragmentation functions
● Selected example plots
● ApplGrid Interface (Including Nuclear PDFs)

● Fantomas: 
● Using Bezier curves for PDF parameterization

● xFitter Tutorials: 
● xFitter VirtualBox downloads
● xFitter Docker & Singularity 

23



Lattice QCD

TMDs

Spin

Possible direction … for discussion ... 24

we have the experts here

Beyond 
BFKL

Question: is 
xFitter the best 

framework?





APPENDIX
xFitter 

Resources

26



We provide an overview of the xFitter open-source software package, review the general capabilities 
of the program, and highlight applications relevant to the Snowmass study. An updated version of the 
program (2.2.0) is available on CERN GitLab, a and this has been updated to a C++ codebase with 
enhanced and extended features. We also discuss some of the ongoing and future code developments 
that may be useful for precision studies. We survey recent analyses performed by the xFitter 
developers' team including: W and Z production, photon PDFs, Drell-Yan forward-backward 
asymmetry studies, resummation of small-x contributions, heavy quark production, constraints on the 
strange PDF, determination of the pion PDF, and determination of the pion Fragmentation Functions. 
Finally, we briefly summarize selected applications of xFitter in the literature. The xFitter program is a 
versatile, flexible, modular

https://arxiv.org/abs/2206.12465

https://arxiv.org/abs/2206.12465


xFitter 
Nuclear

Code

28



NLO and NNLO

Nuclear xFitter: (Daiquiri) 29
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xFitter    Pion Fit
30

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

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

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



e-Print: 2002.02902 [hep-ph]

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

31



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

xFitter Pion PDFs 32

Good

Description



Pion Fragmentation Functions

Parton Distribution 
Functions

Fragmentation Functions

33

Hamed Abdolmaleki, Maryam Soleymaninia, Hamzeh Khanpour

 Phys.Rev.D 104 (2021) 5, 056019 



Good description of the data in general

Deviations in the low-z region

BELLE and BaBar data pull in opposite 
directions

Clearly further investigation is warranted

34xFitter:  Comparisons:  … good overall … more work needed

Good

Description



xFitter 
Selected

Examples

35



xFitter Capabilities www.xFitter.org

TMD (uPDFs) in xFitter
Photon PDF

Profiling Lead  PDFs

36



more  xFitter Capabilities www.xFitter.org

Thanks to  
Voica Radescu

Multiple Heavy Quark Models Profiling of W/Z Data NNLx Resummation @ Small x

Correlation Coefficients Sensitivity Studies Pole & MS-Bar Running Mass

37



Phys.Rev.Lett.109(2012)012001

Drell-Yan processes (pp, ppbar)
→ strange quark density determination 

DIS inclusive processes in ep 

Jet production (ep, pp, ppbar)

JHEP05(2014)068

PRD 90 (2014) 032004

EPJC 75 (2015) 12, 580

CMS PAS SMP-14-001

arXiv:1606.01736

DY data sensitivity to photon PDF

more  xFitter Capabilities www.xFitter.org
38



PDF4LHC report (benchmarking)

arXiv:1507.00556

CMS PAS TOP-14-013

EPJC 76 (2016)8, 471

arXiv:1507.00556

EPJC 75 (2015) no.8, 396

Heavy Quark production (ep, pp, ppbar) 

Evaluation of modern PDFs (benchmarking)

Top-quark production (pp, ppbar) 

more  xFitter Capabilities www.xFitter.org
39



xFitter 
Interface to 
ApplGrid

Grid Technology

40

special thanks to Mark Sutton



41APPLGRID:   Grid Technology:  … to NLO and Beyond ...

Validation: 
Compare Grid to Full Calculation

Works for both proton & nuclear

nCTEQ Collaboration 
Eur.Phys.J.C 80 (2020) 10, 968 

FEWZ
APPLgrid w/ MCFM



TUTORIALS 
VirtualBox & Docker

42



https://smu.box.com/s/alwdhtjsl6dn23o4j9112oyomea5mog5

2016 CTEQ-DESY School Tutorials

2018 CTEQ School Tutorials 
(Based on 2016)

VirtualBox with v.2.2

VirtualBox with v.2.2
bug:   ./bin/xfitter-draw ./output --no-logo

pw: xfitter2023

43
Past tutorials and VirtualBox images

https://smu.box.com/s/alwdhtjsl6dn23o4j9112oyomea5mog5


Old version: xFitter 2.1             Docker / Singularity
44



Old version: xFitter 2.1             Docker / Singularity
45



Old version: xFitter 2.1             Docker / Singularity
46



Fantomas Project
Using a Bezier curve for the PDF 

parameterization in xFitter

47/56







Backup

50











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

Spli
t

Pers
on

ali
ty

Stra
ng

e 

PDF

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

55/56

Gluo
n  

PDF



● Spin
● TMDs
● GPDs

QCD:    From PDFs to the underlying QCD 56

Lattice QCD

QCD
Lagrangian
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