SPFPIN 2018 y sev 2018

9-14 September 2018 University of Ferrara
E

urope/Rome timezone

The Wonder of Spin Dynamics
In
Quantum Chromodynamics

Jianwei Qiu
Theory Center, Jefferson Lab

-

e
4

Y \»7
= z . -\.
y e, \
i NS B il
1 o 5
= 2y
N B
: it
LS 2 :
B -
Ph = >
) ‘smm
.b! .
. — n
7 e = :
R (148

‘&



Curiosity and fascination of spin, ...

N. Bohr

a spinning tippy-top

Picture from M. Stratmann, RIKEN Spin Lectures, 2017

Spin

an intrinsic and quantum
property of all particles
regardless if they are
elementary or composite



Curiosity and fascination of spin, ...

W. Pauli

a spinning tippy-top

Picture from M. Stratmann, RIKEN Spin Lectures, 2017

Spin

an intrinsic and quantum

property of all particles
regardless if they are
elementary or composite

Standard Model of Elementary Particles

three generations of matter
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Curiosity and fascination of spin, ...

N. Bohr Spin = an intrinsic and qu:antum
property of all particles
regardless if they are
elementary or composite

w?
Nuclear Spin: | )
Nucleus P n I
T 1 | 0 Vs
‘H 1 l 1
'H 1 | 2 Vs
‘He 2 | Y
. 5|6 3/2
6 6 | 6 0
S 6 | 7 Y,
N 7 | 8 Vs

a spinning tippy-top

Theory of NMR
Picture from M. Stratmann, RIKEN Spin Lectures, 2017 slideplayer.com



Curiosity and fascination of spin, ...

N. Bohr Spin = an intrinsic and qu:antum
property of all particles
regardless if they are
elementary or composite

Nuclear Spin: | e
Nucleus P n I

T 1 | 0 Vs
‘H 1 l 1

H 1 2 A
‘He 2 | Y
. 5| 6 3/2
56 6 | 6 0

S C 6 | 7 Ly
N 7 | 8 Vs

a spinning tippy-top

The world would be very
Picture from M. Stratmann, RIKEN Spin Lectures, 2017 different without spin!



Outline of the rest of my talk

1 QCD and spin of nucleon
1 Questions driving the spin physics
1 Dual roles of the hadron spin

1 The wonder of spin dynamics in QCD:

< Surprises, crisis, and advances
< Past, present, and future

d Summary and outlook

If we do not understand proton spin, we do not know QCD!



QCD and spin of nucleon

O Our understanding of the nucleon and its spin evolves:
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1970s 1980s/2000s Now

< A strongly interacting, relativistic bound state of quarks and gluons
< Understanding it fully is still beyond the best minds in the world

d From quantum mechanics to quantum field theory — QCD:
N
< Spin of a composite objectinQM: § — Z S N is finite!
1=1

< Proton spin in QCD = Proton’s angular momentum when it is at the rest

= QCD energy-momentum tensor & angular momentum density:

1 .
M™ =Tzl —T¥z" J' = ;(.”k / d®x MOI*

. Lo A ; 1 As a quantum
Proton spin: - S(y) = 3 (P.S|Tj (I P,S) = 5 Probability!



Questions driving the spin physics

O How do quarks/gluons + their dynamics make up the proton spin?

1
1 &2 8
v . ‘:’_-.;.»-f"

Helicity distributions + orbital contribution

O How is proton’s spin correlated with the motion of quarks/gluons?

x f4(x, kt, St)

—_ u quark .
S, 05 B~ Deformation of parton’s
3, confined motion
E’A o when hadron is polarized?
-0.5
ky TMDs!

kx(GeV) ky(GeV)

1 How does proton’s spin influence the spatial distribution of partons?

Deformation of parton’s
spatial distribution
when hadron is polarized?

GPDs!




Dual roles of the hadron spin

0 Understand the hadron spin as its intrinsic quantum property:
t

Role of the quark & gluon
/ - Z (P, S' ()| P, S) properties & their dynamics?

Proton Spin

0 Use the spin orientation as a tool to help explore QCD dynamics:

< Asymmetry with both beams polarized: A, Arr, AT
4, = ot — ol )] = [o(=4) (=, )
lo(+,+) +o(+, ) +lo(—+) +o(=—)
< Asymmetry with one beam polarized: Ar, An
lo(+) —o(=)] 0(Q,sr) —o(Q, —57)
Sl re) Y T oQE) T e 5
< Access to quantum effect:

2
o(Q.5) o :(%N 1/@2(% % ) _

o(s) —o(—s) mmp Quantum interference mwp T(3) (r, ) o ‘ 7 i

for o(s1, s2)




The past: naive quark model, ...

4 Proton wave function - the state:

p 1) = = [uud(111 + 117 =2 171) +udu(1T] + 117 —2 111)
tduu(T1] + 111 =2 117)]

O Normalization:

(p1lp1)= 18[(1+1+(3 N+ (1+1+ (=2 +(1+1+(-2)7°)] =1
Q Charge: Q=30
1=1
pTIQIp T = 5G+5 -3+ 1+ (=2 + G -5+ )0+ 1+(-2)
-3+ 24+ 5)1+1+(-2)) =1
4 Spin: §— isz
A =1
P11 =illG -3+ + (3 +3+2) 4G +3—3)]
i+ l+4a)+ 5 +5+41) :@) What a succ:essful
 Magnetic rrgoment: " 2$tory '
— 14(6)i [p 1) = LAp, — (u_p>M__§
<1PT|;M(03) p 1) 3[/;/3 fhd] ﬂ{ M Q
fin = = [4pa — 1] ZZ ~ = (M—p)EXp —0.68497945(58)




The surprise: “The Plot”, ...

1 EMC (European Muon Collaboration ’87) — more than 30 years ago:

I
-1
~ ELLIS-JAFFE sum rule ® xg? (x)
x J'g1p (x")dx' 1

=5 Z eg [Aq(x) + Ag(z)]

q

+0(as) + 0 (1/Q)

10—2 101 1

1
< Combined with earlier SLAC data: /O g1 (x)dx = 0.126 £ 0.018

< Combined with: ¢5 =Au—Ad and ¢5% = Au+ Ad—2As
from low energy neutron & hyperon 3 decay
AY =) [Aq+Ag =012+0.17

° ° ° q
O “Spin crisis” or puzzle:

{ Strange sea polarization is sizable & negative R N.ew ira f’f
< Very little of the proton spin is carried by quarks SPIN PysIcs



The present: Proton Spin, ...

. 1
Q The sum rule: S(p) = (P, S|J;(w)|P,S) = 5 = Ja(1e) + Jo (1)
f

= Many possibilities of decompositions — connection to observables?

» Intrinsic properties + dynamical motion and interactions

O An incomplete story:

Jaffe-Manohar, 90
Ji, 96, ...

Proton Spin

@

Quark helicity
Best known Gluon helicity

1 ) ) ) Start to know Orbital Angular Momentum
E/dx (Au+Au+Ad+Ad+As+A8) of quarks and gluons
~ 30% AG= / delg(z) Little known
~ 40%(with RHIC data) Net effect of partons’

transverse motion?
Dual roles of proton spin: property vs. tool!



How much proton spin is at small-x?

d Global fit and simulation:

— rrrrr|prrrT LN B I L L N B L L f‘?q 1 ; —l-rrmmm'mq—l-rnm'—rn'lmq—rrmm
— = O - =
ol ] A L DIS + SIDIS data ~ —— DSSV 2014 )
°0 | % NEWFIT 1 ¥ [ no pp data in fit with 90% CL. band |
< u 90% CL. region - éjﬂ L RHIC spin EIC projections:
o] i B  DSSV#* _ projected dataup 02015 o5y
n O~ 90% C.L. region Z: 1] B
S—g L 1l == L B i Vs=1227GeV
< & | a DSSV 1l L B -Vs=1414GeV
05 — - i
. - 05 -
" . i -
0 % A :
i _ () P e eeceu sasmsansa samamsamnanasaas sasesssassassaseseaseasesssons?
[ . ] [ - 2 ]
05 Q°=10GeV- - - Q' =10GeV -
—1 Lo v v o by aa RN B B A B B A A AN A I- _05 +
02 01 0 01, 02 03 0° 107 10F 107 107 1w i
de Florian, et al. PRL2014 Idx Ag(X) Aschenauer, et al. PRD2015 X nin
005 =

J The wonder of QCD:

1) “ 4 [agN, [ag N,
. Aq(z, Q%) ~ | = with o = = ~231 -
Small-x evolution ) 1z, Q%) (:1:) V3V oon 2m

G
1\ as N as N
2 . G _ 13 siVe siVe
Integratable x-dependence AG(z,Q7) ~ (;) with oy = 775/ —— =~ 1.884/ ——

Kovchekov, et al. JHEP2017




The future: JLab12, ...

d JLab 12GeV - upgrade project just completed:

12 GeV CEBAF Upgrade Project CLAS12
is just complete, and o
all 4-Halls are taking data

New Hall

(Aq+AQ)/(q+q)

Upgrade arc magnets

Add 5 - and supplies

cryomodules

\ 20 cryomodules

Add 5
cryomodules
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. Ennanced capabilities 0
in existing Halls L & Hall AF99117
| O cws |
® Projacted CLAS12 (p) + Hall C (n, 2010 update)

lJllLLlllllllllj 111111111111111llllllllllllllll

. 10 01 02 03 04 05 06 07 08 09 1
Plus many more JLab experiments, .

COMPASS, Fermilab-fixed target expts




The future: EIC, ...

. The EIC White Paper
U One-year of running at EIC: g

Wider Q? and x range including low x at EIC!

R B LI j l | L S LN B B S BN B S B B B B

o.mf— xAu —ff— an q oos ’ ’
. ] Q =10 GeV

ooz [ JE Y

C v C 51 (n
‘om_-nss + & FIC $x100, 34250 -

o

sl i crintion for Ay =9
L saal o a sl

w/ EIC data

0.001

% DSsv+ |
5%100

- EIC sizso ]

EIC 20x250 |;

all uncertainties for Az:=9 -

.
n

L JAgxQY) dx
]
T Ll L] T I L] T L] L} I T T T T I 1 T L] T

BNL EIC Science Task Force

_1 l 1 1 1 1 I L 1 1 1 l 1 1 1 L l 1 L

0.3 035 04 045

No other machine in the world can achieve this! OD(!]AE("’Qz) dx

O Ultimate solution to the proton spin puzzle:

<> Precision measurement of A g(x)— extend to smaller x regime
< Orbital angular momentum contribution — measurement of TMDs & GPDs!



Transverse spin

4 Two-quark correlator:

3,k P.S) = / d'z e* (PS|9,(0)¥i(2) | PS)

4 4-independent collinear d.o.f. for spin-1/2 quarks:

m=) 3 well-known leading power quark parton distributions:

1 i T 0 . _
q(z) = T dz~ e =P7 (P,S|¢Y(0)yT ¢ (0,27,0.) | P, S)
1 . _
Ag(z) = o= [ dz"e PP S|(0) T s 4 (0,27,00) | P, S)
1
oq(z) = dz~ e’ IP+( W(0)y Ty v5¢ (0,27,00) | P, S)




Global fit with the help of lattice QCD

O First global QCD analysis of transversity distribution
— using Monte Carlo methodology with lattice QCD constraints

0
B SIDIS (a) % BN SIDIS+lattice
.| ﬂ «= 6 3 sIDIS
-0.4 . .;’
§ 4
-0.8 %' - g ol
SIDIS +lattice <y &
- X == A . . c .
—1% 0.2 0 o % 0.5

O Impact of a future SolLID, ...

0.4

(b)

isovector
tensor charge

H.W. Lin et al, PRL 120,
152502 (2018)

ar

—0.2¢

SoLID

proton target

Q* =24 GeV?| |

SoLID

neutron target

acceptance

SoLID

—— Pitschmann et al (2013)
<+ Gockeler et al (2005)

~e-  Bhattacharya et al (2013)

proton + neutron S ——  Aokietal (2010
targets . < Greenetal (2012)
- Lattice
- Pheno - Bali et al (2015)
+ Pheno —e—  Guptaet al (2014)
——  Bhattacharya et al (2016)
Gamberg, Goldstein (2001)
KPSY15(u) Angelmino et al (2013)
S Radici et al (2015)
CPSY15(d) {2015)
KPSY ]—)‘d) Kang et al (2015)
== After SoLID | e «  SoLID
imeated  full
0.5 1.0 1.5

Hall A + Theory, Phys. Lett. B767, 91 (2017)

gr




The challenge: Large A,

d A, - consistently observed for over 35 years!
ANL - 4.9 GeV BNL - 6.6 GeV FNAL - 20 GeV BNL -62.4 GeV

60 60 60 60
PRL 36, 929 (1976) [ PRD 65, 092008 (2002) I PLB 261,201 (1991) PRL 101, 042001 (2008)
a0l K a0l §+ ao | PLB 264,462 (1091) + 20| BRAHMS
[ [ " [ ® [
— 20 ;715; b.. 20 .0 20 .oo 20 | .Q
= . .
= ® i °
=z O e of------- @30 - ---- -+ o_————éé ——————————— Of---@ -
[ o [ o [
-20 ‘} -20 o(} -20 | °o -20 O
40 | -40 | ({) -40 [ @ <{> -40 | © {;
_60 TP ITRTIRTTTI PRTTA PTTTI PRI FATT POUTE PTATI FYTTY _60 T PP PP PEPTS FRPTE PRPTY PR PP0 1 PPPT PP _60 :.u.l.u.l....l.u.I....Iu..l....l....ln..l.... - -..ul....lu..ln..l....lu..I.u.l..ul....lu..
02 04 06 08 1 02 04 06 08 1 02 04 06 08 1 80 02704 06 08 1
X¢ X¢ X¢ X¢
O Survived the highest RHIC energy:
= ‘ - 4
< a0 STAR Prellmlnary Sp L eft

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

[ e
Ll o °-Jets (x,_ <0) p+p' @ Vs =500GeV | A

0.04} = EM-Jets (x_> 0) pEMJet > 2.0 GeV/c B _ m
L O EM-Jets (x_ < 0) 2.8 < nEMJet <4.0 | Y/ v
. S

Right

0.02
| = Ac(f,5) o(l,5)—o(l,—5)
N0 o(€,5) +o(l,—3)

Il Il Il Il Il Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il Il Il Il Il ‘A
40 50 60 70 80 90 .
EM-Jet Energy (GeV) Do we understand this?



Do we understand this?

Kane, Pumplin, Repko, PRL, 1978

4 Early attempt:

Cross section: cas(pr,35) + 4

Asymmetry:  0aB(pr,5) — oaB(pr, —5) =

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

AN X igp ) (ﬁh X ﬁT) = iew/aﬂphusupap%ﬂ

Need a phase, a spin flip, enough vectors

O Vanish without parton’s transverse motion:

— A direct probe for parton’s transverse motion,

Spin-orbital correlation, QCD quantum interference



Current understanding of TSSAs

0 Symmetry plays important role:

Inclusive DIS Parit ) —_
Single scale . g Ay=0
Q Time-reversal

Collinear factorization
== | Twist-3 distributions

~ Moment of TMDs
SIDIS: Q~ P DY: Q~ Py; Jet, Particle: Py
1 Two scales observables - Q; >> Q, ~ Aqcp:

TMD factorization
TMD distributions

| ] ~ Direct k; info.
SIDIS: Q>>P- DY: Q>>P; or Q<<P;



Twist-3 distributions relevant to A

+

O Twist-2 distributions: q(z) <p|@q(0) wq(y)|P)

= Unpolarized PDFs: G(z) o (P|FTH(0 )FJr'/J(r )4 Y(—9u0)
Aq(a) o< (P, ) [, (0) 154 (y) P, S))
AG(x) oc (P, S [FT(0)F ™ (y)| P, S)) (i€ 1)

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

i dy—dy— iePYy= ixe +o . A-'+ sTonmn o, (n ™) — K
Tq,F _ /(57)22 euP Yy euzP Yo <P’ 5'T|'1.i'»"q(0) 7 [F T f/7+ (v5 _.)]L".*’q(y1 )|P 3T>

= Polarized PDFs:

Kang, Qiu, 2009

~ dy_dy)_ irPYur izoPtTul 1 STONM 1, —) —
Tcgfi,d) _ /We“'p v1 gie2PMy; FUD’ sT|F1r(0) [F‘T' F, " (y; )}FJ“)‘(y1 )P, sT)(—gpn)

T d dl/) irPt 1 A'+Ad —
TA‘%F:/!&TQ Prur eim2PT s (P sy [, (0) 5 157 F, " (y5 )| q(yy)| P, sT)

d) dy—dy— irPty: izoPtys 1 SO ( y— — ;
T‘i.(f.' F _/ (éﬂ,)-zz € P € 2P P+ (P, ST|F+p(0)[15’1'}f7+(._!/3 l}FJ”\(yl )|P ST> ('Z(:'J_p)\)

Role of color magnetic force!

O Twist-3 fragmentation functions: See Kang, Yuan, Zhou, 2010, Kang 2010



Collinear twist-3 contribution to A,

dAo(sT) = do(st) — do(—sT)

= H ® fa/a13) @ foyB2) ©® Dejo(2)

+ H' ® fa/AT(Q) @ fo/B(3) @ DC/C(Q) = Negligible
~

+ H" @ fa/a12) @ fo/B2) @ Dejoa)

Important
Metz & Pitonyak (2013)

O Twist-3 fragmentation contribution:

P2do o0 202 Mj, 5 Y odz [ da 1 1
e E-LNVSiPhLE :§ :/ _3/ 1ot N 1§
dSPh S i ab,cV®min z T in z’ 'S + T/Z —zTu —x't

1 a byt 7C /e dIA{C/C(z) i 1 C/e i
X Ehl(a:)fl(a:){(H /°(2) — 2 e Sﬁ+;H /e(2) 8%

dz 1 - cC ]. i
+222 [ S PV—— HSI9% (2, 2) £ 5., }

2 T 1
3 > dZ]_ 1 S A
22 2 1 rHpy(z,21) = H(2) +22H(2) 3-parton correlator
z “1 27 21

() = HEO ()



Collinear twist-3 contribution to A,

O Fraamentation + QS (fix throuah Sivers function):

0.4

STAR 04
[ 33< n<4.1

]

STAR 12

| n=368

T Kanazawa, Koike, Metz, Pitonyak
PRD 89(RC) (2014)

x%/d.o.f.=1.03

InRI

__I | L
nNne N4

02 03 04 n& na 07
XF T T T T T T T T L=
STAR 08 <n>=37 L
O1r<n>=33 o .
=
0 ot W o
= [
04 02 0 02 04 -06-04-02 0 02 04 06
X Y~
F 0.2 . . — .
| BRAHMS 07 0 =4° ot e
01lL6=23° I ErEren
Py T S R—
0 el it T ool
—— Total _ Ty}
§g v —3 3
— — NO 3-parton FF e} I
02 0.25 0.3 015 02 025 03




Paradigm shift: 3D structure of hadrons

1 Cross sections with two-momentum scales observed:

Q1> Q2 ~1/R~ Aqcp Iy
xp,k {
<~ Hard scale: ()1 localizes the probe }‘\: % /
to see the quark or gluon d.o.f. - 6 |
< “Soft” scale: ()2 could be more sensitive to V O \
hadron structure, e.g., confined motion Ny

1 Two-scale observables with the hadron broken:

Two-jet momentum
imbalance in SIDIS, ...

SIDIS: Q>>P- DY: Q>>P;
—

<> Natural observables with TWO very different scales

< TMD factorization: partons’ confined motion is encoded into TMDs



Paradigm shift: 3D structure of hadrons

1 Cross sections with two-momentum scales observed:
Q1> Q2~1/R ~ Aqcp Iy

. xp, kr {
{- Hard scale: ()1 localizes the probe . v
to see the quark or gluon d.o.f. ) ::\'"o ’:J
$ “Soft” scale: ()2 could be more sensitive to f/' o) X
hadron structure, e.g., confined motion ) 4

1 Two-scale observables with the hadron unbroken:

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

<> Natural observables with TWO very different scales

< GPDs: Fourier Transform of t-dependence gives spatial b;-dependence



TMDs: confined motion & spin correlation

1 Power of spin — many more correlations:

Un-Polarized

Quark Polarization

(L)

Longitudinally Polarized Transversely Polarized

(T

=@ - @

Boer-Mulders

n Polarization |

.=~ O |ne=P- @-

Helicity

- Nucleo

o= d} -~ @

Sivers

'L-
hﬂ - -

e @) =
gﬂ-‘-:é — @ Transversity

O—»Nudeon&)h

@ Quark Spin

Similar for gluons

Ay — single hadron production:

Sp

Photons have asymmetry
Jet vs. Photon sign flip predicted

kT.q Di-jet, photon-jet not exactly back to back

Collins-type

\ Sivers-type

Require two
Physical scales

More than one TMD
contribute to the
same observable!

Transversity
No asymmetry for the jet axis




The present: Theory is solid

0 TMDs & SIDIS as an example:
< Low P, ; (P,,1 << Q) - TMD factorization:
os1o18(Q, Phi, g, 2n) = H(Q) @ 4 (2,k1) @ Dyn(z,p1) ® S(ksy) + O [
< High P+ (P,,+ ~ Q) — Collinear factorization:

1 1
osip1s(Q; Py g, 2n) = H(Q, PhLy@s)®¢f®Df—>h+O< )
P’ Q

PM]
Q@

< P, Integrated - Collinear factorization:

osiois(Q 25, 2n) = H(Q,05) ® ¢y ® Dyn + O (%)

< Very high P, >> Q - Collinear factorization:

1
osipis(@, Prhi,xB, 2n) Z Hupye ® Gy—a @ Pp @ Deyp, + O (— i)

abe

 SIDIS is the best for probing TMDs:

1 NT N\ll otLlins
NN A" sin(g, + @)

+ A7 sin(@, — ¢ )+ A sin(3p, - @)

[ [
A4, (9,,¢)=




Modified universality for TMDs

J Definition:

—_
1
o

font (2. kL, S) = /
O Gauge links:

ly~d?y; ..+ - . - , .
: '/(‘)_):'gu eiTP YT —ikLy) (p, S|1 (07,0, )| Gauge link "—)c“*(.z/_.yL)\l,). S)
&Ll &

[T Ry

— 00 0 Y +00 -

O Process dependence:

Fopnt (@, k1, S) # f1)ne(2,k, S)

Collinear factorized PDFs are process independent



Critical test of TMD factorization

4 Parity — Time reversal invariance:

—

o (k. S) = £ (z. ki, —S)

[ Definition of Sivers function:

.fq.,.-"hT (z, k_L- S) = fq.,.-"h (l ]"_L ) + 3A:\ .]Lq,,:"'hI (. ]"_L) S-p X kJ_
O Modified universality:

The spin-averaged part of this TMD is process independent,
but, spin-averaged Boer-Mulder’s TMD requires the sign change!

Same PT symmetry examination needs for TMD gluon distributions!



Hint of the sign change: A, of W production

P P
L STAR p-p 500 GeV (L = 25 pb™) L STAR p-p 500 GeV (L =25 pb™)
08F 95 <PY <10 GeVic 08t 9.5 <PY <10 GeVic

0.6} 0.6
0-45’ 0.45 T '_l_‘
0.2 1 f } : 0.2}
....... | By, = Fereeverer everre] 0

-0.2

04 W Ty 04 W =Ty

KQ (assuming ‘“‘sign change™) 0.6 KQ (no “sign change”)
~ Globaly?/d.of.=7.4 /6 ““F' 7 Global y2/d.o.f. =19.6 /6

~0.8[-3.4% beam pol. uncertainty not shown 0.8[-3.4% beam pol. uncertainty not shown
.1 | 1 1 1 1 | 1 1 1 1 | _1 | 1 1 1 1 | 1 1 1 1 |
-0.5 0 0.5 -0.5 0 0.5
y" y"

Data from STAR collaboration on A, for W-production are
consistent with a sign change between SIDIS and DY
Consistent with COMPASS data STAR Collab. Phys. Rev. Lett. 116, 132301 (2016)



Hint of the TMD sign change from lattice QCD

O Gauge link for lattice calculation:

M. Engelhardt

Staple-shaped gauge link /[0, nv, nv + b, b]

d Normalized moment of Sivers function — at given b:

(GeV)

~[11(0)

~2[1](1)
my flT /

0.6

04 s AEeeeT e, .

|
o
2

—04Ff

-0.6¢L

Sivers—Shift, u—d — quarks

fed
*

-
v

Ibr| =

«— DY

my =297 MeV

=041, .

0.12 fm, .

SIDIS —

| NS N N S N N N N N Y N (N (N N S N N N N N S — —

Yt ssissss

—c0 10

- -~

-5 0 5

nlv| (lattice units)

10

(o)
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Confining radius in color distribution?

U The “big” question:

How color is distributed inside a hadron? (clue for color confinement?)

O Electric charge distribution: Vg
p '
Elastic electric form factor =) Charge distributions !
0.1
« 1.5 a Y=
(=] g -0.1
H, 1 proton H 9.2
o 0.5 o -0.3 neutron
i 0 _ 5 -0.4
00.511.5 2 0 0.5 1 1.5 2
blfm] blfm]
: \
[ But, NO color elastic nucleon form factor! » ! |
p

Hadron is colorless and gluon carries color

mm) Parton density’s spatial distributions — a function of x as well
(more “proton”-like than “neutron”-like?) — GPDs



GPDs: Density distributions & spin correlation

1 Quark “form factor”: faxfffﬁ,génﬁ
Fy(x, &, t, 1) = Q(—zz\/Pl Dy (N/2) von ~)\/2) “Density current”
27 _P n
e 2\ 17 I\ A 72#
= Hy(z, &t p7) [U(P )y M(P)} 5P
C Be et lrapni P = Py, y

with ¢= (P —P)-n/2 and t=(P' — P)*> = —A% if £ =0
Hy(x,6,t,Q), Eq(z,&1,Q) Different quark spin projection
Hy(x, 0.0, 1) = q(x, 1i*) The limitwhen ¢ —0

U Total quark’s orbital contribution to proton’s spin: Ji, PRL78, 1997

Jg = L lim | dez [Hy(x,&,t) + Ey(z,€,1)]

2 t—0
1

JLab12 - valence quarks, EIC - sea quarks and gluons



GPDs: Density distributions & spin correlation

U GPDs of quarks and gluons:

x4+ €

dImaging ( ¢ —0:

4 Influence of transverse polarization - shift in density:

1.5

0.5

b, (fm]
=)

-0.5

-1.5

xr—¢&

Hq(x7£7t7 Q)a
Hy(z,&,t,Q),

Q(xabJ_aQ) — /d2ALe_iAJ—.bJ—Hq($7€ — Oat — _AiaQ)

Eq(iU, ga t? Q)7
Ey(z,6,t,Q)

Evolutionin Q

— gluon GPDs

—

glz= IO".; O'=4 GeV?) (= IO"'.; OF'=4 GeV*)
LSRN I A=\ N\
S | W (W) )

1.5

-15 -1 -05 0O 0.5 1

by | fim)

1.5

s, 10w
1097, 0.99|
0.5, 0.97|
10.50 , 0.9
.50, 0.50|
o0, 0|
l0.80 , 0.70|
10.50 , 0.00|
040,050
1030 , 0|
020, 0.30|
e, 0w
|0.0E , 000
ooz, o.0s)
lom , o0z
lo.00, 0m|

CITTTTTTTT T

EIC simulation



Orbital angular momentum

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

0 Wigner distribution:

Momentum
Space

TMDs

Confined
motion

J Note:

xP
] d}zb/

f(x,kp)

Two-scales observables

/w2 .

f(x,b)

Coordinate
Space

GPDs

Spatial
distribution

< Partons’ confined motion and their spatial distribution are unique
— the consequence of QCD

< But, the TMDs and GPDs that represent them are not unique!
— Depending on the definition of the Wigner distribution and

QCD factorization to link them to physical observables

Position /" X Momentum 0 - Orbital Motion of Partons



Orbital angular momentum

OAM: Its definition is not unique in gauge field theory!
0 Jaffe-Manohar’s quark OAM density:
£3 =} [#x (-id)] v,
4 Ji’s quark OAM density:
L3 =} |7 x (~iD)] "
1 Difference between them: Hatta, Lorce, Pasquini, ...

< compensated by difference between gluon OAM density
< represented by different choice of gauge link for OAM Wagner distribution

— g 3 - = 7
L33} = /dwd26d2k:ﬁ {b X kT} W(x, b, kr) {Wq@aba ’fT)}

with 5
= d*A du— d?
We{Wq} (@, b, kr) :/ TeZA b/ J yTei(xP+y —kr-gr)

(27)2 (27)3
JM: “staple” gauge link ~t 1
Ji: straight gauge link <P/|¢ (0 ) (DJM{J }(O,y)¢(y) [ P)y+=0

|

between 0 and y=(y*=0,y,yr) Gauge link



Orbital angular momentum

OAM: Its definition is not unique in gauge field theory!

0 Jaffe-Manohar’s quark OAM density:
5193
£i =i |7 x (<id)| v,
4 Ji’s quark OAM density:
.13
L =} & x (=iD)| v,

d Difference between them: Hatta, Yoshida, Burkardt,

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

dy~d?yr  ,— At [
cg—Lgoc/ y yT(P’Wq(O)%/ dz (0, 2)
-

(23
< D [ FH )] 0T, n)Y )Py o

e

Y
“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,



Unified view of nucleon structure & spin

O Wigner distributions:

kr
Momentum Coordinate
Space xp " Space
2 - 2
TMDs J d,b/ w kr  GPpDs
Confined Spatial
motion f(X,K1)| Two-scales observables |f(X,b;)  distribution
. 2 g (x50%) fm ) £q"(xb,0°) 1fm™) xg(x5,0%) fm™)
Sivers Functions e : /\f - :
u quark d quark \ / \‘ o
|/ N\
S S —= = mp==
I a2 / 7 ==\ \ / 1@%& | A///n\\k
W7 NI W {’//1@\\\
= W70 | W71 | | \NSS)))))
NNSE=EZ4 NWE=EZ4 NS
NI——1 \::/ | N—
GeV) x(GeV) — |
-1.5 -1 —O.SbJI(}MI 0.5 1 15 -15 -1 —O.Sb’l(}MI 0.5 1 15 -15 -1 —O.Sbyrf'nlo

Position I X Momentum [0 - Orbital Motion of Partons



Nucleon spin and OAM from lattice QCD

O XQCD Collaboration:

[Deka et al. arXiv:1312.4816]

Connected

Interaction (ClI)

Disconnected
Interaction (DI)

| Jutd (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)
@ Lutd (DI) ! @ L (CI + DI)
0O L* (DI) : 0 L* (DI)
08 Js E mJe

. %l'u—~d+8

0 % |u+d---s




Summary

0 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 and its spin correlation!

a Since the “spin crisis” in the 80t", we have learned a lot about
proton spin — but, still a long way to go!

0 TMDs and GPDs, accessible by high energy scattering with
polarized beams at JLab12 & EIC, carry important information on
hadron’s 3D structure, and its correlation with hadron’s spin!

No “still pictures”, but quantum distributions, for hadron structure!

Thank you!
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The future: EIC,

M M4 ° w ll T T |||l||| T T lllllll T T lllllll
0 The power & precision of EIC: _
10 DSSV+
x=52x10"(+52)
- EIC:
P(x,Q%) + C(x (]
9 91( Q) (x) - ¥ 5 GeV on 100 GeV
l v SMC 40 8.2x10°(+43) 4+ 5GeVon 250 GeV
8 --H‘v"*"; x = 0.0063 (+7.5) * EMC B ‘}/% ’::’ 20 GeV on 250 GeV
7 i 1.3x10™(+36)
g2 x = 0,0141 (+6.2) /;<\ I
= i 2.1x10 (+31)
6 | — @ 30
I s =
Aoy = 0,0245 (+5.2) S i 33x10% (s27)
st - Y i oa—o——°
_’_.._1__-,_;_._ x = 0.0346 (+4.5) ‘ Y
m E155 wggwmmmmmmIE x = 0,0490 (+4.0) at E|C C\C‘} L (*_4_._.9————?—‘ 5.2x10° (+24)
4 E143 ppwwmmmg=E x = 0.0775 (+3.5) oe _ ‘__e_‘___o,__e——o 8.2x10 (+21)
ecpagmelenats  x = 0,122 (+3.0) S 20 [ me—ous —o 1.3x10°(+19)
. -3
3 A HERMES . X =0.173 (+2.5) | e woa—er—o}—o—0 2.1x10 (+17)3
e hoh o0 33x10°(+15.5)
5 ety X = 0.245 (+2.0) N~ k oaoip 52x10°3(+14)
o= = 3
— B8 a8 x = 0.346 (+1.5) [+ o 8€x11°3§:33}+12)
' GRSV kg3 X = 0,490 (+1.0) [ 21x10°(11) WG oA oo o
AAC . 10 ey T T = e
..... — x = 0.735 (+0.5) | 8.2x102 (+8) - A —h—OA—O
0 1. 3><102 (1+7;)04§u—1:—u—e&—(.->*—9A
! 10 1002 5 i 33x107 (+5) -—.—:_-:_:_,‘
Q (GeV ) L 5.2x107 (+4) == T
II 1 1 ||IIII| 1 1 IIIIIII 1 1 IIIIIII

O Reach out the glue: 1 10 102 10°

5 Q2 (GeV?)
dgl(.’I?,Q ) S 2
= P, A , + .-
dIn Q2 21 19 ® £9(x, Q%)




GPDs: just the beginning
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OAM from Generalized TMDs?

GTMD

J Canonical OAM:

. L k2
10 = /d% (b1 x (k. )(b))] = —/dxd%u Fia(z,0,k,,0,)

M2

O Connection to the Wigner distribution:

2DFT of GTMDs (A, —b,)
d*A |

p/(g’A(P:ksz;W) = / (271‘)2 e_iAL.bJ_ WEA(P:]C:A;W”A%-:O

=u

(k)

O Spatial distribution T
of (k.): 1,35:::::,:;;:::““

0.5

S N o e a = e e NN

PRV S N

(k1)(by) |
0.0p ]
:/(IAAL/)\, (P,k,b ;W) \li

by [ fin]

_osl

b, [fm]
>
>

[C.L., Pasquini (2011)] R
[C.L., Pasquini, Xiong, Yuan (2012)] | | |
[Hatta (2012)] -0.5 0.0 0.5

[Kanazawa, et al. (2014)] by [fim]

Meissner, et al. 2008
See talk by Metz
Also, Lorce at ECT*

0
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— e w s
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-0.5 0.0 0.5
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Orbital angular momentum contribution

e ege . . . Ji, Xiong, Yuan, PRL, 2012
O The definition in terms of Wigner function:  (orce, Pasquini, PRD, 2011

. ) Lorce, et al, PRD, 2012
< Gauge invariant:

<P,S|fd3r@(77)7+(ﬁxiﬁL)zp(FﬂP.S}_/~ , L. e
(P, S|P, S = [ (bL x k1 )Wpsle,by, k1 )dz d®b, d?k,

Lq
<> Canonical:

P,S| [ Bro@~t(FL {id W (7)|P.S 5o 5 o 5 oo
lq < ‘f Tw(?g S(';J):S>Z L)¢(T)‘ >: /(bj_ % kJ_)WLC(fL“,bJ_,kJ_)dZCCFbJ_CFkJ_

< Gauge-dependent potential angular momentum - the difference:

_ (PS| [ &Prp(y (7L x(—gAL)w(P)|P.S)

e = (P.5|P.5) Tl .
Quark-gluon correlation
Transverse k. Longitudinal momentum
momentum = Pt
Transverse b (O) = /(’)((ﬁ,lﬂ) Wer(z, b, ki) dxd?, &k,
position 4
Gauge-link dependent Wigner function
2+3D
= Same for gluon OAM




Orbital angular momentum contribution

. . Ji, Xiong, Yuan, PRL, 2012
d The Wigner function: Lorce, Pasquini, PRD, 2011

Lorce, et al, PRD, 2012

< Quark: )
Wik = [ et [ (4 St (+5) 10w (5) - 5
GL: gauge link dependence Gauge to remove “GL”
Ups(z) =P |exp | —ig /Oo d\ z - A(Az))] Y(z) Fock-Schwinger
Uio(z) =P |exp | —ig /)OO d\n - A(An + z))] Y(z) Light-cone
< Gluon: :

FgL ( 2) FEZL (2)

> - d2AJ_ AT dz=dz| ... AJ_ AJ_
g _ tA by tk-z I =L
W (x,ki,by) —/ (27r)2€ / OE e <P+ 5 P 5 >
1 Gauge-invariant extension (GIE):
" S &
01 = iDT(E) Jr/ ™ Lig- ) 9F7°(17,€0) Lin- 6] Twist-3 correlators
Fixed gauge local operators gauge invariant non-local operators

Note: the 2+3D Wigner distributions are not “physical”
But, their reduced distributions could be connected to observables



