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J Motivation

 Introduction

1 Different results suggested / Latest Development
d summary of results




o Before 1980’s: quarks carry all of the nucleon spin
« Suggestion by European muon collaboration (EMC):
— Spin carried by quarks insufficient to justify total spin of nucleon

Spin crisis in nuclear physics !!!
missing angular momentum !!!!



troduction

 Quark Orbital Angular Momentum (OAM)
e from Quantum Chromodynamics (QCD):
(exchange of gluon to bind quarks inside the nucleon)

 Gluon spin
e Gluon OAM
1 1
5 = EEQ+EH+LQ+LH.

e Quark spin- from polarized Deep Inelastic Collision (DIS)
 Gluon spin —measured by many experiments

 Quark and gluon OAM- Generalized Parton Distribution (GPD)
through Deeply Virtual Compton Scattering (DVCS) in Jlab



. Introductior
Summay ofcutenstatus ofcleon spin:

1 1 .

> = EQZQ + Ag + Orbital Angular Momenta ?
ATY fairly precisely determined ! (~ 1/3)
Ag , likely to be small , but large uncertainties

4

What carries the remaining 2 / 3 of nucleon spin ? ]

quatk OAM ?  gluonspin ?  gluon OAM ?



sted for Nucleon Spin

To decompose J (total angular momentum) into contributions from
different constituents
 changing gauge may also shift angular momentum between various
degree of freedom
» Decomposition depends on gauge and quantization scheme
* Not necessarily be unique- like culture
* What is the precise (QCD) definition of each terms of the
decomposition
* How we extract each terms by means of direct measurement?

» Jaffe Manohar Decompostion . oM in QED / QCD
* Ji Decomposition

* Chen, sun and Leader et. all

e Decomposition by wakamatsu

* Chen, sun et. all decomposition
 some latest updates



-ted for Nucleon Spin
Basic Gauge Principle: Observables must be gauge invariant

Jaffe-Manohar

M =25 g\ yg. + 3ql (Fxid)q, +e VTl 4 2TrF i xid
q a

_ where g =%T‘T+gismed}rmmical component of the quark field operators and 4
in light cone gauge =0

e NOt gauge invariant

 Quark spin -polarized DIS

e Ag- from polarized DIS

« OAM on light-like hypersurface

R.L. Jaffe and A. Manohar, NPB 337, 1990 ~ 500 citations




ted for Nucleon Spin

1 I
-1 T

I ]- - — S —s = = g
MY — EZ;ﬁE‘q+ qu{rx iDYg+ [Fx(E xB)|
q

where iﬁ=f§—g§-

» Each term is separately gauge invariant
 OAM on space —like hypersurface
» J, accessible through GPDs (X. Ji 1997)

| 1 /!
JG = an+L§ = EA dxx[Hg(x.0.0) 4 E4(x,0,0)].

* DVCS to probe J, =S, +L,
* No further decomposition of J9
* I.e. no identification of gluon spin/lOAM

X.Ji PRL 78,1997



ted for Nucleon Spin

Jaffe-Manohar Ji

e
W oo

Lo(IM) ~ ¢laxpy LoUi) ~ ¢Tex (p—gA)y
canonical OAM dynamical OAM
( P : canonical momentum) (p—gA : dynamical momentum )
not gauge invariant ! gauge mvariant !

Ag + L9 #= JY

no sense to mix them » J - Ag has no connection to OAM

_ how significant is the difference between L, and £, etc. ?



sted for Nucleon Spin

» Toy model for nucleon- nucleon splits into quark and scalar ‘diquark’

1
Ji J* = LAD+ Y Ly + J, Vi =50+ Ly = 5 | duedlHy(x.0.0) + Eg(x.0.0))
. 1 - »
Jaffe: J* =AY+ ) L+ AG+L,
{]_2—5 Li(x)
0,15 N Le ()
u_1—f
2 ]
1 2 1
Lo=Jy do [ B (1-2) ],
0 02 04 06 08 1

MB and BC PRD 79, 2009



ed for Nucleon Spin

OAM of e~ according to Jaffe/Manohar
2 2
L. = [} dz [dk, [(1 —a) Wl (k)| = el (k)| ]

e~ OAM accordingto Ji L. = %fﬂl drz[q(z) + E(z,0,0)] — $Aq
Lo=L.+ 4= #Le

Likewise, computing .7, from photon GPD, and A~ and L., from
light-cone wave functions and defining L., = .J, — A~ yields
Ly=C,+£& #£, ;al4nissmall.

Applying these results to a (massive) quark with J= = —|—% vields to Ofay)

z 3_'13
C—L:=2=

7 3x’

1.e., for ag = 0.5 about 10% of the spin budget for this quark.



ed for Nucleon Spin

basic 1dea AR —  AM

!
phys + AP’HTE

which 1s a kind of generalization of the decomposition of photon field info the
transverse and longitudinal components in QED :

A'phys & A, Apure = A“

A = prre +A-phys with V 'A-phys =0 Vx pr-e =0
5= odat+Jo =2, (3404 L}) + 5, + L], with Ag as in IM/Ji
. 3
L = f d*z (P, S|q'(7) (:E X z'me) q(z) | P, S)
s, = /dgaz (P, S| B % Apnys ) P,S)

_n3
L = / P PS|E \") A |P.S)

Chen Sun Goldman PRL 103, 2009



‘Jggested for Nucleon Spin

Jocp fdn —E fdﬂuxﬂ D)+ ff;rxq fdsr;::{F’Dfl

.F.l

S’y very small, but Iarge uncertainties
» Reduces Jaffe-Manohar decomposition in a Gauge

Apu're = 0, A = Aphys

* OAM is canonical OAM operator

S (gluon spin in coulomb Gauge) = (5/9) Ag(light cone gauge).

 Suggests that under proper identification, gluon spin to nucleon spin may be
drastically smaller than conventional wisdom .

Chen et al.’s papers arose quite a controversy on the feasibility of complete
decomposition of nucleon spin.

« X. J1, Phys. Rev. Lett. 104 (2010) 039101 : 106 (2011) 259101.

» S.C. Tiwarl, arXav:0807.0699.

X.S.Chenetal., arXiv:0807.3083 ; arXiv:0812.4336 : arX1v:0911.0248.
Y. M. Cho et al., arXiv:1010.4336 ; arXav:1102.1130.

X. S. Chen et al., Phys.Rev. D83 (2011) 071901.

E. Leader, Phys. Rev. D83 (2011) 096012.

* Y. Hatta, Phys. Rev. D84 (2011) 041701R.

Chen, Sun Goldman February 2011



ggested for Nucleon Spin

* Tried to give a clear picture of complete decomposition of nucleon spin:

M. W, Phys. Rev. D81 (2010) 114010.
Jocp = St + [1 + 89 + LY M. W.. Phys. Rev. D83 (2011) 014012.
M. W., Phys. Rev. D84 (2011) 037501.

g 1 : :
S = f Y 5 Xy d3a \ector potential found in ‘MB and BC’

Li = /wmx(p g A)v 3z @

S9 = f E“ x A;hys “potential angular momentum”

L9 = f E% (£ x V) Aph,ya 3z + [f p® (x x Aphys) d3z ‘

~
 Quark part is common to Ji decomposition

 Quark and gluon intrinsic spin part common to “Chen et. all” decomposition
quark OAM extracted from combined analysis of GPD

and polarized PDFs is dynamical quark OAM, not

the canonical OAM as predicted by Chen et. all

A crucial difference with the Chen decomp. appears in the orbital parts
LY + LY = L' + L
LY-1Y = —(L1-L'7 = f ot (x x AL, da



ted for Nucleon Spin

It represents angular momentum associates with the longitudinal part of electric
tield generated by color-charged quarks !

Next:

(1) It 1s usetul to find relations to high-energy DIS observables.

(2) It 1s essential to prove Lorentz frame-independence of the decomposition.

1 1
Ag = / Ag(x)dz, Ag = f Ag(z)dx.
-1 —1

S, = 3Aq
1
1 1
LQ — 5 [Ag[](o) + Bgﬂ(o)] o EA‘L A%g(ﬂ) — f .’.I?qug(.'l?,[}, D) d:E,
-1
Sg = Ag, a/g 1 y
1 B5,7(0) = r EY9(x,0,0)dx.
Ly = & [450) + BR(0)] - Ag. WO = [ eEw00



_sted for Nucleon Spin

we find two physically nonequivalent decompositions (I) and (IT) .

Decomposition (1) Decomposition ()

Bashinsky-Jaffe

Jaffe-Manohar

Decomposition (11)

This decomposition reduces to any ones of Bashinsky-Jafte, of Chen et al., and
of Jafte-Manohar, after an appropriate gauge-fixing in a suitable Lorentz frame,
which reveals that these 3 decompositions are all gauge-equivalent !

[ These 3 are physically equivalent decompositions ! ]




It was sometimes crificized that there are so many decompositions of nucleon spin.
1

2

1
§Z+LQ+&‘G+L§

1
5£’+L’Q+ Ag + L,

1
= EE” + Ly + A"+ L

However. this 1s not true any more. One should recognize now that there are
only two physically nonequivalent decompositions !

i
Decomposition (I) 1 Decomposition (II)
Y
extension of Ji’s decomp. nontrivial gauge-mvariant extension
including gluon part of Jaffe-Manohar’s decomp.
dynamical OAMs “canonical” OAMs

Since both decompositions are gauge-invariant, there 1s
a possibility that they both correspond to observables !



Goldman argued that the nucleon spin decomposition 1s frame-dependent !

 T. Goldman, arXav:1110.2533.

This 1s generally true, but our iterest here 1s the longitudinal spin sum rule.

& The longitudinal spin decomposition 1s certainly frame-independent !

Leader recently proposed a sum rule for transverse angular momentum.

 E. Leader. arXaiv:1109.1230.



Thank you for your patience
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