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1. Introduction to nucleon spin decompaosition problem

Al t hough one might think 1| tompletd I tt
decomposition of nucleon spis a fundamentally important homework of QCD.

In fact, if our research ends up without accomplishing this task, a tremendous
efforts since the firadliscoveryof nucleon spin crisiwould go up in smoke.

Unfortunately, this is an extremelilicateproblem, which has rejected a clear
answer for more than 20 years since the first extensive analysis in the paper |

AR.L. Jaffe and A.V. Manohar, Nucl. Phys. B337, 509 (1990).

Recently, two reviews appeared to overview controversial status of the proble
AE. Leader and C. Lorcé, Phys. Rept. 541, 163 (2014) [arXiv : 1309.4235]

A M. Wakamatsu, Int. J. Mod. Phys. A29, 1430012 (2014) [arXiv:1402.419



Central questions in the nucleon spin decomposition problem

1) Can thetotal gluon angular momentube gaugeinvariantlydecomposed into
thespin and orbital partsithout causing conflict with the textbook negative
statemenon the similar question on thetal photon spir?

2) Are therenfinitely many decompositionaf the nucleon spin ? If not, what
physical principldavors one particular decomposition among many candidat

3JAmong the two differ eaonicde ¢ g meo il
and nebhanic® type decomposi t imoraphyswd? i
More fiphysi cal o0 clisertoelirech@aenvationt hat i 1

The third issue was discussed in some detail in our aforementioned review.

Concerning the first two issues, a clear answer was given in our latest paper.
A M. Wakamatsu, arXiv:1409.4474 [hey].

Key factorsare

e The existence of particular spatial directioim DIS physicsi.e.
the direction oparent nucleon momentum

e |orentzboostinvarianceof PDFs along this direction.



two popular decompositions of the nucleon spin

Jaffe-Manohar decomposition Ji decomposition
common
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Jocp = /¢T§E¢d3w Jocp = /¢T§2¢d3x
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Each term is not separately gatigeariant! No further Gl decompositioh

+ /Ea’iw X V A% @34




two popular decompositions of the nucleon spin :- continued -

Jatfe-Manohar decomposition Ji decomposition

different

Ly # Lq

one must inevitably conclude that

Jo = AG + L # Jg !

.

An especially annoying observation here was that, since

/




Now we know the answer of this puzzle.
AM.W. , Phys. Rev. D81 (2010) 114010.

Jaffe-Manohar decomposition Ji decomposition

potential angular momentul

o/

Lot AG

Lpot characterizes the difference betwegn(Ji)  Jar(d-M)

Jg(3i) = Jg(I-M) + Lpo




The recent I ntensive dispute Dbegan

AX.-S. Chen et al., Phys. Rev. Lett. 103, 062001 (2009) ; 100, 232002 (2(

basic idea

At = + Apure

phys

which is a sort of generalization of the familiar decompositioplodtonfield in
QED into thetransversandlongitudinalcomponents :

A

phys A= AJ_, Apure y=— A”

Their decomposition is given in the following form :

2

+ /Ea x A%y d3z + /E“f’ (z X Dpure) AY

phy 9 .’13

In fact, each term iseparately gaugmvariant!

- Gl versionof JaffeManohar decomp.



Soon after, we noticed that they of gauganvariant decomposition of nucleon
spinis not necessarily uniguand proposednother G.I. decompositian

AM.W. , Phys. Rev. D81 (2010) 114010.

Jocp = S¢ + Lg + Sg + Lg

where
S, = S
L, = fwmx Gv —gA) Yid3z = Lg(Ji)
/
SG - Sf; 3 <I>Lpot
Leg = Lg "‘[ Pl (T X Appys) d LEJ fipotential angular momentumd

The QED correspondeat L, is thevrbital angular momentum carried by
electromagnetic potentizappearing in the famodeeynman paradox

An arbitrariness of the spin decomposition arises, becausetthisntial angular
momenturnterm issolelygaugeinvariant! Shifting it to the quark OAM part

Lq + Lpot — Li] (Chen) — JG = J(,’Jv + Lpot
Lo — Lpo L’G (Chen) Ji JM or Chen



We are thus left withwo gaugenvariant decompositionsf the nucleon spin :

[ﬁcanonicad) deco m}o OSi t [iﬁmemhanica’} deco m}) OS i

Jocp = Sy + Ly, + S; + Lg Jocp = Sq¢ + Lg + S¢ + Lg
with with
1
' T 3
Sy = [vlZzwd S, = 8
1 3
1
Sl = f E®x A%, d%z Sq = S,
Ly = [ B (¢ x Dpurc AY,,) L = Lg + Ly

[Word of caution]

e These decompositions are based on the fanmiasversdongitudinal
decompositiorof the gauge field.

® However, thdransversdongitudinal decompositiors given onlyafter fixing
the Lorentzirame of reference (- breakd.orentz-covariance- )



2. The role of Lorentzinvariance in the Gl nucleon spin decomposition problem

Themost general formef gaugeinvariant complete decomposition of the nucleor
spi n, whseemihglplt@arient afppearancesas given in

AM.W., Phys. Rev. D83, 014012 (2011)

[ﬁcanonicab deco m}o oOsi t [iﬁmemhaniced deco m}o 0S|I

My _ A I\uv INuv INav AWV A M 2) Ay
Mocp = MyZgin + M Zop + MeZgin + MeZoay  Moop = MyZgn + MZoay + M t MgZoan

G-spin —spin C—spin
+ boost + total divergence + boost + total divergence
where where
A — A
v _ 1 N M Copin = M
A%—amz'_ EEAL VYo 159 ijifmn ) A( - V.Du)w
I\ — T . R _OAMZTP’Y I - T
Mq—MOVAM - wly (xu?’ng’g - xV/lDé)lu,,,e)w q
Ay Y
/)\MV e Av 1 A 14 M —smi - ]W —spi
MG—spm = 2Tr{F Aphys - F MAphys} MAC;VSW Miﬂ;@?n
A A , h o = i /
Mioay = 2Tr{F*“(a" Dpye — " Dby ) AR} T9-04AM G—0AM

+ 2Tr[( Do F™) (2* A

phys - J‘H’VA'UJ )]

phys



Basis decomposition of gauge potential

AR = phys + APUTG

To obt ai rseemihgép cavariantsompldgte decompositions, we need to
iImpose verygeneral conditionenly :

r I v 174 V —
F}#tu e = OF Apure — 0 Agure —1g [Apufrea pure] =0

and

() — Uz) AL, (@)U (2)

phys phys

Al o(z) = U(m)( Al o(@) + = 8“) U~ (w)

A Actually, these conditions aret enough to fix the decomposition uniqukly

A It is nevertheless true thabe of our decompositions i . eanonitad e
type decompositiogontains the L&auge motivate@ashinskyJaffe(or
Hattg decompositioras well as the Coulomipauge motivate@hen
decompositionafter a suitable choice of the Lorentz frame



[critiques to nonuniqueness nature]

It was criticized by several researchers that our formal decomposition of the g
field into its physical and purgauge components ii®t uniqueat all and there are
In principleinfinitely many such decompositionwhich in turn leads tomfinitely
many decomposition of the nucleon spin

According to

AX. Ji, Y. Xu, and Y. Zhao, arXiv : 1205.0156 [kef].

thearbitrarines®f the decomposition comes from thath-dependence of the
Wilson ling which is necessary for explicitly fixing tlieecompositiorof the
gauge field into the@hysicalandpuregaugecomponents.

Another argument in favor of the existence of infinitely many decomposition o
the nucleon spin was advocated by

A C. Lorcé, Phys. Lett. B719, 185 (2013).

based on whalte-call theStueckelberg symmetrwhichchangedoth of A,
and Ayure , Whileeaving their sum intact



In a recent paper

A X. Ji, J-H. Zhang, and Y. Zhao, Phys. Rev. 111 (2013) 112002.

Ji et al. argued that thietal gluon helicity in a polarized protasshown to be
large momentum limiof a gaugeanvariant operatol® x A , with

A | being the usudlansverse componeof thegauge potential

(1) First, they pointed out that, for the abelian casegltien spin operator
which corresponds OIS measurementgsan be expressed in the form :

with

L ovate)

Aphys(o) = A(0) - v+ e-—0

(2) Next, they showed that the above operator is jusitReimit of
E x AJ_



