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“QCD is our most perfect physical theory” ra mitcze 2

arXiv:hep-ph/9907340
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... @ chance for momentous advances in our understanding ...



From Parameterization to a Deep Understanding ... LHC + EIC 3
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EIC Kinematic Plane in {x,Q?%}
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Exploring the Nuclear Dimension: DIS, DY, w Prod, ousmore... 6

F. Olr

Periodic Table of the Elements
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T ... expand our knowledge of nuclear A dimension



Nuclear PDFs are Essential for Flavor Differentiation

neutrino DIS Neutrino DIS
FY ~[d+s+atd] ! u
_ - %
Ey ~ |d+35+u+c]
Fy ~2ld+s—a—¢
Fy ~2lu+c—d—§|
Depends on
Differentiate flavors of free-proton PDFs: X budear
NNPDF3.1 NNLO, Impact of nuclear+deuteron fixed-target data , Q = 100 GeV
Central Value Uncertainty
20p PSSO oo 20 e T
= O NNPDF Collaboration
L 10~10 a Eur.Phys.J. C77 (2017) 10, 663

distance

... essential for Proton PDF goal of <1%

F. Olness



nCTEQ Wish List 3

IIGTEQ www.ncteq.org

nuclear Par-{'on distribution functions

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

Strange quark PDF: s(x)
* Resolve tension between fixed-target (vN, £N) and collider expectations (W=*,Z)

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

« “Fitted” charm: ¢(x)#0 at m_

e Intrinsic heavy flavors: ¢(x)#0 at Q<m_

Neutrino cross sections on heavy targets (Ar, Fe, Pb)

* Universality of Neutral Current (v ) & Charged Current (W™) processes

Expanded {x.Q’} Kinematic Regime

* Small-x saturation, resummation: Log[1/X]
* Large-x higher twist: (M?%/Q?)
* 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



Recent nCTEQ Presentations

IMPACT OF INCLUSIVE HADRON PRODUCTION DATA
ON NUCLEAR GLUON PDFs

Pit Duwentaster

14. April 2021

WESTFALISCHE
WILHELMS-UNIVERSITAT
MUNSTER

nCTEQ

ruclear parton distrbubion functions

Hen *Lab

NCTEQ15-HIX
Nuclear PDFs in valence region

Efrain Segarra

In collaboration with T. JeZzo, A. Accardi, P. Duwentéster,
0. Hen, T.J. Hobbs, C. Keppel, M. Klasen, K. Kovafik,
A. Kusina, J.G. Morfin, K.F. Muzakka, F.I. Olness,

|. Schienbein, J.Y. Yu

| —_
Jjegon Lab Université _ ,
Joseph Fourier

GRENOBLE
arxiv 2012.11566 (under review)

Impact of W and Z Boson Production Data
and Compatibility of Neutrino DIS Data
in Nuclear Parton Density Extraction

XXVl International Workshop on Deep-Inelastic
Scattering and Related Subjects 2021

Khoirul Faiq Muzakka

Institute for Theoretical Physics
Westfélische Wilhelms-Universitét Miinster

Conspirators : D. B. Clark, P. Duwentaster, E. Godat,
T.J. Hobbs, T. Jeio, J. Kent, C. Keppel, M. Klasen, K.
Kovafik, A. Kusina, F. Lyonnet, J.G. Morfin, F.l. Olness,
I. Schienbein, J. Y. Yu, ...

nCTEQ — — wwu

nuclear parton distrbution funchions M U NSTER

DIS (EIC/LLHeC) physics connections to the LHC

Tim Hobbs, SMU, IIT, ILab EIC Center
161 April 2021

i SMU
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\ #. >
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DIS2021 Stony Brook University 12-16 April 2021
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Hi-X

nCTEQI15HIX

nCTEQ15HIX — Extending nPDF Analyses into the High-z, Low-Q? Region

B.E Segarra,l’ il Jeéojz’ A. Accardi,®* P. Duwentiister,? O. Hen,! T.J. Hobbs,%7 C. Keppel,* M. Klasen,?
K. Kovaiik,” A. Kusina,® J.G. Morfin,? K.F. Muzakka,’> F.I. Olnessf*l. Schienbein,!’ and J.Y. Yu.!¢

arXiv:2012.11566



Challenges at Large x

& Low Q*:  JLab data= EIC
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nCTEQ15HIX _include large x JL.ab data 12
1081 _ [ | / JLab data: Shifts valence
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| i 7
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L ]
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F4 > F3|1 4
Fit X2 Ndutﬂ Xz/Ndof Q(:ut Wcut
nCTEQ15 587 740 0.81 2.0 3.5
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nCTEQI15HIX include large x JL.ab data 13

.. some recent nPDFs

EPPS16  EurPhys.J.C77 (2017) 3,163
nNNPDF2.0 JHEP 09 (2020) 183
TUJU19 PRD100 (2019) 9,096015
nCTEQ15-HIX  aXiv:2012.11566
KSASG20  arXiv:2010.00555

w— NCTEQIBHIX ssaes
—== EPP$16 —-= nNNPDF2@Q
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F. uiness
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Deuteron Corrections
Important!!!

HT from CJ15
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Strange PDF

Neutrino DIS

Depends on

X nuclear
corrections
Eur. Phys. J. C (2020) 80:968 THE EUROPEAN ()
https://doi.org/10.1140/epjc/s 10052-020-08532-4 PHYSICAL JOURNAL C  Ssiser

Regular Article - Theoretical Physics
Impact of LHC vector boson production in heavy ion collisions

on strange PDF's

A.Kusina'?, T. Jezo?°, D. B. Clark’®, P. Duwentiister®, E. Godat®, T. J. Hobbs>, J. Kent®, M. Klasen?, K. Kovaiik**,
F. Lyonnet’, K. F. Muzakka®, F. L. Olness®4, I. Schienbein®<, J. Y. Yu®




Puzzle: What is the Nuclear Correction 15
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Neutrino DIS

Charged Lepton DIS
Ej:

¢+ yIZ

some caveats
... correlated errors

Depends on nuclear corrections

Propagation of /W thru nuclei

re-examination by nCTEQ



View from the LHC pp:  Strange PDF from ATLAS & CMS 16

ATLAS: Eur. Phys. J. C (2017) 77:367
L] I L] T T I T ) I I L] T T

LI L B B B I
. > e
Inclusive W/Z Q"= 1.9 GeV, x=0.023 ATLAS
A ABM12 —h—
= NNPDF3.0 ——
— — * MMHT14 .
ud +us+cd+cs — WT |rcma ’
_ _ _ _ | 0 ATLAS-epWZ12 .
ud+us+cd+cs — W | I
ut +dd+ss+cc — Z exp uncertainty
© exp+mod+par uncertainty
d+ -I-th rta
S  8(2,Q) + 5(2, Q) ~ exp+mod+par+thy unce mty N AR
@ Q) = T 0) , "0 02 04 06 08 1 12 14
L, xFitter tutorial r
= -
A cMs L=5.0fb"at [S=7TeV
Associated W+c = [ |
. KS) 0.8 R p'T‘et > 25 GeV KV_}:I;’) ]
S d W C_I-f _ p!r > 35 GeV _
’ g"0 6 B CMS -
g B0 1 -
| EO 4 | == Dat - \
g | o MSTWOS Fmm—
mm ) L o SL::'DDFES —|— Stat. uncertainty |
0.2 L. A NNPDFQSCOH Total uncertainty |
J . I LA

F. Olness Inll



LHC Heavy Ion: proton -- |
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ul + dd + ss + cc

tt event candidate
p+Pb /Sy = 8.18

F. Olness




Heavy Ion W/Z Production at LHC nCTEQ15WZ 18

nuclear PDFs for lead (Pb) Eur.Phys.J.C 80 (2020) 10, 968
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Charm Jets at the EIC

JLAB-PHY-20-3205, SMU-HEP-20-05

Charm jets as a probe for strangeness at the future Electron-Ion Collider

Miguel Arratia,'*? Yulia Furletova,? T. J. Hobbs,*? Fredrick Olness,® and Stephen J. SekulaS’

Missing E,

€
Quark
Displaced
Strange Vertex
PDF s
pt

Jet
Producton arXiv:2006.12520




Charm Jets at the EIC =  The Strange PDF

R«(x) Q=10 GeV
R¥) . - CT18RsLow

il S + S CT18RsHigh

( X, Q) ----- CT18RsMed

sz u + d — MSTW2008nio68cl

nCTEQ15FullNuc_ 208_82
——— NNPDF31_nlo _as_0118
CJ15nlo

CT18NLO

—— EPPS16nlo_CT14nlo _Pb208
———— HERAPDF20_NLO _VAR

-
-
-

08 ¢

-_-
- -
—————————

-~
o
08 | -
~——
-

-
-
-.._.-
"'H-_-
______
-

1 1 L 1
0.01 0.05 0.10 0.50 1

W+s 2 Cie

5 . cc DIS 1oqevxz7seev Q%mo GeV2

| I S B B A

i 8l R ~ 0 36 | i]iEnhan(E:ed EStrianigei -

1o R~086
1 4l _____ _____
P g iit___ R S
1 T
N | emm— —— ....... o
0.6
0.4F—t-
M. Arratia, Y. Furletova, T.J. Hobbs, F. Olness, S.J. Sekula, . 2__"“@ Reconstructed Xy 100 fb-l

arXiv:2006.12520, 0 A S T ...|1 I
10 10 1

Clear measure of
Strange PDF beyond
uncertainties

Relative Variation

----- Suppressed Strange S"anse]

dlscrlmlnatlon """" “““ """




21

1on PDFs

DGLAP violation???

saturation

resummation

higher twist :
non-linear QCD %/&7 #er

Parton Distribution Functions of the Charged Pion Within The xFitter Framework

xFitter Developers’ team: Ivan Novikov,l*z- Hamed Abdolmaleki,® Daniel Britzger,* Amanda
Cooper-Sarkar,” Francesco Giuli,® Alexander Glaysov,z‘- Aleksander Kusina,” Agnieszka

Luszezak,® Fred Olness,? Pavel Starovoitov,!® Mark Sutton,!! and Oleksandr Zenaiev'?

arXiv:2002.02902 [hep-ph]



xFitter/xFitterT

www.xFitter.org /,YJHHE/‘

Sample data files:
LHC: ATLAS, CMS, LHCb
Tevatron: CDF, DO
HERA: H1, ZEUS, Combined

Fixed Target: ...

Experimental Data

* Data: HERA, Tevatron, LHC,
: fixed target experiments

~N

-l Processes: [
!l 3 Inclusive DIS, Jets, Drell-Yan,
:j!r_ ““’”"f‘"’i* Diffraction, Top production
\ et W and Z production )
( 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, ... )

Features & Recent Updates:

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

User Supplied: ...

)
Parton Distribution
S Functions:
g \_ PDE Updf, TMD J
~d
©
a ) ay(M,), m_m_m, ...
Theoretical
Cross Sections
Comparisons
|::> to other PDFs
\ ) (LHAPDF)
P2
Heavy Quark Variable Treshold xFitter 2.0.1
Improvements in 2 and correlations OIld Fashioned

TMD PDFs (uPDFs)
... and many other



XFitter Pion PDFs

https://www.xfitter.org

xFitter: open-source framework
for global fits to meson PDF's

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

Experiment  x*/Npoints
E615 206,140
NA10 (194 GeV)  107/67
NA10 (286 GeV) 95/73
WA70 64,/99

XFitter

Pions (7~) on Tungsten

E615 E - 252GV
NA10 E, - [94GeVi< HGia

JT

MK

Pions (n*) on Proton

WAT0 T
ég%j%—-\ﬁ&»

DaN

NLO computation with MCFM / APPLGRID
* theory errors from «, and nPDF uncert
* uncertainties include scale variations.

* for factorization scale variation
modify APPLGRID for two PDFs
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xFitter Pion PDFs (@) (xS) (=) (Geve)
JAM [20] 054 +0.01 0.16 002 0.30 £0.02 1.60
N ol JAM (DY) 0.60 +0.01 0.30 + 0.05 0.10 +0.05 1.69
Experiment ormalization X2/N - this work 0.55 +0.06 0.26+0.15 0.19+0.16 1.69
uncertainty pRRE Lattice-3 [16] 0.428 & 0.030 1
- = SMRS [20] 0.40 + 0.02 4
.. E615 15 % 206/140 Han et al. 0.428 + 0.03 4
NA10 (194 GeV) 6.4% 107/67 DSE [7] 0.52 4
NA10O (286 GGV) 6 4% 95/73 this work 0.50 £0.05 0.25+0.13 0.25 +0.13 4
Ao | ' JAM 048 £0.01 0.17 £0.01 0.35+0.02 5
WATO 32% 64/99 this work 049 +£0.05 0.25+0.12 0.26+0.13 5
Lattice-1 [14] 0.558 & 0.166 5.76
Lattice-2 0.48 +0.04 5.76
= = - this work 0.48 £0.05 0.25+0.12 0.27 +£0.13 5.76
zv(x) = Aya”r (1 —2) (1 4+ Dya®), WRH 0.434 £ 0.022 27
ChQM-1 [11i] 0.428 ol
B 0,
rS(z) = Asz™®(1 — %)% /B(Bs +1,Cg + 1), ChQM-2 0.46 27
s c this work 0.42 £0.04 0.25+0.10 0.324+0.10 27
zg(z) = Ag(Cy +1)(1 —z)™7, SMRS [20] 0.49 £0.02 19
this work 0.41 £0.04 0.25 =+ 0.09 0.34+0.09 49
xf(x) XV (x) xf(x) XxS(x) xf(x) xg(x)
o 55 2.00
' Q2 =5GeV? Q2 =5GeV?
0.7 - GRVPI1  [1.751 —— GRVPI1
' 2.0 - JAM =Z3 JAM
06 =3 this work |1-90 7 =3 this work
i s 1.251 '
0.4 - 004 ;
XFitter
0‘3 Al 1.0 bo 075 .
0.2 - Q? =5GeV? 0.50 -
— GRVPI1 0.5 -
0.1 - £ JAM 0125 4
[ this work
0-0 T T T T Ll T 0.0 T T T T T 0.00 T T -
0.0 0.2 0.4 x 0.6 0.8 1.0 0.0 0.2 0.4 x 0.6 0.8 1.0 0.0 0.2 04 x 0.6 0.8 1.0




Conclusion

One accurate
measurement
e (s \A/O ) rem——

a thousand
expert opinions

... and we’re going to have a lot of new measurements

25



“Solving” QCD: .. concerted interdisciplinary effort 26
Isospin
QCD - quark-gluon violation o
. — i~ DM — _ (e ;w
Lagrangian |£QCD Yq (1 M) Va 4G“ VG plasmd motion

DGLAP violation???

safuration resummation

QCD
QED hi-x
low-Q?
higher twist

non-linear QCD

F. Olness

Jet
quenching

target mass

DGLAP violation??? shadowing corrections

SGTUPG“?“_ ~ resummation
QCD
QED hi-x
.\;:.
..::‘::: |OW'Q2
@ higher twist

non-linear QCD

"~

*Hadron Spin Lattice QCD
& *Generalized PDFs
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