PDFs 1n the EIC Era
Challenges and Opportunities for QCD

Fred Olness
SMU

Thanks for substantial input
from my friends & colleagues

EIC Users Group Meeting
Washington DC
July 30 — Aug 1, 2018




... an important step 2

2018 Workshop

Probing Quark-Gluon Matter with Jets

Hosted at Brookhaven National Laboratory
July 23-25, 2018

| Agenda | Workshop & BNL Information - ‘ Contact Us

Homepage I Registration

2018 Workshop on Probing Quark-Gluon Matter with Jets

On July 23, the National The National | SCIENCES
Academies released a stud Academies of | ENSINEERING
. y MEDICINE
report backing the 99
SCientiﬁC casc fOI' Home About Us ~ Organization ~ Events & Activities ~ Resources ~ Newsroom ~
building a U.S.-based
electron-ion COHidCI‘ (EIC) Contact Us Operating Status Search..

FYI AIP.org

The National Academies of
SCIENCES + ENGINEERING - MEDICINE

July 24, 2018

FIC:
An Ideal QCD

FOR IMMEDIATE RELEASE

A Domestic Electron lon Collider Would Unlock Scientific Mysteries of Atomic Nuclei, Maintain U.S.
Leadership in Accelerator Science, New Report Says

Laboratory
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“QCD is our most perfect physical theory” s wiczek

1

Electro- Weak Strong Gravitation
magnetism | | Interaction Interaction

QCD is our most perfect physical theory

What QCD Tells Us About Nature — and Why We Should Listen. Frank Wilczek

In many respects, our most complex
asymptotic freedom
strong color confinement
... associated manifestations

Lessons: The Nature of Nature

“... alien, simple, beautiful, weird, & comprehensible"




“EIC would unlock scientific mysteries” vir repor 4

Ideally suited to * ... glean the fundamental insights into QCD”
A few thoughts:

Nucleon Structure:
protons, hadrons, nuclear tomography, ..

Hadron/Parton Transition:
Higher Twist, many body, duality, ...
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PDFs & the Parton Model ... a few simpifications 5

DGLAP violation???

saturatio resummation

nhon-linear QCD

f.(z) ... working in the limit of a spherical horse ...

The QCD Parton Model
do = fo(x)®0

Parameterized in terms of a single variable x, the momentum fraction
... use DGLAP to determine |1 dependence




Nuclear Structure 6

Hadpron structure is much richer than f(x) conveys

The bi agp icture Alba Soto-Ontoso Workshop “Probing quark-

gluon matter with jets”

"TMD: Transverse momentum distribution
GF’D Generalized parton distribution
” PDF: Parton distribution function
" FT: Fourier transform

TMDs

SIDIS,DY
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Conventional PDFs f(x) are the Boundary Conditions




Hadron / Parton Transition:

Q* [GeV?]

Higher Twist, many body problem, duality, hi-x, mass corrections ...
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EIC can push these boundaries



These are hard
problems

we need
o00d 1deas



Some Inspiration

let me know of any significant omissions

NNLO hadron-collider calculations v. time

W/Z total, H tfotal, Harlander, Kilgore

H total, Anastasiou, Melnikov VBF total, Bolzoni, Maltoni, Moch, Zaro
H total, Ravindran, Smith, van Neerven

WH diff., Ferrera, Grazzini, Tramontano
WH total, Brein, Djouadi, Harlander

y-y, Catani et al.
H diff., Anastasiou, Melnikov, Petriello Hj (partial), Boughezal et al.
H diff., Anastasiou, Melnikov, Petriello ttbar total, Czakon, Fiedler, Mitov
W diff., Melnikov, Petriello Z-y, Grazzini, Kallweit, Rathlev, Torre
W/Z difi., Melnikav, Petriell: o . . " .
: SOy e ji {partial), Currie, Gehrmann-De Ridder, Glover, Pires

H diff., Catani, Grazzini

ZZ, Cascioli it et al.

o] o W/Z diffs” Catani et al.
(S} R ZH diff., Ferrera, Grazzini, Tramontano
© o (o] o WW | Gehrmann et al.

© o

% tthar diff., Czakon, Fiedler, Mitov

. . ® Z-y, W-y, Grazzini, Kallweit, Rathlev
explosion of calculations &

Hj, Boughezal et al.

In past 18 months 4 s

VBF diff., Cacciariet al.

- - - - L - L Zj, Gehrmann-De Ridder et al.
2002 2004 2006 2008 2010 2012 2014 2016 22, Grazei, Kalwei, Fathiov
Hj, Caola, Melnikov, Schulze
Zj, Boughezal et al.
. WH diff., ZH diff., Campbell, Ellis, Williams
GaV1n Salam LHCP2016 v-y, Campbell, Ellis, Li, Williams
WZ, Grazzini, Kallweit, Rathlev, Wigsemann
WW |, Grazzini et al.
MCFM at NNLO, Boughezal etal.

piz. Gehrmann-De Ridder et al.

"Data Make You Smarter”

Dan Amidei (UM) & Chip Brock (MSU)
FermiNews January 17, 2003




Case Study:
The Strange PDF

true
uncertainty

10"

10°

10?

I NNPDF2.0
[ ] CTEQS6.6
[ ImMmSTW 2008

10

What's so strange
about this second
generation guark?



Strange PDF: v N di-muon Production 1

up quark

Need to “dig out”

down quark s(x) underneath d(x)

T
X
By
e
=
=
L
S
[a®

_IQ=1{}{)GeV‘ . L :
0.01 0.02 0.05 0.1 0.2

Momentum Fraction

Extract s(x) Extract s(x) N )

X extract s & s-bar
separately



Puzzle:

What is the Nuclear Correction

12
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Charged Lepton DIS

some caveats
... correlated errors

Depends on nuclear corrections

. Nuclear
PDFs

Propagation of oy/W thru nuclei

Neutrino DIS




High Energy Insight:

W/Z Production at LHC and the strange PDF

uc?——u§—|—cc7—|—c§
ud -+ us + cd + Cs
ut + dd + ss + cc
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2018 CTEQ School Tutorial



Add LHC Heavy Ion:

p Pb - W/Z -
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450 -
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a(pPb— WT = £ v) [nb]
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CMS eoo® 2 flavours V VAVAY X 5 flavours

EEE nCTEQ15 EEE CT10+EPS  —4&— data
CTEQ6. 1+ EPS CT10

W/7Z Benchmark
measurement

“ nuclear correction

L
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'
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Entangled:

1 * Nuc Corrections
* Base PDF
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A. Kusina, et al., Eur.Phys.J. C77 (2017) no.7, 488

400



What's the Solution???

15

UL L
Q% =1.9 GeV?, x=0.023
A ABM12 —h—

= NNPDF3.0
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Cross Section

This 1s an area where EIC

& LHeC are particularly
suited to help
Combined Effort to Decipher
Elke
2 2
EIC can expand our knowledge of ' The inner life of hadrons @ =26V

the nuclear A dimension _ B s s w s w e
3 102 Xg 101




Impact of Nuclear Corrections on Proton PDF

16

“... for the time being it is still appears advantageous to retain nuclear
target data in the global dataset for general-purpose PDF determination™

NNPDF3.1 NNLO, Impact of nuclear+deuteron fixed-target data , Q = 100 GeV

Central Value Uncertainty
20— 20 ———rrrr
. 8 e 8 NNPDF Collaboration

Jef- g =10~1¢c g Eur.Phys.J. C77 (2017) 10, 663 g
_ [—s" s
C  f[=.C' . C
X
g =

distance

'3

Nuclear PDFs are ESSENTIAL for proton PDFs




Nuclear




Nuclear PDFs & the Parton Model ... a few simpifications 18

DGLAP violation???

saturatio resummation

QCD
QED
‘ Limited data
higher twist .
hon-linear QCD lI.l nucl§ar
dimension
isospin
violation ..
quarl'k-gluon Fermi ThlS 1S Where
sm
" i 9IC @
contribute!!!

Nuclear
PDFs

target mass
shadowing corrections

Jet
quenching




Nuclear PDF

The Players
The Ingredients



... selected NLO Nuclear PDF Fits 20

Isospin

n PD E S quark-gluon violation

plasma

nuclear parton distribution functions n | gy motion
M Nuclear
PDF's
HKN'07: Hirai, Kumano, Nagai jet »
[PRC 76, 065207 (2007)] quenam T s

shadowing corrections

EPPS’16: Eskola, Paakkinen, Paukkunen, Salgado

Eur.Phys.J. C77 (2017) no.3, 163
(supersedes EPS’09)

EPS'09: Eskola, Paukkunen, Salgado
[THEP 04 (2009)]

DSSZ'11: de Florian, Sassot, Stratmann, Zurita
[PRD 85, 074028 (2012)]

nCTEQ'15: nCTEQ Collaboration
[PRD 93, 085037 (2016)]



Nuclear PDFs: DIS, DY, m Prod, ., Di-Jet 21

Periodic Table of the Elements

4 5 6 7 8 9 10 12
VB VB ViB VIIB Vi B
48 58 68 78 8 v 28 ol
22 23 24 25 27 28 30 34
Ti V. Cr Mn Co Ni Zn As Se
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oo EIC can expand our knowledge of the

10 10 10 1 . .
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Data sets & cuts for nPDF fits

22

NC DIS & DY
SLAC E-139 & E-049
N = (D, Ag, Al, Au, Be,C, Ca, Fe, He)

CERN BCDMS & EMC & NMC
N=(D, Al, Be, C, Ca, Cu, Fe, Li, Pb, Sn, W)

DIS Cuts:
nCTEQ: Q>2.0 & W>3.5
EPPS16: Q>2.0 & W>3.5

EPS09: Q>1.3
HKN: Q>1.0
DSSZ: Q>1.0

DESY Hermes 5
N = (D, He, N, Kr) 1O§xxx NMC | et e oA e
1 [ —— nCTEQI15: 740 data points |
FNAL E-665 | EPS0o: 629 dii;alfooiggs . |
N=(D, C, Ca, Pb, Xe) 10% o Hermes EPPS16: 1811 data pomts e } add
¢®¢ FNAL E665 x & xgx ¥
FNAL E-772 & E-886 — ||swe DY:FNAL x.; :‘i‘:; mj EF”
N = (D, C, Ca, Fe,W) L oot i 2 | ,g ;,'."""
O Q cut X
Neutrino DIS* o
NuTeV CHORUS CCFR & NuTeV & s L34 EA
N =Pb & Fe 10° | .g.é”;&%’* U’
L 4
Pion Production: [ *is
RHIC: PHENIX & STAR Lotl T . , W cut
N=Au E X | - | |
10 T 10 107 10" 10°
will show comparision w/ LHC pPb T

proton vs nuclear: fewer data and more DOF ...

impose assumptions on nPDFs



Mechanics of nPDFs

23

1) Multiplicative nuclear correction factors (HKN, EPPS, DSSZ)
A t
fzp/ (:UNaQO) — Ri(vaQ()aA) fifree pre On(xNaQO)

... for example

HKN

a; + b;x + c;x? + d; x>

Ri(z,Qo0,4) =1+ (1 - Ala) (1— )P

1.5
Yot

1.0

0.6 |
Yo £

02 |

l 2) Generalized A-parameterization (nCTEQ)
A

fzp/ (ZUN,,[L()) — fZ(ajNa A,/L())

f a1 — gy | E

Ck ~ Cko+ Ck1 (1 — A_Ck’Q)

Proton /

\ Nuclear

use proton as a Boundary Condition




Nuclear PDFs: Complementary efforts in general agreement

0.8

nCTEQ15 0.7
EPS09 0.6
DSSZ 0.5

HKNO07 0.4

EPS09: Eskola, Paukkunen, Salgado
HKN: Hirai, Kumano, Nagai
DSSZ.: deFlorian,Sassot,Zurita,Stratmann

_L.5¢ CTligni EGe_‘/nCTEQw Pb
Nuclear PDFs are more complex o
more DOF than Proton case L
S
more “issues” to consider <. Nuclear vs Proton
Uncertainties
more work to do ...

103 -

24



Motivation for nPDFs???

25

Make predictions for heavy 1on collisions at:
RHIC (Al Au, Cu, U, ...)

LHC (pPb, PbPb)

Differentiate flavors of free-proton PDFs:

.3
. [ ® BCDMs8s) T ;
neutrino DIS - ; Ei&?&%@sh SLAC/NMC param. ;-
FY ~ [d s 7+ 5} & STAC 4000 il
- _ L1f
v — =) s 1 i
by ~ [d S+ u+ c} SRS R J
O | ha 1 i
v > 7 = LL‘f‘*I e .‘!‘ﬂ. .r'J-
Iy ~2[d+s—u—c} ot fr §H% ”
— — 0.9 |/ i i- " 4
v _ I 3.1 %~
Fy ~2lu+c—d—§| | ?I
0.8
| Nuclear Correction Factor
charged lepton DIS 070701 02 03 04 05 06 07 08 09

X

Fy o~ (5) [+ 8]+ (3) fut o




Di-Jets

EPPS16
pp & pPb



EPPS16: Di-Jet Production

27

CMS
pp

See Talk By:
Petja Paakkinen
(University of Jyvaskyla)
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Hi-x

Higher twist
mass effects

Iimit x—1

CJ Project



Challenges at Hi-x

29

Partonic structure at high-x

¢ Partonic structure of nucleons/nuclei at
high-x (x>0.5) poorly known:
» >50% uncertainty on d(x) at x>0.6
» >50% uncertainty on g(x) at x>0.2
» very large uncertainties on quark sea

e Better understanding provides tests of
irleigell d d
» d/u—1/2 : SU(6) Spin-Flavor symmetr
» d/u—0 :Scalar diquark dominance
» d/u—1/5 : pQCD power counting

» Local quark hadron duality:
2 2

dpg /g — 1

4 — pu/u2

d/u— ~ 0.42

¢ Better understanding important for BSM
searches of new heavy states

Ingo Schienbein
2018 Trento Workshop
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Challenges at Hi-x 30
Claire Gwenlan: d/u at Iarge X

DIS2018

dv/uv distribution at Q° = 10 GeV?

d/u essentially unknown at large x
no predictive power from current pdfs;

55 MNPDES0 K conflicting theory pictures;

o o %55 data inconclusive, large nuclear uncerts.

O CH5 {T=10)

E=crig

o
L
ety

- G5 (T=1.645) 1
e Vi with precision ep (n) data to v. large x:
no nuclear corrections; relax assumptions

tetetataleleTaTore
SRS 6

.._____
P batara
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(X
S
o5

I CJ: Meaningful parameterization at large x I
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X

resolve long-standing mystery of d/u ratio at large x




Heavy Quarks
os1n ()

Higgs coupling proportional to mass

3

Multi-Scale Problem: {m, Q}

, Intrinsic & Fitted Charm, F ¢, F © ...

R § FFN S & VFNS (see afternoon talk)



Intrinsic Charm (IC) 32

also F ¢ for charm PDF...

Probe IC via charm contributions to
DIS o, F, ¢, or angular distributions

... Tevatron excesss in
e’ p charm SIDIS, Vs = 105 GeV, Q% 625 GeV? ;
| ~ ¢ Production

CTEQ6E6 —— |
BHPS mom. trac.= 0.01 ——-
BHPS mom. trac.= 0.035 ———
sea-like mom. trac.= 0.01
sea-like mom. frac.= 0.035

p+p > y+c+X
S =1.96 TeV
I t I

=

nyn Q>0
— CTEQ 6.6M

— - BHPS IC model
-+ Sea-like IC model

=
=2

P
>
[
Qo
~
re
2
o001
<)
S~
=}
=)

0.057 <y < 0.97
iLdt=10fb"
Tagging efficiency = 1

:
:
:
§
:

“INormal”:

150 200

L L k = i -

0.2 ;::1.3 04 05060708 1

Gluons and the quark sea at high energies:

distributions, polarization, tomography,
D.Boer, et al., arXiv:1108.1713. T. Stavreva, I. Schienbein, F. Arleo, K. Kovarik, F. Olness,

J.Y. Yu, J.F. Owens, JHEP 1101 (2011) 152






Lattice QCD input & constraints to PDFs 34

Progress in Particle and Nuclear Physics

Eoaslke Volume 100, May 2018, Pages 107-160
ELSEVIER

Workshop March 2017

Review

Parton distributions and lattice QCD calculations: A
community white paper

Huey-Wen Lin '+ 2, Emanuele R. Nocera 2 4, Fred Olness 2, Kostas Orginos ® 7, Juan Rojo
((editors)) 8 ® & &, Alberto Accardi 7+ 1%, Constantia Alexandrou ' 12, Alessandro Bacchetta '3,
Giuseppe Bozzi '3, Jiunn-Wei Chen 4, Sara Collins ', Amanda Cooper-Sarkar 16, Martha

Constantinou 7, Luigi Del Debbio 4, Michael Engelhardt '8, Jeremy Green "9, Rajan Gupta 2°,

Lucian A. Harland-Lang % 2! ... James Zanotti 32

First Monte Carlo Global Analysis of Nucleon
Transversity with Lattice QCD Constraints
Huey-Wen Lin, W. Melnitchouk, Alexei Prokudin,

. N. Sato, H. Shows,
Transversity PDFs Phys.Rev.Lett. 120 (2018) no.15, 152502

| | 06

0 0.2 0.4






XFitter release Xf|tter-200 www.xFitter.org

Sample data files:
LHC: ATLAS, CMS, LHCb
Tevatron: CDF, DO
HERA: H1, ZEUS, Combined
xFitter/xFitterTalks » xFitter/../xFitterDevel.. » xFitter/../Meeting2017-.. » xFitter » xFitter/DownloadPage Fixed Target: e
User Supplied: ...
( Experimental Data \
i Data: HERA, Tevatron, LHC,
- fixed target experiments
Processes: ‘
Inclusive DIS, Jets, Drell-Yan, Parton Distribution
Diffraction, Top production . Functions:
W and Z production ’
) 3 \ PDF, Updf, TMD )
=
( Theory Calculations \ E ‘ ay(M,), m,m_,m ...
HQ Schemes: MSTW, NNPDF, ABM, ACOT
Jets, W, Z: FastNLO, ApplGrid Theoretical
Top: Hathor Cross Sections
Evolution: QCDNUM, APFEL, k,
Other: NNPDF reweighting [ Comparisons
k TMDs, Dipole Model, ... ) ‘ to other PDFs
o (LHAPDF)
Features & Recent Updates:
Photon PDF & QED Heavy Quark Variable Treshold xFitter 2.0.0
Pole & MS-bar masses Improvements in x2 and correlations FrozenFrog
Profiling and Re-Weighting TMD PDFs (uPDFs)

... and many other



Versatlllty of xFitter
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Q2 = 1.9 GeV?

- 44 profiled
F dnNCTEQ15

.7 +H plusminus profiled

Profiling Lead PDFs

xFitter

1073

1072

10’ 1
X

nPDFs with xFitter
Marina Walt
U. Tuebingen

www.xFitter.org

TMDs from fits - comparison of LO and NLO

gluon, TMD-herapdf-LO, x = 0.0001, p = 100 GeV

TMD (uPDFs) n xFltter

ll\l\:l I-HHF‘ TTTITY

H\H.l[

II\H-l | HHI“ L L1 \I\Hlull MIILI" L I\HIT'

TMDplotter 2.2.0

NLO initial condition at p, =
standard (|, = m) PDF
Hm = 2 m PDF
Hm = m/2 PDF

2

... a special thanks to

Valerio Bertone

5

u [GeV]

Heavy Flavor
Thresholds

details this afternoon
10 20




New Tools

PDFSense
&

... borrowing from Al



PDFSense: Visualizing the sensitivity of hadronic experiments to nucleon structure 39

| S¢ | for u(x,u), CT1T4HERA2NNLO

103g:— —

i e A R |
L
I

~-Npt: 684

highlighted rangei:

IR XY R
-- hl T “‘I TY® ..-._

.v+rvv vy

."h".’f v P epamgy

1 [ N :.:.ll.. 1 1 L..L.l..l.l.ﬁ.I. 1 .J_.Z_J..ll.l.ll_ — L 111 lJ.J.l —1 11 l.l.l.ll.l 1 1 il

107® 107° 107 1073 1072 107" 1
X

See Talk By:
Tim Hobbs (SMU)

A new measure:
Sensitivity § f

Extend concept of
correlation (C) to
include both pull
and precision of
experiment.

(Technically, weight by
scaled residual.)

New insights on
experimental
impacts

Linked from:
https://metapdf.hepforge.org/
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Artificial Intelligence Tools: Projector tool of Google TensorFlow

Embedding Projector

Stensors found

Word2Vec 10K

Lamel oy

Type

Colorby

Type

Sphereize data @

Load data Publish

Checkpoint: residual_all_norm_-1_RawData.tsv

Metadata; metadata_RawData tsy

Dynamical projections for the visualization of PDFSense data
Dianne Cook, Ursula Laa, German Valencia arXiv:1806.09742
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... the motivation for nCTEQ 42

Isospin
violation

DGLAP violation???

saturation quark-gluon

resummation
plasma

QCD
QED hi-x

Proton

hon-linear QCD

E. Godat
T.J. Hobbs
T. Jezo,

C. Keppel,
K. Kovarik
A Kusina,
F. Lyonnet,
J. Morfin,
F. Olness
J. Owens,

I. Schienbein,
J. Yu

. PDFs

higher twist

low-Q?2 e.g. flavor

differentiation jet
-

quenching

shadowing

Data from nuclear targets play a key

role in the flavor differentiation

Nuclear
PDFs

target mass
corrections

nCTEQ

nuclear parton distribution functions




nCTEQ++ ... a complete rewrite in C++ 43

Top level C++, modular structure, output to YAML & Python scripts
Use external programs: Minuit, HOPPET, MCFM, APPLgrid, ...

. LHC Heavy Ion Data:
D Grids generated for pp
: can be used for pPb !!!
g 120 | 1 | | ,
v | pPb s W .
; loo} o © ® o °
1 o
i 2 =o=='—‘_l_ﬁl=\_
;80 B
75)
: Z
| O
. 60 & |°®
o
i —0—
1 40 +
|
20 1 FEWZ
Special thanks to: 1 grid
Eric Godat 0 | | | ! !
Florian Lyonnet -3 -2 -1 0 1 2
Tomas Jezo + . 10
Aleksander Kusina B I'apldlty



NnCTEQ++ ... can now access all MCFM Processes 44

MCFEM Processes Library (v6.8

MCFM: Vector boson pair production at the LHC, J. M.Campbell, R. K.Ellis and C.Williams, JHEP 1107, 018 (2011)

The APPLGRID Project: Tancredi Carli, Dan Clements, Amanda Cooper-Sarkar, Claire Gwenlan, Gavin P. Salam,
Frank Siegert, Pavel Starovoitov, Mark Sutton. Eur.Phys.J. C66 (2010) 503-524
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92 | WH{— wlps) + ¥ (pa)) + Hi— W (edps).e (e )W (e "(pr). #lps))) | NLO
03 [ WH{— vips) + e (pa)) + H(—= Z(e~(ps), ™ (pa)) + Z(p~ (pr). plps))) | NLO
94 | WH(— w(ps) + €™ (pa)) + H(— + () NLO
96 | W= e (py) + #(pa)) + H(— +Ups)) NLO
97| W(— e (ps) + &) + H(— W ’tw,). Fpe))W e (). #(ps))) | NLO
95 | W—( e (on) + 5lpa)) + Hlm Z(e~(ps), () + 20~ (prh i () | NLO
99 [ W (= e tps) + wlpa)) + H(— + 3 (ps)) NLO




Conclusion



EIC an ideal OCD Laborator
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“QCD is our most perfect physical theory” Frank Wilczek
“EIC would unlock scientific mysteries” NAP Report

Ideally suited to “ ... glean the fundamental insights into QCD”

DGLAP violation???

saturatio resummation
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shadowing corrections
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