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1. Introduction

After 20 years of theoretical and experimental efforts, we now believe

What carry the remaining 2/3 of the nucleon spin?

Most people believe that the polarized gluon distribution                is an 

observablequantity from polarized DIS measurements. 

gauge-invariantly decomposableinto          and        ?

On the other hand, it is often claimed that there is no gauge-invariant

decompositionof          into          and        .

There is no gauge-invariant local operatorcorresponding to 

the 1st momentof                 in the standard OPEframework !

Because the gauge principle is one of the most important principle of physics, 

which demands that only gauge-invariants can be observed, how to reconcile 

these conflicting observationsis a fundamentally important problem !

Å

Å

Å

controversial question



Two popular decompositions of the nucleon spin

Each term is not separately gauge-invariant! No further decomposition of !     

common



New gauge-invariant decomposition by Chen et al.

X.-S. Chen et al., Phys. Rev. Lett. 103, 062001 (2009) ; 100, 232002 (2008). 

The basic idea

with

and

Answer

Each term is separately gauge-invariant!Å

It reduces to the gauge-variantJaffe-Manohar decomposition in a special gauge !Å



In a recent paper (M.W., Phys. Rev. D81 (2010) 114010), we have shown that the 

way of gauge-invariant decomposition of nucleon spin is not necessarily unique, 

and proposed another gauge-invariant decomposition: 

where

The QED correspondent of this term is the orbital angular momentum carried by 

electromagnetic field, appearing in the famous Feynman paradox in his textbook.

The quark part of our decomposition is common with the Ji decomposition. Å

The quark and gluon intrinsic spin parts are common with the Chen decomp.Å

A crucial difference with the Chen decomp. appears in the orbital partsÅ



Using solelygauge-invariant natureof the potential angular momentumterm

one is free to include it into the quark OAM part, which leads to the Chen decomp.

with the full gauge field, not the ñcanonical momentumò

or its nontrivial generalization

We do not recommend Chenôs decomposition, because the knowledge of standard 

electrodynamics tells us that the momentum appearing in the equationof motion 

with the Lorentz forceis the so-called ñdynamical momentumò



Since the quark part of our decomposition coincides with the Ji decomposition, 

we can follow Jiôs well-known program toward full nucleon spin decomposition.

What was lacking in this wishful argumentis a rigorous proof of the identification 

This problem is of fundamental importance, especially because we are aware 

of the wide-spread statement that there is no gauge-invariant decomposition

of        , and that there is no gauge-invariant local operatorcorresponding to the 

1st moment of                !

First extract           and           through GPD analyses.Å

Next, extract the quark and gluon polarization           and          through polarized 

DIS measurementsand identify them with           and            in our decomp  .

Å

Then, the quark and gluon OAM can be known by subtracting and          

from            and            .

Å



Another important problem is as follows :

Since our gauge-invariant decomposition (as well as the Chen et al.ôs one) 

was given in a particular or fixed Lorentz frame, we could not give a definite 

answer to the question whether our decomposition has a frame-independent 

meaningor not.

We will show that these two questions can be answered simultaneously, by 

making full use of a gauge-invariant decomposition of

in an arbitrary Lorentz frame

covariant angular-momentum tensor of QCD

The confirmation of frame-independence is very important. Otherwise, the  

decomposition cannot be thought to reflect an intrinsic property of the nucleon. 



2. Gauge-invariant decomposition of covariant angular-momentum tensor

QCD energy momentum tensor:  Jaffe and Manohar

where

QCD angular-momentum tensor

or equivalently

An important property of               is that it has no totally anti-symmetric part, i.e.



It is known that, by using the identity

The quark partof               cangauge-invariantly be decomposed as

up to a surface term.

cannotbe gauge-invariantly decomposed into the intrinsic spin and OAM parts.

On the contrary, it is widely believed that the gluon partof 



Somewhat surprisingly, however, by following a similar idea as proposed by Chen 

et al., we can make it !  The starting point is the decomposition of gluon field

Here, we impose only the following conditions.

As a matter of course, these conditions are not enough to fix gauge uniquely!

and

Å

ÅHowever, the point of our argument is that we can postpone a complete 

gauge-fixing until later stage, while accomplishing a gauge-invariant 

decompositionof               based on the above conditions only.



Because of the limitation of time, I skip here tedious intermediate steps and write 

down the final answer. We can show that   (M.W. , arXiv : 1007.5355 [hep-ph] ) 

where



Check of gauge-invariance

However, since

one finds



Incidentally, if one includes the generalized potential angular momentum term

into the quark OAM part, one gets a covariant generalization of the Chen decomp.

each term of which is also separately gauge invariant.

not recommendable decompositionfrom the observational viewpoint!



3. Frame-independence of our nucleon spin decomposition

nucleon spin sum rule

or, alternatively

where

is the Pauli-Lubansky vector such that 

We need nucleon forward matrix element of                 



At the quantum level,             is factorization scheme dependent !

Without loss of generality, we can choose           -scheme

then

(A)  quark spin part  :  



(B)  quark OAM part  :  

We make use of the fact that the forward matrix element of

can be obtained by the limiting procedure

Note that

with

is different from the quark part of QCD energy momentum tensor

only by the effect of symmetrizationin the indices  



Nonforward matrix elements:   (Shore and White)

With use of the identity

we can prove that



Summary of quark spin and OAM part

Note that the totally antisymmetric termsare exactly canceledin the sum

It can be shown that

in consistent with the symmetry argument by Jaffe and Manohar.



We need to know the forward matrix element of  

We emphasize that this operator is gauge-invariantso that it is delicately different 

from the gauge-variantcurrent

which was naively identified with the gluon spinin Jaffe-Manohar decomposition.

According to Jaffe and Manohar, the analogy with the quark part would have led 

to expect                           to be

which is totally antisymmetricin                .  Here

is gauge-variantChern-Simons current, whose divergence is given by

(C)  gluon spin part  :  ( most controversial part! )



Historically, several authors advocated to use the forward matrix element of this 

topological current to define the gluon axial chargeor the gluon polarization: 

Naively thinking, the 2nd term of the above equation vanishes in the forward 

limit                  , so that one would expect

with the identification

However, the gauge-variant current         couples to an unphysical Goldstone mode

and                  has a massless pole, thereby leading to



Coming back to our gauge-invariant                   , it is easy to prove the identity

Å

An important difference is that each term of r.h.s. is notseparately gauge-invariant, 

although these gauge-dependencies should exactly be canceledby construction !

Å

nonforward matrix element of

This resembles the operation in the quark part in which totally antisymmetric

part                                         is separated from the total quark part               !

An important difference with the past argumentis that, since                   is 

manifestly gauge-invariant, there should be no massless polein        and



(D)  gluon OAM part  :  

Although we shall omit the detail, the forward matrix element of this part can be 

obtained just in the same way as the quark-OAM part. 

The key identity for obtaining this result is



To sum up, we arrive at the following answer for nucleon spin decomposition 

with

- gauge-invariant and Lorentz-covariant decomposition of QCD AM tensor-



Inserting the above decomposition into

one obtains spin S.R.

with

The individual contribution to the nucleon spin is invariantunder wide class of 

Lorentz transformation that preserves the helicity of the nucleon !

The decomposition is not only gauge-invariantbut also basically frame-independent.

remaining important question

relation with actual high-energy observables ! especially,  gluon spin term?



4. Observability of our nucleon spin decomposition

Here, we recall the investigation by Bashinsky and Jaffe,  which is a nontrivial 

generalizationof the light-cone-gauge formulation of PDFs

distribution functions for the quark and gluon spin and orbital angular momenta

denotes the residual gauge-covariant derivative, corresponding to the residual 

gauge degrees of freedom remaining after taking the light-cone gauge 

Here,                                , and not full gauge field !



The corresponding 1st moments

Since we do not believe that the quark and gluon OAM partsof the Bashinsky-Jaffe 

decomposition correspond to any observables, we concentrate on the spin parts

First we recall the fact that, although it is not so obvious, the polarized gluon 

distributioncan be written in a form, in which the gauge-invariance is manifest.

especially, the gluon spin part



In fact, by using the equation of motion

which holds in the light-cone gauge, we can show that

This is standardly-known gauge-invariant definition of polarized gluon distribution.

manifestly gauge-invariant!



To clarify the relation with the gluon spin term of our decomposition, it is useful to 

express                   in a slightly different form.

Following Bashinsky and Jaffe, we introduce the Fourier decompositionof        

where

Under such gauge transformation,                       transforms as

Here, the inhomogeneous term appears only at                  .

This motivates them to split                       into two part

The light-cone gauge condition is preserved by gauge transformation, 

the parametersof which do not depend on the coordinate        . 



In the coordinate space, this just corresponds to the decomposition

with the definition

In fact, one can easily verify that these two parts transform as

under the residual gauge transformation.



Now we return to the expression for 

with

We divide into two parts : 

Making use of the fact that                                      does not depend on         , we 

can show that the contribution of pure-gauge part vanishes identically 

On the other hand, the contribution of the physical part becomes

The corresponding 1st moment is



One sees that this precisely takes the same form as our           term

That is, the gluon spin partin our gauge-invariant decomposition precisely 

reduces to the 1st moment of polarized gluon distributionaccessed by high-

energy DIS measurement.

Å

We have pointed out that there is no gauge-invariant local operator

corresponding to the 1st moment of the polarized gluon distributionin the 

standard OPE.

Å

However, it should be clear by now that there is no conflictbetween this 

statement and our finding. 

Å

The decomposition of the gauge field         into its physical and pure-gauge 

part is generally a nonlocal operation so that              is not a local operator.

Å



5. Summary and conclusion

Undoubtedly, this seemingly conflicting observation has a common root as the 

familiar statementthatthere isno gauge-invariant decomposition of gluon 

total angular momentum into its spin andorbital parts.

When discussing the spin structure of the nucleon, color gauge invariance

is sometimes a nuisance.

It is known that the polarized gluon distributionin the nucleon can be 

defined in terms of a nucleon M.E. of gauge-invariant correlation function.

On the other hand, one is also aware of the fact that there is no gauge-invariant 

local operatorcorresponding to the 1st moment of the polarized gluon 

distributionin the standard OPE framework.



Inspired by the recent proposal by Chen et al., we find it possible to make a 

gauge-invariant decomposition of covariant angular-momentum tensorof 

QCD in an arbitrary Lorentz frame.

Making use of this fact, we could show that our decomposition of nucleon 

spin is not only gauge-invariantbut also practically frame-independent.

We have also succeeded to convince that each piece of our nucleon spin 

decomposition precisely corresponds to the observables that can be extracted 

through combined analysis of the GPD measurements andthe polarized DIS 

measurement, thereby supporting the standardly-accepted experimental 

projectaiming at complete decomposition of the nucleon spin.

See, for the detail

ÅM. Wakamatsu, arXiv : 1007.5355 [hep-ph]



A practically very important lesson learned from our theoretical consideration 

is that the quark OAM extracted from the combined analysis of GPD and 

polarized PDF is  the ñdynamical OAM (or mechanicalOAM)ò 

not  the ñcanonical OAMò 

At the moment, we do not know any means, with which we can extract the 

canonical OAM purely experimentally, i.e. model independently.

Still, one should keep in mind the existence of 2 kinds of quark OAM !

[ Naturally, this also means the existence of 2 kinds of gluon OAM ! ]



[Backup slides]



The decomposition in the QED case

with the properties

The decomposition is uniquebut nonlocal!



puzzling observationin isovector channel?

ñThe role of orbital angular momentum in the proton spinò

M. Wakamatsu, Eur. Phys. J. A 44 (2010) 297.

ñAngular momentum decomposition for an electronò

M. Burkardt and H. BC, Phys. Rev. D79 (2009) 071501(R)

A novel phenomenological implication for quark OAMÅ

ÅToy model analysis on the difference of 



with

neutron beta-decay

PDF fits (MRST, CTEQ et al.)

isovector channel  :  no disconnected-diagram contributions!

Phenomenological estimate of isovector quark OAM based on the Ji sum rule

Lattice QCD  estimate for                      :    corresponding to 

only unkown



On the other hand, the prediction of refined cloudy bag model of Myhrer-Thomas 

typical for standard quark modelwith SU(6)-like structure ?

How can we understand this discrepancy ?

Thomasô resolution scenario

Their bag model prediction corresponds to low energy scale, Å

The strong scale-dependenceof quark-OAM would resolve above discrepancy.Å

Lattice + semi-empirical  predictions for 

must change sign between the two energy scales !



However, careful inspection reveals a dangerof this resolution scenario.

The choice of starting energyof evolution is rather arbitrary, even though it 

gives successful description of parton distributions at high energy scales.
Å

The use of the perturbative renormalization group equation at such low energy 

scalemight be suspected.
Å

To avoid these two problems, we proposed a downward evolution from the 

high energy side, without specifying the exact matching energy scale with low 

energy models.

The point is, however, that the matching energy scale must at least be higher 

than the unitarity violating limit, where gluon momentum fractionbecomes 

negative.



Sensitivity to QCD coupling constant



The problem may have deep connection with the existence of two kind of 

quark OAM !

Since the CQSM is an effective quark theory that contains no gauge field, one 

might naively think that there is no such ambiguity problem in the definition of 

the quark OAM.

However, it turns out that this is not necessarily the case. The point is that it is a 

highly nontrivial interaction theory of quark fields.

To explain it, we recall the past analyses of GPD sum rules within the CQSM.

Why is the prediction of the two effective models, i.e. the CQSM and the 

cloudy-bag model for                   so different ?



CQSM analyses of GPD sum rules :

ÅIsoscalar channel : J. Ossmann et al., Phys. Rev. D71,034001 (2005).

ÅIsovector channel : M. W. and H. Tsujimoto, Phys. Rev. D71,074001 (2005).

where

with

Isoscalar case  :  2nd moment of 



ñcanonicalò

ñdynamicalò

difference

with

Isovector case  :  2nd moment of 


