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One-page summary: QCD and Hadron Structure

Q) 14 talks on Theory: Lattice meets Phenomenology

7 Lattice:

Richards — Extraction of pseudo-PDFs

Scapellato — Quasi-GPDs using twisted mass fermions
Koutsou — Overview of lattice results on nucleon moments
Urbach — Overview of meson results

Engelhardt — Overview of lattice computations of TMDs
Jansen — Quasi-PDFs

Zafeiropoulos — Extracting pseudo-PDFs

7 Phenomenology: Nocera — Connecting PDFs from phenomenology and lattice QCD

Qiu - Overview of direct evaluation of parton distribution functions
Harland-Lang — PDFs from phenomenology

Sato — Polarized PDFs from phenomenology

Thomas — New insights into the EMC effects

Ji — Large momentum effective theory (remote)

Zhang — Renormalization of non-local operators

L 5 Talks on Experiment: Hadron structure

Cividini — Measurement of helicity dependence of n° photoproduction on deuteron
Martel — Accessing nucleon polarizabilities with Compton scattering

Mornacchi — Proton scalar polarizabilities at MAMI
Ahmed - Study of time-like nucleon form factors at BESIII
Wang — Studies of time-like hyperon form factors at BESIII
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A2 collaboration @ MAMI
O 3 talks:

Also see Theory talk by B. Pasquini

<> Measurement of helicity dependence of n® photoproduction on deuteron — Cividini
<> Accessing nucleon polarizabilities with Compton scattering — Martel

<> Proton scalar polarizabilities at MAMI — Mornacchi

O Double polarization observable E:
Polarized photon beam on polarized hadron targets
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O Single n0 on deuteron:
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A2 collaboration @ MAMI

] On-neutron:

Wey = 1180-1210 MeV

Wy = 1210-1240 MeV
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Also see Theory talk by B. Pasquini

This work

Dieterle et al., Phys

Lett B 770, 523, 2017
Summary:

Measurement of:

— inclusive polarized
single n0
photoproduction
on the deuteron

— exclusive E asymmetry
for n0 from quasi-free
proton and
quasi-free neutron
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A2 collaboration @ MAMI

O Proton scalar polarizability:

Also see Theory talk by B. Pasquini

Electric dipol t: °\
e LClectric dipole moment: PDG (2012) values:
. 5
p= x E gy = (12.0 +0.6) 104 fm?
T . '“*’""” Bm1 = (1.9+0.5) 10~* fm’
N Flectric polarizabiliy 2 )
e "Stretchability” of the proton 3 2| :
4 o = (11.2+0.4) 10 fm?
e Magnetic dipole moment: 2l Wl Bm1 = (2.5+0.4) 10* fm®
m = |Bm | X /-7 8 Significant change between reviews without
e 8 10 12 14 16 new experimental data
Magnetic polarizability agy (107 m?) = Dataset not fully consistent!
e “Alignability” of the proton = New high-precision dataset is needed!
O Beam asymmetry Z, for extracting B,,;: Baldin SR Yes No
do| —do, Yar Fix | Fit Fix | Fit
3= m Analysis is almost finalized and a publication is expected soon | o, +0.47 | +0.60 | +0.75 | +0.84
B +0.29 | £0.46 | +£0.31 | +0.48
Preliminary systematic errors included: 3% on the unpolarized cross-section and ag1 +Bwi | +0.32 | £0.32 | +0.59 | +0.59
5% on the beam asymmetry. Yr 8.00 & +1.29 8.00 | +1.26
x%/DOF 1.18 | 115| 114 110




A2 collaboration @ MAMI

O Nucleon spin polarizability: Also see Theory talk by B. Pasquini

Polarized photon on polarized nuclon
1 - —7 = 1 — — =
Hé?-}? = —4W[§7’E1E10 -(E x E)+ > M1MLT - (H x H) —ymie2EjjoiH; + yeim2Hijo i Ej
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O Preliminary results:
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A2 collaboration @ MAMI

O Nucleon spin polarizability: Also see Theory talk by B. Pasquini

Polarized photon on polarized nuclon

1 — = E 1 > — =
Hﬁ?f) = —4‘”[5’751&0 -(E x E)+ > M1MLT - (H x H) — ymEe2EjioiH; +’YE1M2Hij0iEj]

0 Asymmetries:

zMAMI zLEGS

NR _ NL ;\}»J 3 3
Too = X 4% > ‘ HDPV BxPT HDPV ByPT
N + Vo YE1E1 —3.994+0.66 | —3.534+0.58 | —3.18 +0.52 | —2.65 + 0.43
VR NL /JJ YMIML 3334045 | 2714046 | 2984043 | 2434042
Yo, = ﬁ ?M_._, YE1M2 0.70+0.82 | 0.19+0.90 | —0.44 +0.67 | —1.32+0.72
e MIE2 0.80+049 | 1.56+051 | 1.58+043 | 2.47+0.42
Ne — N /J\f Yo —0.934+0.11 | —0.934+0.11 | —0.934+0.11 | —0.94 £0.11
o=t 41\4‘\/\' T 751+162 | 761+168| 817+160| 886+ 1.57
Ny + Ny x2/DOF 1.11 1.79 1.14 1.36

O Preliminary results:
e Spin polarizabilities have been individually extracted for the first time

e Analyses finished: one published, one submitted, one being written
e More data on tape from which 23 can be extracted — LEGS vs MAMI J,gff/-ezon Lab



BESIII collaboration @ BEPCII

O 2 talks:

Study of time-like nucleon form factors at BESII| - Ahmed
Study of time-like hyperon form factors at BESIII - Wang

J Time-like form factors in e+e-:

e (k) N(p) 2
V4

et (ky) N(Pl)/N(Px)
O Hyperon form factors:

<> With the large data set,
precise results on Hyperon
FFS and the first full
measurement of

ete™ - AA

have been done.

<> Determination of Hyperon
form factors could be
measured at BESIII

Results for the Neutron Time-like Form Factors at BESIII:
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® The neutron form factor ratio R, has been determined for the first time in the TL region.

® The uncertainty of the extracted results for the form factor ratio is dominated by the statistical one.

® The statistical precision of the R is 35.7% and 52.2% at v/s= 2.125 and /s= 2.394 GeV.




Distribution Functions: Lattice meets Phenomenology

Ji, Qiu
—>—f/ Boost = time dilation
Collision breaks Q e R S
the hadron ;:@: R EE A RE P Exer s IOz
'\‘/' = e \,I-\QP, = —_—
/ Hard probe (t ~1/Q ~ 1/xp < fm) wmm) , Probability to kr

“catch” the parton!

Boosted partonic structure is encoded in probability distributions: XD

PDFs, TMDs, GPDs, ... non-perturbative!

A pRESs R s A

Collision keeps |/ — PN .
had i \ar — e oo o RS ST A
adron intact \= — — =1 =

O Phenomenology: QCD global analyses of existing data in terms of QCD factorization

Meet at the distribution functions!
Only consistent method to calculate non-perturbative QCD quantities

e 2
Jefferson Lab
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Phenomenology: Unpolarized PDFs

Q Why PDFs?

® Ultimate reach of LHC limited by knowledge of PDFs.

® High mass searches - PDFs in high

region (currently constraints poor)

% - ATLAls l S5 m, = 80,370 £ 0.019 GeV ]
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® Precision SM measurements - PDFs dominant uncertainty
for e.g. W mass.
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Phenomenology: Unpolarized PDFs

] Data sets for Global fits:

Process Subprocess Partons X range
&{pn}— E+X Yq—q q.2.2 x 2001
Enfp—oEs+X ydiu—dfu dlu x 2001
pp— it +X uti,dd = y* 7 0015 <x <035
Fixed Target pn/pp— u*y +X (ud)/(un) = y* dja 0015 <x <035
VP)N—= (g +X Wq—q 4,9 001 £x505
VN = it +X W*s— ¢ 5 001 Sx502
PN = it +X Wi o 5 001 £x<02
eEp—set+X Yq—q 2,0.7 0.0001 £x<0.1
erpov+X W*{d,s) = {u,c) d,s x2 001
Collider DIS  e*p — e*ct+X Y-, y'g— oy 107¢ < x £0.01
ep—etbh+X yb—byg—bb  bg 1074 < x £0.01
e*p—jet+X Ye—q7 I3 001 Sx50.1
pp— jet+X £2.48.99— 2j 89 001 $x 505
pp— (W= = i5v) +X ud— wtad—-w-  wudnd x2005
Tevatron =
pp=(Z—=EC)+X uu,dd — Z u,d x 2 005
pp— (Fi+X qq— it q x20.1
pp— jet+X £8.98.99— 2j 89 0.001 $x <05
pp— (W= = ) +X ud— WHdan—-w wdndg x2107°
pp— (Z—E€)+X @z 2.8 xz107
pp— (Z = E€)+X.py 299) = Zq@) 593 x2001
pp— (¥ = €€)+ X, Lowmass g3 — ¥ 9.2.8 xz 10
LHC pp— (v = €*€)+ X, Highmas ¢g— 7 x20.1
pp— We,W-e sg— Wre,ig—=» W 5§ x~001
pp— i +X g1t g x 2001
pp— D,B+X 28— ct, bb ¢ x 2 1076,10°3
pp— JY, T+ pp ¥(gg)— ct, bb e x2107,10°%
pp—y+X 29@ — ¥4@ 8 x 2 0.005

O Kinematic coverage:
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Harland-Lang

Fixed target DIS

Collider DIS

Fixad target Drell-Yan

Collider Inclusive |et Production
Collider Drel-Yan

Collider Z transverse momentum
Collider Top-<quark pair production
o Black edge: New in NNPDF3 .1
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X
: : ) ..
Fit quality: x“/dof ~1 => Non-trivial
check of QCD
Alldatasets | 3706 / 2763 | 3267 / 2996 | 2717 / 2663
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Phenomenology: Unpolarized PDFs Harland-Lang

] Statusin 2019: U Goal:

., Gluon (NNLO), @2 = M3,

e Spread between groups has < Current fits very much

PDF4LHC15 —— aiming for (and in some
MM%? — increased! Not always & . .
LO5 | NNPDFB.S o cases achieving) high

traightforward picture of ever
straightto pieture ot eve precision ( ~ 1% level)

PDF determination in

decreasing PDF errors.

""""""""""""""""""""""""""""""""""""""""""""" ® To understand this: detailed some regions_
0.95 - benchmarking + combination & LHC data now playing a
0 exercise in early stages. key role in all fits
0.001

M [GeV]

. Gluon (NNLO), Q% = M}

U Challenges:

PDF4LHC15 ——

CT18ZNNLO —— C k .
.. 1.05 | MMHT16 —— racks start to appear in
e Note prellmlnary: updated NNPDF3.1 data /theory comparison

as collider data becomes

............ increasingly precise,
................................ even for “textbook” —

benchmark processes!

‘MMHTI19’ release coming soon.

e Similar situation for other

partons (backup) . 0.95 -

poor o001 o1

M [GeV] ,;gff/.egon Lab



Phenomenology: Unpolarized PDFs

O Looking to the Future:
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0.0E+00

<> Question: what exactly can we expect that impact to be?

Fit the pseudodata with statistical + systematic errors

O,
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Sub percent level uncertainty

LHeC placing very clean constraints across range

0

Integrated luminosity [fb?]
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Harland-Lang

Ultimate PDFs:
NNLO, LHC 13 TeV
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O Summary:

LHC phenomenology and PDF determination
has entered high precision era. Percent level
(and below) uncertainties possible
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Phenomenology: Polarized PDFs

O Kinematic coverage:
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O Strange polarization “puzzle”:
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J.J. Ethier et al. PRL 119 (2019) 132001
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Phenomenology: Polarized PDFs

O Impact of recent RHIC data:

NNPDFpol1.1 7

ol IR e d
0.06 } © NNPDFpol1.1 ——
O e NPDFpolt 1 (W)

_ NNPDFpol1 1 (rw) 555306

0.03 F
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-0.01
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0.01

O Light sea polarization:

Sato
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Phenomenology: Polarized PDFs Sato

m We know how to go from a to cross sections m The inverse mapper:

X Ir1 01 aq
d:z:dQQ Z/ (5’“’ ) v o ay

m We DON’T have the inverse function
to go from cross sections to a

IN ON M Can we use Machine

RN _y pM Learning?

Jefferson Lab



Phenomenology: Polarized PDFs

m We know how to go from a to cross sections

do Lae T
na =5 | 10§

o)

m We DON’T have the inverse function

to go from cross sections to a

U Next generation analyses tools:

2
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Phenomenology: Polarized PDFs

m We know how to go from a to cross sections

do Lae
m—;/r zH(f)fq(

m We DON’T have the inverse function
to go from cross sections to a

U Next generation analyses tools:
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Phenomenology: Nuclear structure of origin of the EMC effect Thomas

O Approach differs from the SRC:

10‘2 v T v I ¥ T A I A T v I v T ¥ I A 'l' A 1.'2 v T v I v T ¥ l v T v I ¥ T T I v ’.’ T
11 e [ 27, 1 -
1.1 F B { '_-"v i 1.1 F 4’%1 [ :I' -
- - S :" ",‘ - I :,'."' L
- .“"I‘-I : . e - - ! 1 I ]
09 f———"""""meen EE B -/ B 09 | o—— B
th g B 4 i I S Dtg R i I ; y /
o T o T 1
= 08 t ¢  Experiment: 1*C N = 08 ¢  Experiment: *TAl .
M A Unpolarized EMC effect ] = . E— Unpolarized EMC effect ]
[ —— Polarized EMC effect: R$/?Y . T —— Polarized EMC effect: R(/*Y ) .
i . 3/23/2 Q* =5GeV? 1 i 5/25/2 (* =5GeV® 1
06 k oo Polarized EMC effect: RS i 0.6 kL - Polarized EMC effect: R~ i
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
T -
FIG. 7: The EMC and polarized EMC effect in 'B. The FIG. 9: The EMC and polarized EMC effect in " Al. The
empirical data is from Ref. [31]. empirical data is from Ref. [31].

<> Quark-Meson Coupling Model: the change in nucleon structure due to STRONG Lorentz scalar mean field
<> Prediction: There is also a spin dependent EMC effect - as large as unpolarized one
>

Cloét, Bentz &Thomas, Phys. Lett. B642 (2006) 210 (nucl-th/0605061) Jefferson Lab



Phenomenology: Nuclear structure of origin of the EMC effect Thomas

O Approved JLab experiment: Cloét, Bentz &Thomas,
Phys. Lett. B642 (2006) 210

@ Effect in “Li is slightly suppressed because it is a light nucleus and proton (nucl-th/0605061)
= 9271

does not carry all the spin (simple WI: F, = 13/15 & F, =2/15)

@ Experiment now approved at JLab [E12-14-001] to measure spin structure
functions of "Li  (GFMC: £, =085 & F, = 0.04)

@ Everyone with their favourite explanation for the EMC effect should make a

prediction for the polarized EMC effect in "Li L2
. . . 1.1 ‘Li
@ Nucleons in SRC are depolarized — simple _ }
Clebsch-Gordan coefficients - and cannot @ 1 _r"f";;{.;_“ ......... T —
contribute to spin-EMC effect = ol I~ 3 5

@ SRCidea gives essentially NO spin-EMC effect & 5 [
= 0.
m .

Propose the spin-EMC effect as a vital test 0.7 F ¢  Experiment: "Be T
- = = = Unpolarized EMC effect Q% = 5GeV?
0.6 Polarized EMC effect

A.W. Thomas, Int ] Mod Phys 27 (2018) 1840001

(Ernest Henley Memorial) 0 0.2 0.4 0.5 0.8 1



Lattice QCD - ab initio simulation of QCD (or numerical solution of QCD) Koutsou

D Baryon Spectrum: arXiv:1704.02647
1-8 T T L 1 T 1 1 L s ¥ Y T T T
l 7 L EIMCN[=2 ) ETMC N, =2 —— “‘
. ETMCNy=2+1+1 —®&— H ETMCN;=2+141 —8—
1.6} QCDSF:JKQCDI;;:;:: . 4 451 S. Brownetal. Ny m 24 1 b
15 L BMWN,=2+1 ‘ gil i G Balietal Ny=2+1 —v—1
: al Nactal Ny =241 —t—
> 14} {}ﬁi _ S [Bricemoctal Nym 24141 b
é ol ; ] S PACSCS Ny =241 bt Vgt vegni't
: 1'2 x 3.5 B
1.1¢ 4 3t
1t % 1 - himi— v——
0'9 C L L A ' L L L L ] i i " A A A
N A X E A = = Q x N o e Q. Qu
Reproduction of light baryon masses: Prediction of yet to be observed baryons
<> Agreement between lattice discretizations <> Agreement between lattice schemes

<> Reproduction of experimental results
O Lattice “time” is Euclidean: 7 =it

Lattice cannot calculate PDFs, TMDs, GPDs, ..., directly, whose operators are time-dependent! . 2

Jefferson Lab
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Lattice QCD — Moments of Nucleon PDFs:

L Moments of PDFs — matrix elements of local operators:

@, = [

1

dx z" q(z, 1*)

O Axial charge: 04 = aysyiu — dysyid
a [fm] m,

0.080
0.094
0.094
0.116
0.093
0.085
0.090
0.060
0.120
0.150

3.6
3.0
4.0
4.0
4.0
7.4
3.9
3.7
39
A2

Lo,

——

-l
-
S—
o=

.

ETMC, N;=2+1+1
ETMC, N¢=2
ETMC, N¢=2
LHPC, N¢=2+1
LHPC, N=2+1
PACS, Ng=2+1
PNDME, Ng=2+1+1
PNDME, Ng=2+1+1

/|CalLat, Ng=2+1+1

CalLat, Ny=2+1+1

F=q+q

O Tensor charge:

a [fm]m,L

0.080
0.094
0.094
0.093
0.116
0.060
0.090

ETMC, arXiv:1909.00485

3.6
4.0
3.0
4.0
4.0
3.7
A i)

Koutsou

and A¢t=Ag+Ag

ot = U0, U

T

T

;’.l[jl:]._

0.75 1.00 1.25
gy d

—doy,d

ETMC, N¢&=2+1+1
ETMC, N¢=2
ETMC, N¢=2
LHPC, Ng=2+1
LHPC, Ng=2+1
PNDME, N¢=2+1+1
PNDME, N=2+1+1
Radici et al.

Kang et al.
Goldstein et al.
Pitschmann et al.

Jye,f_f./egon Lab



Lattice QCD — Moments of Nucleon PDFs:

O Nucleon spin — quark contribution: %Az = % >

q=u,d,s,..

0.5F
= 04r
4

0.3
0.2

*

§Q}§x%§q§ ¢ 20 @

0.0
.y -0.1
Sl

-0.2
-0.3

-0.01
—-0.02
—0.03F

w
)
<

e

}}I}][?i{}!

0.10 0.I15 O.IZO 0.:25 0.:30 0.535 0.-|40 0.;15 0.50

my [GeV]

Oo0ooOoao

* 49 Ao P> oonmnm

94

Connected
ETMC, N¢= 2 clover, a=0.094 fm
ETMC, N¢ =2, a=0.056-0.089 fm
ETMC, N¢=2+1 +1 clover, a=0.080 fm
ETMC, N¢=2+1+1, a=0.064-0.082 fm
PNDME, a=0.060-0.150 fm

Total
ETMC, N¢=2 clover, a=0.094 fm
ETMC, N¢=2+1+1 clover, a=0.080 fm
ETMC, Ny=2+1+1, a=0.082 fm
PNDME, a=0.060-0.150 fm
QCDSF, a=0.073 fm
LHPC, a=0.114 fm
Engelhardt, a=0.124 fm
chiQCD, a=0.114 fm

Experiment

L Nucleon generalized form factors — parton angular momentum:

Ju—4 = %[Ago-d(o) + BY-%(0)] = 0.167(24)(04)

ETMC, arXiv:1908.10706

Koutsou

ETMC, arXiv:1909.00485

Jef?egon Lab
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Lattice QCD — Moments of Nucleon PDFs: Koutsou
U The first moment:
K " HERAPDF2.0 <H 4 Bliimlein & Béttcher
g | —o0—  {JAM17
< 1ABMP2016 {pssvos
HH 4MMHT2014
e 41CT14 —0— n NNPDPpOll.l
o | NNPDF3.1 m;,L a [fm] -
m;L a[fm] - 4.0 0.094 e B | 4 ETMC, N¢=2
4.0 0.094 —_{F— - ETMC, N2 3.0 0.094 —{— 4 ETMC, N;=2
3.0 0.094 e et {ETMC, Ng=2 | B
3.6 0.080 — {ETMC, Ni=2+1+1 3.6 0.080 . I—I—il | ETMC, Ni=2+1+1
015 0.20 0.15 0.20 0.25
(X)u-a (X)au-ad
{1 1ETMC, N¢=2
{1 1 ETMC, N¢=2
—— 1ETMC, N=2+1+1
0.2 0.3
<x>8u—8d

ETMC, arXiv:1908.10706

Jeff./egon Lab



Lattice QCD — Moments of meson PDFs:

O Pion <x"> from N=2 LQCD:

<X>q

<Xa>x

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

1

1

1

Il

o QCDSF (2007)
o RQCD (2013)

ETMC (2014)
2 ETMC (2014)

T T T

T T

0.00 0.05 0.10 0.15 0.20 0.25
M2 [GeV?]
© QCDSF (2007)
14
T T T T T T
0.0 0.1 0.2 0.3 0.4 05
M2 [GeV?]

<X

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Urbach

1

1

|

1

1

8 {w%g & 4

© QCDSF (2007)

T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

M2 [GeV?]

Earlier results
ETMC, Abdel-Rehim et al., Phys.Rev. D92 (2015)]
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Lattice QCD — Moments of meson PDFs:

O Pion <x"> from N.=2+1+1 LQCD:

(z)r

0.20 0.25 0.30 0.35

0.15

1.0

0.8

0.6

02 04

0.0

7] © A ensembles, a = 0.09 fin

o B ensembles, a =~ 0.08 fm
< D ensembles, a =~ 0.06 fm
A physical point

0.10 0.15 0.20 0.25 0.30

0.05

O A ensembles, a =~ 0.09 fm
o0 B ensembles, a =~ 0.08 fn
< D ensembles, a =~ 0.06 fm
A physical point

0 2 1 6 8 0 2 1 6 8
(Mz/ fx)? (My /=)
| — Lattice
—— Phenomenology (Barry et al.)
— ? m
T T T T
<X>y <X>g <X>g )y

<X>p

& <

0.20 0.25 0.30 0.35

0.15

Urbach

i o4 0
o b 5
t X
- {? q,% i @
© quenched
o Nf=2
- & Nf=2+1+1
T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25

M2 [GeV?]

Sizable pion mass and lattice spacing dependence
Large errors, and dependence on M__is hardly
resolvable

Without fermionic disconnected contribution

ETMC, Oehm, CU et al., Phys.Rev. D99 (2019)]

.y
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Lattice meets Phenomenology: Moments Nocera
O Unpolarized:
O o —e—  Unpolarized moments Moment Lattice QCD  Global Fit PDF4LHC
u-dt o ea _ lattice QCD +—=—
global fit (F_’DF4LHC§ e
global fit (uw avg) »-+-~ () +_ 4+ 0.119-0.226 0.161(18) 0.155(5)
(X)y*m, (), + 0.453(75)T  0.352(12) 0.347(5)
(z) 4+ 0.259(74)T  0.192(6)  0.193(6)
X T (z) + 0.092(41)T  0.037(3)  0.036(6)
[
(2) g 0.267(35)T  0.411(8)  0.414(9)
T (X)gt T Single lattice result [ ]
]
¥ =q+q. g=1u,d,s; Q=2GeV.
For details, see | ]
X)g oy
| I | 1 1 ' 1 1 IIHI2I=IQI2I——14IQEYI2I

Jefferson Lab



Lattice meets Phenomenology: Moments Nocera

O Polarized:
AR AR RS RS AL RN ML LRAS ALY RN RERR RAREN LA
Polarized moments N2 R Moment Lattice QCD  Global Fit  JAM17
Iatticle t?(l;th — -1 9A
global fit +---e-- 1.195(39)*
JAM17 +--a--= ga (39) 1.275(12) 1.240(41)
- 1.279(50)* *
(Dav* &
(1) A+ 0.830(26) " 0.813(25) 0.812(22)
(1) g+ -0.386(17)T  -0.462(29) -0.428(31)
i (gt (1) Ao+ -0.052--0.014 -0.114(43) -0.038(96)
(T) N — _Aq— 0-146-0.279  0.199(16) 0.241(26)
. ] * Nf = 2.
<1>As '?"_‘ **Nf=2+1+1
T Single lattice result [ ].
. Aqi:Aq:tch,q:u,d,s;Q:2GeV.
Xau~- Ad - For details, see [ ]
u?=Q%=4 GeV?
1 1 1 'l 1 1 | NN T AT AT A AT
-0.8 -0.4 0 0.4 0.8 1.2 1.6 2

Jefferson Lab



Lattice meets Phenomenology: Moments Nocera

O Transversity:

Tra.nsverSIty moments - Moment Lattice QCD Global Fit JAM18
lattice QCD +—=— pr——e——i QO
global fit r---e--4 '
JAM18 +---a - ar 0.989(32)(10) 0.61(25) 1.0(1)
g% 0.784(28)(10) 0.39(11) 0.3(2)
N oy
a ' o g% -0.204(11)(1) -0.22(14) -0.7(2)
953 -0.027(16) — —
i g9 - . :
ey T 0T qgT =q+3d, q=1u,d,s; Q =2 GeV.
Lattice results from the 2019 FLAG review.
Global fit | ]
i} JAM18 [ ]
S
gr
-1 -0.5 0 0.5 1 1.5 Jefferdon Lab



Lattice meets Phenomenology: Data accuracy Nocera

World data for F,pP World data for giP World data for h;4
= [ ) 10:.T S . S — — oa— : . :
E.i [ — n-o::oo;

- [ —*—f— x = 0.0063

—
. x=0.0490
S | o i 8
sl ’t | x=0.122
~ x=0173 7
c -
X —ﬁ‘—? x=0245 %,_
o~
=]

o.1:- W x=0.346 g§% : 3

o E155 + x = 0.490

4 &

* SMC x=0.735

* HERMES

asal bk A il PR Adaasal

.: 10 10 w0’ 10’ w0 — 10° 1“61 “A{bz ) 103 ) ““A104 11 - 1(; B 16 - 1“!; 1oooo
Q’TG@V’) Q2(Gev2) Q’ (GOV’)
Fits of f Fits of A f Fits of 6 f
from thousands of data from hundreds of data from tens of data

CT, MMHT, NNPDF, ... DSSV, JAM, NNPDF, ... Kang; Anselmino; Bacchetta



Lattice meets Phenomenology: Impact of lattice QCD moments on &6f Nocera, Qiu

gr = 6u-&d u-d
1.2 1.2 4)
I JAM |
1.0- } [ p ozt
- { global i
0.8:- fit |4— lattice _’l
o.6h J Q?2=4 GeV?2
0.4/ .
Torino
0.2
1 TMDl 1 1 1
0.0 ) - 123 456 7 8 0062 04 06 08 10 02 04 06 08 1.0

Su Su

[1] ETMC 19; [2] Mainz 19; [3] LHPC 19; [4] JLQCD 18; [5] PNDME 18; [6] ETMC 17; [7] RQCD 14; [8] LHPC12

global fit [ ]; JAM [ ]; TMD [ ]; Torino [ ]
0 . .
,'g SIDIS (a) [ = | mm SIDIS+lattice (b) 1. ht
= = 6] O sIDIs 1
—0.4} ' . _:‘ 0
! g 4t
JAM: — % -1 1
- - 4 [
Bt E 2l _2] h
| SIDIS+lattice * ‘5 Jﬂ_rJM‘L,—\__I
| — . = gt ) ' e Ji{mmm———— . 7
-1.% 0.2 oa s % 0.5 1 or 0o 02 04 06 g o>fferson Lab



Lattice meets Phenomenology: PDFs from Lattice Moments Nocera, Qiu

1 T T T T D
: : etmold et al.
Uyal - Dyal CT10 ¢ ) [ ]
0.8 Detmold et al ¢ - u — d from the lowest few lattice moments, ensure the correct
behavior in the chiral and heavy quark limits
0.6 -
Haegler et al. | |
0.4 non-perturbative renormalization factor for the axial vector
current, only connected diagrams are included
0.2
Bacchetta et al. | 1036)
0 supplement lattice moments with quasi-PDFs (using results of a
diquark spectator model) matched at a fixed point xg
X
1 T T T T
Uyal - dval CT10 ===
0.8 Hagler et al .
0.6 —
0.4 - —
”""‘”"‘\\
0.2 / -
ol ]
| | 1 |
0 0.2 0.4 0.6 0.8 1




Lattice QCD: Distribution functions Qiu

O X-dependent PDFs: .
dPtE~ — T
o) = [ 458 ep|¢<g>2§3+exp{@-g / dnA+(n)}¢(0)lP>

Boost invariant — Dominated by the region: Quantum correlation I3 tt &
- <1/(xPt) ~ 1 of quark fields
SR ) /Q along £ direction!
(Conjugated to
“ the large P*)

v

P
N P4 o~
a(@) = ‘és =X

r4

+

Py

Probability density to find a quark with a momentum fraction x

Lattice cannot calculate PDFs directly!

Jefferson Lab



Lattice QCD: x-dependent PDFs

O X-dependent PDFs:

<>

. T SR S S

Hadronic tensor

[K.F. Liu, S.J. Dong, PRL 72 (1994) 1790, K.F. Liu, PoS(LATTICE 2015) 115]
Auxiliary scalar quark

[U. Aglietti et al., arXiv:hep-ph/9806277, Phys. Lett. B441, 371 (1998)]
Fictitious heavy quark

[W. Detmold, C. J. D, Lin, Phys. Rev. D73, 014501 (2006) ]
Auxiliary scalar quark

[V. Braun & D. Mueller, arXiv:0709.1348, Eur. Phys. J. C55, 349 (2008)]
Higher moments

[Z. Davoudi, M. Savage, Phys. Rev. D86, 054505 (2012) ]
Quasi-Parton Distributions (LaMET)

[X. Ji, arXiv:1305.1539, PRL 110 (2013) 262002; Sci. China PPMA. 57, 1407 (2014)]
Good Lattice Cross Sections

[Y-Q Ma & J. Qiu, arXiv:1404.6860, arXiv:1709.03018, PRL 120, 022003 (2018)]
Compton amplitude and OPE

[A. Chambers et al. (QCDSF), arXiv:1703.01153, PRL 118, 242001 (2017)]
Pseudo-Parton Distributions

[A. Radyushkin, arXiv:1705.01488, Phys. Rev. D 96, 034025 (2017)]
arXiv:1811.07248
All approaches are under investigation in lattice QCD! ,
PP 5 Q J ff/e;gon Lab
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Lattice QCD: x-dependent PDFs Nocera

[Courtesy of N. Karthik]

Renormalizable and factorizable
Matrix Elements of hadron at large momentum Physically thick
Wilson-line

Pseudo
PDF

Current-current
4pt functions

Y.Q.Ma and J.W.Qiu, PRL120 (2018),022003 . X. Ji, PRL110 (2013), 262002

A. Radyushkin, PRD98 (2017),034025 .W‘ Datmold sadl C.& B Lin, PROTS (2006) 014501 .R.S. Sufian et al, PRD (2019), 074507 ,;efegon Lab

V. M. Braun and D. Muller, EPJ C55, 349 (2008)



Lattice QCD: Quasi-PDFs Ji, Qiu

Ji, arXiv:1305.1539

O Quasi-PDFs:
~r~ 2 dfz —ucP I . - A _gz
(&, Pr) = | - <le( c)vexp § —ig [ dnzAs () p U(—57)IP)
0
Idea — Large Momentum Effective Theory(LaMET): & Tt £

Note:

Proposed

matching:

Caution:

Quasi-PDFs are not boost invariant.

§(Z, w5, P.) — q(z,*) when P, — oo

In Lattice QCD calculation, difficult to
take P, — oo limit

- dy x ,u A% M?
2P, :/ Z 53 3

The matching formalism was proved to all orders by Ma and Qiu Ma, Qiu arXiv:1404.6860
But, only for z<< 1/Ay, ~ fm!

Power UV divergence - [/ doesnot obey DGLAP

. A’ R V. Braun et al, arXiv:
Power corrections could be large: QCD 1810.00048
2 2
X (1 X)Pz .ggf,f/er?on Lab



Lattice QCD: Quasi-PDFs - Renormalization

Qiu, Zhang
O Both quasi-quark and quasi-gluon operators are multiplicative renormalizable!

Op (&) =0, (6) 72 (€,0)4,(0)  mmhp OF(&) =e 12127 10F (€)
OLre(€) =

Fr(@@W({£,01)F(0) mmp 0577 (&) = ez 2522, 5720 (¢)

<> For a given combination of Lorentz indices — no sum!
< Not all terms contribute to the leading power PDFs

S = number of z-components from all Lorentz indices

ope . Quark: Dorn, Fortsch. Phys. 86’, Ji, JHZ, Zhao, PRL 18’
O Auxiliary field approach: !

Green, Jansen and Steffens, PRL 18’]
< Spacelike Wilson line replaced by two-point function of Gluon: Wang, Zhao, JHEP 18’,
auxiliary heavy quark field:

JHZ, Ji, Schaefer, Wang,
O(a,y) = ()T L(x,y)Y(y) mahp O(z,y) = (z)0Q(2)Q(y)¥(y)

< Integrating out the auxiliary field (taking into account potential mass term generated by radiative corrections)

Zhao, PRL 19

.y
Jefferson Lab



Lattice QCD: Quasi-PDFs - Renormalization Qiu, Zhang

O Both quasi-quark and quasi-gluon operators are multiplicative renormalizable!

Op (&) =0, (6) 72 (€,0)4,(0)  mmhp OF(&) =e 12127 10F (€)
OpP? (&) = FP(§)@D({£,0})F°(0) mmp O (&) = e Sz, 232 Z, 50 (&)

vgl

<> For a given combination of Lorentz indices — no sum!
< Not all terms contribute to the leading power PDFs

S = number of z-components from all Lorentz indices
. Quark: Ishikawa, Ma, Qiu, Yoshida, arXiv: 1701.03108
O All order Feynman diagram approach: Gluon: Li, Ma and Qju, arXiv: 1809.01836

@) r..rg + R (a) = W+ W+ ﬁf%L*

(b)

(b)f=%?# % ) ; % ' : W?
T

-+ -+
H 7,
« ' B K‘&“ * m%@s@‘**'“ %j
P 128 2 @ = %ﬂ + Q% + ’y;;y %‘ +

JLeog

NVE R

00000
gl 000

Qg 000



Lattice QCD: Pseudo-PDFs Richards, Zafeiropoulos

* Pseudo-PDF (pPDF) recognizing generalization of PDFs in

terms of loffe Time. p = p. 2
B.loffe, PL39B, 123 (1969); V.Braun
A.Radyushkin, Phys. Rev. D 96, 034025 (2017) etal, PRD51, 6036 (1995)

M*(p,z) = (p | vy*U(2;0)¥(0) | p)
p=(pt.m*/2p*,0;) ™Az =(0.z_.07) loffe-Time Distribution

M*(z,p) = 2p* M(v, 22) + 22N (v, 22)
loffe-time pseudo-Distribution (pseudo-ITD) generalization to space-like z

Lattice “building blocks” that of quasi-PDF approach.
U Lorentz covariant

1
M(v, 2?) :/ dz e TP (z,2°) <—— pseudo-PDF

f@) =P@0) = oo [ et M, —D)

z§—>O 27 o



Lattice QCD: Quasi-PDFs vs Pseudo-PDFs Qiu, Richards, Zafeiropoulos

1(0) 1p(z)

| ) (2
(H (tsink) @=mmmeg H'(0)) I h(z.P.)= (P, ﬂg))sz;(')PJ
<H(tsink)HT(0)> tSink B
LaMET

hr(z, Py, iR)

‘ Renormalization

Fourier z
Fixed P,

(2 ) h(z,0) Fourier zP, Pw,z7) _ 2 =0
Fixed 22 Light-cone OPE

Each step has systematic uncertainties and challenges!
See also Constantinou, Nikhil @ DNP2019
ggf_?egon Lab



Lattice QCD: Good “Lattice Cross Section” Qiu, Richards

1 “Good lattice cross section” = Any hadronic matrix elements:

P — /s
1) can be calculated in lattice QCD with precision,
has a well-defined continuum limit (UV+IR safe perturbatively), and f — 1/@
2) can be factorized into universal matrix elements of quarks and gluons define collision kinematics
with controllable approximation

on(v, £2, PQ) = (P | T{O,.(&)} | P) Ma and Qiu, Phys. Rev. Lett. 120 022003

Expressed in coordinate space
where — Short distance scale

L dx ,
on(v, &2, P?) = E / — fo(x, p>) K2 (zv, £2, 22 P2, 1i?) + O(&QA(ZQCD)
—1

/ a t Cal /‘:Ii rturbati
Calculated i - alculated in perturbation
ngz)a eam Parton Distribution  theory (“process dependent”)

function

OE) = Y(0O)I'W (0,0 + £)y(£) <e— Encompasses qgPDF/pPDF

Os(€) = €472 [,&gyﬁ,q](5)[,&(1,@,;,](0_) Gauge-Invariant Currents
Ovi(&) = 7% [Ve& - v l(O)[Ve & - v](0) 4— Flavor-changing
|+ analogous gluon operatorsl Jefferdon Lab

o—



Lattice QCD calculated PDFs — Quasi-PDFs approach

Nocera, Qiu, Richards, Zafeiropoulos

U Unpolarized: Both LP3 and ETMC obtained their results at physical pion mass!

6 T v T L

1 1 1 ' 1 1 1

1708.05301 (LP3)

-04 -0.2 O 0.2 04 06

0.8

u—d
0.83, 1.11, 1.38 GeV

One-loop matching
Target mass corrections

1803.02685 (ETMC)

0] 0.5 1

4

X
O Helicity distributions:
[ ‘ LP3
3 ----- NNPDF1.1pol |

Au-Ad
N

[H.-W. Lin et al. (LP3), PRL 121 (2018) 242003]

— — —P=10n/L
NNPDF1.1pol
DSSVo08

Au — Ad

[C. Alexandrou et al

0 0.5 1
x

-(ETMC), PRL 121 (2018) 112001] Jefferéon Lab



Lattice QCD calculated PDFs — Quasi-PDFs approach Nocera, Qiu, Richards, Zafeiropoulos

O Transversity distribution:

4 6 T 1 1
— — —P; =10n/L 1 |
s =1.38 GeV | |
3k LP 1 al SIDIS (JAM) 1 ! i
-------- JAM17 SIDIS (BR) N !
x L N - LMPSS17 SIDIS+gjtee I
3 i |
o 2t 1 A 1
= UL
3 i 1
11 1 —
o 0 __,_‘____\\\//I ............. [ —— .|
I i |
[ S I
T4 0z o0 02 04 06 08 10 ; 0'_5 6 : — : 05 ]
X
[Y.-S. Liu et al. (LP3), arXiv:1807.00232] [C. Alexandrou et al. (ETMC), arXiv:1807.00232]

Jef?egon Lab
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Lattice QCD calculation of GPDs: Qiu, Scapeliato

(J Quark-GPDs:
GEPD(xagata Pz7/~LR) = /

More variables:

dz

47Te_”Pzz<h(Pz + A/2) | (2)T D, (2,0)p(0)|h(P; — A/2)) e

<> Length of the Wilson line ( z converts to - in momentum space)
< Hadron momentum: p,
< Momentum transfer: ¢ = A? = —Q?>
2
<~ Skewness: ¢ = _% Quasi-skewness = light-cone skewness +O(1/P7)
Much higher computational cost compared to PDFs
O Matching:

<> Perturbative matching depends on skewness, but not on momentum transfer
<> For =0, the matching is the same as that of PDFs
<> Matching for general §
[X. Ji et al., PRD 92 (2015) 014039, arXiv:1506.00248]
[Y.-S. Liu et al., PRD 100, 034006 (2019), arXiv:1902.00307]
Jefferson Lab



Lattice QCD calculation of GPDs — Quasi-PDFs approach Scapeliato

Unpolarized quasi-GPDs

Upon Fourier transform

47T

e_irPSzMEGPD(Z,t, E)

— — P3 = 0.83 GeV

15 F|— — Py =1.25 GeV : —t = 0.69 GeV?
£=0

15

£E=0
4 l[—— P, =083 Gev : i
— — P3 = 1.25 GeV —t = 0.69 GeV?

3 £§=0 .
peak moves to the right H

u—d
unpol

Quasi-E

-15 -1 05 0 05 1 15

@ Quasi-H and -E affected differently on the momentum boost

» quasi-H is compatible within errors
» quasi-E becomes symmetric in =

Still non-physical results,

(larger momenta will shed light on the behavior of matching is needed

the quasi-FE)



Scapeliato

Lattice QCD calculation of GPDs — Quasi-PDFs approach

Matching effect on the GPDs

@ We apply the RI— MS matching [Y-S Liu et al.,, Phys.Rev. D100 (2019) no.3, 034006]
P3s = 0.83 GeV, —t = 0.69 GeV?2, ¢ =0

3

3
— — F.T. —— FT.
— — F.T. + matching F.T. + matching
2 -
181 e S
= _ Y
P ~
s - o~
: g ~
i O B e b oo RS \,\.\ ............. -
. i . ) : )
-1 -05 o} 05 1 1 05 0 05
x T
largely

@ Matching affects both H and F




Lattice QCD calculation of GPDs — Quasi-PDFs approach Scapeliato

Unpolarized GPDs (at £ = 0)

Momentum dependence on H (z,&,t) and E(x,€&,t), at —t = 0.69 GeV?

4 T ! r‘ T T ;
— — P; = 0.83 GeV ‘ A — — P3 =0.83 GeV :
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@ Compatible results in H and PDF' at @ Remarkable P3-dependence in E-GPD

P3 = 0.83 GeV and P3 = 1.25 GeV

@ FE-GPD becomes symmetric in « at the
@® H-GPD suppressed with respect to the PDF, larger P

as expected

% Lattice results will be compared to global fits to DVCS data



Lattice QCD: Quasi-PDFs approach - Challenges Jansen

e continuum limit Y Py i
4 3
O _{,1 ‘rif _______
e 2-loop formulae N Hm }HH
-20 -15 -10 -5 9 5 10 15 20
— matching formulae HLE mﬁ}m&, 1
— conversion factors 0 ﬁi ,ﬂ—ﬁl
-1 \{Ii-fi’if}

-20 -15 -10 -5 0 5 10 15 20

e understanding and removing the oscillations

e reach a quantitative understanding of quasi PDFs

S DFT
— control systematic effects ; wu=d o f GBFT
— come to prediction level 3 \
2
! \:\‘11:;
e we are on a very way to come there 0 ) --\-‘M,J —
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Lattice QCD calculated PDFs — Pseudo-PDFs approach

d Volume effect:

Nocera, Qiu, Richards, Zafeiropoulos

[B. Joo et al. (JLab-W&M), arXiv:1908.09771]

N,=2+1 clover fermions
(3 ensembles):

L Extract/fit PDF from lattice data with a

1 | a(fm)  Mz(MeV) | L*xT
0.127(2)  415(23) | 243 x 64
0.5 0.127(2)  415(23) | 323 x 96
0.094(1)  390(71) | 323 x 64
¢ L =3.0 fm data =
—L = 3.0 fm fit
Or ¢ L=4.5fm data H
—L =4.5fm fit
(0] 5 10

1 te ¥ a=0.127 fm data
—a = 0.127 fm fit
¢ a=0.094 fm data
—a = 0.094 fm fit

0.5 —O(a) extrapolation

—O(az) extrapolation

O L

-0.5 :
(0] 5 10

Too strong “L” & “a” dependence
— limited the range of v!

functional form similar to CJ and MSTW

—This work
—CJ15 NLO

—NNPDF31

—MSTW 2008 NNLO

NNLO

Large error — few data

0.2

0.4 0.6
X

0.8 1

Challenges due to lattice limitation
Results are encouraging!

Jefferson Lab



Lattice QCD calculated PDFs — Pseudo-PDFs approach

O Various inverse approaches:

Q¥

qlx)

10

Bayesian Reconstruction

T T
mock PDF A

Vmax=20 Ny=12 BR w/ best fit m s _
statistical |
uncertainty
m dependence

HMC x 2 evaluation

= = Mock PDF A
—— restricted x* sampling

Max. Entropy Method

10 T T T T
mock PDF A
8 Vmax=20 N,=10 MEM w/ best fit m =
statistical |
uncertainty
6 m dependence aw |
=z
=
4 .
2 — —
o 1 1
o 0.2 04 06 0.8 1

Capitalize of the good scan-
ning in loffe time and use ad-
vanced reconstruction meth-
ods to extract the maximum
amount of information also

for the small-= region.

Quix)

Quix)

Richards, Zafeiropoulos

Backus-Gilbert algorithm

T T T T
mock PDF A ——
statistical uncertainty
BG reconstruction ——
systematic uncertainty i
- statistical uncertainty

N 2 " N 2
02 03 04 D05 06 07 038 09 1
x

"
o] 0.1

Neural Network

T T
mock PDF A —

statistical uncertainty
NN reconstruction ——
systematic uncertainty i
statistical uncertainty

o 02 04 06 03 1
x

& Karpie, Orginos, Rothkopf, S.Z. JHEP 1904 (2019) 057



Lattice QCD calculation of TMDs: Engelhardt
O Sivers’ sign change:
0.6 - - 0.6
. C Sivers—Shift, u—d — quarks . [ Sivers—Shift, u-d — quarks
> . [ - [ - EHEHEHEHEHE . N
& 04:&—‘%*”"0.. 3 041w =, ]
s 02f R s o02f - ]
= - r = ~ L
= 00} - = 00— - ]
= | £=032, . S L | £=0.24, . ]
3 e -0.2¢ byl = 0.11 fm S -02¢ |br|=0.11fm, ]
iy i - > .. 1 el i - ]
= —04f | Mx=317TMeV hAaasaaasnd = _o4l | mn=139MeV CT T r———
s kDY SIDIS —» = - le— DY SIDIS —s| 1
_0‘6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 _0.6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-0 10 -5 0 5 10 — -10 -5 0 5 10 o
nlv| (lattice units) nlv| (lattice units)
O Advertisement — x-dependent TMDs:
0.05 [ T 0.00 T
d-quarks ; My =317 MeV
0.04! -o.01 £=0.225
— b . -0.02 |- .
H(E 009 E -0.03
':;; 0.02 " . 1;;: -0.04 |- ]
= [ preliminary € os
001} £=0.225 - ook preliminary i
my =317 MeV 1 T u—cuarks i
0.00 4 : : : J -0.07 L : : : ‘ ‘ J
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Lattice QCD calculated PDFs — current-current approach Qiu, Richards

Ma and Qju, arXiv:1404.6860

L Factorization: arXiv:1709.03018

+
ﬁ Gauge link vs propagator ;—+5(x — kT /ph)
p
>

‘ (f AQCD)
. 1
Hard-part Parton-distribution Corrections
Probe Structure Approximation

on(w,&2,P?) = Z/ —fa(l' 1?) x Kj(aw, &2, 2° P?, p?) +O(52A2QCD)

with fd(‘r-. “2) = _fa(_l‘-. l‘l’2)
0 Tremendous potentials:

<> Neutron PDFs, ... (no free neutron target!)
<> Meson PDFs, such as pion, ...

<> More direct access to gluons — gluonic current, quark flavor, ... ;
g g 9 fi Jeﬁ?gon Lab

o—



Lattice QCD calculated pion distribution — current-current approach Qiu, Richards

Q

“Lattice cross section” of V-A current correlator:

zqy(2)

0.12
0.1 -
0.08 - }
0.06 - $ c—a?
B £2=(2a)?
i ® £*=(3a)?
004 1 ¢2=(da)®
#=== LO pQCD kernel @ g} (z) fit
0.02 . . . .
0 1 2 3 4 5

p-&
Extracted pion valence auark distribution:
0.5

0.4 4

0.3 1

0.2 A1

0.1

¢ Conway et al

0.0+

xr

0 01 02 03 04 05 06 0.7 0.8 09 1.0

Sufian et al. JLab
PRD99 (2019) 074507

® 327 x 64m278a0.09
B 323 < 64m348 a0.09
0.02 A € 327 x 96 m416 a0.12
=== LO+NLO pQCD kernel ®q¢7(z) fit

0053 1 2 3 a 5
p-&
0.5
* E615 LO analysis
0.4 - E E E E i}ig%’S (rescaled)

#=== This calculation
0.3 1

z gy (z)

=
‘ 0.2
0.1+ p? =27GeV?

0 01 02 03 04 0.5 0.6 0.7 0899 1.0
Sufian et al. @ DNP19 T Jefferson Lab
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Lattice QCD calculated pion distribution Qiu, Richards, Zafeiropoulos

L “Lattice cross section”: O Pseudo-PDF:
[R. Sufian et al. (JLab - W&M), Phys. Rev. D 99 (2019) 074507] [B. Joo et al. (JLab-W&M), arXiv:1909.08517]
o2 ¢ Conway etal 02 & Conway et al [9]
— =
0.4 0.4 -j\AM (16]
#=== This calculation
= 037 = 031
2 0.2 =5 0.2
0.1- pn? =27GeV? 0.1 @2 =27GeV?
0.0+ . . . . . . . . ~. | 0.0+ . v . . . i
0 01 02 03 04 05 06 0.7 08 09 1.0 ¢ 01 02 03 04 05 06 0.7 08 09 1.0
. x m,=416MeV, P =0.6-1.5 T m, =416 MeV, v <4.7
O Quasi-PDF:
[J.-H. Zhang et al. (LP3),Phys. Rev. D 100, 034505 (2019)] [T. 1zubuchi et al. (BNL-SBU-UConn), Phys. Rev. D 100, 034516 (2019)]
v v . 0.45 . . .
06 ,’ p=32GeV i Pr = 1.29 GeV
0.5F 0.4+ JAM —
0.35}
04 0.3 7 . -
wg 0.3f '('3.__0.25 "’___,.f;7;7;_7;-:f:~;»=»:\“-;_A__»
= 0.2F o 0.2 _'.f;f,-"” -~
0.1 0'15 v : \'\_\ .\-\j-\
0.1} . N
0.0 0.05 %
-0.1 * - - - - . - 0 " . . )
00 02 04 06 08 1.0 1.2 1.4 0.2 0.4 ; 0.6 0.8 >
- PR R N

x -GeV m, = 300MeV , P = 1.29GeV



Lattice QCD calculated pion distribution

0.6 -

0.5 -

0.4 -

0.3

0.2 ~

0.1 -

[B. Joo et al. (JLab-W&M),
arXiv:1909.08517]

#=== Reduced pseudo-ITD
«== LCSs [44]

#=== quasi-PDF [47]

=== quasi-PDF [53]

0.0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

h

Qiu, Richards
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Summary

g

Q

Although lattice QCD cannot calculate parton distributions directly, many new ideas and
approaches make it possible to extract PDFs, GPDs, TMDs, ... from lattice QCD calculations

Like extracting PDFs and partonic structure from hadronic cross sections, PDFs and non-
perturbative partonic structure can be extracted from:

1) Lattice QCD calculable hadronic matrix elements (quasi-, pseudo-, current-current

correlators, ..., which
2) can be factorized/matched into PDFs or any universal partonic distributions

Tremendous progresses have been made for extracting PDFs from lattice QCD calculations,
with various and complementary approaches

Lattice QCD can be used to study hadron structure, including PDFs, GPDs and TMDs, and will
meet and complement to our phenomenology approaches. But, more works are still needed
for understanding the systematic uncertainties, lattice artifacts, ...

Thank you! -

Jefferson Lab



