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The most exciting phrase to hear in science, 
the one that heralds new discoveries, is not “Eureka!” (I found it!) 

but    “That’s funny …”
— Isaac Asimov

Serendipitous scientific discoveries that are noteworthy

● Penicillin: Alexander Fleming's  noticed a mold inhibiting bacterial growth 
in a neglected petri dish.

● X-rays: Wilhelm Roentgen observed a mysterious glow 
passing through objects and casting shadows.

● Microwave Oven: Percy Spencer, a Raytheon engineer, noticed a candy bar in his pocket
melted while working with a magnetron.

● Vulcanized Rubber: Charles Goodyear accidentally spilled a rubber and sulfur mixture
on a hot stove.

● Post-it Notes: Spencer Silver's attempt to create a super-strong adhesive at 3M.

● Cosmic Microwave Background Radiation: Arno Penzias and Robert Wilson 
were perplexed by persistent radio noise in their antenna.

Scientific progress isn't always a direct path ... often, it's about recognizing 
unexpected patterns found at the fringes of our expectations ...



Ours is an 
experimental 
science





Electron Ion Collider at BNL

Key scientific goals include solving the mystery of proton spin, exploring quark confinement, and mapping the role of gluons in nuclei. 

Solving the mystery of proton spin, exploring quark confinement, and mapping the role of gluons in nuclei. 

We’re going to study the gluon ... and at small-x, it’s gluons all the way down

Where does the data come from???



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

●Luminosity
●Polarization
●A-Dimension



nCTEQ project is an extension of the CTEQ 
collaborative effort to determine nuclear 
parton distribution functions (nPDFs). 

Grenoble, April 2024



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



QCD:    Remarkably successful at describing High Energy Processes 9

QCD
Lagrangian

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

Quantum ChromoDynamics

… we can go further



● Spin
● TMDs
● GPDs

QCD:    From PDFs to the underlying QCD 10

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) 



Nuclear PDFs 
…

is it just a bag of 
protons & neutrons ???

Parton Distribution Functions

11



Discovered by the French in 1799 at Rosetta, a harbor on the Mediterranean coast in Egypt. Comparative 
translation of the stone assisted in understanding many previously undecipherable examples of hieroglyphics.

Independent of  Q, A, F
123

,  ...

12… is it just a bag of protons & neutrons ???                               ~90% correct

The ratio of iron (Fe) 
to Deuterium (D)

you’d be 
~90% correct

Iron
(proton+neutron)

Fe
D

Fe
D

But ...



Fixed Target DIS

Puzzle:   Split Personality … What is the correct Nuclear ratio

Neutrino DIS

Charged Lepton DIS 

g/Z

W

13

Depends on nuclear corrections

some caveats
… correlated errors

Propagation of °/W thru nuclei

Fe
D

Ingo Schienbein, … (2007)

Karol Kovarik, … (2010)



K.F. Muzakka, DIS2021. 
ArXiv; 2107.13235 [hep-ph]

Puzzle:   Split Personality … What is the correct Nuclear ratio 14

Iron
(proton+neutron)

Fe
D

What is the correct nuclear correction ???

Are these data sets compatible???

Faiq Muzakka, Karol Kovarik, ...

Phys.Rev.D 106 (2022) 7, 074004 • e-Print: 2204.13157 [hep-ph]

º  data

   data



Neutrino 
Deep Inelastic Scattering (DIS) 

(nCTEQ) Faiq Muzakka, Karol Kovarik, ...
Phys.Rev.D 106 (2022) 7, 074004 • e-Print: 2204.13157 [hep-ph]

15

N

Could be:
neutral photon ° 
or charged W±

Differentiate flavors of free-proton PDFs: 

Neutrino DIS

Nuclear Targets Important



Strange PDF
16

… this has a significant impact on the strange quark PDF

Parton Distribution Functions



Strange PDF:   º Nucleon    di-muon   Production

N
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17

Strange Quark

Need to “dig out” 
s(x) underneath d(x)

N

nm

m-

d
u

X

light  u  mass
no isolated μ

Depends on 
nuclear PDFs

Result:

Down Quark



LHC Heavy Ion

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

W and Z Boson Production
at the Large Hadron Collider (LHC)

(nCTEQ) Tomas Jezo, Aleksander Kusina, Fred Olness, ...

… there’s another 
way to measure the 

strange quark

18

Independent of 
Nuclear Corrections



Surprise:  …  LHC sees more strange than expected 19

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



Current Tools
xFitter

20

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, 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
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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



Heavy Ion Case:  …  LHC STILL sees more strange than expected 23

Prediction

Data

Gluon

what about 
the gluon???

Is the strange PDF driving the data ...

Or is the data driving the strange ???

We find a larger 
strange quark 

PDF

Tomas Jezo, Aleksander Kusina, 

Pb
case



If only we had more DIS data



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

25Charm 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



  
Reconstructed XJB

Rs ~ 0.86
Rs ~ 0.56
Rs ~ 0.33

100 fb-1
M. Arratia, Y. Furletova, T.J. Hobbs, F. Olness, S.J. Sekula, 
Phys.Rev.D 103 (2021) 7, 074023

      Charm Jets at the EIC      ⇒      The Strange PDF 26
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Enhanced Strange

Suppressed Strange

Clear measure of 
Strange PDF beyond 

uncertainties

W+s  → cjet

discrimination

Jacques-Blondel (JB) method 



The Gluon



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 
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Discover and explore the gluon saturation regime of quantum chromodynamics 



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

how can we determine 
the gluon

Parton Distribution Functions

gg

N

30

Semi-Inclusive 
Hadron Production Quarkonia 

Production



Q = 2 GeV

nCTEQ15

nCTEQ15+SIH

Precision Gluon can help study nuclear medium effects 31

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

Pit Duwentaster, Michael Klasen, ...

Semi-Inclusive 
Hadron (SIH)
production 



Extended {x,Q2}Kinematics

Important effects:
●Deuteron Corrections
●Higher twist
●Target Mass Effects



  F. Olness                                                        

Challenges at Large x  & Low Q2 & Low W2:   33

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)

NE
W

open points: new with relaxed cuts



34nCTEQ15HIX    include large x JLab data

Deuteron Correction 
from CJ15

what about mid x region

Higher Twist 
Correction 
from CJ15

Reference
Higher Twist  ~3%
Deuteron   ~14%
Combined  ~16%

We can extend our kinematic reach in {x,Q2}



SRCs
Short Range Correlations

Connecting nuclear and partonic properties



How do we characterize nuclei?   36



… beyond parameterizations?   … nearest neighbor interactions 37



FREE PROTON

SRC PAIR

Universal
A-Independent

f A(x,Q0) = (1-cA) f p(x,Q0) + (cA) f SRC(x,Q0)
Universal

A-Independent 

Nuclear Correction Ratio: 

nucleon nucleon - nucleon

“Free nucleons”  + “nucleon pairs”          Short Range Correlations (SRC) 38

Linear Combination
of 2 functions

Very different from standard parm. (e.g., nCTEQ)

Question: do CA coefficients display any patterns???

f p(x,Q0)

f SRC(x,Q0)



Standard

Free p & n

Link p & n

Improved fit 
compared to 
traditional 
approach

New approach:    Inspired by nearest-neighbor interaction    Short Range Correlations (SRC) 39

Fully accounts for all DOF

ArXiV:2312.16293

Is the fit reasonable???

https://arxiv.org/abs/2312.16293


Proton

Neutron

Fraction of SRC Pairs vs. Nuclear A

Fit p,n 
separately

Nuclear A

P, H2, HE3, HE4, LI6, LI7, BE9, C12,  N14, AL27, CA40, FE56,  CU64, KR84, AG108, SN119, XE131, W184,  AU197, PB208



Fraction of SRC Pairs vs. Nuclear A

Proton

Neutron
Adjust for 

neutron excess

Lead

Gold

Nuclear AConstrained fit: Â2 0.80  → 0.82  

P, H2, HE3, HE4, LI6, LI7, BE9, C12,  N14, AL27, CA40, FE56,  CU64, KR84, AG108, SN119, XE131, W184,  AU197, PB208



Cp = 0.256
Cn = 0.177

A = 197
Z =   79
N = 118

Cp × Z = 20.2
Cn × N = 20.9

Fit Proton & Neutron Separately …   a curious observation .. 42

The fit suggests equal # of protons & neutrons participate

Consistent with hypothesis that SRCs are (pn) pairs

Nuclear A
Homework: what is the pattern?



➔ Simple Nearest-Neighbor 
(SRC) inspired form 

yields remarkably good fit

➔ Comparable/better than
traditional approach

➔ Coefficients scale with ln(A)

➔ Separate p,n fits are 
consistent with (pn) SRC pairs

Nature is trying to tell us something 43

Nuclear A

Relate nuclear to 

particle properties

This parameter form connects to new concepts



  



ν DIS: Muzakka, Kovarik, Klasen, …

W/Z: Jezo, Kusina, Olness, …

Gluons: Duwentaster, Klasen, …

SRC: Jezo, Kusina, Olness, …

Masses: Schienbein, Leger, Ruiz, …

nCTEQ++: Jezo, Risse, Muzakka, Wissmann...

nuclear  Coordinated Theoretical-Experimental Project on QCD

mult
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ch
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PRELIMINARY



CONCLUSIONS

Chance favors the prepared mind 
Louis Pasteur  

The most exciting phrase to hear in science, 
the one that heralds new discoveries, is not “Eureka!” (I found it!) 

but    “That’s funny …”
— Isaac Asimov



Q cut

W cut

Data make you smarter ... EIC opens up new frontiers for discovery

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

49

●Luminosity
●Polarization
●A-Dimension
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