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Polarization and spin asymmetry

Explore new QCD dynamics — vary the spin orientation
 Cross section:

Scattering amplitude square — Probability — Positive definite

2
caB(Q,5) = 01(4223(@, s) + %afé(Q, 5) + %gﬁ?(@ §)+---
U Spin-averaged cross section:
1
o= [0(5) + 0(—5)] - Positive definite

J Asymmetries or difference of cross sections:

. — Not necessary positive!
= both beams polarized Arn, Arr, AT

ALL _ [U(+7 _'_) o U(+7 _>] B [0<_7 +) B U<_7 _)]
o+, +) + o+, =)+ lo(—=+) +o(=, )]

for o(s1,s2)

= one beam polarized Ar, AN
I C TG _ 0(Q.5r) = 0(Q. =31)
Sl Te) 7 AT Q)+ o)

. . e 2
Chance to see quantum interference directly Jefferson Lab



Two roles of the proton spin program

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

mmm) Decomposition of proton spin in terms of quark and gluon d.o.f.
helps understand the dynamics of a fundamental QCD bound state
— Nucleon is a building block 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

 Spin:
<> Pauli (1924): two-valued quantum degree of freedom of electron

<> Pauli/Dirac: S = h\/s(s + 1) (fundamental constant h)

<> 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 spin

 Spin of a nucleon — Naive Quark Model:

< If the probing energy << mass of constituent quark

<> Nucleon is made of three constituent (valence) quark

<> Spin of a nucleon = sum of the constituent quark spin

State: ‘p’l‘>=\/g[u’l‘u\l,d’l#u\l,u’l‘d’|‘—2u’|‘u’|‘d\|,+perm.]

Spin: S, E<p/|\‘5‘p/|\>=%, S=ESI- Carried by valencef!é

‘erson 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,5.=1/2[J;|P,5. =1/2) =

(1 QCD Angular momentum operator: Energy-momentum tensor
. 1 ..
7 _ = gk 3 07k oé,uy ap
Jqop = 5 € /d v Moep  qmm Mgt = To¢ép o — Toep ©°
<> Quark angular momentum operator: Angular momentum density

Ty = [ d [wimrsv, + v}(@ x (~iD) v,
<> Gluon angular momentum operator:
J;:/d%{fx(ﬁxé)}

Need to have the matrix elements of these partonic operators measured

independently .ge/ff.er;son Lab



Current understanding for Proton Spin

- 1
1 The sum rule: S(u) =D AP SITF ()P, S) = 5 = Jy(p) + Jg(u)
f
= Infinite possibilities of decompositions — connection to observables?

= Intrinsic properties + dynamical motion and interactions

O An incomplete story:

T

1 1 affe-Manohar,
/ 9 §AE +AG + (Lqg + Ly) ji,fgs,l\.l.l. eS8

@ 9% ) %

Proton Spin

Quark helicity @ l

Best known Gluon helicity
1 ) Start to know Orbital Angular Momentum
§/d$ (A“+M+Ad+Ad+AS+A§) of quarks and gluons

~ 30% AG = /dlﬂg(w) Little known

~ 40%(with RHIC data)

Sea quarks? Net effect of partons’

transverse motion?_!e/ff_/er?on Lab



Polarized deep inelastic scattering

(1 DIS with polarized beam(s):
“Resolution” Q =/ —¢>

h 2 x 10~ 16m
o <107 %m = 1/10f
O Q/CGev ™ m = 1/10fm

o~ — “Inelasticity” —known as Bjorken variable

N N — } X 02 02

P e rg =

2P -q Q2%+ M2 —m?

< Recall — from lecture 2:

9.4, 1 p-q pP-q
Wyv=—(gyv—;—2)E(XB»Q2)+E(Pu—Clu 3 ](Pv—%7 F, (%5,0°)

. vpo Scr i SG_ S. g
-I-lMpé‘”p qp[&(xB’QZ)_F(pQ) (2 q)p gz(xBan)]
P4 (pq)

<> Polarized structure functions:

gl(xBaQ2)7 gQ(xBaQ2) Jgfggon Lab



Polarized deep inelastic scattering

 Extract the polarized structure functions:

WHY(P,q,S5) — WH(P, q, —5) /
o | k
< Define: /(k,S) = a, \:>

and lepton helicity )\

<> Difference in cross sections with hadron spin flipped
do'™) do'>t e y
dedydd drdydd  4mw2Q?

2,.2,2 2,.2
Yy mercy PPN 2m rcy 2
X {COS { l]. — 5 — (22 } ‘(jl(_.f . (U) ) — Q—2 2 (. (2 ]}

B ~2mzx . m2x2y? Y o 02 4 o O
— 8in v cos ¢ a0 —y— oL (5‘(“("!"” ) + ga(x, ¢ J)

<> Spin orientation:

=0 : = g1
— ?T/Q =Yg -1- 2(]2 . Suppressed IH(J _!e/f"_fi/e%on Lab



Polarized deep inelastic scattering

<> Longitudinal polarization -

do! ) — do!

a =170

A, =
| do! ) + do!
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1 Spin asymmetries — measured experimentally:

Polarized DIS
at EIC

I

94(x,Q?) + const(x)

10
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Polarized deep inelastic scattering

] Parton model results — LO QCD:

P

<> Structure functions:

Fi(z) =
gi(z) = = eg [Aq(m) + A(j(:]:)}

174 1 ) |
g =3 {5 (Au + Aa) + = (Ad + Ad + As + A3)

<> Polarized quark distribution:

f( ) f (6) f ( ) O @ lnformation on nucleon’s
_ B - .o
spin structure | ff?s




Polarized deep inelastic scattering

J Systematics polarized PDFs — LO QCD:

q ' q
Lb'/u, "

r

<> Two-quark correlator:

(T)U (" P, S)

PPy, A - , |
2 f Gryage (20! 01(P — k= Px) (PS|,(0)X) (X [14(0)|PS)

B / a'z ™ (PS|4;(0) ¢i(2) | PS)

<> Hadronic tensor (one —flavor):

9 . .l‘lﬁlf 74 ey . .
WHY = e® /(()”)1 0 (A(,l{ + q)") Tr[ A%k + 4)7" ]

10 .!gtggon Lab



Polarized deep inelastic scattering

<> General expansion of

must have general expansion in terms of P, 5, § etc.

1

(z) = 3 lq(z)y - P+ syAq(z)ysy - P+ 6q(z)y - Pysy - Si|

<> 3-leading power quark parton distribution:

| 1 =
q(z) = /dz_ eiz =P7 (P, S

»(0)yT ¢ (0,27,00) |P,S)

4
| 1 .- - . _
Ag(z) = e /dg_ eiz aPT (P, S|v(0) 7T s 0 (U., 2 -,OJ_) P, S)
o 1  iomo - . _
oq(z) = — [ dee” PP S[(0) v v s (0,27,00) [P.S)
11 Jgfggon Lab
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Polarized deep inelastic scattering

 Physical interpretation:

Z 5 (P+ (1 — .I)P+)

=

1|2 | NE
2|+ [XIP v 1PA =) ]

X [ '(X| P (0)|P, A =

Ag(z) = éz 4 (Pilr — (1 - ;1?)P+)

=
I 1 |2 o 2
X [ '(3i [P T (0 [PA =) = {X|P 4 (0) [PoA = 2) }
5q (a Z 5(PY — (1 —z)P")
ot 1 |2 , ) 1 |2
Spin projection: D+ — 175 and P — 1E£vi7s
P Bl Pr = 2 Pt = 2 JefferSon Lab



Basics for spin observables

(] Factorized cross section:
T (@ 5) o (p, FO(1, A*)|p, 3
e.g. O, A*) = (0) Dp(y™) with T' = I, 45, 9", 157", 0"
 Parity and Time-reversal invariance:
(p, 510(y, A)Ip, 5) = (p, —5|PT O (¢, A)T P~ |p, —5)
QIF: (p, —SIPTO (¢, AT 1P~ p, —8) = £(p, =509, A")p, —35)
or (p,5]0(y, A¥)|p, 5) = £(p, =5]0(y, A¥)|p, —5)
Operators lead to the “+” sigh =) spin-averaged cross sections

a »n

Operators lead to the “-” sign  ww) Spin asymmetries

d Example: Oy, A*) = 9(0)yT ¥(y™) = q(2)
O(th, A*) = P(0) v s ¥(y~) = Aq(x)
Oy, A*) = p(0) vy s 9(y™) = dq(x) — h(x)
O, 4") = — F+a<o>[—z'saﬁ}F+ﬂ<y—>:/ Bgla) |

13 xpt Jefferson Lab



Proton “spin crisis” — excited the field

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

I I
ey .
~ ELLIS-JAFFE sum rule ® xgr (X

x Ig$ (xydx | 1

0.15—

1072 1071 1 ,
<> Combined with earlier SLAC data: / g1 (x)dxr = 0.126 £ 0.018
0
<> Combined with: gh=Au—Ad and ¢5 = Au+ Ad—2As

from low energy neutron & hyperon 8 decay

)  AX =) [Ag+Ag=012+0.17

q
 “Spin crisis” or puzzle:

o _ New era of
<> Strange sea polarization is sizable & negative —) spin physics

14 < Very little of the proton spin is carried by quarks J)g_fggon Lab



Probes and facilities

 High energy scattering — to see quarks and gluons:

N
@ | = >
Boost ‘ @ ‘ — = P
‘u'\.j"i %} — PN w
Time-dilation / Momentum fraction

Hard probe: t~1/Q<1/10 fm |——>

x=k"/p"

J Spin Probes:

DIS SIDIS Hadron-hadron
HEMES, COMPASS, JLab, Future EIC, ... RHIC, Fermilab, J/Péc,

15 Jefferson Lab



Determination of Aq and Aq

d W’s are left-handed: = => —
‘e d*(z,) u (x2) u (xy) d™ (z2)
3 ? ?
'7 ee ' < = e+ — > W+
D e p —= = —= =>
€ Ve 0* =0 (7,-+- (,'-+- 0 =1 Ve

] Flavor separation:

Lowest order: AV = =2 = =
' b u(xy)d(zs) + d(xy)u(xs)
My My
ry = \/g >IN : To = \/‘% e Yw

Forward W* (backward e*): AEV’L ~ _M <0
u(_xl)

Backward W+ (forward e*): AZV+ ~ _ A_d(w?) <0
d(aﬁg)

(J Complications:
High order, W’s p;-distribution at low p;

16 .!e/ff./e?son Lab



What the EIC can do - EIC Yellow Report?

005
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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)

Single Transverse-Spin Asymmetry (SSA)

AO'(E, g) _ 0'(67 g) - 0'(£7 _57

AGS == T o5 +olt, =7

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



A\ for inclusive DIS

L] DIS cross section:

0(5’_1_) X L’w Wuy(g_'_

[ Leptionic tensor is symmetric: LH = LM

(] Hadronic tensor:

] Polarized cross section:

Ac(81) o< LM Wi (51) = Wi (=

 Vanishing single spin asymmetry:

19

)

S 1

W (51) o< (P,51]51(0) ju(y) | P, 1)

)]

Ay =0 <= (P,5171(0)4u(y) |P,51)

.!e/ff./e?son Lab
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A\ for inclusive DIS

O Define two quantum states:
(Bl = (P,51]3},(0) ju(y)

J Time-reversed states:

jar) =Vr|P,§1)=[-P

Br) =

|Gf> = |P7 §’_|_>

7_§L>

Ve [5500) 4. (»)] " P, 51)
= (Veit (Vi) (Veiu(0)Vi ) | — P, —51)

d Time-reversal invariance:

(ar|Br) = (a| VLV |B) = (a|B)* = (Bla)
== (=P, =5 | (Veil )V ') (Veju(0)Vih) | — P, —51)
= (P,5.]4}(0) 4, (y)|P,5L)




A\ for inclusive DIS

Q Parity invariance: 1=U'"Up = ULUp

A

(=P, =31| (Vril()Vet) (Ve 0V 1) | — P, —51)

(P, 5| (UpVril()Vy 'URY) (UpVrj 0V 'URY) |P,—5 )

a
(P,—51| 33 (=) ju(0) | P, —51)

Translation invariance: —>j,

(P, =5 1135(0) ju(y) [P, —51)
= (P,5.]7}(0)j.(y) | P,51)
 Polarized cross section:

Ao(s1) o< LM [Wyn(51) — Wy (—51)]

21 = L™ [W’“/(gJ‘) _ WV“(gJ')] =0 je/ff/e?son Lab




Ay in hadronic collisions

A, - consistently observed for over 35 years!

60

40 |

Ay (%)

20

ANL - 4.9 GeV

PRL 36, 929 (1976)

PETTS FERTIRTTTI PRTTI FYTE] PRUTI FYTTY PERT FYUTI FTTTY

0.2 04 06 08 1
X¢

60

20 f

-60

BNL - 6.6 GeV

40

[ PRD 65, 092008 (2002)

%

0.2 04 06 038
X

(J Survived the highest RHIC energy:

0.02

L J
o
-
L O EM-Jets (x_<0)
>*

2-photon-Jets-mw>0.3 (xF > 0)

22

T T T T T T T T T T T T T T ‘ T T T B T ‘ . T T T T ‘
-Jets (x, > 0) STAR Preliminary |
n°-Jets (x,. <0) p+pT @ \/g = SOOGeV
EM-Jets (x, > 0) pEMJet >2.0 GeV/c

2.8 <nfWet < 4.0

o b b
40 50 60 70

L]
80 90

EM-Jet Energy (GeV)

1

FNAL - 20 GeV BNL - 62.4 GeV
60 I PLB 261,201 (1991) 60 PRL 101, 042001 (2008)
40 _ PLB 264, 462 (1991) + 40 . BRAHMS
20 o ¢ 20 | ®
[ ®
0-___‘éég _________ 0——__9_0— ___________
-20 | °o -20 - o
-40 _ C) (} a0 f O %
_60 .u.l..al..zn.l..aiznl..61'.6...1..6té..l....1 _60 ....I..aiﬁ..l..ajzul..6jén.ln.6l.é..luu1
X¢ Xg
->
Sp Left
/t\ - )
Y A 4
Right
| — Ac(l,5) o(L,5)—o(l,—5)
< .\' — { \ — / — ; _'.‘—
al(l) o(t,s)+ oL, —5)

Do we understand this? _le/ff_/egon Lab



Ay in hadronic collisions

 Early attempt:

Cross section: ocaB(pr, ) + +..

Asymmetry: oaB(pr,5) — oas(pr, —3)

Too small to explain available data!
1 What do we need?
AN x S, - (Dh X Pr) = ie“mﬂphﬂsupap;w
Need a phase, a spin flip, enough vectors
 Vanish without parton’s transverse motion:

— A direct probe for parton’s transverse motion,

73 Spin-orbital correlation, QCD quantum interference

Kane, Pumplin, Repko, PRL, 1978

- 2

J)e/ffeﬂrson Lab



Current understanding of TSSAs

J Symmetry plays important role:

Inclusive DIS Parity
Single scale

Q

Time-reversal

Collinear factorization
I
Twist-3 distributions
SIDIS: Q~ Py DY: Q~ Py; Jet, Particle: P;
J Two scales observables — Q; >> Q, ~ Agcp:
TMD factorization
TMD distributions
24 SIDIS: Q>>P; DY: Q>>P; or Q<<P; _!/ff/_e.Pson Lab



How collinear factorization generates TSSA?

[ Collinear factorization beyond leading power:

2 n
(%) — Expansion
o(Q, ) T 1/Q

o(Q. sT) = T @ f24+ (1/Q)Hy @ fa ¢ ng +0(1/Q?)
Too large to compete! Three-parton correlation
. . Efremov, Teryaev, 82;
[ Single transverse spin asymmetry: Qiu, Sterman, 91, etc.

Ac(sp) x T®) (z,2) @ 67 @ D(2) + 6q(z) @ 6p @ D®) (2, 2) + ...

T(3) (x, ) _C)\74P- D(3)<Z>Z) X

Qiu, Sterman, 1991, ... y

Kang, Yuan, Zhou, 2010

Integrated information on parton’s transverse motion!

P
25 Needed Phase: Integration of “dx” using unpinched poles Jefferson Lab



Twist-3 distributions relevant to A,

] Twist-2 distributions: -
() o< (P4 (0) 2=ty (3) | P}

G(x) <P|F+“(0)F+”J(ry)gp>(—9w)
= Polarized PDFs: Aq(z) o< (P, S| !@Q(O)%wq(y)]R S|
AG(x) oc (P, S)|FTH(0)F™ (y)| P, S)) (i€ 1 )

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

= Unpolarized PDFs:

~ dy; dys o ptu— smopta— N Al S -
Tor = [ S P HE P (P 5,0) T [ E (0] waa )| Pos)
, )2 9
Kang, Qiu, 2009

+(f,d) dy_dy_ izPYyT izaPtys 1 _STonn m (o — Al — ,
TC(:.F' = /WG ettt Pt (P, sp|FHP(0) [ 7" F, " (y3 ) [FF(yp )| PysT) (—gpa)
it dy_dy-_ i +.,— i +.,- A A1'+A’5 e n P f —
Tag,F = /W e P v g2 P (P sy (1P, (0) 2 057 Fo (v2) | gy )| P, st)

F(f,d) __ dyl—dyz_ izPty: izoPtys 1
TAG’F = /—(27r)’2 e Le 2 P
Role of color magnetic force!

J Twist-3 fragmentation functions: s

26 See Kang, Yuan, Zhou, 2010, Kang 2010 JefferSon Lab



“Interpretation” of twist-3 correlation functions

Qiu, Sterman, 1991, ...

(d Measurement of direct QCD quantum interference:

\
/

(
\

T3 (z,2,5))

:

Interference between a single active parton state and an active

two-parton composite state

J “Expectation value” of QCD operators:

(PfFO DOIPs) = (POt |sra [ iy B )| 9Ol

(P, s|P(0)y s (y )| Ps) —> (P, s[ip(0)y _Z’giﬁ%/ Tz s () | (y )| Py s)

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

27

. D
J)e/fferson Lab



A simple example

(] The operator in Red — a classical Abelian case: Qlu, Sterman, 1993

rest frame of (p.sy)

1 ST
3 T TB
2 charged particle
/\ - @

T
%t—:/ <
P~ (1.—2)

AP, p=(m.,0) 2m

 Change of transverse momentum:

d _
ap; = e(¥’ X B)s = —ewv3zB, = ewvs Fbs3

 In the c.m. frame:

(m7 O) — n = (17 O, OT)a (17 _2) — N = (07 17 OT)
d 1 sronn ;0 +
atP2 — €€’ £,

U The total change: Aplh = e [[dy esronn F+(y—)

Net quark transverse momentum imbalance caused by

color Lorentz force inside a transversely polarized proton
28 .!e/ff./e?son Lab



Test QCD at twist-3 level

Kang, Qiu, 2009

[ Scaling violation — “DGLAP” evolution:
r N r N
. ; ; _
e | (Kar Kase &0 KD k% k@0 [T
7NiAq,F Kaqq Kagag K(qu)G K(Adq)c; K(qu)AG K(Adq)AG 7N’Aq,F
—(f S S (ff) fd fr +(f
o | T&lr Kg) KR, Koo' K&E KA KEL, . Ter
HFo5 — — _
O (d) (d) () df dd (d)
FY Tar Kag KGag Kc(;G) KéG) Ké;di)c; Ké:dg)a eng
T fr fd fr fd +(f
TAC.r K{b, Kb K{dG K Ge KEne KEN TAC.F
d d d dd d dd
70, |\ i w8 S Wiy | g,
S v,
A A A
| | | , | | |
(x7$+x27lu’ (€,€+£2,$,$—|—CE2,O¢S) /dﬁ/dfg
 Evolution equation — consequence of factorization:
Factorization: Ao (Q,s7) = (1/QVH\(Q/ pr, ag) ® f2(ur) ® f3(r)
d : :
DGLAP for fz: ,—/Q(M[.) = Pz ®/2(M}.)
dIn(wp)
J . J ) _ p) : —
oIn(up) (a (e 1~ 2 ) ® /s -Jefferson Lab

29 Evolution for f;:



Evolution kernels — an example

Kang, Qiu, 2009

 Quark to quark:

Y £ 1 1
lll(—] - . nr
5. € :Pq.,,- _EY P(v_f‘ )(l&‘"p ')C
p p+p,
" k+k2
+ + A
. y /& l‘ Sronn ?
< ViE=3p7 ‘S(x B p+)x28(x2 B P*)('e gl

J Feynman diagram calculation:

p.c

p\ Bl p+p, 1 (uidkil . Calas(1+2
—_ /dﬁ/dfz Tqr (&, +&2) 5(52){5[ i [CF 2 ]2#(1 —z)

k kzl k+k
p.c 2 2
s [ o Tt e ok [
$2 T $2
K\kly, | [k+k “e k2 [C
" _/ ]{:2 |: 2A] ;_; qu(max)

psziu/:pz —)/dﬁfcjfz T, r(&, €+ &2) 6(£+g,_x)_f#, di [ ] (;:J:-)
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How TMD factorization generates TSSA?

1 SIDIS — “one-photon approximation”: pAN N
Y* P Py
® 18 Structure functions
B TTSA = at least one of 6 Fy; structure functions y k
is finite! P P

= 1 A F F 2 1 FCOS ¢h
drdydip dzdon dP?,  zyQ? 2(1 —e¢) ( T 23;) vur +eFyuL +/2e(1 +¢€) cos ¢ Fyypy
A. Bacchetta, et al.

+ £cos(26n) FES2" 4 X, 1/2¢(1 — €) sin ¢y, Finon

+5) |V2e(1 +¢) singy F(SJiE% + esin(2¢p,) F(S}iz2¢h]

- / r N + S| Ae [ V1—¢e?2 Frp++/2€e(1 —€) cos ¢y, Fz(}f¢h

kA ~ _ @sin(¢h — ¢S) (F[‘}i;’(’?h—(ﬁs) + sF(SJi;fgh—fﬁs))

| + € sin(¢n + ¢s) F [SJi;(d)thqSS )+ e sin(3¢n — ¢s) F, 3;(3¢h—¢s)

+1/2e(1 +¢) sings Fin?s + v/2¢(1 +¢) sin(2¢n — és) Flsji;(%h_%)]

Trento
Convention %,

% + S 1| Ae | V1 — €2 cos(¢p, — ¢s) FE%S(%_M +/2¢(1 —€) cospg Fy?s
1—y— 7% (26n—05)
£ = +1/2e(1 —€) cos(2¢y, — ¢pg) Fyom 0n™ %8 —



How TMD factorization generates TSSA?

° ° Pl Pl
] TMD factorization for SIDIS:
Y* p D yx 7
In the photon-hadron frame, all 18 structure functions )
can be factorized in terms of convolution of TMDs k
P P

" Unpolarized
Four =23 2 [ dpr 60y — by~ Pas/2) £, ) D* (2, )
" Transverse Smgle-Spm Asymmetry — Sivers:

Sin h A
FUT(C(Zéh ¢s) _ C[ ‘Pt flTD1] h — Py
[P

" Transverse Single-Spin Asymmetry — Collins:

(Sntds) _ h-kr 1
Fyg e C[ A h1H1]

With:
ClwfD] =z ) e / &*pr k6% (pr — by — P /2) w(pr, kr) f*(z,p7) D*(2, k7)

ol
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Orbital angular momentum

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

1 Jaffe-Manohar’s quark OAM density:
13
£h = v} @ x (<id)| v,
 Ji’'s quark OAM density:
5 13
L =} & x (=iD)| v,

] Difference between them: Hatta, Yoshida, Burkardt,

Meissner, Metz, Schlegel,
<> generated by a “torque” of color Lorentz force

dy~d*yr , ,— T [ ~
3 3 /
- — d
L, quc/ (2 (P, (0) 5 /y dz~®(0,z7)
x> [y P (ET)] @G,y ()| Py —o
i,j=1,2
\ ' ]
“Chromodynamic torque”

Similar color Lorentz force generates the single transverse-spin asymmetry
33 (Qiu-Sterman function), and is also responsible for the twist-3 part of g, Jefﬁer)son Lab
)/‘



Nucleon spin and OAM from lattice QCD

(J QCD Collaboration:

[Deka et al. arXiv:1312.4816]

Connected

Interaction (Cl)

Disconnected
Interaction (DI)

m J=td (CI) . m J* (CI + DI)
@ Jutd (DI) ! @ J¢ (CI + DI)
0 J* (DI) : : 0 Js (DI)
@ Je | N, o
2.2(0.7)% ! 2.2(0.7)%

: -4(8)%

(b)
W Lv'4 (CI) mL* (CI + DI)
@ L*+4 (DI) ! @ L4 (CI + DI)
0O L* (DI) : 0 L* (DI)
08 Js E mJe

0 A_2E|u+d+a

0 % |u+d¢-s
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Partonic motion seen by a hard probe - GTMD

I istri i Meissner, Metz, Schiegel, 2009
[ Fully unintegrated distribution: eissner, Metz, Schiege

4
[[‘] B l d*z
AA'(P lb A N,n) | (27{)4 €

— not factorizable in general

(] Generalized TMDs — hard probe:

kz<p/’/\’|?’5( z)FW( z 2z|n)?,f)(22) Py A)

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

— could be factorized assuming on-shell parton for the hard probe
J Wigner function: Belitsky, Ji, Yuan
W (z, kp, b) o /d?’Aeig'& Wz, kr, A)p_. +

] Connection to all other known distributions:
W (x, kr,b)

= Tomographic image of nucleon

| b (fm)

q(z,b1) = /dszdb_ Wz, kr,b)+ Burkardt, 2002

W(z,kr,A)r = TMDs (A =0), GPDs (/ d’kr), PDFs (A = 0,/d2

35 Jefferson Lab



Summary and outlook

(1 QCD has been extremely successful in
interpreting and predicting high energy <1/10 fm
experimental data!

d But, we still do not know much about hadron
structure — The emerging phenomena of QCD!

(d Nuclear Femtography — QCD at a Fermi scale requires two-scale
probes. Major advance in both measurement and factorization
of two-scale observables!

J Lepton-Hadron facility, such as EIC, is ideal for two-scale observables

(d TMDs and GPDs, accessible by high energy scattering with polarized
beams, encode important information on hadron’s 3D structure —
distributions as well as motions of quarks and gluons

Thank you!

36 Jeff/e?son Lab
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Some fundamentals about spin

 Spin in non-relativistic quantum mechanics:

<> Spin as an intrinsic angular momentum of the particle

— three spin vector:

5: (S:I:: Sy: Sz)

— angular momentum algebra:

[Si, Sj| = ie€ijr Sk
= S2.5| =0

> S2 S. 1ave set of simultaneous eigenvectors:

S%|S,m) = S(S+1)h*|S, m) §S=011,32
S.|S,m) = mh|S, m) ~-S<m <8
<> Spin d.o.f. are decoupled from kinematic d.o.f.
‘Ichhr(F) — lIJSchr(T—") X Xm
where Xms a (25+1) — component “spinor”
\ ( ) P P Jgfggon Lab
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Some fundamentals about spin

 Spin—-1/2:

<> Two component spinors: X =

<> Operators could be represented by Pauli-matrices:

1 0 1 1 0 —1 1 1 0
S.T - A Sy - SZ = —
2\ 1 0 2\ i o0 2\ 0 -1
% Eigenstatesto S 2d  : S,
1 0
Xs = X =
0 1
<> Eigenvalues:
| I
S:x! = +5x] S: Xy = —5X3
Particles in these states are “polarized in z-direction” —

39 Jefferson Lab



Some fundamentals about spin

J General superposition: . - ( a

<> Example: a=>5b=1 \,3 1 1
X = \ﬁ 1 = <S;> =0
1
< Notice: (Sy) = xTSpx = +5
1
< Eigenstateto & T = — [xI + x¢
. Xe = 75 X2+ X
<~ Arbitrary direction 77 with |ﬁ’ =N
R 1 n. Mg — 1My
Sp=1-8=n,5; +n,5, +n,5, = ~ :
2 Ny + 1N, —N.

=
A state that is an eigenstate to this operator: “polarized in 7 - direction”

—

7L = Polarization vector Eigenvalues = i1/2 J)Qf_ffe.gon Lab



Some fundamentals about spin

[ Spin in the relativistic theory:

Physics is invariant under Lorentz transformation:
boost, rotations, and translations in space and time

<> Poincare group — 10 generators: PH ? MHY
< Purerotations: ./, — _% €iik A 7¥ re boosts: K: = MO
Total angular momentum: | Jiy ] = i€k Jk

<> Two group invariants (fundamental observables):

P, P = P?* = m?
'l |
Wp. W“‘ where WN — _E €uv po / vp po
< Fact: (W, Wl = i€upe WP oy W W | = imeejp WF

If acting on states at the rest

& spin: S; = =W = J,

m

Note: W, W¥ has eigenvalues m?S (S +1) —,
41 | Jefferson Lab



Some fundamentals about spin

*
-~

<> Recall: constructed eigenstatesto S “and i - S :
> .

WoW [p.S) = m*S(S+1)|p.S)  5-1}
W-n ; 1
Wi s) = 3008 W = W s
< “Polarization operator”: . Wen
o m
< “Covariant polarization vector”: n* with n? = —1, n-p=
. o 1
<> For Dirac particles: D — 5 Vs *yﬂn“
m==)  Projection operators to project out the eigenstates of
1 7 N
(I £ y50)
<> Longitudinal polarization: n = p/|pl, n’ =0
) P ! wo P ith eigenvalues il
= =V YuN" = —=— with eigenvalu a
2 D] 2
J5 D S
us(p) = t=-us(p) = —us(p) ~ A “helicity
i 2P = gt
L g5 . .
1 Massless particle: o helicity = chirality, | 5p



Some fundamentals about spin

<> Transverse polarization: n' = (0,7,,0) (for §in z direction)

) PZ’Voj'ﬁ:’YOJJ_#JJ_

1
<> Transversity, not “transverse spin”, has the eigenvalue: :|:§
o 1 o
Yo J1ury(p) = £5up(p)
with spinors: L . .
Uy \/E [u.+ + u._]

Same as in non-relativistic theory

mmm) Transverse polarization, or transversity, not “transverse spin”,
is invariant under the “boosts along p ”

<> Projection operator with both longitudinal and transverse components:

1 |
5 ]ﬂ [11 — S17Ys + V58 } at high energy

with S~ A, s, ~n
43 Jeffggon Lab
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Some fundamentals about spin

J Back to Spin—-1/2:
<> A free spin-1/2 particle obeys Dirac equation
(p— m) ulp) = 0 where p = ~,p"
with 4-component solutions:

e~ 'P" y(p) positive energy — particle

L ('.7.?) = _
et'P* y(p) negative energy — antiparticle

Each with “two” solutions: “spin up/down”

T
< If it is at rest, (1\ (0\
(0 1

u - U =

\ 0 \ 0 /

They are eigenstates to the spin operator : S,

. 1
S.ut = :1-._3 u® “polarized in z-direction” —
44 B Jefferson Lab



Some fundamentals about spin

<> Boost the particle to momentum p — (£, 0,0, p.)
( 1 \ ( 0 \ T
0
) ut =N . u- = N
El—}——m 0 z

\ 0 \ #5 )

<> Eigenstates of the helicity operator:

S.p 1
4]) ut = +—u*
i 2

<> Also eigenstates of the Pauli-Lubanski (polarization) operator:

1
_"“r'” /J U = 3 Hj:

where the polarizatlon vector n = (p., 0,0, E)/m

<> At high energy, ' == p. also become eigenstates to chirality 75 :

1
¥y ut = :1:5 Tha —
45 Jefferson Lab



Some fundamentals about spin

] Back to rest frame:

<> Construct eigenstates to the spin operator &, : T
1 1
S, ul = + 3 ul S, ut = — 5 ut
with v = — [u+ + 'u._] ut = — [u+ — 'u._] /L—~
2 P 2
“polarized along x-direction” f
<> Boost the particle to momentum p = (£, 0, 0, p.) :
(1) (1)
N N still has
) ul = — ut = — |
2 Pz 2 Pz —
\/: E-I-l- m \/: E-}-I-n'? l'a" (™ + u ) [V 2

—P= P
E4+m E4+m

<> Still the eigenstates of the Pauli-Lubanski (polarization) operator:

. 4 .
S¥shu'r = £oult where n = (0, 1,0.0)

—_

—_

<> But, no longer eigenstates of the transverse-spin operator:

I 1 .
46 Oy u #F + 5 w J)e/fffegon Lab



Parity and Time-reversal invariance

[ In quantum field theory, physical observables are given
by matrix elements of quantum field operators

d Consider two quantum states: \a) ‘B>

Q Parity transformation:
lap) = Up |a) Bp) =Up |B)
(ap|Bp) = (| UL Up |B) = (|B)

0 Time-reversal transformation:
lar) = Vr |a) 1Br) = Vr|B)
(ar|Br) = (| V1 Vr ) = (alB)* = (Bla)

47
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Parity and Time-reversal invariance

(] Parton fields under P and T transformation:

Up ¥(yo, %) Up ' =~° ¢ (y0, —7)

Ve b (yo, 9) Vi b = (iv'7*) (—0, 9) T =iyly3

'\

= (P,=51|%(0) |7 (T1) 71|w(y) P, —51)

1 Quark correlations contribute to polarized X-sections:

Ti(x;5,) = —T;(x;—5) * JT =T

) 2
I; = Y%y, 0 or P ( z”y5)

I's = I, ty5, " contribute to spin-avg X-sections:
48 Jef/?on Lab
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Polarized deep inelastic scattering

] Pictorially:

P P 2
s l- > — P ! / P 1 ./"\
a(x) = ésfﬂf/é x| T == =
e 2 e e |
A () > - B ) I'f_-\
A (j (o? ) — :l E } Jxr % I .l— } Jxr
A N/
zP 1 2 xP - 1 2
N A P, 1 ."/.\/ o P, T ',/\/
oq(x) = — = }X = = } y
S \

] Note:

No transversity contribution to inclusive DIS!

o(z) = [Q(xh P+ SHA(J(%)%W - P+ 0q(x)y - Pysy - SL]

DO | —

-—e— P —

ff



GPDs - role in solving the spin puzzle

1 Quark “form factor”: |
) AN .o\, - oy en _ T+ ¢ U E
Py &, t,%) = [ Soe ™ (P (A 2) 55 =A/2) | P) >
- o £ 2\ [74( P\~ "y P P’
= Hy(xz, &t p17) [UP )y (/{(P)} 5P
. 2 [ - / ‘IT‘O'NV(P, — P)I/ Ty,
By ) [0 T )| o
with  ¢=(P'—P)-n/2 and t=(P' - P)* = —A3 if £ >0
Eq(l', £, Q) Different quark spin projection
U Total quark’s orbital contribution to proton’s spin: Ji, PRL78, 1997
1 _
Jy, = 5 gin’é/dmx \Hy(x.&,t) + Ey(z, &, 1))
1
— 5&!'} -+ Lq

(J Connection to normal quark distribution:

S ‘3 . 2 . °
Hy(x,0,0, 7)) = q(x, %) The limit when E—0 .
50 Jefferson Lab



