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The Electron-lon Collider (EIC)

EIC & Fundamentals of QCD
Probing Structure of Hadrons
without seeing Quark/Gluon?

— breaking the hadron!
Probing Structure of Hadrons
with polarized beam(s)

— Spin as another knob
Probing Structure of Hadrons
without breaking them?
Dense Systems of gluons

— Nuclei as Femtosize Detectors

Jianwei Qiu
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TMDs: Correlation between Hadron Property and Parton Flavor-Spin-Motion

d Quantum correlation between hadron spin and parton motion:

g~k Observed particl
Npar icle Sivers effect — Sivers function
‘_ ? _ Hadron spin influences
\ parton’s transverse motion

Polarized hadron

J Quantum correlation between hadron spin and parton spin:

Se Observed particle

_ - Pretzelosity — model OAM o
:Tww Hadron s?ri‘r;ha:::czarton spin
Polarized hadron \ parton’s transverse motion -
A
d Quantum correlation between parton’s spin and its hadronization: i
= Observed particle Collins effect — Collins function / Fig. 2.7 NAS Report

P
é 6 . Parton’s transverse polarization
Sq XKT,K influences its hadronization

Transversity

1  Polarized hadron .ggf,ggon Lab



Polarization and Spin Asymmetry

O Cross section: Explore new QCD dynamics by varying the spin orientation

Scattering amplitude square — Probability — Positive definite

2
oap(Q,5) ~ oL L(Q,3) + %afg@, 3) + %afﬁg(@ At

[ Spin-averaged cross section: .
o= l0(5) + 0(—5)] - Positive definite

J Asymmetries or difference of cross sections:

— itive!
= both beams polarized  Arr, Arr, Arr Not necessary positive!

L [U(+7 +) o J("’? _)] T [U<_> +) T 0(_7 T or ols:. s
A ) F o F o) T ooy )
= one beam polarized A, AN
I I R Co) R _ 9(Q.5r) = 0(Q. =51)
A= @ rey) W AN = Q.50 + Q. —5r)
Chance to see quantum interference directly T

Jefferson Lab



Dual Roles of the Proton Spin Program

[ Nucleon Spin — without it, our visible world would not be the same!
J Proton is a composite particle:
Spin is a consequence of internal dynamics of the bound state

For example, the nucleon-nucleon interaction and shell structure determines the observed
nuclear spin states

‘ Decomposition of proton spin in terms of quark and gluon d.o.f. helps to understand
the dynamics of a fundamental QCD bound state

— Nucleon is a building block of all hadronic matter (> 95% mass of all visible matter)
(1 Use the spin as a tool — asymmetries:
Cross section is a probability — classically measured
Spin asymmetry — the difference of two cross sections involving two different spin states

Asymmetry could be a pure quantum effect!

Jefferson Lab



Spin of a Composite Particle

1 Spin:
<> Pauli (1924): “two-valued quantum degree of freedom” of electron — 15t formulation of spin
< Pauli/Dirac: S = hy/s(s+1) (fundamental constant/; )

<> Composite particle = Total angular momentum when it is at rest

[ Spin of a nucleus:

<> Nuclear binding: 8 MeV/nucleon << mass of nucleon
<> Nucleon number is fixed inside a given nucleus
<> Spin of a nucleus = sum of the valence nucleon’s spin

[ Spin of a nucleon — Naive Quark Model: Pauli and Bohr observing spin, 1954
< If the probing energy << mass of constituent quark
<> Nucleon is made of three constituent (valence) quarks
<> Spin of a nucleon = sum of the constituent quark’s spin

State: ‘p’|‘>=\/g[u’|‘u\],d’|‘+u¢u’|‘d’|‘—2u’|‘u’|‘dJ,+perm.]
Spin: S, =(p1|S|p1)- % =S Carried by valence quarks
i Jefferson Lab



Spin of a Composite Particle

 Spin of a nucleon — QCD:
<> Current quark mass << energy exchange of the collision

<> Number of quarks and gluons depends on the probing energy

J Angular momentum of a proton at rest:

S=>(P,S.=1/2|J;|P,S. =1/2) = -

(1 QCD Angular momentum operator: Energy-momentum tensor
| 1 . 0ik
Ten = 5 €* [ da M, & Ty T
<> Quark angular momentum operator: Angular momentum density

Ty = [ d [wimsv, + v}(@ x (~iD)v,]

Understanding how quark/gluon contribute

~ Gluon angular momentum operator: to proton’s spin needs to have the matrix
Jy = / d>x {:E’ X (E x B) elements of these partonic operators

measured independently

< 2
Jefferson Lab



Current Understanding for Proton Spin

L The sum rule: S(u) = (P, S|JF(w)|P,S) = % = Jy(p) + J4(1)
f

= |nfinite possibilities of decompositions — connection to observables?

= |ntrinsic properties + dynamical motion and interactions

d An incomplete story: 1
1 :
Proton Spin / 5 = ;AT +AG +(Ly + Ly) jia;f;:’l\:l.anohar, 90

VARERA

Orbital Angular Momentum
of quarks and gluons

Little known
Quark helicity '
Best known

1 _ ..
[ e (But At At AT+As A7) | Sluon helicity &
’ 30% fart toknow Net effect of partons’

Y O . ?

AG = / dzg(z) transverse motion:

~ 40%(with RHIC data)
.g_e,f,ggon Lab



Polarized Deep Inelastic Scattering

(1 DIS with polarized beam(s):
“Resolution” Q=vV—q¢
ho 2x107%m

0= 0/G <107 '%m = 1/10fm

“Inelasticity” — known as Bjorken variable
Q* Q*
- 2P - q - Q? + M% — m?

B
< Recall — from lecture 2:

4,49, 1 P9 P-q
W,uv:_[gluv_ ;2 jE(xB,QZ)‘F_(pﬂ_qﬂ qz j(pV_QV qz F;(xBan)

pP-9q

e | S n (pg)S,—(Sq)p, .
M " —= 1\"'B> 2 2\"B>
+iM & q’{p.qg (x @) )+ (p.q) g (x 0 )}

<> Polarized structure functions: o 2
g1(xp,Q%), g2(xp, Q°)

7 Jefferson Lab



Polarized Deep Inelastic Scattering

J Extract the polarized structure functions:
W“V(an,vs) o W[Il/(p’ q, _S')

<~ Define: Z(k,S) = « , and lepton helicity )

<> Difference in cross sections with hadron spin flipped
do (™) doot7) B el y
dedyded drdydd  Am2(Q?

2.2 2 2.2
1 merct 4 . 2mcxr . Lo,
X{COS {[1 —5/—7/] g1(z, Q%) — TJ,(IQ(J'.(J“))}

2mr m2x2y?2 7 | 5. | D,
— Sin v COS @ 0 J(I —y — 7’ (é gi1(z.Q°) + g2z, (U)"‘J)

<> Spin orientation:

=0:= g

= 7w/2: = wyg1 + 2g2 , suppressed m/Q
Jefferson Lab



Polarized Deep Inelastic Scattering

1 Spin asymmetries — measured experimentally:

<> Longitudinal polarization— o = 0

g
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Polarized DIS
at EIC

[

9(,0?) + const(x)

Known function

10 —

D(y) Ai(z, Q%)

DSSV+
x=52x107° (+52)
EIC:

- ¥ 5 GeV on 100 GeV

4 5 GeV on 250 GeV
L 3"‘2} & 20 GeVon 250 GeV
!
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ca—o—°
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Polarized Deep Inelastic Scattering

] Parton model results — LO QCD:

P
<> Structure functions:
1
Fi(z) = 5 r§ [q(:r.) + q(r)]
q
1 . _
gi(z) = 5 eq[Da(z) + Ag()]

1|4 1
G = 3 |i6 (Au + Au) + - (Ad + Ad + As + As)

<> Polarized quark distribution:

AF(€) = FH(E) — £-(€) @ ) @ Information on nucleon’s

spin structure

10 Jeff.e-r:son Lab
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Polarized Deep Inelastic Scattering

] Systematics polarized PDFs — LO QCD:

(13PX A e = .
By P.S) = 3 [ omra (20)! (P~ k= Px) (SIS, 0)1X) (X|6(0)PS)

= /dl*'e “(PS|;(0)1(2) | PS)

<> Hadronic tensor (one —flavor):

, o B e (o : T
e =i / (f>~—)1 0((k+q)°) Tr[@~+"(K+ 4)7"]

\

11 Jefferson Lab



Polarized Deep Inelastic Scattering

<> General expansion of ¢(x) :

must have general expansion in terms of P, 7, ¢ etc.

1
o(z) = 5 la(@)y- P+ sy8q(2)y57 - P+ dq(x)y - Pysy - Su]
<> 3-leading power quark parton distribution:
1
q(@) = = [dee" =P P, S|(0) 4t 4 (0,27,0.) | P, S)
1 _
Ag(z) = ;- [dee ="=PT (P S|w(0) v 5% (0,27,01) [P, S)
; 1 . .
Sq(@) = o[ dzm e = (PSI(0) v 7L (0,27,04) P, S)

12

Jefferson Lab
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Polarized Deep Inelastic Scattering

 Physical interpretation:

q(x)

. 1|2
X [‘(XIP P4 (0) [P A =) +

X

(X|P 9 (0) [P, A = -

ZOP+

(1 —z)P™)

[} - t y - 1
X [(\|P Y4 (0) [P, S, =5>

va—'

- %Z\: 5 (Py— (1 —=2)P")

Sz o (P?\L —(1— ;17)P+)

|

)

2

2

—Iuwﬂmmnwﬂ|=

'(X| P app(0) |P A =

o 1
- '(MP Y+(0) [P, A =7)

1
5)

1
5/

2

3]
| WR—

2

|

|

Spin projection:
P:}: — 1+7=

and
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Basics for Spin Observables

] Factorized cross section:

Oh(p) (Qv S) X <p7 510(¢7 A'u)‘pa §> €9 O(w’ AN) — E(O) f¢(y_)

with ' = I, 75, 7", 57", 0"
 Parity and Time-reversal invariance:

<p7 ﬂo(% AM)|p7 §> — <p7 —ﬂPTOT (wa A”)T_1P_1|p, _§>
JIF: <p7 _ﬂPToT (% AM)T_lp_l ‘pa _§> = :|:<p, —51(9(% Au)‘p7 _§>
or <p7 510(¢a A'u)‘pa §> — :|:<p, _§|O(¢7 A'u)|p7 _§>

Operators lead to the “+” sign == spin-averaged cross sections

a“ »n

Operators lead to the “-” sign == spin asymmetries

 Example: O, A*) =p(0)7 T ¥(y™) = q(x)
O, A*) = p(0) v 5 ¢(y™) = Ag(x)
O(h, A*) = p(0) YTy 5 (y~) = dq(z) — h(x)
1
(

p +o _ +5(,— ——
14 Oy, 4%) = xpt F (0)] Zgaﬁ]F W)= Ag() Jefferson Lab



Proton “Spin Crisis” — Excited the Field

(d EMC (European Muon Collaboration ’87) — “the Plot”:

I I
— ELLIS-JAFFE sum rule ® xgP ()
x [P (x)dx’ _

0.18

0.15—

0.08
=< 0.12
=) - -

=

91(2) = 5 3" & [Ag(x) + Aq(a)]

= 0.09 0‘06;5
T 0.06 0.04 =
0.03 0.02 _I_ O(Oés) + O <1/Q>
0 0
1072 10~ 1 )
<> Combined with earlier SLAC data: /0 g7 (z)dx = 0.126 £ 0.018

<> Combined with: 9,351 — Au—Ad and gi = Au+ Ad —2As
from low energy neutron & hyperon B decay
)  AY =) [A¢+Ag=012+0.17

. o« o q
 “Spin crisis” or puzzle:

<> Strange sea polarization is sizable & negative New era of

<> Very little of the proton spin is carried by quarks spin physics
15 Jefferson Lab



Determination of Aq and Aq

] W’s are left-handed:

o A ST
(" — e, - —
d™(x,) u (x2) u (x;) d™ (z2)
\ ? >
() ce- @ L. A = ¥
D el PR —§.
Ve® Ve @¢°=0 @©e et °=n Y
 Flavor separation: AW _ _Az,t(;zfl)(z(;z‘g) — %(Z(‘Il)“lt(;l‘g)
= Lowest order: L u(xy)d(xs) + d(xy)u(xs)
:\ 7 :\ 4
+ Au(xy)
=  Forward W* (backward e*): Al = — w () <0
=  Backward W* (forward e*): A}Jw ~ —A_d(xQ) <0
d(xg)
J Complications:
i , e
y High order, W’s p;-distribution at low p; -

Jefferson Lab



17

What the EIC can do — EIC Yellow Report?

»
»)

0
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= [ A  IDDSSV : g
0.5 i -
- ! - -
O -varm - e o s - jp—
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-0.2 -0.1 -0 0.1 0.2 0.3
J dx Ag(x)
0nons
0.30
— DSSV 14
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T

!
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10"
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i
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0.10

0.05

0.00

Q'J

10CeV?

—0.05 —— DSSV 14
BN :EICDIS /7 — 45CeV
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= — " " " "
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T '
2.0
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Transverse spin phenomena in QCD

(] 40 years ago, Profs. Christ and Lee proposed to use A, of inclusive DIS
to test the Time-Reversal invariance N. Christ and T.D. Lee, Phys. Rev. 143, 1310 (1966)

l ~ *

Single Transverse-Spin Asymmetry (SSA)

_Aco(¢,3)  oa(4,8)—o(¢,—3)
AED="00 T ot -9

They predicted:

In the approximation of one-photon exchange, A, of inclusive DIS vanishes if
Time-Reversal is invariant for EM and Strong interactions

18 Jefferson Lab
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A\ for inclusive DIS

] DIS cross section:

[ Leptionic tensor is symmetric:

(1 Hadronic tensor:
] Polarized cross section:

 Vanishing single spin asymmetry:

Ay =0 <= (P,5.13}(0)4u(y) |P,5L)
2 (P,—51|75(0) j.(y) |P,

—

)

Jefferson Lab



A\ for inclusive DIS

1 Define two quantum states:

(B = (P, 51]4}(0) »(y) ja) = |P,51)
J Time-reversed states:

(XT> — VT|P,5"¢> — | —P —§L>

Br) = Ve [i4(0) ()] |P,5L)

= (Veil(w)Vz ') (Vegu(O)V7 ') | = P, —51)

J Time-reversal invariance:

(ar|B7) = (| V7 Vr |B) = (alB)* = (Bla)

(=P, =51| (Vril(w)V: ") (Vriu(0)Vit) | — P,—51)

— <P7 gi']u( )]V(y) |P7 S-L>

20

\

Jefferso
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A\ for inclusive DIS

 Parity invariance:

(] Polarized cross section:

Aa(él) ox LH*Y [Wuu(g_l_) — Wuu(_gL)]
= LM Wy (51) — Wou(51)] =0

\

Jeffe

r

S

o

n Lab



A\ in Hadronic Collisions

d A, - consistently observed for over 40 years!

60

40 |

Ay

ANL — 4.9 GeV

[ PRL 36, 929 (1976)
= .0
[ @ Tc+ ..
O 7T & b
_____________ e— -— -

0.2 04 06 08 1

Xg

60

40 |

BNL — 6.6 GeV

PRD 65, 092008 (2002)

0.2 04 06 08 1

Xg

1 Survived the highest RHIC energy:

=

<C

0.04;

0.02

22

| e n°-Jets (x> 0)
@) n°-Jets (XF <0)
| EM-Jets (x_ > 0)
O EM-Jets (x_ < 0)
> 2-photon-Jets-m >0.3 (x_>0)

-+

STAR brelirﬁinary -
p+p! @ Vs =500GeV
pEMJet > 2.0 GeV/c
2.8 <nFWet <40

L L L L L L l L L
40 50 60

L L l L L L
70

[ R
80 90

EM-Jdet Energy (GeV)

60
40

FNAL - 20 GeV

PLB 261, 201 (1991)
PLB 264, 462 (1991) +

0.2 04 06 08 1

Xg

BNL — 62.4 GeV
&0 [ PRL 101, 042001 (2008)
40 | BRAHMS
[ e
0 ':' - = —Q—(S ———————————
-20 |- o

02 0.4 06 0.8
Xg

Left

-

Right
Ac(,5) o(l,5)—o(l,—53)
AN = o = |
alt)

Do we understand this?
J

o(f,8)+ o(l, —8)

n Lab



A\ in Hadronic Collisions

2 Kane, P lin, Repko, PRL, 1978
 Early attempt: ane, Pumplin, Repko

Cross section: oAB(DPT, 5) X + +...

Asymmetry: oAB(PT,5) —oa(pr, —5) =

O What do we need? Too small to explain available data!

An o i85, (pn X pr) = ie“”o‘ﬁphus,,pap’hﬁ
Need a phase, a spin flip, enough vectors
 Vanish without parton’s transverse motion:

‘ A direct probe for parton’s transverse motion,

Spin-orbital correlation, QCD quantum interference ——
23 Jefferson Lab



Current Understanding of A

J Symmetry plays important role:

Inclusive DIS Parity
Single scale . ) Ay=0
Q Time-reversal
Collinear factorization
—

Twist-3 distributions

SIDIS: Q™ P; DY: Q~ Py; Jet, Particle: P;

1 Two scales observables — Q, >> Q, ~ Aqcp:

TMD factorization
TMD distributions

. DY: Q>>P; or Q<<P
SIDIS: Q>>P T T ,
24 >Pr .g_,f,ggon Lab



How Collinear Factorization Generates A,?

[ Collinear factorization beyond leading power:

o(Q,sT) = T 2fa+(1/Q)H1 ® fa ¢ fT3+O (1/Q%)

Too large to compete! Three-parton correlation

[ Single transverse spin asymmetry:

Ac(sp) ox T® (z, x) ®JT®D( ) +dq(z) @ 6p @ D®)(2,2) + ...

e RGP eGP

Qiu, Sterman 1991, ... Kang, Yuan, Zhou, 2010

Integrated information on parton’s transverse motion!

- Needed Phase: Integration of “dx” using unpinched poles

2
(@, 5) Z%N 1/621% % <<kL>

n
) — Expansion

Efremov, Teryaev, 82;
Qiu, Sterman, 91, etc.

Jefferson Lab



Twist-3 Distributions Relevant to A,

 Twist-2 distributions:
= Unpolarized PDFs:

q(x) o< (P, (0) L~ ¢q(y)|P>

G(z) ox <P|F+“(0)F+”(y)gp>( Guv)

Aq(x) o (WP, 5))
AG(z) x <P S|||F+“(0)F+”(y)|P7 S|y (F€1 )

= Polarized PDFs:

(] Two-sets Twist-3 correlation functions: No probability interpretation!

- QU dUT e i D A+ - Kang, Qiu, 2009
Tor = / .(I‘I)Tr).'i’. e!*P Vi ¢l*aP Vs (P or |u1 5 €T, (y3) | %q (uT)| Py s)
(f ‘1) (hll_(hl’— i Ptyr l'r-)l’+l/ l +,; Tl g 4 ‘+\ >
s dy-du.- . Fo.—- + - . A+A ) i
]l Y92 z P ixgo P / 7y / =1
Tagr = [ LS &P i e (P or(7,(0) 15 [i5F Fo* (u)] 6ol Py o)

~(f.d dy; dyo ;.p+.,- o+~ 1 S Fe g on ol 1 S \ 72
’]'i{'} = /W(.u} Uy eir2PTug =i (P, 3'1'|I'+"(0)§/.\, F_*(y;)| F +’\(y] )| P, sT) (i€ 1))

. . . Role of color magnetic force!
U Twist-3 fragmentation functions: 8

See Kang, Yuan, Zhou, 2010, Kang 2010 |
26 Jeff.e-r:son Lab
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“Interpretation” of twist-3 correlation functions

(d Measurement of direct QCD quantum interference:

\
/

| ——

TGN (z,2,58) %

Qiu, Sterman, 1991, ...

Interference between a single active parton state and
an active two-parton composite state

J “Expectation value” of QCD operators:

(P,s|Y(0)y o(y7)|Ps)  —> (P, s[e(0)y"

¢ sta / dyy F3" (y5)

P FON sblr)Prs) —> (P fBO)y* (19070 [ i F )

Y(y~)IP,s)

U(y~)IP,s)

How to interpret the “expectation value” of the operators in RED?

27
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A simple example

 The operator in Red — a classical Abelian case:

rest frame of (p.st)

charged particle

TT——
%t_"/
AP, p=(1m,0)

 Change of transverse momentum:
d ,

EPQ = 6(’1_)” X B)2 —

 In the c.m. frame:

(m,6) — n = (1,0, 07),

d STonmn -+
— Tth = € € Fa

—6'0331 o ev3F23

(1,—2) > n = (0,1,07)

Qiu, Sterman, 1998

 The total change: Ap’2 _ ef dy_esTa"ﬁ Fa+(y—)

Net quark transverse momentum imbalance caused by
color Lorentz force inside a transversely polarized proton

28
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Test QCD at Twist-3 Level

[ Scaling violation — “DGLAP” evolution:

F Y
7

\. S

d d

(s Fana KD KD KDe KD
f d f d

KAqq KAqu K(Aq)G K(A;G K(Aq)AG K(A;AG

f I fr) fd fr d

(d) (d) (df) dd
KG’q KGAq KGG Ké}'G) Kc(;dg)c; Ké:dg)c:

¥ ¥ £ fd £r Fd
Kby KibagK s KLGe KlEha KA

( A
(oo (o)

1 [

d d df dd df dd
Q(A()}'q K(A()}’Aq K(AG)G K(AG)G K(AG)A (AG)Aj

A

 Evolution equation — consequence of factorization:

Ao(Q,s7) = (1/Q)H|((Q/ pup, ag) @ [r(nr) ® f3(mr)

Factorization:
DGLAP for f,:

Evolution for f;:
29

folpp) = Py ® fr(nr)

dIn(ug)
d , d (1) (1)
dIn(g) /3 (() In( ) : B

(§,§—|—£2;x,x—|—x2,as) ! ,/d§/d§2‘

Kang, Qiu, 2009



Evolution Kernels — an Example

O Quark to quark: Kang, Qiu, 2009

+ +
Y k k’ sponi >
VI‘I‘CF - 21)+ 5(1’ o IJ+).r25(.r2 1 )(IE ’ [_fs’ ]('q

J Feynman diagram calculation:

p.c
N 2 dk s(1+2
P Pp, 3 /d{/dfg q,F F(€,E+ &) 8(&)= f#( T[ B A];ﬂ'(l—7)

Kkl | [kt
jw/wz / de / dés Tor (€6 + &) 8(¢ —x>7 / ‘f;’[i];(% — :)
\Y"% / §)/d§/d§2TF(£§+€2) 8(f+f°_X)—f#FdA[ ] (:]Z;t')
/ o d:; l%} 2 Ty p(w,)

+ Virtual loop diagrams e 2
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How TMD Factorization Generates A,?

 SIDIS — “one-photon approximation”:

® 18 Structure functions
" A, = at least one of 6 F,; structure functions needs to be finite!

d 2 2
? =2 (y J <1+2 >{FUUT+€FUUL+\/2€1+8 cos ¢p, F; Osd)h

dz dydip dzdgp dP?,  zyQ? 2(1 —
+ e cos(2¢n) Fy; 20h 4 Xev/26(1 —€) sin gy, FSi[I} O < :’ s¢

. .
. . ¢h N
+8) | vV2e(l +e) singy, Fp " + esin(2¢y,) Fyyp 2% SN
_ ’ X ///
+ SjAe | V1—€2 Frp +1/2€(1 —€) cos ¢y, F;iwh Trento 4 / -
L Convention \fo< P
(5.) st o) (Fig 9 + e BP9 v
"+ ¢ sin(¢p + ¢s) Fy; Sln(¢h+¢5) + € sin(3¢p, — ds) F[s;i;(sqsh_%) - 1-— y i72y2
i _ T 1,2 2
+v/2¢(1 +¢) sings FE—I;"SS +v2¢e(1 +¢€) sin(2¢n — ¢3) FZ};{(?% ¢s)] l-y+3 3Y%+ 4’7 2y
+ [S1|xe | V1 — €2 cos(¢pn — ¢s) F Cos(¢h ¢s) | V2e(1 —¢) cos gg FC?,f“bS
+v/2e(1 — €) cos(2¢y, — ds) FEOTS(Zd)"_d’S)] } N
Jefferson Lab
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How TMD Factorization Generates A,?

] TMD factorization for SIDIS:

In the photon-hadron frame, 8 of 18 structure functions can be factorized
in terms of convolution of TMDs at leading power

" Unpolarized:
Fyur =1 Zeg/dQPT d’ky 8% (pr — kg — Phi/2) f*(2,p7) D*(2, k7)

" Transverse Single-Spin Asymmetry — Sivers:

Py
[P

5 h- .
FE’T(:(ﬁh b= [ 2T flTD1] h =

" Transverse Single-Spin Asymmetry Collins:

sin h k
FUT(¢h+¢S) C [ MhT hIHIL]

With:
ClwfD] =z ) e / &*pr &’k 6 (pr — kr — Phi/2) wpr, kr) f(z,p7) D*(2, k7)

D
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Orbital Angular Momentum

OAM: Correlation between parton’s position and its motion
— in an averaged (or probability) sense

 Jaffe-Manohar’s quark OAM density:
513
£3 =yl | x (~id),
 Ji’'s quark OAM density: ;
L3 =y} |7 x (-iD)| ¢,

 Difference between them: Hatta, Yoshida, Burkardt,
<> generated by a “torque” of color Lorentz force Meissner, Metz, Schlegel,

dy—d? e
cg—Lgm/ WAV prg )L / 4230, )
Yy

(27)?
x Z 3% FH(z7)] (=7, y) ()| Py =

1,7=1,2 |
|
“Chromodynamic torque”

Similar color Lorentz force generates the single transverse-spin asymmetry

(Qiu-Sterman function), and is also responsible for the twist-3 part of g,

33 Jefferson Lab



Nucleon Spin and OAM From Lattice QCD See lectures by Huey-Wen Lin

(J QCD Collaboration: Deka et al. Phys.Rev.D91 (2015) 014505
r |
| Jutd (CT) | m Ju (CI + DI)
l : mJedon s8E @ J¢ (CI + DI)
0 J* (DI) ! 0 J# (DI)
SPL N, 0
t I
Connected
Interaction (Cl) 2.20.7/% oy 22O
(b)
O
m L4 (CI) m L* (CI + DI)
t, t, @ L4 (DI) @ L¢ (CI + DI)
D Il“J (DI) D Ls (DI)
@ Je o.Je

] %lu*tﬂ-s - %l"*‘d*s

Disconnected
Interaction (DI)
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Partonic Motion Seen by a Hard Probe — GTMD

1 Fully unintegrated distribution: Meissner, Metz, Schiegel, 2009

1 d4z ik-z I NI T y
WM (P k, A Nim) = 5 / ami € W IB(=3) T W42, 52 n) w(32) Ip N

— in general, not factorizable from the rest of the scattering
] Generalized TMDs — hard probe:

W(x, kr, A)r = /dk2 W (P, k, A)r

— Could be factorized assuming on-shell parton for the hard probe

J Wigner function: . .
Belitsky, Ji, Yuan

W (z, kr,b) /d3AeiE'5 Wz, kr, A)p_. +

] Connection to all other known distributions:

W (x, kr,b) => Tomographic image of nucleon
q(z,by) = /d2deb_ Wz, kr,b)~+

Burkardt, 2002
W(z, kr, A)r = TMDs (A =0), GPDs (/ d’kr), PDFs (A = 0,/d2kT) R
35 Jefferson Lab



: : : : National Nuclear Physics
mington
Indiana University Bloomingt Summer School 2024

July 15 - July 26, 2024
Bloomington, IN

THE COLLEGE OF ARTS + SCIENCES

Department of Physics

The Electron-lon Collider (EIC)

= Lec. 1: EIC & Fundamentals of QCD
" Lec. 2: Probing Structure of Hadrons
without seeing Quark/Gluon?
— breaking the hadron!
" Lec. 3: Probing Structure of Hadrons
with polarized beam(s)
— Spin as another knob
" Lec. 4: Probing Structure of Hadrons
without breaking them?
Dense Systems of gluons

— Nuclei as Femtosize Detectors

Jianwei Qiu

Jefferson Lab Theory Center, Jefferson Lab ENERGY ST EA
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Lattice QCD Calculation of Hadron Structure

(1 Hadron structure measured with a hard probe: y- v t y+
Probing operators living on the “light-Cone”,

Q(:C) X F'T°<P|Eq(_y_)r@¢Q(y_)|P>|y+:O,yJ_:0J_
PDFs are boost invariant with twist-2 operators

Such matrix elements are non-perturbative, and Cannot be calculated
by lattice QCD directly, because of its Euclidean space formulation

( Quasi-PDFs approach:
q(jv PZ) X F°T'<P‘Eq(_z)r¢¢Q(z)‘P>‘yOZO,yLZOL
— (](37) as P, — o0 Calculable in LQCD

Quasi-PDFs are NOT boost invariant, not by twist-2 operators Ji, arXiv:1305.1539

In Lattice QCD calculation, difficult to take P, = o0
Matching - Formulated in LaMET:

1 - 2 2
. de , (T p 5 Adep M
q(z, P,) = /m ?Z (;7 Fz) q(z,u”) + O <£2(1 — 7)P2’ P2 Approach to light-cone
under a boost PZ — 00

33 Extracting PDFs requires solving the inverse problem ‘g—e’f_-ggon Lab



Lattice QCD Calculation of Hadron Structure

d Space-like parton correlation functions (PCFs):
(Plibg(=2)T@4q(2)|P)]yo=0,y., =0, (P|FP(=2)®F" (2)|P)]yo=0, =0,
' " Unlike measured cross section,
"  They are not physically measured observable

"  Their value depend on UV renormalization
"  They have UV power divergence

"  They are multiplicatively renormalizable
(d Renormalization of space-like PCFs:
UV divergence is a property of the operator, not the state
(P|O(2)|P)
(RS|O(2)|RS)
Renormalization scheme = different choice of the state |RS)

(PlO(2)|P)Ren =

. arXiv:1705.11193
RI-MOM for quasi-PDFs: RS) = An off-shell parton state 3rXiv:1709.04933
Pseudo-PDFs: RS) = |P, = 0) arXiv:1706.05373
Vacuum-state: RS) = |Q) arXiv:1810.00048
39 arXivi2006.12370 Jefferéon Lab
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Lattice QCD Calculation of Hadron Structure

1 Short-distance factorization approach:

" Single hadron matrix element:

with loffe time:
Two-parton correlator: 0, =21

c,(w, &, P?) =

Ma and Qiu, arXiv:1404.6860
arXiv:1709.03018

(PIT{O,(S)}IP)

w=P-& &€ #0, and & = 0;

(€)1 (&) v - £ (&, 0) 14(0)

Same operator for quasi-PDFs ®(£,0) = Pe™ ™ Jo €-ANE) dA

®  Two-current correlator:

H Gauge link vs propagator
> -

1

Hard-part
Probe

E— an(w,fg,P2)=Z/ d—lfa(a ) x K&

1 T
40

0,5, (&) = g4+ 4272 271 72151(€) 42(0)

2—+5(l‘ kT /pT)

—+ O@E2AL )

Parton-distribution
Structure

Corrections
Approximation

zw, &2, 22 P2, 1u?) + O(£2Adycp)

Extracting PDFs requires solving the inverse problem Jefferson Lab



