Revealing the fundamental character of the strong force

From PDFs s to the underlying QCD

Fred Olness
SMU

Thanks for substantial input
from my friends & colleagues

Mitchell Conference
I TAMU

24 May 2024




A Deeper Understanding of the strong nuclear force
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Heavy-Flavor TheorY (HEFTY) for QCD Matter
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The Saturated Glue (SURGE) Collaboration

Mission statement: Discover and explore the gluon SU
saturation regime of quantum chromodynamics

by advancing calculatians to highprecision and COLLAB
developing a comprehensive framework to
compute observables andl compare to a wide range
of experimental data, includling predictions for the

Electron lon Collider (EIC).
Saturation
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Small x evolution +
NLO calculations WG

Non-linear evolution at Global analysis WG
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the polarized observables.
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evolution.
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To boldy go where no analysis has gone before




Do we really understand QCD push to extreme {x,Q}

Measurements with A = 56 (Fe):
e eA/uA DIS (E-139, E-665, EMC, NMC)
JLAB-12

® A DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)
DY (E908)
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Low-x: Low-Q?:

Egiggl\%li?l%ﬁ on Non-Perturbative inteface

Resummation collective effects

BFKL Target.Mass Correctlpns '

Saturation pick up M?/Q” higher twist
F atlow Q° access to g(x)

Need theoretical quidance in these regions

High-x:

Nuclear PDFs: x>1 allowed;

impacts F */F_"° in Fermi region
Target Mass Corrections

pick up M?%/Q’ higher twist
Deuteron Corrections

impacts F_¢/F_ Pe"e" ratio

Are we just looking under the lamppost




What’s v with v

... an old problem

neutrino DIS

some new results

S-ACOTy CC @ N2LO
Thanks to Peter Risse & Valerio Bertone
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Precision, Precision...
but systematic effect: theory and experiment

» Discrepancy between CCFR (v) and NMC(u) data at low x region
i0.01<x<0.1;

* Resolved by the proper handling of massive charm treatment (VFS,
FFS): Model Ind. CCFR F2, xF3, oxF, Phys.Rev.Lett. 86 (2001) 2742

Discrepancy in QCD analysis between CCFR(v) and CDHSW (v)

* Problem appeared in the CDHSW diff. cross section, overall level fine,
but wrong y-dependence, Phys.Rev.Lett. 87 (2001) 251802

Discrepancy in diff. cross section between CCFR(v) and NuTeV (v) at high
X region ix>0.5), making a new discrepancy at high region

* Problem aEpeared in the toroidal magnet calibration of the CCFR
etector: Phys.Rev.D 74 (2006) 012008

Different neutrino effect in neutrino: MINERVA saw a
different nuclear effect?

d/u at high x and asymmetry in strange sea
* Updated d/u—=>0.2 or 0 at x=1
* Asymmetry measurement in strange sea: correlated with d/u issue
Unki Yang DIS2024




Neutrinos: many outstanding puzzles & discrepancies

Puzzle: Split Personality ... What is the correct Nuclear ratio
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Neutrino DIS

Depends on nuclear corrections

Charged Lepton DIS

some caveats
... correlated errors

Propagation of v/W thru nuclei



nCTEQ

nuclear parton distribution functions

PHYSICAL REVIEW D 106, 074004 (2022)

Compatibility of neutrino DIS data and its impact on nuclear parton
distribution functions

K. F Muzakka,"" P. Duwcnliisl?r ) oy Ho_bbs_.z"" T. Jezo®,' M. Klasen,' K. Kovaiik,"' A. Kusina®*
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To Do List:

. more data

. improved predictions
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Higher Order Calculations: ... crossing mass thresholds 15

LO NLO N21LO N3L.O
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Selection of diagrams that contribute at NNLO and N3LO -,
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Example #2: Multi-Scale Problems are Challenging

Two-Loop Total Cross Section: One Scale
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I . Approximation
e =F ./ Tricks

Implementation
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‘ Neutral Current S-ACOT x implemented at N2LO and N3LO

www.xFitter.org

Sample data files: ,
LHC: ATLAS, CMS, LHCb %F/Z‘Z‘ er
Tevatron: CDF, DO
HERA: H1, ZEUS, Combined
Fixed Target: ...
User Supplied: ...

“' Data: HERA, Tevatron, LHC,
fine fixed target experiments
Processes: :> »

Inclusive DIS, Jets, Drell-Yan, P Parton Distribution

Diffraction, Top production 8 Functions:

W and Z production ) E k PDF, Updf, TMD ) |

f Theory Calculations \ e ’—> a(M,), m ,m ,m
S 7/ c h? t "
HQ Schemes: MSTW, NNPDF, ABM, ACOT
Jets, W, Z.: FastNLO, ApplGrid Theoretical
Top: Hathor Cross Sections
Evolution: QCDNUM, APFEL, k,
Other: NNPDF reweighting Comparisons
\ TMDs, Dipole Model, .. ) to other PDFs
e — (LHAPDF)
Features & Recent Updates:

NNLO DGLAP Heavy Quark Variable Treshc . xFitter 2.2.0
Photon PDF & QED Improvements in 2 and correlations Future Freeze
Pole & MS-bar masses TMD PDFs (uPDFs)
Profiling and Re-Weighting ... and many other

BFKL interface



J ACOT Charged Current to N2LO: ... Impacts Neutrino Data |0

W:l:
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Fast evaluation of heavy-quark contributions to DIS in
APFEL++

P. Risse®! ®, V. BERTONE' ®, T. JEZ0® ®, M. KLASEN® ®, K. KOVARIK*©®, Peter Risse (Muenster)
F.I. OLNESS® @, 1. SCHIENBEIN? @

arXiv:2307.08269v1
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L g > | oand Q3 limit
=== bquark threshold
L @ NuTeVo(v)/E
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Precision, Precision...
but systematic effect: theory and experiment

» Discrepancy between CCFR (v) and NMC(u) data at low x region
i0.01<x<0.1;

* Resolved by the proper handling of massive charm treatment (VFS,
FFS): Model Ind. CCFR F2, xF3, oxF, Phys.Rev.Lett. 86 (2001) 2742

Discrepancy in QCD analysis between CCFR(v) and CDHSW (v)

* Problem appeared in the CDHSW diff. cross section, overall level fine,
but wrong y-dependence, Phys.Rev.Lett. 87 (2001) 251802

Discrepancy in diff. cross section between CCFR(v) and NuTeV (v) at high
X region ix>0.5), making a new discrepancy at high region

* Problem aEpeared in the toroidal magnet calibration of the CCFR
etector: Phys.Rev.D 74 (2006) 012008

Different neutrino effect in neutrino: MINERVA saw a
different nuclear effect?

d/u at high x and asymmetry in strange sea
* Updated d/u—=>0.2 or 0 at x=1
* Asymmetry measurement in strange sea: correlated with d/u issue
Unki Yang DIS2024




Beyond the proton ... 22

. isospin
Quantum ChromoDynamics P

. quark-gluon violation
Q( D plasma
Lagrangian : '

'{:t‘_hl"ﬂ :;'F{J_IT'I}“ - I71, :|| ru ru“

T i

quenching target mass
‘ DGLAP violation??> shadowing corrections

saturation resummation 4

DGLAP vielation?2?

. . et £ L —
sﬂfur‘ﬂhgn _ resummation gl N ¢ Bo F©
D i LTl i highEl“ twist Iw’ﬁ?ﬁ*‘ h.c

n'ﬂ‘n‘“ﬂﬂﬂr QCD :J,J‘p (f,_"_ h.c
%gl: - v(9)

higher twist

non-linear QCD Olness Conjecture: A theory can't be

fundamental unless it fits on a coffee mug.

{tAND NOW

FOR SOMETHING
COMPLETELY

\_DIFFERENT.




... beyond parameterizations? ... nearest neighbor interactions 23

Neutron

Proton

Periodic Table of the Elements
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“Free nucleons” + “nucleon pairs” Short Range Correlations (SRC) 24

nucleon nucleon - nucleon

1.3 LR SR FRVEL SRR e R SO SR TR ) AR LA LR TR R RN R R

[ e BCDMS(85) T _ Fermi-motion |
| = E(ZDMS[ST) . SLAC/NMC param. i :
[ 4 SLAC-E049(8: ;
1.2 | v SLACAI:I,WEM_{ Anti-shadowing i
[ O SLACEI0G4) §_~ i4
I i
a LIF .| Nuclear Correction Ratio: |
&3 I Héi % i
ot | ; /
E l B L = § ;"J.
S E § } %
= "%
C —o‘ - .’l -
09H { h 1 SRC PAIR
I [ron §\
0.8 \ I o Universal

| Shadowing ISOSC&I&I’ EMC-effect |

0.7 PRSI SRR [N VAT VAT N AT WA SRR (SN TN UNP U VRN U SN IR NPUU SR SRr U NN TSN TR WU SN W PRGN [N TR T T U NPT T

0 01 02 03 04 05 06 07 08 09 1
FREE PROTON X

A-Independent

Linear Combination
of 2 functions

fA(XaQO) — (I'CA) fp(XaQO) T (CA) fSRC(XaQO)

. 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) 25

Is the fit reasonable???

XQ/Ndata

DIS

DY

W/Z

JLab

2
Xtot

Improved fit
compared to
traditional
; approach
Xtot
NDOF

traditional

0.85

0.97

0.88

0.72

1408

Standard

baseSRC

0.84

0.75

1.11

0.41

1300

Freep & n

0.85

0.84

1.14

0.49

1350

Link p & n

1136

92

120

336

1684

Fully accounts for all DOF

Evidence for Modified Quark-Gluon Distributions in Nuclei
by Correlated Nucleon Pairs

A.W. Denniston @ 1:* T, Jezo
O. Hen @ ! C. Keppel

F.I Olness @ 1Y E. Piasetzky

b M. Klasen
A1 P Risse

2t A Kusina
27 K. Kovafik
2 R. Ruiz

3 N. Derakhshanian

2 J.G. Morfin

3 1. Schienbein

2 P. Duwentister
8 K.F. Muzakka
12 and JY. Yu.@©12

2.4,5
2,9

G Science @ Illil-

ArXiV:2312.16293



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 separately
Neutron
0.4 -
0.3 r
0.2 r
0.1 - +
0.0 T Nuclear A
3 1|O 3|O 6|O 1(50 2(|)O
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




0.7

Fraction of SRC Pairs vs. Nuclear A
0.6
Proton
0.5
Adjust for
NeLItron X E neutron excess
0.4
0.3
0.2
0.1
0.0 - Constrained fit: x> 0.80 N 0.82 NUCIGar A
3 10 30 60 100 200
Nuclear A 2 3 4 6 9 12 14 |27 140 | 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




Fit Proton & Neutron Separately ... a curious observation .. 28
- - 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 Z=20.2
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 29

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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||-£Q("‘D =y ("}-?}HDP = 'Hir,,.) Yy — EG?::VGLU

Interdisciplinary ...
Use tools from

HEP, Nuclear,
& Lattice QCD

... to really understand the

strong force

.= | Fraction of SRC Pairs vs. Nuclear A"
Proton

0.4 - N Adjust tor
Neutron ¥ — neutron excess

4

0.3 -

0.2 -

0.1 -

0.0 - Homework: what is the pattern?

non-linear QCD

isospin
violation

quark-gluon
plasma

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

saturation

low-Q2

resummu‘rio
Gt v
hi-x * %

higher ftwist

N

* Spin
* TMDs
* GPDs

Lattice QCD

Lead

T T T ) L L | T T | T
2 10N 2N AN 100

T
200

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

What drives this pattern?
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APFEL++



33
APFEL++ — A PDF evolution library in c++

APFEL@++

Bertone, arXiv:1708.00911

Available schemes in APFEL++

ccheme O(a) NC NC NC CC: cC cC

Fy F3 Fy, Fy F3 Fr
ZM N2LO v v v v v ¥
FONLL-C N2LO v X 7 X X X
ACOT NLO v ¥ v X X X
SACOT-Y NLO v v / v ¢ v
APBES N2LO v v v Y v v

SACOT-y

Peter Risse (risse.p@uni-muenster.de)



nCTEQ++ ... a complete rewrite in C++ 34

Code benchmark timings:

Original Fortran Code New C++ Code

contains multiple levels of integrals using modern grid techniques

Typical fits current run a few days to a week. High order DIS processes
This will be reduced to a few hours. (Peter Risse)



Conclusions 35

Multi-scale problems are hard: Thank you to those computing these results
Proper mass treatment: essential to fit PDFs over large Q scales

Many outstanding issues related to neutrino DIS analysis

Improved calculations can help

Approximate S-ACOT-y:
leverages N2LLO and N3LO results

Neutral Current:
N2LO and N3LO available in xFitter (no grids)

Preliminary
Q

Results with APFEL++ Grids: :
<

BOTH Charged Current & Neutral Current results @@;@@

Speed increase of ~100X e
Q%
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Heavy-Flavor TheorY
(HEFTY)
for QCD Matter

Jet nuclear
modification factor

Pb-Pb 5.02 TeV Xe-Xe 5.44 TeV Au-Au 0.2 TeV

+ CMS, h* + CMS, h* + PHENIX, i

+ ALICE, D

ATLAS

+ non-prompt J/W i

10t 102
pr [GeV]




QCD: From PDFs to the underlying QCD 38

isospin Nuclear targets

violation key for flavor
Q C D quark-gluon Fermi differentiation
Lagrangian plasma
) jggmotion

|£QCD = Eq (19 D" —mq) thg — ZGZVGMV

jet
quenching target mass
DGLAP violation??? shadowing corrections

SGT”PU“_‘E‘“ ~ resummation
QCD F°©
QED ' C hi-x
DGLAP violation??? :
: .
SGTUPGT'E’“ resummation 0
QCD . é o . .
QED Af hi-x higher twist

non-linear QCD

low-Q2 &

higher twist * Spin Lattice QCD
non-linear QCD  TMDs
e GPDs




New Phenomena in Corners of Kinematic Plane 39

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:

Illl T T lll'llll T T I'II'IIiI T T iIIIIFI
108 Measurements with A = 56 (Fe):
e eA/uA DIS (E-139, E-665, EMC, NMC)
= VA DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)
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MC4EIC: Monte Carlo event simulation for the EIC
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Two approaches to the calculation

Parton Model

/\J
o p" _ (Eﬁj E,_.*:pf,u. — ['Er,pr')

A

b - i ﬁ)\ CTTIID

- p)

%7—;*:@_ (E-E'j

o= flz,

) ®

AN

o)

Dipole approach to high parton density QCD

*A 2 *5gg = 2 _qgqA =
Utﬁt (x, Q°) = |V 79(x, 2)| O}g? (x1,7Y)
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IIGTEQ, www.ncteq.org

nuclear parton distribution functions

nPDF General Issues:
« Proton PDF; nuclear corrections for interpreting heavy target DIS (Ar, Fe, Pb).

Strange quark & Gluon PDF:
« Resolve tension between fixed-target (¢vN, IN) and collider expectations (W=*,Z)

Charm & Bottom: ¢(x) & b(x)
« Multi-scale & resummation issues: Log(mc’b/Q)

o “Fitted” charm: ¢(x)#0 at m_

o Intrinsic heavy flavors: c(x)#0 at Q<m_

Neutrino cross sections on heavy targets (Ar, Fe, Pb)
o Universality of Neutral Current (v ) & Charged Current (W=) processes

Expanded {x.Q*} Kinematic Regime
o Small-x saturation, resummation: Log[1/x]
o Large-x higher twist: (M?%Q?)
o Low Q? non-perturbative effects

Compilation by Fred Olness with helpful feedback from: Alberto Accardi, Tim Hobbs, Tomas Jezo, Thia Keppel, Michael Klasen, Karol Kovarik,
Aleksander Kusina, Jorge Morfin, Pavel Nadolsky, Jeff Owens, Ingo Schienbein, Efrain Segarra, Steve Sekula, Ji-Young Yu
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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

O

Low Q: non-perturbative region; correlation effects ... Q
Low x: resummation; saturation; BFKL; ... 0 éﬂ
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(x,)) can serve as Boundary Condition for fi(x, O, kr,br,0)
include Lattice QCD info on moments and quasi-PDFs

Need coordination/communication between efforts
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