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QCD at a Fermi Scale

(J QCD - Color Confinement:

o Do not see any quarks and gluons in isolation
o The structure of nucleons and nuclei — emergent properties of QCD

Color Confinement Asymptotic freedom
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1 Asymptolic
QCD at the Fermi Scale: Femto-science (0.1-10 fm) regime
PQCD
o The most interesting, rich, and complex regime of the theory! works
o All emergent phenomena depend on the scale at which we probe beautifully!
them!

d QCD - Asymptotic Freedom:

o Force becomes weaker at a shorter-distance — Controllable “Probes”

”

o Explore the structure of nucleons and nuclei indirectly by using “local”, “sharp”,

and “controllable” probes, ...
P Jeff/e?son Lab
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How to “see” 3D partonic structure of hadrons?

(d Hard probes to “catch” the quantum fluctuation:
Boost = time dilation

M oo u/\.
D v o |." P
S ~ :" -
P=ASN PEASN l l‘
~ Y ?

Hard probe (t ~ 1/Q < fm) wmmy Probability to “catch” the parton!

1 Observables with two momentum scales: Q1> Q2 ~1/R ~ Agcp
<~ Hard scale: ()1 “see” particle nature of “partons” V
< Softscale: ()2 “sensitive” to the fermi-scale structure Pk @ 1 o
v* v br\. -7
SIDIS: Q>>P; C DVCS: Q2 >> |t|

@ t=(p1-p2)*

P, P,
TMDs — Confined motion GPDs - Spatial imagin
f p ging .!e/ff./e?son Lab
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Definition of GPDs

1 No color nucleon elastic form factor: \ag

] Quark “form factor”:

’+=0,Z=0 P P/

1 [ w“A u(p)]

1 [d .
Fff=§/ ;n e  (p'lg(—3z)y"q(3 2)| p)

P ‘LH"(x &P )y u(p) £ E/x, &, 1)iu( p')

with (= (P —P)-n/2 and t:(P’—P)Qz>—A2l if €0

Gauge link: Wa,b] = Pexp (ig/ dx~ AT (x " n— ))
b
 Kinematics:

e—x/ \—x—E x+E/ /E—x x+£/ \x-g

—-l=x=-§ —-E=x=§ E=x=1

Two more for quarks: ﬁq(x, £,t,Q), Eq(x, £,t,0)
with - n — v-nvys .!e/ff./e?son Lab



Definition of GPDs

U Gluon “form factor”:

1 dZ_ Do — . . . .
Fi=— [ == (p|G"(—32)G,*(32)|p)
P 27 : # : z+=0.z=0
| B N | . N 0T A,
= 2pr '[H"’(x,e',tﬁu(p')}’+u(p,) AL (x, &, i P) —— u(p)]

Two more for gluons:  [9(x.¢,¢) FE9(z,&,t)

with the two gluon field strength contracted anti-symmetrically

[ Forward limit — connection to collinear PDFs:
H9(x,0,0)=q(x), H(x,0,0)= Ag(x) for x >0
H9x,0,0)= —g(—x), Hx,0,0)=Ag(—x) for x <0
HY(x,0,0) =xg(x), H%x,0,0)=xAg(x) for x>0

The factorization scale dependence is suppressed
.!e/ff./e?son Lab



Properties of GPDs

] Connection to Dirac and Pauli form factors:

1 1
/ dx H9(x, &, 1) = F(1), / dx E%(x, &,t) = Fi(t)
—1 —1

- o

Where  (p'|g(0)y"q(0)| p) = (") [F (0" + Fi(1)~

] u(p)
And the axial and pseudoscalar version:

1 |
[ axmmean=gio. [ drBrEn=gb)
—1 —1

_ o B _ s AH
Where  (5'|3(0)y"y5q(0)| p) = ii( p') [gfﬁ(t)w“vs + gp(t) ’2m

] u(p)

(J Some symmetry properties:
H(x,§,t) = H(—x,&,t)  E9(z,&,t) = BY(—x,§, 1)
HY(x,&,t) = —HI(—x,&,t)  E9(3,,t) = —E9(—=,&, 1)
H®9(x, & t) = HY (2, =&, 1), ..
H®9 (x,€,t)" = qg(x,—g,t),...

GPDs are real value functions

.!e/ff./e?son Lab



Properties of GPDs

1 QCD energy-momentum tensor:

TH — Z Ti!“' with Tém _ é},(uti) q
i=q.49 T;v _ G‘usz v 3 % g#vGuﬁGaﬁ
.. P _PWig")A,
O Form factors: (P'| Tt | p) = Ay ,()aP'""y" 'u + B, ,(t)u U
ARAY — ;n'Al ) _ '_
+ C, 4(1) J uu + C, ,(t)mg" uu
A - _

[ Light-cone helicity operator:
J = / dx~ d*>x M3 (x)  with % = 7%k Ty

[ Connection to the proton spin:
(J7) = 5[44(0) + B4(0)] ,  (J;) = 5[44(0) + By(0)] Ji, PRL78, 1997

|
A,(1) + B,(1) = / dxx[H,(x,&,1) + E,(x, &, 1)]
—1

1
Ag(1) + By(t) = [} dx[Hy(x, &, 1) + Eg(x, &, 1)] .!gtggon Lab



Spatial imaging from GPDs

T . Burkdart, PRD 2000
O Impact parameter dependent quark distribution: W Burkeart, PRD

Q(iﬂ,bJ_,Q) — /d2AL€_iAJ—.bJ—Hq(x7€ — Oat — _AagQ)

q(x, by ) for unpol. p

Unpolarized proton

Fi(—A%) = [dzH(z,0,—A%)

r = momentum fraction of the quark

°
°
@ b relative to L center of momentum
e small z: large 'meson cloud’

o larger z: compact ’valence core’

°

r — 1: active quark becomes center of
momentum

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

.!gfggon Lab



Hunting for GPDs — Exclusive DIS

U Experimental access to GPDs:

DVCS: Q2 >> |t| DVEM: Q2 >> |t EHMP: Q2 >> |t|
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

<> Proton radius of quark & gluon density

Ay
! f’/’,

At
74774

<> Hints for color confining radius/mechanism

<> Origin of nuclear force, ...
< ..




QCD factorization

0 Deep Virtual Compton Scattering (DVCS):
" (q) + p(p) — v"(d") + p(P)
d Factorization: 1
Ap=m) =Y [ daT@erQ)Faen
p=—(a+d)/2p+1) (a+d)
O Deep Virtual Meson Production (DVMP):
y*(9) + p(p) — M(q") + p(P)

] Factorization:
l |
d(y;p— Myp)= EZ/ dx
ij Y1

|
X/ dz TY(x, &:,Z,Q‘?)Fi(x, &) (z)
0

Y'(q) Y(q')

1 Evolution:

Factorization naturally leads to evolution equations for GPDs

.!gfggon Lab



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

d'a (pb/GeV?)

A'a (pb/GeV?)

Sample of cross-section results:

x5=0.36, Q" =45 Ge\’, <t -t>=0.28 GeV’

Cross section fit
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DVCS at future EIC (White Paper)

] Cross Sections:
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Imaging the gluon (White Paper)

1 Exclusive vector meson production:

v e, ), o, ..
/

1-+£//§§ %\\1—5

T t-dep g

M Gluon imaging from simulation
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Gluon radius?
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e
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do

dx pdQ?dt
<> Fourier transform of the t-dep

mmm) Spatial imaging of glue density
<> Resolution ~ 1/Q or 1/Mq

v*+p —>Jhp +p
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How spread

at small-x?
Color confinement

.!gtggon Lab



Beyond the 3D picture — confining radius of color?

[ Spatial distributions of quarks and gluons:

Static Boosted
© o e o
| . ) 1:;
C >
o )
° _ :J.l_l J;:"j:l
Pl C—/:,I

Bag Model:

Gluon field distribution is wider than the fast
moving quarks.

Gluon radius > Charge Radius

Constituent Quark Model:

Gluons and sea quarks hide inside massive
quarks.

Gluon radius ~ Charge Radius

Lattice Gauge theory (with slow moving
quarks):

Gluons more concentrated inside the quarks
Gluon radius < Charge Radius

3D confined motion (TMDs) + spatial distribution (GPDs)
Hints on the color confining mechanism
Relation between charge radius, quark radius (x), and gluon radius (x)? JefferSon Lab

fard,
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Beyond the 3D picture — Nuclear Landscape?

1.2
H 1 Il
1 EMC discovery: | © EMC + E136 |
L7 . NmMC - E665 % Il
C l: ‘;‘I"
Nuclear landscape = I

e, ® o N0-9€
— Superposition of nucleon landscape = i

O Simple, but fundamental, questions:

<> What does a nucleus look like if we
only see quarks and gluons ?

< Does the color of nucleon “A” know /
the color of nucleon “B”?

IF YES, Nucleus could act like a bigger
proton at small-x, and could reaching

the saturation much sooner!

IF NOT, Observed nuclear effect in
cross-section is a coherent collision effect

(] GPDs of nuclei — diffractive events at EIC?
EIC can tell !



What lattice QCD can do?

1 LQCD is formulated in Euclidean space:
LQCD cannot calculate the leading power x-dependent PDFs, TMDs, GPDs, ..., directly!

J New idea — quasi-PDFs (equal-time correlator): Ji, arXiv:1305.1539
£ _
i b P = [ 8 e P mexp{—zg / dnzAzmz)}w( 5Py
Conjecture:
. 5 Boost
Q(#, 1%, P.) — q(x,4%)  when P, - o P oo

s dy z ,u A% M?
2 Pz — / 7

Based on the Large Momentum Effective Theory (LaMET) — Taylor expansion in 1/P,

Cautions:
o P,is limited by 1/a — lattice spacing — P, < 2-3 GeV A2 R
. . ael® Braun et al. arXiv: 1810.00048
o Power corrections could be of the form: X (l—x)Pzz

o Power UV divergence: Non-perturbative renormalization impacts large z behavior
o Mixing with gluon and other flavor contribution beyond LO

- Pseudo-PDFs, Lattice x-section, ... New ideas, new calculations, ... .ge/f,f./e?son Lab



What lattice QCD can do?

D FaCtOrization . Ma, Qiu, 1404.6860, 1709.03018

3 N
(Plyp(= )%eXp{—ig/O dnzAz(nz)}( )IP) Z/ ! fa(, 1) Ca(aw, €, 1%) + O(€Adcp)

w="FP-&
Necessary condition: Need a hard scale to “see” particle nature of the parton field
£ < 1/AQCD ~ R% Not factorized,
Q Fourier transform: Hard to control the size,
i Sensitive to the & tail of
§(&, u%, P,) / — T @P8 ze, %) (P|O(L,)|P) ]- NP UV renormalization of
1/(@P:)<e: <0 2T the power divergence

S —iZE.Fz.gz 272

+Z/ _fa x, p? /5 K Ca(xw7§2a/~52)+/|€

. |<1/(xP,) 2T

) | J
1 1

Factorized contribution A small correction

Similar example: Transverse momentum part of the TMD factorization

2)

Q|5

J(qT) = H(Q) p’)/dzb e’LQT bT fq(.'lza,bT“U,, Ca) fq(‘l:lhbT} ,U'7Cb) + O(

L.
.
! “qr o(gar) Low Q Q~xP, ~02—2 GeV

. for v ~0.1—-1
High Q and Q ~ 2 GeV

.!e/ff/e?son Lab

Evolution

Perturbative qr



GPDs from Lattice QCD

[ Definition: :r-;i.szngtzi;.oso7
H ! 11/ (l‘ (_ - "'i-’ __) [)I. bv!
(D, 65t P i) = \/47’ (P, 8"y (2)“‘ 2’ 2)'*(2| )

GPDs could be extracted from

.. LQCD calculation of j-j correlation
(1 Decomposition:

- o 1 ~ o - AT
Pz, & t, P* ) = ﬁu(fy’, S"){H(F. x, &, P* )0+ E(T,z,&,t, P*, 1) [i\[]
o PlEALl o ~z pL] ’
+ H'(T, 2,6 t, 1) e + E'(T, 2,6, t, 1)~ v }u(P’.S)

[ Factorization - conjecture:

BT —_ dy ., (x & yP* yP M2t A
P(]’"T'-'é‘t*Pw?u”*l)h) :/_ U( (- - ]‘q_ _) (]» I} 5 t :“)_*_C) (P) ’P- b ‘)2P2

1y y'y o ou Dh 27 a?

O Matching coefficient — NLO — RI/MOM renormalization:

Cr (s P L) _5(1—z) + [,fl (r&’—) -2, (r.i(.r— ‘l>+'1-r)]
[P H PR +

+Opend(l — z) 2 CF m(” )—l—(’)((} )

Am I

where the functions f1, f2 and 6, are given in the paper (1902.00307) Jefferéon Lab

o—

p*
Ph




GPDs from Lattice QCD

d Matrix element calculated on the lattice:
(N(P34+Q/2)[¢ () TW (0, )4 (0) [N (Ps—Q/2))
Wla,b] = Pexp (ig f dx” AT(x " n_ ))
b

] GPDs from the lattice calculation:

— 0.6
6 T ! T
— — q(x), P; = 1.67 GeV
— — H(x), P; = 1.67 GeV : & =0

: 0.4
4r ) ] *\rﬁ/

| x\:\ 7 \

| ' e

\ 0.2
2r \

Y 0.5

N — &7 —0.1
~ - A%
T 5 . '
0 _.______.m_._.m‘\I ..................................... ——] \'_‘: 0 ,,
J \ ::.. ,// /////% 0
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§ 111500 : _ ()‘2

¢ —0.4
_2 1 1 1 f

-1 -0.5 0 05 1 :
. 06 53
T a 1
2
H-GPD for P3 = 1.67 GeV, Q* = 0.69 GeV? GPD H for the w quark at t = —0.1GeV

C. Alexandrou, et al. arXiv:1910.13229
M. Constantinou, et al. arXiv: 2006.08636
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Summary

(] QCD at the Fermi scale:

The most interesting, rich, and complex regime of the theory

(J GPDs are fundamental quantum probability distributions

Carry important information on spatial imaging of hadron’s partonic structure

J Need exclusive processes with a unbroken hadron under hard collisions

<> Need lepton-hadron facilities
<> Need well-controlled exclusive processes in lepton-hadron collisions

<> DVCS, DDVCS, DVMP, Diffractive heavy vector boson production, ...
<> JLab12, COMPASS, and future EIC will produce a lot of data on GPDs

(J GPDs could be extracted from LQCD calculations

Work just got started — more efforts are needed!

Thank you!

Jeff;gon Lab



Spatial imaging from GPDs

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

Proton polarized in +x direction
ula. b ) diz.b) 2
Ty — by d A J_

N q(il? ) bl) —

N (27)2

1 0 12A | o
i [ G Bt~y
=),

Hy(r, A3 )e—oa 2

~2M b, | (2m)2

Physics: relevant density in DIS is

7T = 4% + 43 and left-right asymmetry

from 43

Sign and magnitude of the averaged shift
related to the hadron’s magnetic moment:

(bg) = fd:l;' fdelq(:ZZjbl)by

= ﬁ fda:Eq(:c,O) = 25_1\31
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