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QCD: From PDFs to the underlying QCD
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QCD: From PDFs to the underlying QCD 4
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nPDFs: Extend Precision & Kinematic Reach in {x,0Q%}
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QCD: From Parameterization to a Deeper Understanding

Proton PDF: f)(z,Q)
generally NNLO; approaching ~1% precision; Boundary Conditions for nuclear PDF

Nuclear PDF: fa(z,Q)

generally NLO; leverage proton PDF tools; recent progress encouraging (e.g., PDG)

evolve from parameterizing to deeper understanding of QCD

Extend kinematic {x,Q} range: ... probe extreme regions of QCD 0
Low Q: non-perturbative region; correlation effects ... Q

Low x: resummation; saturation; BFKL; ...

urion Q&
Low W: resonance region; duality; ... 0

Need theoretical guidance in these regions
Extend Unpolarized Colinear to Spin, TMD & GPD

... explore full tomographic nuclear structure in spin, kr, br

precision f4(z,()) can serve as Boundary Condition for f:(x, O,kr,b7,0)
include Lattice QCD info on moments and quasi-PDFs

Need coordination/communication between efforts



New Phenomena in Corners of Kinematic Plane

Saturation, BFKL, recombination,

Q® (GeV?)

Can Saturation be Discovered at EIC?

EIC has an unprecedented small-x reach for DIS on large nuclear targets, allowing
to seal the discovery of saturation physics and study of its properties:
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MC4EIC: Monte Carlo event simulation for the EIC




Need theoretical guidance

DGLAP violation???
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The Saturated Glue (SURGE) Collaboration is a Topical Collaboration in Nuclear Theory
which aims at the discovery and exploration of the gluon saturation regime in quantum chromodynamics (QCD).



https:/lwww.bnl.gov/physics/
surge/

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 lon Collider (EIC).
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Physics questions

Initial conditions: How to parametrize and/or compute initial conditions for the evolution ?
Small x evolution: LO evolution is not sufficient for accuracy. Need the NLO and beyond. How to
consistently implement resummation in non-linear evolution and match small with large x,

relevant for EIC kinematic regime ?

Impact factors: Need impact factors at NLO for accuracy. For many observables analytical and
numerical implementations are missing.

Spin: How proton spin emerges from spins and angular orbital momenta of quarks and
gluons? What is the contribution of the small x region to the proton spin ?

Hadronization: How hadronization is affected by the presence of saturated gluons ?

Global analysis: Much progress made in increasing accuracy of cross sections in the collinear
approach. Need to increase accuracy of predictions based on high energy factorization.



Topics and working groups

4 N

Global analysis WG
To establish saturation,
perform comprehensive

global analysis
quantifying and
minimizing uncertainties,
extracting universal
building blocks of high
energy factorization.

- /

a4 N

Initial state WG
Improve the initial
conditions for evolution
for unpolarized and
polarized observables.

< >

® |nitial state (Vladi Skokov)
® Small x evolution + NLO calculations (Zhongbo Kang)
® Spin (Yuri Kovchegov)

® Framework and global analysis (Fred Olness)

® Final state (Xin-Nian Wang)



Paradigm Choice: Parton Model & Dipole Model 14

y Parton Model
. 0 — fP—)a,(xaQ) ®O-CW—>X(CC7S)

A N gt = (E—E.p—1p

Implemented in xFitter
uses several numerical “tricks”
for efficient computation

target: P* = (i, (U\

Dipole Model

GOAL: Develop flexible
framework to test
, Tf / initial/final-state, spin, NLO ...

AN/ \/v\/\,/ /\4\/\/\/\/\’\,

APPROACH:
T 1) Prototype in Python

2) Use fast numerical approximations
F 3) Flexible framework

4) Interface to xFitter (eventually)

A @)= [ [ 197, 2 © o, v)

Dipole approach to high parton density QCD



Parton Model & Dipole Model Comparison 15

Signatures of gluon saturation from structure-function measurements

Nestor Armesto,’ * Tuomas Lappi,? 3 T Heikki Mantysaari,? 3> Hannu Paukkunen,? 3 % and Mirja Tevio® 3> 1

Phys.Rev.D 105 (2022) 11, 114017 » e-Print: 2203.05846 [hep-ph]

Dipole approach to high parton density QCD
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xFitter/xFitterT

S5 Data: HERA, Tevatron, LHC,
& fixed target experiments

Processes:

Diffraction, Top production
W and Z production

Inclusive DIS, Jets, Drell-Yan,

~\

J

.

Theory Calculations

HQ Schemes: MSTW, NNPDF, ABM, ACOT

Jets, W, Z: FastNLO, ApplGrid
Top: Hathor

Evolution: QCDNUM, APFEL, k.
Other: NNPDF reweighting

TMDs, Dipole Model, ...

~\

www.xFitter.org %HHE/‘

Sample data files:
LHC: ATLAS, CMS, LHCb
Tevatron: CDF, D0
HERA: H1, ZEUS, Combined
Fixed Target: ...

Features & Recent Updates:

NNLO DGLAP

Photon PDF & QED

Pole & MS-bar masses
Profiling and Re-Weighting
BFKL interface

Comparisons
|::> to other PDFs
- J (LHAPDF)

User Supplied: ...

QT

Parton Distribution

Functions:
\_ PDE, Updf, TMD J

’—> 0y(M,), m_m m, ...

xFitter

Theoretical
Cross Sections

Heavy Quark Variable Treshold xFitter 2.2.0
Improvements in x2 and correlations Future Freeze
TMD PDFs (uPDFs)

... and many other
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(AND NOW

FOR SOMETHING
COMPLETELY

DIFFERENT.
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nCTEQ

nuclear parfon distribution functions

nuclear Coordinated Theoretical-Experimental Project on QCD

expand into the NUCLEAR dimension

encounter the QCD strong nuclear force
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Nuclear A-Dependence 20

% = N:126  Generalized A-parameterization (nCTEQ)
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... beyond parameterizations? ... nearest neighbor interactions 21
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“Free nucleons” + “nucleon pairs” Short Range Correlations (SRC) 22

nucleon nucleon - nucleon
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Linear Combination
of 2 functions

F24(x,Qo) = (1-ca) T7(x,Qo) + (€x) £7(x,Qo)

. Universal
Very different from standard parm. (e.g., nCTEQ) A-Independent

Question: do C, coefficients display any patterns???



New approach:

Inspired by nearest-neighbor interaction

Short Range Correlations (SRC) 23

Is the fit reasonable???

XQ/Ndata

DIS

DY

W/Z
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2
Xtot

Improved fit
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Fully accounts for all DOF

Evidence for Modified Quark-Gluon Distributions in Nuclei
by Correlated Nucleon Pairs
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https://arxiv.org/abs/2312.16293
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Fraction of SRC Pairs vs. Nuclear A

0.6
Proton
Fit p,n

0.5 r separately
0a | Neutron
0.3 +
0.2 +
0.1 r +
0.0 T Nuclear A

3 10 A3O 60 100 200
Nuclear A 2 3 4 6 9 12 14 27 | 40 51§) 64 | 84 | 108 | 119 | 131 | 184 | 197 | 208
# data 275 | 125 | 66 | 15 | 49 | 196 | 101 | 73 | 92 | 134 | 61 | &84 7 152 4 37 50 163

P, H2, HE3, HE4, LI6, LI7, BE9, C12, N14, AL27, CA40, FES6, CU64, KR84, AG108, SN119, XE131, W184, AU197, PB208
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Fraction of SRC Pairs vs. Nuclear A
0.6 -
Proton
0.5 r
N t N Adjust for
X — neutron excess
al eutron x -
0.3 r
0.2 r
0.1 -
0.0 1 Constrained fit: x> 0.80 N 0.82 NUCIear A
3 10 30 60 100 200
Nuclear A 2 3 4 6 9 12 14 | 27 |40 | 56 | 64 | 84 | 108 | 119 | 131 | 184 | 197 | 208
# data 275 | 125 | 66 | 15 |49 | 196 | 101 | 73 | 92 | 134 | 61 | 84 7 152 4 37 o0 | 163

P, H2, HE3, HE4, LI6, LI7, BE9, C12, N14, AL27, CA40, FES6, CU64, KR84, AG108, SN119, XE131, W184, AU197, PB208




Partonic Extraction (baseSRC Fit)
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Phys.Rev.Lett. 133 (2024) 15, 152502 A



Fit Proton & Neutron Separately ... a curious observation .. 27
- - Gold 27A
Fraction of SRC Pairs vs. Nuclear A O 7ot
0.6 -
Proton
0.5 - == Cp =0.256
N t non N nei’r?c;s tei?:lz-ess
0.4 - o 7 Cn=0.177
Lead
0.3 1
A =197
021 e T L T Z= 179
Gold
. N=118
' Homework: what is the pattern?
0.0 - Nuclear A Cp X Z2=120.2
3 10 | _3'0 60 100 200 Cn X N=20.9
The fit suggests equal # of protons & neutrons participate
Consistent with hypothesis that SRCs are (pn) pairs
Nuclear A ]| 2 | 3 | 4] 6 | 9] 12 | 14 | 27 | 40 | 56 | 64 | 84 | 108 | 119 | 131 | 184 | 197 | 208
# data 275 | 125 | 66 | 15 | 49 | 196 | 101 | 73 | 92 | 134 | 61 | 84 7 | 152 | 4 37 | 50 | 163




Different Param.

=

i) NN / SRC and ii) nuclear character 28

0.7

0.6

0.5

0.4 -

0.3

0.2 -

0.1 4

0.0 -

=» Simple Nearest-Neighbor

(SRC) inspired form
yields remarkably good fit

b =» Comparable/better than
traditional approach

rn? =» Coefficients scale with In(A)

200 =» Separate p,n fits are

consistent with (pn) SRC pairs

Nature is trying

to tell us something

Fraction of SRC Pairs vs. Nuclear A
Proton
T Adjust for
Neutron X f_\l_. neutron excess
VA
"""""" Homework: what is the patte
3 10 30 60 100
Nuclear A
2
X°/Ndata || DIS | DY |W/Z |JLab || x2 N
traditionall| 0.85 [0.97]| 0.88 | 0.72 |[|1408| 0.85
baseSRC 0.8410.75| 1.11 | 0.41 |{1300]| 0.80
pnSRC 0.8510.84|1.14 | 0.49 || 13501 0.82
Ndata 11361 92 | 120 | 336 || 1684

This parameter form connects to new concepts



CONCLUSIONS:

Assembling the puzzle pieces

QCD

Lagrangian
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Interdisciplinary ...
Use tools from

HEP, Nuclear,
& Lattice QCD

DGLAP violation???
.. to really understand the

strong force

saturation

resummation

isospin
violation

quark-gluon
plasma

Jet
quenching target mass
DGLAP violation??? shadowing ~corrections

NN

low-Q?

: resummﬂ‘n

higher twist

N

non-linear QCD

" Fraction of SRC Pairs vs. NuclearA

0.5 -
Proton
0.4 - N Adjust tor
Neutron ¥ — neutron excess
VA
0.3 A
5
0.1 4
0.0 - Homework: what is the pattern?

Lead

T T T L A B | T T T T L T
3 10N N AN 100N

T
200

* Spin Lattice QCD
* TMDs

* GPDs

Nature is telling us ...
Why (pn) pairs?

What drives this pattern?

T
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