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Outline of my talk

| will concentrate on two features of spin physics:

 Spin sum rule: the proton’s spin budget?

ﬂAG

Lqg \ L9

1 Spin as a tool to probe the hadron’s partonic

structure and QCD dynamics



Challenges of strong interaction

 Hadron properties in terms of dynamics of quarks and gluons:

Hadron properties QCD
Charge, %ua:rks Gluons
Mass, FIO o, Color,
Spin, <> ChaVOt', + Spin,
Magnetic moment, arge,
Mass,
Spin,

L Lattice QCD:

Could calculate all hadron properties in principle!
Has done an excellent job in reproducing the hadron mass spectrum

d But,

It does not reveal the space-time distribution of partons inside a hadron,
details of interactions, reasons of confinement, ...



Hadron properties — parton dynamics

d How color is distributed inside a hadron?
(possible clue for color confinement, ...)

\q
P p'

< Electric form factor ==y charge distribution ?q
P p'

But, no color form factor!

< Hadron is a color singlet, but, gluon carries color

 How partons and their interaction build up the hadron mass?

< Atom mass — heavy nucleus + light electrons
— concentrated mass and “localized” charge source

No “localized” color source for light hadrons!

< Hadron mass < Energy scale to “see”
localized partons (live long enough) - hard for pQCD approach



Something special about spin

1 Spin of an elementary particle:
An intrinsic quantum property of the particle

1 Spin of a composite particle - like a proton:

Angular momentum when the particle is at rest

= Spin of elementary partons

(intrinsic quantum effect)
+

Motion of the partons
(dynamical - fundamental interaction)

| Proton’s spin budget in QCD Jaffe-Manohar, Ji, Chen et al, Wakamatsu, ...

S(p) =Y (P, S|JF ()P, S) = % = J,(p) + Ty (1) — %zq + L, + (AG+ L)
f

The decomposition is not unique! Only the total sum is physical!



Spin as a hadron property

1 Complexity of the proton state — scale dependence:

e,
H) =35 G QQ", (L = 00
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O Asymptotic limit: ,
Ji, 2005
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 Spin sum rule — not unique!
S(1) = 5500) + Ly(sn) + AG(D) + [y (1) — AG()
Intrinsic parton’s spin: Q%) =) [Aq@) +Aq@)],  AG(Q?)
dynamical parton motion:  Lq(Q°), Ly(Q?)

O Spin decomposition - at different distance scales:

Learn QCD dynamics, not much details in partonic structure!



Role of quark’s spin — twenty years’ effort

d The EMC’s “Plot” is improved:
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4 But, the puzzle remains!
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Role of gluon’s spin — RHIC’s spin program

1 Definition - in terms of an non-local operator! — small x?

AG = / dx AG(z / p— / 7Y (p, s|FTH0)F T (y7)|p, 5) (—ie )

1 NLO QCD global fit - DSSV: PRL101,072001(2008)
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4 Proton’s spin budget:

. o . o |_q Lg
Quark spin ~ 25%, Gluon spin ~ 0%



New PHENIX data - Run 9

d Combine data from Run 5, 6, and 9:
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Contribution from parton’s orbital motion

1 Generalized parton distributions (GPDs) - quark:

dX\ R / . |
Hq(‘l’fsft=xlﬂ ) [M(P’)ﬂ“u(P)] - ,/% g\,

= 5P - P P’
. , B / otV (P’ P)l ny,
+ Ey(x, & t, 1) [M(P) oM M(P)} 2P -n

with ¢=(P —P)-n/2 and t=(P'—P)* = —A7 if £ =0

 Net quark’s orbital motion: Ji, PRL78, 1997

J, = - 31_1% drz [Hy(z,§,1) + Eg(,&,t)] ‘{ ff w

—==— DVC§S

—_ _Aq —I_ L AQ fix
d Similarly, for gluon GPDs C. Weiss’ talk on exclusive process tomorrow

Need to measure the exclusive processes — DIS is ideal
(no factorization for hadronic diffractive processes!)



Contribution from parton’s orbital motion

1 Moments of GPDs on lattice: Negele et al
(J2) = Si/dw [H,(z,0,0) + E,(x,0,0)] =

4 Ji’s relation:

ng'];_%Aq % i - . a
e 04 =t ASY/2
d Both L, and L, large: S
G
=
BUt, Lu + Ld ~ 0 ; 0.2 .. . i Ld
1 Role of disconnected _é "
diagram - cloud? 3 0
= Y ¥ e s | -
EIC is an ideal place 8 2., Ax%2 L |
to measure GPDs - DVCS 0.2 0.4 06

— energy and luminosity m 2 GeV?



Challenges in determining the sum rule

d “Proper” definition:

1

S(k) = 5E() + Lq(p) + AG(p) + [Ty (1) — AG (1))

< Confinement — No free quarks and gluons — only the “sum” is physical

< A good or meaningful decomposition:

Every term is connected to the physically measurable quantities
with controllable approximation

 Exclusive processes — GPDs:

< Exchange a “vacuum” quantum number

Any partonic combination with a “vaccum”

_p)_o\)li guantum number can contribute

q9q, 4(9)"q, 99, 9(g)"g; ...
< Both real and imaginary part of amplitude
contribute

Require a large Q% - “localized” probe, and a large range of Q?, ...



Spin as a powerful tool

d The sum rule, such as the proton’s spin budget, is interesting
and important

4 BUT, the x- and k-dependence of the distributions (the motion
of a parton), and the correlation of multiple partons inside
a hadron are even more interesting, more rich in dynamics

< Transverse momentum dependent (TMD) distributions

3-D motion of partons
< Multi-parton correlation functions

Measurement of quantum interference

Spin helps to separate and extract these information

Power of various spin asymmetries



Parton’s transverse motion

U Transverse single spin asymmetry (SSA):

A(pa,st) + B(ps) = w(p) + X <
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d Vanish without parton’s Fuend

transverse motion:
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\B=104 GeV, ETO4
\B=624 GeV, PHENDX Preliminary 3 enc37
\B=200 GaV, STAR p=3.3
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==) A direct probe for parton’s transverse motion,

Spin-orbital correlation, QCD quantum interference




SSA in collinear parton model

1 SSA corresponds to a naively T-odd triple product:

>

S l /
AN xi8),- (P X 0) = ieves Pusilaps (A /
p p’/

>

» Novanish A, requires a phase, enough vectors to fix a scattering
plan, and a spin flip at the partonic scattering

4 Leading power in QCD: Kane, Pumplin, Repko, PRL, 1978

UAB<pT7§) X + _|_

» A, connects to parton’s transverse motion!




TMD parton distributions

O Quark TMD distributions:
LLY* .‘ Y;}J k2
/ W \ kH = xpt + 5

nt + kb
rp™ T
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Total 8 TMD quark distributions
d Gluon TMD distributions, ...

Production of quarkonium, two-photon, ...



Measure TMD’s

4 Sivers’ effect — Sivers’ function:
Sp

K1 Dijet, photon-jet not exactly back to back

Hadron spin influences
parton’s transverse motion

Photons have asymmetry :
Jet vs. Photon sign flip predlcted

O Collin’s effect — Collin’s function:

o Transversity
No asymmetry for the jet axis Parton’s transverse spin
— affects its hadronization

S, XKT Separation of different effects?

1 Need TMD factorization to quantify parton transverse motion!

Two-scale problem in QCD: @1 > @2 ~ Aqep



SIDIS is ideal for studying TMDs

O SIDIS has the natural kinematics for TMD factorization:
QQH-LL hooh »ff;f(‘?z l(se) +p(sp) = €+ h(sp)+X

7/ - Natural event structure:
p,s .S high Q and low p jet (or hadron)

O Separation of various TMD contribution by angular projection:

Lepton plane vs hadron plane

I N'-N'
AUT((p}llﬂ(lpé) =FNT +NJ’

. , Sivers
_ Al(]f;llms Sin(¢h + ¢S) + Ag?jem Sin(¢h _¢S) — AUT 0.6 <Sln(¢h — ¢S)>UT ¢ ﬁT ®D
+ AT Sin(3g, — @) Ay o (sin(3¢, — ) > o« f @ HF

A o (sing, +4,), % h OH!



Our knowledge of TMDs

O Sivers function from SIDIS:
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EIC can do much better job in extracting TMDs
d NO TMD factorization for hadron production in p+p collisions!

Collins and Qiu, 2007, Vogelsang and Yuan, 2007, Mulders and Rogers, 2010, ...



Critical test of TMD factorization

O TMD distributions with non-local gauge links:

5
' a QY= d* YL amty—ik, vy
fq)/hl (-r. k_L. AS) :/ (T'z"rp y zk_L y_L /

2B ¢ (p, S[(07,0, )| Gauge link |-

~ = % f\/\’\,\’ A %
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* For a fixed spin state:

f;/I}E)TIS(J;ak_LaS') 7é f;/’}ﬁ (;I"ak_l_as:)

4 Parity + Time-reversal invariance:

Si SIDIS Si DY
— q/“,ﬁrs (z, k1) = — q/l;'leTrS (z, k1)

It is a critical test of TMD factorization approach



Transition from low pT to high pT

U Two-scale becomes one-scale:

2
A AN(Q 7pT>
pr < Q pr ~ @
~ Qs
pr
>
TMD Collinear Factorization
0 TMD factorization to collinear factorization: . voceioans v,
Two approaches are consistent in the overlap region: Aqep < pr < Q)

A finite — requires correlation of multiple collinear partons

New opportunities!



Collinear factorization for SSA

 Collinear factorization beyond leading power:

2 (k) \" :
) p5 L 0 ) " Expansion
0(Q,8) x <_tN_|1/Q + N

o(Q, s7) = HOT\ fo@ fot (1/Q)Hy @ fo® ]i@ +0(1/Q?)

Too large to compete! Three-parton correlation

0 Single transverse spin asymmetry: Efremov, Teryaev, 82;

Qiu, Sterman, 91, etc.

Ao (s7) x T (z,2) @ 67 @ D(2) + 6q(z) @ 6p @ D) (2, 2) + ..

TG (2, ) / ‘% /O‘ D®)(z, 2) x <%4>

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

Integrated information on parton’s transverse motion!



A\ from LO quark-gluon correlation

(FermiLab E704)
.-: uw -t
N -——"Hd

(RHIC STAR)
AN
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Kouvaris,Qiu,Vogelsang,Yuan, 2006

Nonvanish twist-3 function ==sss) Nonvanish transverse motion



Role of color magnetic force

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

~ dy=dys . o+ — . o — ~t _ |
Tor = [ TSR € e 2P (Psr [, (0) T [T E L () |y ()| Post)
(2m)2 2 ‘
~ dyy dy, . . -1 :
(f,d) Y Y izPt iza Pt _sTonn m £ — A(,,—
1aF :/—(éﬂ)z‘z et et e o (P, sT|FHP(0) [ 77" E,  (ys ) [ FH(yr ) [Py st ) (—gpa)
TA(I.-F = / (571,.)22 € P € 2P <P* ST|‘L"""q(O) 2 [1 ST }r~r+ (..U'_" )]u"“Q(yl )IP‘ ST>

F(£,d) _/d;lh_dy-z_ pirPryr jizaPtyy 1

AGF = (P, s |F+P(0)[i 57 F, " (y5 )| F (7 )| Py st) (i€ Lpn)

(27)2 P+
Role of color magnetic force!

 Twist-2 distributions:

0(z) o< (PIT,(0) 20, (0) P)

G(z) o< (PIFT*(0)F™ (y)| P)(=pu)

Aq() o (P, S) [, (0) 1504 (9) P, Sy)
AG(x) o< (P, Sy|FT(0)F ™ (y)|P, Sy ) (i€ 1)
4 Twist-3 fragmentation functions:

» Unpolarized PDFs:

= Polarized PDFs:

See Kang, Yuan, Zhou, 2010, Kang 2010



Predictive power of TMD and CO approach

O Universality of the nonperturbative functions

The sign change of Sivers function is a critical test for TMD approach

 Ability to calculate and control the high order contribution

Factorization naturally introduces the factorization scale dependence

opny (@, Aaep) ~ ) 65(Q, 1) ® 65 (1, Aqon)
f
d
= g,y (@ Aqep) =0
Scaling violation of nonperturbative functions

NLO contribution is critical!

Major theory effort in studying the scale-dependence
of TMDs and twist-3 correlation functions

Boer, ...



Early surprise: a sign “mismatch”

. . . . Kang, Qiu, Vogelsang, Yuan, 2011
4 Sivers function and twist-3 correlation:

k
9T F (z, ) /d2 | ll i (z, k% )|siDis + UVCT

 “direct” and “indirect” twist-3 correlation functions:

Calculate T, (x,x) by using the measured Sivers functions

= " n
- 01F < -
Z L e Q=2 GeV 5 0 / Q=2 GeV
0,05 [ T w 01/
- L indirect| * [
of el _ I direct
:\ 0f —
005F direct I o
[ i indirect
0.1 :— u-quark 0.1 B d-quark
} 1 1 1 | 1 1 1 I 1 1 1 I L1 1 | 1 1 1 I 'I 1 L 1 I 1 | - I 1 1 1 I 1 1 1
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1



Possible interpretations

2

d A node in k;-distribution: 5

& Like the DSSV’s A G(x) -

1
IT

< HERMES vs COMPASS
<> Physics behind the sign change?

EIC can measure TMDs
for a wide range of k;

(x,k

0

Kang, Qiu, Vogelsang, Yuan, 2011

=

\

COMPASS

“

HERMES

d Large twist-3 fragmentation contribution in RHIC data:

If Sivers-type initial-state effect is much smaller than fragmentation

effect and two effects have an opposite sign

Can be tested by A, of single jet or direct photon at RHIC

A node in x-dependence of Sivers or twist-3 distributions

Physics behind the node if there is any

Boer, ...



Scaling violation of twist-3 correlations

4 Evolution equation is a consequence of factorization:

Factorization: Ao(Q,s7) = (1/O)H(Q/ p, a;) ® [r(ur) ® f3( )
0
: “) ) — P‘) ® .‘) )
DGLAP for f, TTn(r) J2(pp) 2 ® fo(mr)
. . J . J 1) ) -
Evolution for f;: S Tn(ar) /3 (f"ln(w) HY" — P, )@./3

 Evolution kernel is process independent:

< Calculate directly from the variation of process independent
twist-3 distributions Kang, Qiu, 2009
Yuan, Zhou, 2009
< Extract from the scale dependence of the NLO hard part
of any physical process Vogelsang, Yuan, 2009

< Renormalization of the twist-3 operators Braun et al, 2009



Scaling violation for twist-3 correlations

Kang, Qiu, 2009

O Evolution kernels — “DGLAP”: Yuan, Zhou, 2009
Braun et al, 2009

Leading order evolution kernels for all channels have been derived!

T, p(x,x, up) as [!de
) C‘)lny.% - ﬁ/ ? P(2) Ty r(§, 6 1r)

Ca [1+422 Ca
T [t [Tq.F(SaIw,’-LF) - Tq.F(fafall-F)] + ZTq,F(f. .’lH,U‘F)] + T lTAq.F(-’lhﬁs#-F)]

1 -
+£,(2) (3) [Tk 6 onr) + TR 6 o) |

< All kernels are infrared safe
<- Diagonal contribution is the same as that of DGLAP
< Quark and antiquark evolve differently — caused by tri-gluon

d What are urgently needed:

NLO partonic contributions to SSA of all measureable observables!

O A completely new domain to test QCD! Vogelsang, Yuan, 2009

From paton’s transverse motion to direct QCD quantum interference



T, e(XX,1)

T (xxp)

Scale dependence
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< Large deviation at low x (stronger correlation)
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We have all the tools to do NLO calculations, but, need man power!
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Propose new observables for ep collisions

. Kang, Metz, Qiu, Zhou, 2011
O Process: e({) + h(p) — jet(p;)(or m,...) + X

Lepton-hadron scattering without measuring the scattered lepton

Single hard scale:  p;T  inlepton-hadron frame

d Complement to SIDIS:  ¢(¢) + h(p) — €'(¢) + jet(p;)(or 7, ...) + X

Twoscales: (), p;r in virtual-photon-hadron frame

1 Key difference in theory treatment:

Collinear factorization for e(¢) + h(p) — jet(p;)(or 7,...) + X

TMD factorization for e(0) + h(p) — €' (¢') + jet(p;)(or m,...) + X

Test the consistency between TMD and Twist-3 to SSA
in the same experimental setting
Jlab, Compass, Future EIC, ...



Analytical formulae

. . . . Kang, Metz, Qiu, Zhou, 2011
O Factorization is valid:

Same as hadron-hadron collision to jet + X
ab—)Jet(PJ)

do [h— jet( PJ)Y p a/l b/h ,
iPrrdy / xf," (z,p /d:r (', ;1 Py (z,z', Prr,y, p)
a=1,74439
b=14q,4q,9

1 Leading order results:

o
PY = em { Hyr AIA H
I 5P Zs-}—t z) Hyu + Aidp g1 (z) HLr
T d S
oM 45 PI | T8 (z, 2) — z =T S
+2mM EpSp Ly - F(z, ) Tz ol )‘tﬁ vv
o - d_., .\ 3 L2
+N2M St - Fyr || §°(2) —2—-4%(2) | == HLL + 2 97(2) =
! T tu t

AL, Ap Lepton, hadron helicity, respectively

St :  Hadron’s transverse spin vector



Numerical results

0 Asymmetries:

OLL ouT OLT
App = —, Ayr = : Apr =
ouu ouu ouvu
U Double spin asymmetries — very smaill:
4 003 3 -
< E P, =3GeV < 003
0025 F T : -0
: 0025F °F
002 F -
002
0015 -
: 00156 /5 =50 GeV
001 F ~ 001 E
0.005 - T 0.005 E ____,,—/'/\/g = 100.GeV
0;_llllllllllllllllllllllllllllllllll-l-l-l-l-l_l-l-lll 0I:_ll::‘-:_-l'l—l-l-;:-l-l‘l-l_;l-llllllllllllllllllllllll
04030201 -0 01 020304 1 15 2 25 3 35 4 45 5
Xp Prp

Wandzura-Wilczek approximation:

. 1 4
gr(z) ~/ — q1(y g(fv)%r/ %gl(y) — Arp ~ 0.001



Good probe of Sivers function

4 Independent check of the “sign mismatch”:

5 - 5 ;
< o1FE  Vs=50GeV < o1b  Vs=100GeV
F Pp=3GeV o E Pp=3GeV P
005F - 005 F -
oo | S
005F 005
01F 01
:|||||||||||||||||||1||||||||||||||||||||||||| :lllIIllIlIIlllIlIIIIIlIllIlIlllIIllIlIIlllIll
04030201 0 01 0203 04 04030201 0 01020304
Xg Xg

Red line: Tr(xz,p) extracted from fitting SSA in hadronic collisions

—o

fir(z, kF) s Sivers function

o : — d2
Blue line 7 1Tp(x,x) / 2\12

Excellent test for the mechanism of SSA
possibly at Jlab, surely at future EIC



More on future directions

d RHIC spin, JLab at 12 GeV, possibly at Compass, ...

d Future EIC:
— a dedicated QCD machine for the visible matter

Yellow book on EIC physics from INT workshop is available:
arXiv: submit/0295324 [nucl-th]

O Physics opportunities at EIC:

< Inclusive DIS - Spin, F, ...

< SIDIS - TMDs, spin-orbital correlations,
¢

< GPDs - parton spatial distributions

¢

1 More spin physics opportunities at low energy
hadron machines around the world

One jet or particle inclusive — multiparton quantum correlation, ...



Golden PDF measurements at EIC

: : Uniqueness
Science Basic Feasibility Requirements
Deliverable Measurement
Relevance
spin structure at small x - need to reach x=10
contribution of Ag, A3 inclusive DIS V l — \_3 large x,Q2 coverage
to spin sum rule about 10fb

full flavor separation
in large x,Q? range

strangeness, s(x)-5(x)
polarized sea

semi-inclusive DIS

v

%)

very similar to DIS
excellent particle ID
improved FFs (Belle.LHC,...)

electroweak probes
of proton structure
flavor separation
electroweak parameters

inclusive DIS
at high Q2

V i;{ ?

some unp. results from HERA

20X250 to 30x325
positron beam ?
polarized 3He beam ?

Stratmann’s talk to EICAC review, also in INT Yellow Book



The “money” plot — inclusive DIS

3 Precision of Ag(x,Q32):

0.3 i LI IIIIIII LI lllllll I IIIIIIII LI | Il:lllll I: 1 Illll-l
dgl 2 A B 2 2—7 ]
 Aalz XAg | DSSV Ay~/%"=2% band -
dan2 g( 7Q ) O? __ ”’ ,,,,,, \\\ __
Expectation: i o I
1 i . il
dr Aa(z.0?) to10% level? - N i
/O 9(z, Q) 0L EIC200 Gev j
- [EIC80GeV i
O Questions for theorists: oL ' ]
% Physics behind the node? - TTesl | i
<~ Factorization at small-x? 01 Q=10 GeV? } ": .
M ° o L1 lIlllII L1 lllllll 1 lIlIlIII L1 IlEIIllI Ii 1 Illll-l

< Dominance of leading power P y 3 > p
10 10 10 10 10 1

when it is so small? N

<> ...
INT Yellow Book



Quark flavor separation — SIDIS

4 Integrate over final-state hadron’s transverse momentum:

One hard scale - collinear factorization
_ \1 p= m, K, ...
h=mK,..

Separation of parton flavors

*—C)—

O Strangeness distributions:
NNPDF collaboration

DSSYV (incl. latest COMPASS data)

I NNPDF2.0
[ NNPDF1.0
[ INNPDF1.2

oos | XAs xAs(x) = xAs(x) ]

002 -

4

e
o 3
x' or
.
el data — DSSV
- —— DSSV+
004 | -
I —--— DSSV+ 2% |
10': o ““1.(‘)" T
10? 5 107 10" 1 %

NuTeV anomaly on Sin?6 , Tension with the 1st moment



Summary

L QCD factorization/calculation have been very successful
in interpreting HEP scattering data

<110 fm

J What about the hadron structure?

Not much!

1 Scattering with a polarized hadron beam opens up many new
ways to test QCD and to study hadron structure:
TMDs, GPDs, quark-gluon correlations, ...

EIC is the future for spin physics

 The challenge for theorists is to indentify new, measurable,
and factorizable observables that carry rich information on
hadron’s partonic structure

Thank you!



Backup slices



EIC Kinematics

. . 2 __ 2
4 DIS kinematics: e— Q" =-¢ =zpys
ko — J 02
(xP+q) B = D q
pP-q
J y = .
P p-
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EIC advantages
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PDFs Correlation functions

 SIDIS - Best place to measure TMDs:

<> TMD Factorization
< Naturally two very different scales: Q, p;

< Well-defined lepton-plane and hadron-plane — separation of TMDs



First hint of tri-gluon correlation

O PHENIX data on J/psi:
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1 PHENIX data on open charm:
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Collinear factorization:

<> tri-gluon correlation
— direct quantum
interference

Challenges:

< Jlpsi production
mechanism

< Initial- vs final-state
effect

<> Connection to Gluon
Sivers function

Collins, Qiu, Vogelsang,
Yuan, Rogers, Mulder, ...



Color flow and gauge links

d Gauge link — QCD phase:

< Summation of leading power gluon field contribution produces
the gauge link:
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& Collinear PDFs: “Localized” operator with size ~ 1/xp ~ 1/Q
“localized” color flow

< Gauge link should be process dependent - color flow!
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