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QCD at Fermi Scale

(d QCD landscape of nucleon and nuclei — Strong QCD!
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QCD at Fermi Scale

(d QCD landscape of nucleon and nuclei — Strong QCD!

Color Confinement Asymptotic freedom
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. regime
Strong QCD — QCD at the Fermi scale — PQCD
is the most interesting, rich, and complex, — works
but mysterious and challenging regime of the theory! [ beautifully!
We do not see quarks and gluons in isolation!
All emergent phenomena depend on the probes
and the scale at which we probe them!
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QCD at Fermi Scale

(d QCD landscape of nucleon and nuclei — Strong QCD!

Color Confinement Asymptotic freedom
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New Horizon: Femto-suence (0.1-10 fm) __,  Asymptotic
. regime
Strong QCD — QCD at the Fermi scale — PQCD
is the most interesting, rich, and complex, — works
but mysterious and challenging regime of the theory! [ beautifully!

We do not see quarks and gluons in isolation!

All emergent phenomena depend on the probes

and the scale at which we probe them!
d My talk:

Explore the QCD landscape of nucleon and nuclei by using controllable, shape,
local probes, but, “moving or scanning” them throughout the regime!

Jeﬁ/ca-;gon Lab



QCD at Fermi Scale

(d QCD landscape of nucleon and nuclei — Strong QCD!

Color Confinement Asymptotic freedom
! I ! : : > Q (GeV)
200 MeV (1 fm) 2 GeV (1/10 fm)

Probing
Q » MG e
A
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New Horizon: Femto-saence (0.1-10 fm)

1 Need to identify observables with two-momentum scales:

Q1> Q2 ~1/R~ Aqcp
<> Hard scale: localizes the probe Longhudna mo / Al
particle nature of quarks/gluons
< “Soft” scale: could be more sensitive to the § N\»"‘*i/ -
hadron structure ~ 1/fm " N

<> Hit the hadron “very hard” without breaking it, clean information on the structure!
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QCD at Fermi Scale

(d QCD landscape of nucleon and nuclei — Strong QCD!

Color Confinement Asymptotic freedom
! I ! : : > Q (GeV)
200 MeV (1 fm) 2 GeV (1/10 fm) .
Probing

TR -

New Horizon: Femto-suence (0.1-10 fm)

1 Any cross section with identified hadron(s) is NOT perturbatlvely caIcuIabIel

-
2 = A
2y =3 xP, k
O'Dls(w,Q )_‘f@ N‘%@)P

FactorizatioE Hard-part Parton-distribution Power corrections
Probe Structure Approximation!

—> 0

Structure: in terms of quantum matrix elements/probabilities, ... .ge/fﬁe-rgon Lab



QCD factorization works to the precision

(] Data sets for Global fits:
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QCD factorization works to the precision

Standard Model Production Cross Section Measurements
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o [pb] data/theory
SM: Electroweak processes + QCD perturbation theory + PDFs works!
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“See” the hadron structure

By collision
breaking ,»/0\.! ===
the hadron | = =

o
N N Probability t
/ Hard probe (t ~1/Q ~ 1/xp <fm)  wes) “catch” th:e’p};r:on!

@ Control of
\ > j@ “— | the 2" scale!

P R W\J\
By collision ,'[‘\3 ~ — — ﬁ?f\
keeping | =~ ~ = |
n.' — — i
hadron intact V === Y,

Boosted partonic structure is encoded in probability distributions:
PDFs, TMDs, GPDs, ... non-perturbative!

Jefferson Lab



“See” the hadron structure

By collision R/ Boost = time dilation
breaking ,»'/0\.! e e
the hadron "@, -~ e %W"M o _—

Probability to

,\./. S N == WWW[
/ Hard probe (t ~1/Q ~1/xp <fm) wwsh ., . \0ibe parton!

@ Control of
\ > j@ “— | the 2" scale!

PR W\A (/\‘

By collision ,'/‘\3 ~ — = ~7®
keeping | :\WV ~ = |
\@- " — ——

hadron intact v \V

Boosted partonic structure is encoded in probability distributions:
PDFs, TMDs, GPDs, ... non-perturbative!

[ Tools to “see” the hadron’s partonic structure:

<> Experiment + QCD factorization + Global analysis/Phenomenology + Computing
<> Lattice QCD + QCD factorization + Global analysis/Phenomenology + Computing

Complementary to each other, need each other, ... _!e/ff/egon Lab



QCD needs lepton-hadron facility

O Hadrons are produced from the energy in e+e- collisions:

= No hadron to start with
= Emergence of hadrons

= Partonic structure
= Emergence of hadrons
= Heavy ion target or beam(s)

electron

= Colliding hadron can be
broken or stay intact!

= Imaging partonic structure

= Emergence of hadrons

One facility covers all! " Heavy ion target or beam Also at COMPASS &
future EIC

JLab 12 GeV  ¢um) EIC |
Valence Sea and glue Jefferdon Lab
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CEBAF 12 GeV Upgrade

New Hall

{Upgrade arc magnets

Add 5 = % A and supplies

20 cryomodules

Add Approval
cryomo ) . ey - -
Based on the information presented above and at this review, Critical Decision 4, Approve
Enhanced capabilities Project Completion, is approved,
in existing Halls

f Mooy a/nn
Dr.J. §tephen Binkley Date
Deputy Director for Science Programs

Office of Science

12 GeV CEBAF Upgrade CD-4B (CD-4) ESAAB Approval Page 8

Project Completion Approved on September 27, 2017
All four Halls are in physics operations
JLab 12 GeV science era is here!
A critical step toward EIC!

A Lepton-Hadron Facility has the highest luminosity .ge/fegon Lab



JLab12 Scientific Questions

excited gluon field

* What is the role of gluonic excitations in the
spectroscopy of light mesons? Can these
excitations elucidate the origin of quark
confinement?

* Where is the missing spin in the nucleon?
Is there a significant contribution from
valence quark orbital angular momentum?

* Can we reveal a novel landscape of nucleon
substructure through 3D imaging at the
femtometer scale?

 What is the relation between short-range N-N
correlations, the partonic structure of nuclei,
and the nature of the nuclear force?

* Can we discover evidence for physics
beyond the standard model
of particle physics?

)
J}gﬂ'.e-rson Lab



JLab12 Scientific Capabilities

V.D. Burkert’s talk on “Explore Strong QCD in the JLab Experiments ...”

Hall D — exploring origin of
confinement by studying
exotic mesons

Hall B — understanding nucleon
structure via generalized parton
distributions (GPDs) and transverse
momentum dependent distributions

(TMDs)

Hall C — precision determination of
valence quark properties
in nucleons and nuclei

Hall A — short range correlations,
form factors (SBS), hyper-nuclear physics,
future new experiments (e.g., SoLID and MOLLER)

Jefﬁ?gon Lab
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Strong QCD “Theory” at this conference

Nucleon Resonance, Spectroscopy, Exotics Nuclear structure from QCD

Hiller-Blin, Gothe, Segovia, Szczepaniak, Thiel, ... \ Draayer

Form factors, ... Nucleon structure in 3D
Cole, Kim, Vanderhaeghen, Jij, ..

\

QCD Phenomenology

— QCD global analysis
Andres, Radici
|

From neutron to stars
Liut, ...

Solve QCD with . . Lattice QCD meets
controlled approximations

QCD Phenomenology
Roberts,

Briceno,

Rodriguez-Quitero, Mezrag, .. Lin, Radyushkin

QCD: a 50-year experience
Brodsky

The Future: Electron-lon Collider

Milner
J ff/egon Lab
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LQCD - beyond the mass spectrum

<> GlueX looking for exotic hybrid mesons in photoproduction
<> Might appear as enhancement in ntnnt ~ nip, no, nf0(980)...

Light quark meson + “exotics” & “hybrids” spectrum

Mass, m (MeV)

2,500+

2,000

—
O
o
o

1,000+

500t

PRD83 (2011);
PRD8S (2013)

o+ 1

2~ 37 4 27 4

1+= Q++ 1+t 2++  Zr+ 4+

GLUEKW' a ,
Hadron Spectrum: CLAS ]

3 1= 0%~ 2%

i m Exoffts;

See talk by Briceno

Predicted

Jefferdon Lab



LQCD - beyond the mass spectrum

<> GlueX looking for exotic hybrid mesons in photoproduction
<> Might appear as enhancement in ntnnt ~ nip, no, nf0(980)...

Light quark meson + “exotics” & “hybrids” spectrum

Mass, m (MeV)
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Hadron Spectrum:
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Motivation in GlueX PID
upgrade proposal
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GlueX actively calibrating in this channel

See talk by Briceno

Predicted
| - Exof.l_bs_ Decay
= rate
u JP =9t
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| Editor’s
suggestion
[ PRD97, 2018
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SKE 19%

.ge/ff./egon Lab



Hadron Spectroscopy - JPAC

d Searching for the Exotics:

“Determination of the Pole Position of the Lightest Hybrid Meson Candidate”

Exotics in n) t — led to the 1%t Exotic i,

<~ For the first time pole parameters of the exotic i, resonance were extracted
using a coupled channel fit to COMPASS n!) it P- and D-waves

<~ Results compatible with the existence of a single m; meson, which solves a
longstanding puzzle about two different rt,(1400) and m,(1600), decaying

separately intonmand n'nt
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JPAC: 1° Exotic rt, extracted from
COMPASS data — GlueX data next!
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e 2
Jefferson Lab



“See” the 3D hadron structure

(J Two-scale observables are natural in lepton-hadron collisions:

<> Semi-inclusive DIS: < Exclusive DIS:

+ [N ] + [N ]
P, P, Imaging quarks
SIDIS: Q>>P; DVCS: Q2 >> |t]
Parton’s confined motion Parton’s spatial imaging from Fourier
encoded into TMDs transform of GPDs’ t-dependence
v W, 0, ..
z+Ef \* "% Imaging gluons

p p

/

Heavy quarkonium: Q2+M? >> |t]

Two scales, two planes, Imaging the glue only at EIC
3 o /7
Angular modulation, ... Need JLab12 to establish, ... Jefferson Lab



Theory is solid for matching parton to hadron

1 Wigner distributions in 5D (or GTMDs):

Momentum Coordinate
Space Space
TMD 2 2 GPDs
s b P
Confined Spatial
motion distribution
f(X, kT) Two-scales observables f(X, bT)

d TMDs & SIDIS as an example:
< Low P,; (P,; << Q) — TMD factorization:
Pu]

osio1s(Q, Pri,wp, 2n) = H(Q) @ @p(x, k1) @ Dyn(2,p1) @ S(ksy) + O [?
< High P.; (P,;~ Q) — Collinear factorization:

1 1
USIDIS(Q: Py ,7B, Zh) (Q PhLaOfS) ® ¢f ® Df—)h +0 <PhJ_ Q)
<> P,; Integrated - Collinear factorization: 1
JSIDls(Q7$B7 Zh) = H(Q, 043) ® ¢f ® Df—>h + 0O (é)

<> Very high P,;>> Q — Collinear factorization: ( 0

osiois(Q, Pni, 2B, #n) ZHab—>c®¢v—>a®¢b®Dc—>h+O Q' PhL)gon Lab

abe



First comprehensive study of the confined motion - JLab

d Quantum correlation between hadron spin and parton motion:

—
> Krq Obse'_r"ed Sivers effect — Sivers function
P particle
Polarized } Hadron spin influences
hadron \ parton’s transverse motion

d Quantum correlation between parton’s spin and its hadronization:

P Observed Collins effect — Collins function
P particle
Transversity e Parton’s transverse polarization

Sq ‘x‘km influences its hadronization

O SIDIS is ideal for probing TMDs:
Agr™ o (sin(g, + ), < b @ H
Apy ™ o< (sin(@, ~ &), * fi7 ®D,
All;;etzeZOSily & <Sin(3¢h - ¢S)>UT x hIJZ_“ ®H 1l

Another strength of lepton-hadron machine!




First comprehensive study of the spatial imaging - JLab

[J No color elastic nucleon form factor! \q
mm) Spatial distribution of quark/gluon densities — GPDs

] Quark “form factor”:

1 [ dz= SN
Fi — _/ Pz /= _% + _; //b\b\
5| 5. ¢ © (Pla(=32079(32)|p) s 7 o
1 +1A
= > [H%x &0 Yy u(p) + B4, &, D) u(p)]

with ¢=(P' —P)-n/2 and t= (P ' — P)* = —A% if £ -0
Gauge link: W[a,b]=PGXP(igA dx‘A+(x‘n_))

X+E/? //E X X+£/‘ X—E

] Kinematics:

—l=x=-§ —E£=x=E&
Two more for quarks:  H,(z,£,t,Q), Eq(x,£,t,Q)
with 7 7 — 7175 Jefferdon Lab



Definition of GPDs

U Gluon “form factor”: ;\Illt;esller et al., 94;
1 dz_ n Radyushkin, 96
g — xPrz— I +H | 471
Fr=—r © (P|G™(—32)G,"(52)|p)
Pr 271 t
z+=0,z=0

~ 535 {08 v u ) KB £ 7 )

Two more for gluons:  H9(z, £,t) FE9(x,&,t)
with the two gluon field strength contracted anti-symmetrically

U Forward limit — connection to collinear PDFs:
H(x,0,0)=g(x), H(x,0,0)=Ag(x) for x > 0
H9(x,0,0)= —g(—x), H%x,0,0)=Ag(—x) forx<0
H9(x,0,0)=xg(x), H9x,0,0)=xAg(x) for x>0
The factorization scale dependence is suppressed

Foundation for the imaging and proton “radius” of quarks/gluons

e 2
Jefferson Lab



Properties and Importance of GPDs

See talks by Elouadrhiri and Liuti

u QCD energy'momentum tensor: for connection to pressure
oS TP wih TR —@%iD0g
iI=q.9 T;v _ Guan vy % g#\-GzﬁGaﬁ
y -— » - P(#iov)‘an
 Form factors: (p Iy, p)= A, o()iaP¥“y")u + B, 4(1)it U
ARAY — vaZ _ _ a
+ C,4(1) - J uu + C, ,(t)mg" uu

[ Light-cone helicity operator:
J? = /dx- d’x M+12(x) with A% = T — T*x"

d Connection to the proton spin:
(Jq3> = %[Aq(o) + Bq(O)] , <J;) — %[Ag(()) + Bg(O)] Ji, PRL78, 1997

1
Aq(t) + Bq(t) - / dxx[Hq(xa éa t) + Eq(xs és t)]
—1

1
Ay(t) + By(t) = /0 dx[Hy(x,c,t) + Ey(x, &, 1)] .ge/ff/.e:-Frgon Lab



Spatial imaging from GPDs

M. Burkdart, PRD 2000
O Impact parameter dependent quark distribution:

q(z,b1,Q) = /dQALe""A“”Hq(w,ﬁ —0,t=-A2,Q)

q(xz. by ) for unpol. p

Unpolarized proton

Fi(-A%) = [dxH(z,0,—A%)

Th= momentum fraction of the quark

b | relative to L center of momentum
small x: large 'meson cloud’

larger x: compact 'valence core’

.

xr — 1: active quark becomes center of
momentum

~+ b, — 0 (narrow distribution) for z — 1

Jeﬁ;gon Lab

o—



Hunting for GPDs — Exclusive DIS

Mueller et al., 94;

] Experimental access to GPDs: Ji, 96;
Radyushkin, 96
M JIV, O, ...
/
+ + L N I
r+§ f &1.' —F
g-GPD
p Y
DVCS: Q2 >> |t| DVEM: Q? >> |t| EHMP: Q2 >> ||
1 Much more complicated — (x, §, t) variables:
<> Challenge to derive GPDs from data
1 GPDs could tell us: How far does glue How fast does
density spread? glue density fall?
<> Orbital contribution to proton’s spin oal
X . 0.
<> Proton radius of quark & gluon density 0 \
<> Hints for color confining radius/mechanism _ 0.2
<> Origin of nuclear force, ... 0.1



QCD factorization — Theory is solid

(J Deep Virtual Compton Scattering (DVCS):
7" (q) + p(p) — 7"(¢") + p(P")
U Factorization:

1
A(y*p = p) =Z/_ldeTi(af,ﬁ,p,QQ)F;(x,&t) /

p=—(+d)20+7) (¢+4)
(1 Deep Virtual Meson Production (DVMP):
v*(q) + p(p) — M(q") + p(p') Y M

] Factorization:

1 l
~Q/(72p—>MLp)=§Z/ dx
ij Y1

|
« / dz TV(x, &z, Q*)F'(x, &, )P/ (2)
0

Y'(q) Y(q')

] Evolution:

Factorization nationally lead to evolution equations for GPDs
Jeff./egon Lab



Data: Just the beginning
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JLab E12-06-114 DVCS/Hall A Experiment at 11 GeV

Sample of cross-section results:

x5=0.36, Q=45 GeV’, <t -t> = 0.28 GeV? X5=0.48, @ =53 GeV?, <t_ -t> =0.19 GeV’ x5=0.60, Q° = 8.4 GeV?, <t -t>=0.18 GeV®
B ‘min B min B min
2 2 z
6] ——— Cross section fit o 5]
e - BH 5 el
a . a 2 04
° ——— BH-DVCS interference ° ©
CERT ——— DVCS? %) ©
—— KM10a model
— KM15 model I
0.2
5
0
0 .........
IlllllllllllllllllIIIIIlIlIlIIlITII _IIIllllllllllllIlIlIIIIlIllIIlIIIIl -fllllllllIIIlIIlIllIIIIlllllllllll
150 200 250 300 350 2 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
¢ {deg.) o (deg.) ¢ (deg.)
X=0.36 x=0.48 X=0.60
‘; 4 _§~ 2 Fad 0.1
[ [+ %
(6] S (0]
5 L 5 L 5
= =2 =3
?b ﬂb vb
T g Ty “0.05
0 : 0 J ; : : : 1 0
2 ' ] { ] -0.05
4 - | I l | I - I B l I I L1l I ) - I 1 11 1 ,0
0 50 100 150 200 250 300 350 2 50 100 150 200 250 300 350 ° 50 100 150 200 250 300 350

¢ (deg.) o (deg.) ¢ (deg.)

Jefferson Lab



JLab DVCS/Hall B Experiment at 11 GeV

Qy.a” large ! l b= A | .
scaling check
Mueller, Ji, Radyushkin low -t process :
(94-96) K+E X-£ tee Q. completed
Hall B DVCS on
P-4f2 GPDs {x, £, P+4f2 H 50% complete
Mostly H for unpolarized proton target
Maostly H for polarized proton target *
CLAS12 (projected)
= C -t - - N
qg 0.015 8 — » >
% Q 2 : 0.3 045 | 0.6 0.5 0.7
o —
5 REPULSIVE ’ :_ _[—)- /\/(\/ /\\Mf
L& oo PRESSURE C 02 ] 03 [045 |09
ﬁ 6 —
R AYAYAYAY S AVAV IR AN
0.005 5 -
B 0.2 |03 (045 [0.6
£ /\/\/\/\/\/\/\/N%f\vr\;‘“—'%
TPRESSURE - AVAVANANAVAN AN N o X o ¢
—— L
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII : (p (p
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2 “IgIILIIIIJJ‘JlLIIlIIIIIJI PR TN T T T A I I A B
0.15 0.2 0.25 03 035 04 045 05 055 06 065

r{fm)
Nature 557, 396-399 (2018)

XB
.ge/ffegon Lab



DVCS at future EIC (White Paper)

] Cross Sections:

"Hp—=y+p
10‘ T v T v Y v T v r
e 20 GaV on 280 GeV |
< 10° T -
* 4
< .‘t_ 4
g 109} T " :
8 ‘
Qg 10 \‘\ ]
5 Ty
0.1 -

0 02 04 06 08 1
i (GeV2)
d Spatlal dlstrlbutlons.

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv

5 b

o
i~

xg F(xg, by) (fM2)

R

- 0.004 < xg < 00083
10<Q2GeVe < 178

o

02 04 085 08
by (fm)

o

dagvesdt (0 /Ge V)

xg Fxg, by) (IM2)
R B S & &

.~

o

5 GeV on 100GeV |
Jldte 10 ft°

Q1<cxg<0.16
10<02»Gov9<17a

0

02&4050.8

br fm)

.ab



Imaging the gluon (White Paper)

O Exclusive vector meson production: do
g dx pdQ?dt
Y
Y, 0
< <> Fourier transform of the t-de
e/ A "
— —_ =)  Spatial imaging of glue density
p P’ ]
T t-dep < Resolution ~ 1/Q or 1/M,
O Gluon imaging from simulation: \ v +p —>Jhp+p
7 l . : : : | : - 10 ; v T v T v T v T v T v T v T v 3
0.03 ————7—— % ILdt =10 fb-1
6 @ \,\ 20 GeV on 250 GeV |
— 002 8 10°} - .
I 5 | 5
z 4 S el
2 3¢ o
[T () |
< 2 L 10% 00016 <x,<00025
1} > 15.8 GeV2 < Q7 + M, <25.1 GeV?
o
0 1 L 1 L 1 —— m 1 1 i 1 " 1 " 1 " 1 " 1 " 1 "
0 02 04 06 08 1 1.2 0.4 06 0.8 1 12 14 16
by (fm) -t (GeV?)
i How spread
A
Only possible at the EIC N at small-x?
Color confinement

Proton radius of glue (x)? ,
.ge/ff./egon Lab




Lattice QCD — ab initio Simulation of QCD

108 T 1 L 1 T T T T S Al Al T T Al T
ETMC Ny =2 r—@— ETMC Ny =2 —— smi®
1.7 ¢ ETMCNy=2+1+1 —&— Ho ETMCN; =24 141 —8—
1| et an A | 451 5 Brownetal Nym241 —b—
' PACS-CSNy=2+1 —4— &;_{ G.Balietal Ny=2+1 —v—i
15} U ‘ - ol Nese A =2en ——
Bricenoetal Ny =2 4 1 4 1
g 14} ¥ 1 g mcsln,=z+|'—~—1 veguyt vagmi't
S 13} i - s 35t
1.2} ;#: -
1.1} +;! ; 3
=
1k . -‘ﬁv .
Hi‘ 25| odemti_
09 | , _ , , , , . , . . " . .
N A X E A = E Q E E @ g L ¢
Reproduction of light baryon masses: Prediction of yet to be observed baryons
<> Agreement between lattice discretizations <> Agreement between lattice
schemes

<> Reproduction of experimental results

[ Lattice “time” is Euclidean: 7 =— 1t

Lattice cannot calculate PDFs, TMDs, GPDs, ..., directly, whose

operators are time-dependent!

e 2
Jefferson Lab



Lattice meets Phenomenology: Moments

( Moments of PDFs — matrix elements of local operators:

1
+ _ - + _ -
<:L’"(u2)>q E/ dr z" q(x, p?) ¢=q+q and A¢=AgtAg
0
O Unpolarized:
X b o Unpolarized moments Moment Lattice QCD  Global Fit PDF4LHC
u-dt eds lattice QCD +—=—
global fit (F.’DF4LHC§ a1
global fit (uw avg) »-+-~ () +_4+ 0.119-0.226 0.161(18) 0.155(5)
(X)y* ., () ,+ 0.453(75)7  0.352(12) 0.347(5)
() 4+ 0.259(74)"  0.192(6)  0.193(6)
g 5 (z) .+ 0.092(41)"  0.037(3)  0.036(6)
()4 0.267(35)T  0.411(8)  0.414(9)
T (X T Single lattice result | ].
qi =qxq q=1u,d, s Q=2 GeV.
For details, see | ]
<X>gb—o—| 2
“nl....ln..l.unl....l.n.l..“l:...lH?ﬁQ?ﬁé:gﬁY%
0 01 02 03 04 05 08
arXiv: 1711.07916 — )
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Lattice meets Phenomenology: Moments

[ Polrized:

L R B I UL RS UL RIS LR RN LR LA
Polarized moments Nf=2+,+';‘ffz.":" Moment Lattice QCD  Global Fit  JAM17
latice QCD —— n? 9A
global fit +---e--- 1.105(39)*
JAM17 »-a-= ga (39) 1.275(12) 1.240(41)
. 1.279(50)* *
Dav -
(1) put 0.830(26) 0.813(25) 0.812(22)
(1) gt -0.386(17)T  -0.462(20) -0.428(31)
W (Dagt (1) At -0.052—--0.014 -0.114(43) -0.038(96)
(T) A — _ag— 0.146-0.279  0.199(16) 0.241(26)
11 * Nf = 2.
(Das* vy **Np=2+41+1
T Single lattice result [ ]
Aqi =Agq+Aq qgq=u,d,s; Q = 2 GeV.
XAy Ad" '?: For details, see [ ]
u2=Q%=4 GeV?
| | | 1l | ' | i IS NI AN N
0.8 0.4 0 0.4 0.8 1.2 1.6
arXiv: 1711.07916 )

Jefferson Lab



Lattice meets Phenomenology: Moments

O Transversity:

Trgnsversny OMSIHs - Moment Lattice QCD Global Fit JAM18
lattice QCD —— pr————-i 0T
global fit r---e--4 '
JAM18 +---a - gr 0.989(32)(10) 0.61(25) 1.0(1)
. g% 0.784(28)(10) 0.39(11) 0.3(2)
bk a7 g -0.204(11)(1) -0.22(14) -0.7(2)
a5 -0.027(16) — —
b e e oo oo — 9? q+ =q+ 3, q=1u,d,s;, Q=2 GeV.
Lattice results from the 2019 FLAG review.
Global fit | ]
; JAM18 | ]
S
ar
1 0.5 0 0.5 1 15
arXiv: 1711.07916 o,

Jefferson Lab



Nocera

Lattice meets Phenomenology: Data accuracy @EINN2019
World data for F,P World data for gi? World data for h;
e'? | - :':";o:m [ — x=00007
st . | — x=0.0025
[ + H1(peel) S0 _*_’_ x = 0.0083

* LEUS Y
BCDMIS

2 ‘ I

TR I """‘H‘ﬁ“ sl
wevabe gy bt g-d e
B e L TS
: e B 06

’ : 3 4
1 10 10 10 10 »
Q'(GeV)
Fits of f

from thousands of data
CT, MMHT, NNPDF, ...

X

O x=0,0775

+ x=0.122

~~

N x=0473 %
c .

X —;#—;—4—{:-02« %L
Qv

o

0.1} M x=0.346 g%
®

. 4

* SMC x=073

* HERMES

adik ddodiasal kbl PRI ETTT B W Ty

0.01 N ool 4 gamgil _a seapnfl ¢y a el P
10° 10" 102 10° 10 1 10 100 1000 10000
Q%(GeV?) Q’ (GeV)
Fits of Af Fits of 6 f

from hundreds of data

DSSV, JAM, NNPDF, ..

from tens of data

Kang; Anselmino; Bacchetta



(] Quasi-PDFs:

Lattice meets Phenomenology: PDFs
i, P) = [

%

Idea — Large Momentum Effective Theory (LaMET):

. _ ¥ _
e (P W(%)%GXP {ig /0 dnzAz(nz)} w%m

Boost
P, = o

Quasi-PDFs are not boost invariant.

N

Ji, arXiv:1305.1539

Sé+

5{'- At

Cj@;au%{a Pz) — q<513,,u2) when P, =&

Note: In Lattice QCD calculation, difficult to

takep, o limit
Proposed _ , . [‘dy_(z p ) A% MP
matching: (J(gjnu 7PZ>_/95 ?Z gvfz Q(ywu )+O P_Z27P—z2

Jefferson Lab



Lattice meets Phenomenology: PDFs

(J Quasi-PDFs: i
4, uR,P)—/ 1

Idea — Large Momentum Effective Theory (LaMET):

Note:

Proposed
matching:

Quasi-PDFs are not boost invariant.
§(%, p%, P,) — q(z,1*) when P, —
In Lattice QCD calculation, difficult to
takep, o limit
1
(e, 1%, P.) :/x %Z (g,%) aly, 1)
 Pseudo-PDFs:
<> Lattice calculation with @ = 0:
M (v =p-&E) = (PO
Fourier transform of V
P(x, &%) = / Z—Z eV Mp—po (v,
<{- Off-light-cone extension of PDFs: f(x)

& —
—1ZP, §z<PW( )fyzexp{ig/o dnzAz<nz)}¢(2§z)P>

Boost

P, = x

Ji, arXiv:1305.1539

Sé+

Y.
‘\,_5

Ma, Qiu arXiv:1404.6860

A. Radyushkin, arXiv:1705.01488

loffe time: v =p-§ — —p, &,

,(0,&,v - A)p(€)|p)
= 20" M, (v, €%) + £ (0 V) M,
£2)/ Mp=po (0,?)
= P(z,¢

with £2 < 0

(v,6%) = 20" M, (v, €7)



LQCD/PQCD - hadron/nuclear structure

. ] Ma and Qiu, arXiv:1404.6860
J Good lattice cross sections:

op(, 8, P?) = (P|T{O,(&)}P) with w=P-&, €240, and & =0; and

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

(] QCD factorization:

,-y-l—
Gauge link vs propagator 2]75(35 —k"/p)

—+ O(fzfé@)

Hard-part Parton-distribution Corrections
Probe Structure Approximation

1 Tremendous potentials:

Access to large-x region, ...

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

More direct access to parton flavor, ...

‘ 15t LQCD calculation of pion valence PDFs! Jefferson Lab




Lattice QCD calculated PDFs — Quasi-PDFs approach

1 Unpolarized: Both LP3 and ETMC obtained their results at physical pion

6~

1708.05301 (LP?)

1 Il Il

Il 1 1 1 Ll 1 | 1
02 04 06 08 10
X

-04 -02 O

O Helicity distributions:

Au-Ad

VVVVVVVVVVVVVVVVV

— P

-

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

6

'u—d

6m/L
s~/ L

4 | |l10x/L 0.83, 1.11, 1.38 GeV
MCI5 One-loop
B ABMP16 .
o | INNPDF3.1| matching
Target mass
O ) corrections
1803.02685 (ETMC)
m L L L
-1 -0.5 0 0.5 1
6 T
— ——P=10n/L Au— Ad
NNPDF1.1pol
4l DSSV08

See also talk by Lin

-1 -0.5 0 0.5 1

[C. Alexandrou et al. (ETMC), PRL 121 (2018) 112001] €€,
Jefferson Lab



Lattice QCD calculated PDFs — Quasi-PDFs approach

[ Transversity distribution:

4 6 T HL 1
: _ —P3 = 107’[’/L | |
[ =1.38 GeV 11 I
3 4l SIDIS (JAM) L |
! SIDIS (BR) N ' One-loop
8 2; SIDIS+gé~attice | .
g | (AN matching
S i | Target mass
: . g 1 —_ corrections
i R AR e — -
0: < | |
S |
[ T T N R P B R | L |
04 -02 00 02 04 06 08 10 P 05 0 o5 ’
X X
[Y.-S. Liu et al. (LP3), arXiv:1807.00232] [C. Alexandrou et al. (ETMC), arXiv:1807.00232]

See also talk by Lin

Jefferson Lab



Lattice QCD calculation of GPDs — Quasi-PDFs approach

Unpolarized quasi-GPDs Scapeliato

@EINN2019
Upon Fourier transform
epp _ 2Pa TR _.p GPD
~ . —1X z
G = — E e 3*MFE (2,t,€)
4
Z=—Zmax
£=0 £=0
— — Py =0.83 GeV 4 b|—— P3 =083 GeV i
1.5 F[— — P, =125 GeV : ~t = 0.69 GeV? 1 — — Py =1.25 GeV : ~t = 0.69 GeV*
: €m0 a ;
3t 5 ¢=0 .
1L peak moves to the right ;
71 3 —> —i~
25 25 2 7 1N .
e - .
1os {4
S S 1r 5
e : Q :
’ 0 fyuas f
05 r At § |
1 1 i 1 1 i s
-15 -1 -05 0 05 1 15 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 n = Still non-physical results,

(larger momenta will shed light on the behavior of matching is needed
the quasi-E)



Lattice QCD calculation of GPDs — Quasi-PDFs approach

) Scapeliato
Matching effect on the GPDs @EINN2019
@ 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 T T T 3 :
— — F.T. — _ T, i
— — F.T. + matching 3 F.T. + matching
1r - -4 - \ e 1
0 _/ .............................................. .. .................... \\ ....................
1 05 0 0.5 1 1 05 (; 05 1

@ Matching affects both H and E' largely

Jefﬁ?gon Lab



Lattice QCD calculated PDFs — Pseudo-PDFs approach

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

affm)  My(MeV) | L*xT See talk by Rudyshkin

0.127(2)  415(23) | 24° x 64
0.127(2)  415(23) | 32 x 96
0.004(1)  390(71) | 32° x 64

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

i L =23.0 fm data “ =
—L = 3. f f ° °
of [,oooomn Ff\& O Extract/fit PDF from lattice data
—L =4.5fmfi . . . _»
Stmfit | with a functional form similar to
0 5 10
y CJ and MSTW
 Discretization effect: 5 TS work
— 1 NIS WOr
1 fessg ¢ a=0.127 fmd -
. —: =0.127 fﬂ fitata 4 CJ15NLO
i a=0.094 fm data —MSTW 2008 NNLO
—a=0.094 fm fit —NNPDF31 NNLO
0.5 —0O(a) extrapolation 3 37
% —O(a?) extrapolation S
= T 7 2| Large error — few data
of S
N 1
I )T/
] . . 0 ‘ | | '
95, 5 10 0 02 04 06 08 1
v X
Too strong “L” & “a” dependence Challenges due to lattice limitation

— limited the range of v! Results are encouraging! n Lab



Lattice QCD calculation of TMDs:

O Sivers’ sign change: Engelhardt
@EINN2019
0.6 _ , | 0.6
_ [ Sivers—Shift, u-d — quarks 1 [ Sivers-Shift, u-d - quarks
> 0.4 i | > [ - SR
@ ;9——0—0—«0—&00... & 0'4:' ..l.
s 02} . S 02f "
= i =~ [
‘= 00} - =00 _ .
S, | =0 . RN I R .
=0 [ b=oatim, T {350 | =001, T .
= _04f | mn=31TMeV Teseseaveni ] z _04f | Mn=139MeV W TTTEPET T
: 06{ — DY SIS —| | % 06} — DY SIDIS —|
T 10 -5 0 5 10 T <10 5 0 5 10 oo
niv| (lattice units) nlv| (lattice units)
1 Advertisement — x-dependent TMDs:
0.05' 0.00 T
d-quarks i my =317 MeV
0.04] -oo £=0.225
. [ _ -0.02 -
_(E el E, -0.03f
'4;; 0.02'; o '::z -0.04 |
g preliminary .
001t ¢=0.225 4 006; preliminary
; My =317 MeV ] T u-quarks
0.0%.0 0i2 0i4 0.6 OiB 1.0 —OIOG.O o 0.2 o 0‘.4 o 0.6 ‘ 0.8 1.0 7
X X Son Lab



Lattice QCD calculated pion distribution

a

z q) ()
=

(J Quasi-PDF:

0.

ot

“Lattice cross section”:
[R. Sufian et al. (JLab - W&M), Phys. Rev. D 99 (2019) 074507]

> ¢ Conway et al
~ WRH
e ASV
41 = JAM
—— LFHQCD
= DSE
31 #=== This calculation
2 m
14/

[J.-H. Zhang et al. (LP3),Phys. Rev. D 100, 034505 (2019)]

xq;

0.6
0.5}
0.4f
0.3
0.2}
0.1
0.0

\
0.0| T T T T T T T ; 1

0 0.1 02 03 04 0.5 06 0.7 0.8 09 1.0
T  m =416MeV,P=06-15

'1 A A A A A A A
00 02 04 06 08 10 1.2 14

x m,=310MeV, P =174GeV

[T.

(J Pseudo-PDF:

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

0.5
¢ Conway et ol [9]
= WRH [14]
0.4 - —— ASV[15]
- |AM [16]
#== This calculation
P -
3 0.3
E =
o
5 0.2
0.1+

0.0+ T T r T T r T T .
0 0.1 02 03 04 05 06 0.7 08 09 1.0
m,=416MeV, v <47

T

Izubuchi et al. (BNL-SBU-UConn), Phys. Rev. D 100, 034516 (2019)]

0.45 — . , :
p=32 GeV 7 Po=1.29 GeV
0.4 JAM —
0.35+
0.3} g
5050 A il R
[ . - o ——."""\ ";.--.
": - _— \\
5 0.2 P N
015 4 g \'\ \'\..\‘\
N\ A’
0.1 '\_\ ‘,\‘,
0.05 \O
U 0204 05 08
r

21w

m, =300MeV, P = 1.29 GeV



Lattice QCD calculated pion distribution

0.6 - [B. Joo et al. (JLab-W&M), #== Reduced pseudo-ITD
' arXiv:1909.08617] &= LCSs [44]

#= quasi-PDF [47]
0.5 - &= quasi-PDF [53]

0 01020304 05 0.6 0.7 0.8 0.9 1.0
T Jefferson Lab



From JLab12 to EIC:

SoLID (SIDIS and J/b)

-~
=
-
-
~
-
~
~

N

Lattice QCD
Imaging the Quarks
1 Electron-lon Collider S
’ = 'hc Zbil
Imaging the Gluons o NUCLEAR SCIENCE

J NUCLEAR FEMTOGRAPHY

: Understand the glue that binds us all:
CENTER for O The Next QCD Frontier in Nuclear Physics



The future for Strong QCD

O Electron-lon Collider: the best future facility for Strong QCD: See talk by Milner

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE

@ @

“... answer science questions that are compelling,
fundamental, and timely, and help maintain U.S.
scientific leadership in nuclear physics.”

... three profound questions:
How does the mass of the nucleon arise?
How does the spin of the nucleon arise?
What are the emergent properties of dense systems of gluons?

Explore the emergent phenomena of QCD — the Strong QCD!

Starting at JLab12, ...
Jeﬁ;gon Lab

o—



What EIC can do, but, HERA & other colliders cannot do?

d Why is so special about the Lepton-Hadron Collider?
Hit the proton with a well-controlled hard probe without breaking it!
1 Quantum imaging:

<> HERA discovered: 15% of e-p events is diffractive — Proton not broken!
<> US-EIC: 100-1000 times luminosity — Critical for 3D tomography!

O Quantum interference & entanglement — dual role of hadron spin:

<> US-EIC: Highly polarized beams — Origin of hadron property: Spin, ...
Direct access to chromo-quantum interference’

(@, ) o :%Nl/j% 7% _
o(s) — o(—s) mmp Quantum interference wmp 73 (2, 7) o >§: %@ ;

L Nonlinear quantum dynamics — dual role of nuclei: R

<> US-EIC: Light-to-heavy nuclear beams — Origin of nuclear force, ...
Catch the transition from chromo-quantum fluctuation
to chromo-condensate of gluons, ...
Emergence of hadrons (femtometer size detector!), .

— “a new controllable knob” — Atomic weight of nuclei JefferSon Lab



Summary and outlook

d QCD at the Fermi-Scale is the most interesting, rich, and complex, but
mysterious and challenging regime of the theory

d QCD needs the lepton-hadron facility:

<> Theory advances — controlled two-scale observables

<> Lattice QCD is now able to meet with phenomenology

<> Technology and Facility advances — JLab 12 to EIC Also facilities from
<> New emergent science — Nuclear femtography other countries

O EIC is a ultimate QCD machine, could study major Nuclear Science issues
that other existing facilities, even with upgrades, cannot do

d US-EIC is sitting at a sweet spot for the rich QCD dynamics
— capable of exploring the science of nuclear femtography!

O Itis a new era for the Strong QCD — QCD at the Fermi-Scale

Thanks! .

Jefferson Lab



