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Controversy concerning the definition of quark and gluon angular momentum
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A major controversy has arisen in QCD as to how to split the total angular momentum into separate
quark and gluon contributions, and as to whether the gluon angular momentum can itself be split, in a
gauge-invariant way, into a spin and orbital part. Several authors have proposed various answers to these
questions and offered a variety of different expressions for the relevant operators. I argue that none of
these is acceptable and suggest that the canonical expression for the momentum and angular momentum
operators is the correct and physically meaningful one. It is then an inescapable fact that the gluon angular
momentum operator cannot, in general, be split in a gauge-invariant way into a spin and orbital part.
However, the projection of the gluon spin onto its direction of motion, i.e. its helicity is gauge invariant
and is measured in deep inelastic scattering on nucleons. The Ji sum rule, relating the quark angular
momentum to generalized parton distributions, though not based on the canonical operators, is shown to
be correct, if interpreted with due care. I also draw attention to several interesting aspects of QED and
QCD, which, to the best of my knowledge, are not commented upon in the standard textbooks on field

theory.
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L. INTRODUCTION

A major controversy has arisen in QCD as to how to split
the total angular momentum into separate quark and gluon
components (throughout this paper “quark” will mean a
sum over all flavors of quarks and antiquarks). The idea of
identifying separate quark and gluon angular momentum
operators is attractive, since these operators may be mea-
surable in certain physical processes and there may be sum
rules relating the spin of a nucleon to the angular momen-
tum carried by its constituents. The operators for total
momentum and total angular momentum, obtained via
Noether’s theorem from the QCD Lagrangian, consist of
separate terms which seem to represent a natural division
into quark and gluon pieces. However, Ji, in particular, [1]
has argued that such terms are not individually gauge
invariant and has advocated the use of the Bellinfante
version of these operators, which has the nice property
that they are gauge invariant and can be measured in deeply
virtual Compton scattering reactions [2]. But Ji’s quark
angular momentum operator contains both quark fields and
the gluon vector potential, so is not obviously to be inter-
preted as the physical quark angular momentum. Indeed, a
major debate has arisen as to whether it is correct to
identify this operator as the quark angular momentum,
and Chen, Lu, Sun, Wang, and Goldman [3] and
Wakamatsu [4] have proposed quite different identifica-
tions, leading to very different statements as to what frac-
tions of momentum and angular momentum the quarks and
gluons carry in the asymptotic limit Q> — oco. In Ji’s
Bellinfante approach no attempt is made to split the gluon
angular momentum into a spin part and an orbital part, in
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accord with the long held belief that such a splitting cannot
be done in a gauge-invariant way. But both Chen et al. [3]
and Wakamtsu [4] claim much more, namely, that it is
possible to carry our such a division in a gauge-invariant
way and that even in QED the traditional, decades-old
textbook method of identifying electron and photon angu-
lar momentum is incorrect! (For access to the papers in the
controversy see Ref. [5].)

Wakamtsu’s paper [4] explains very clearly how the
differences between the various approaches arise. In
QED one splits the photon vector potential into two parts

A= Aphys + Apure: (1)

corresponding exactly to what is usually called the trans-
verse A and longitudinal A parts, respectively, with

V- Ay,s=0 and VXA, =0 2)
Under a gauge transformation A, is invariant, whereas
A o) = Apure0) + VA (). 3)

In QCD, analogously, one splits

AY = A+

phys,a + A{)Lure, a (4)

where A, transforms like Af itself under gauge trans-
formations, but is a pure gauge in the sense that it gives rise
to no nonzero fields, i.e. Ghye = 0, while Aghys,a trans-
forms covariantly, i.e. like G*” itself.

Wakamatsu shows that the difference between the vari-

ous versions lies in the freedom to insert a particular term

V=g [dxpl 0 x Ag, 060,00
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either into the quark orbital angular momentum or into the
gluon angular momentum, yielding, he claims, two possi-
bilities. But, in fact, if there is no other criterion to indicate
which is the correct choice, there is actually an infinite
number of possibilities, i.e. one could insert aV into the
quark orbital term and (1 — @)V into the gluon term.

In a later paper [6] Wakamatsu attempted to reformulate
his approach in a manifestly covariant form and to relate
his spin and orbital terms to the polarized parton densities
which are measured in polarized deep inelastic scattering.
Unfortunately many of the equations in this paper are
incorrect as a result of treating a nonforward matrix
element like (p + A/2; S|M*"*|p — A/2; S) as transform-
ing like a tensor, and forgetting that the physical require-
ment on the covariant polarization vector, namely
S-(p=A/2) = 0implies S - A = 0. It should be stressed
that the existence of these errors is not controversial. The
same errors occur in the Jaffe-Manohar paper [7] and
have been graciously acknowledged by those authors [8].
Unfortunately then, it is very difficult to decide which
claims in the Wakamatsu paper are justified.

We shall argue that none of these prescriptions is gen-
erally correct or physically plausible, but we shall see that
the Bellinfante version works in certain specific situations.
There are three main problems:

(1) In all these papers much emphasis is placed on the
issue of using gauge-invariant operators. We shall show
that this emphasis is misplaced and that the gauge invari-
ance of the operators is not an important criterion. In
particular we suggest that neither Ji’s, Chen et al.’s nor
Wakamtsu’s identification is physically correct. We shall
first show below that in any theory which is invariant under
gauge transformations, even the toral momentum and an-
gular momentum operators cannot be gauge invariant. Of
course this does not mean that the momentum and angular
momentum cannot be measured. Because what one mea-
sures—and this is the key point— are not operators but
matrix elements of operators, and if care is exercised in
defining the physical states of the theory (respecting any
subsidiary conditions, which is crucial in a gauge theory)
then these matrix elements turn out to be gauge invariant.
This is the basis for our suggestion that the emphasis on
utilizing gauge invariant operators is misleading. Then we
shall discuss what happens if one insists on using gauge
invariant operators and demonstrate that they do not, in
general, have the physical meaning expected of them.

(2) In all the above papers the treatment is essentially
classical and use is made of the classical equations of
motion. This totally ignores the highly nontrivial compli-
cations involved in quantizing a gauge theory and the fact
that some classical equations cannot be maintained at the
operator level. For example in QED, when one writes for
the photon vector potential the symbol A , (x), it creates the
expectation that it transforms like a 4-vector under Lorentz
transformations. Yet to agree with the Maxwell equations
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A, (x) has to satisfy a subsidiary condition. In classical
electrodynamics one chooses the beautiful covariant
Lorenz condition 9#A,(x) =0, which indeed permits
A, (x) to transform as a 4-vector. It is well known, however,
that one cannot impose such a subsidiary condition on the
operators A, (x) in QED, since it contradicts the usual
canonical equal-time commutation relations of the quan-
tized theory. There are many approaches to the quantiza-
tion of electrodynamics in which a noncovariant subsidiary
condition is imposed (for a concise summary see Sec. 21.2
of [9]). A popular choice is the Coulomb gauge condition
V- A =0 (see, for example, Sec. 13.5 of [10]). If this
gauge condition is to hold in any reference frame then
clearly A, (x) cannot behave as a 4-vector, but—and this
is the crucial point—this does not spoil the Lorentz invari-
ance of the theory, since the matrix elements corresponding
to any measurable physical quantity do transform correctly
[11]. Thus, firstly, we suggest that it is unnecessary to insist
that A “ (x) transforms as a 4-vector, and secondly, but more
importantly, if, as Ji does, one does insist that one’s vector
potential is a genuine 4-vector, then one has to deal with a
covariantly quantized theory, in which case the expressions
given in the Ji, Chen et al., and Wakamatsu papers, for the
linear and angular momenta, are incomplete. The covariant
quantization of QED is a nontrivial task [12—14] involving
the introduction of a scalar gauge-fixing field B(x).
Covariant QCD is even more complicated, both in instant
form [15] and light-front form [16], involving both a
gauge-fixing field and Faddeev-Popov ghosts fields. In
both QED and QCD the expressions for the linear and
angular momentum should include terms involving all
these fields.

(3) The key issue of splitting the total momentum and
angular momentum into a quark and gluon contribution is
not adequately analyzed. There are two rather separate
aspects. There is the age-old question of splitting the
angular momentum of a gauge particle into a spin part
and an orbital part. We shall discuss this in Sec. VII. But
there is a more general question of how, in any theory with
interacting fields, say ¢(x) and ¢ r(x), one can split the
total momentum (and angular momentum) into pieces
interpretable as the contributions of the quanta £ and F.
In all the above papers, having invented some strategy for
defining the operators Py and P, one writes, for the total
momentum

P=PE+PF (6)

and then interprets the nucleon expectation values of theses
operators as a measure of the contribution of E and F
respectively to the momentum of the nucleon. But this is
potentially misleading, because the interacting particles
constantly exchange momentum, and the correct way to
express Eq. (6) is

P = Pg(1) + Pg(1) )
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to reflect the fact that while the total momentum is con-
served, the individual momenta are not. Thus it requires
some analysis to explain why it is meaningful to interpret,
e.g. (nucleon|Pg(r)|nucleon) as a fixed number measuring
the contribution of E to the momentum of the nucleon. The
correct way to extract a measure of the separate contribu-
tions is to remember, as stressed by Jaffe and Manohar [7]
in the QCD case, that constituent quark models and parton
models of the nucleon are canonical Fock-space models.
Thus the physical nucleon states of the theory are taken
to be superpositions of quark and gluon Fock states.
Similarly, in QED, atomic states are regarded as super-
positions of electron and photon Fock states. How this
affects the extraction of the separate momentum and an-
gular momentum contributions is spelled out in Sec. VI.

We shall argue that the various prescriptions given by
Chen et al. and Wakamatsu are somewhat ad hoc and that
what is missing is a compelling criterion for identifying a
particular operator as the momentum operator or as the
angular momentum operator. The natural definition of the
total momentum operator is as the generator of translations
and of the rotal angular momentum operator as the gen-
erator of rotations, but when the system consists of differ-
ent interacting quanta some modification is unavoidable.
We suggest that the minimal requirement for this identi-
fication is the following:

Definition: Suppose we have a system consisting of
interacting fields ¢ z(x) and ¢(x). Then the momentum
operator P(t) for, say, particles E should, at equal times,
satisfy

i[P (1), pE(t, x)] = &/ pE(1, x). (8)

Analogously, the angular momentum operator Mg(t)
should, at equal times, satisfy

iIME (D), pE(t, x)] = (x10) = xT0) E (1, x)
+(2Y), {1, x), ()]

where r and s are spinor or Lorentz labels and (), is the
relevant spin operator. The need for the requirement “at
equal times” is explained in detail in Sec. VI.

Demanding that these conditions be satisfied leads to the
conclusion that the canonical expressions for the momen-
tum and angular momentum operators are the correct and
physically meaningful ones. It is then an inescapable fact
that the photon and gluon angular momentum operators
cannot, in general, be split in a gauge-invariant way into a
spin and orbital part. However, as discussed in Sec. VII, the
projection of the photon and gluon spin onto their direction
of motion, i.e. their helicity, is gauge invariant and is
measured in deep inelastic scattering on atoms or nucleons,
respectively.

It should be noted that Ji’s expressions for the compo-
nents of the quark and gluon momentum and angular
momentum vectors, which are the Bellinfante versions,
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do not conform to the above definition and thus should
not be considered as measuring al/l the components of the
physical quark and gluon momentum and angular momen-
tum vectors, though it turns out that they give the correct
results for the Z components, P, and J,, for a nucleon
moving in the Z direction. In particular the quark orbital
angular momentum defined by Ji as the difference between
his quark total angular momentum, as measured in deeply-
virtual Compton scattering, and the quark spin, as mea-
sured in polarized deep inelastic scattering, is in agreement
with our definition, as long as it is appreciated that this
refers only to the components along the direction of motion
of the nucleon.

The difficulty in defining separate quark and gluon
angular momenta in QCD has its analogue in QED, in
the problem of defining separate electron and photon
angular momenta. However, the situation is not completely
analogous in the two cases, because the straightforward
gauge invariance of QED is replaced by the rather different
Becchi-Rouet-Stora-Tyutin (BRST) [17] invariance of
QCD. For this reason we shall discuss the two cases
separately.

Most of the problems which beset the definition of
separate quark and gluon angular momenta actually al-
ready occur at the level of the linear momentum. Since
this is a much simpler object to deal with, we shall mainly
illustrate the problematic issues through an analysis of the
linear momentum operator.

I1I. OBSERVABLES IN GAUGE THEORIES

As mentioned above we think there has been too much
emphasis on the need to use gauge-invariant operators to
represent any dynamical quantity which can be measured,
i.e. which is an observable. In this section we shall show
that, in fact, in gauge theories the concept of an observable
is very subtle and is rather different in QED and QCD, and
we shall give the precise conditions that an observable
operator must satisfy. Our discussion follows the approach
of Kugo and Ojima [18], which, in turn, follows the treat-
ment of Strocchi and Wightman [19].

In the covariant quantization of a gauge theory it is
unavoidable that one has to set up the theory in a vector
space with an indefinite metric, i.e. one in which the
“length” or norm of a vector can be negative. From this
one constructs a subspace, the physical vector space Vphys,
in which scalar products are positive semidefinite, and
finally the positive definite Hilbert quotient space JH phys =
Vphys /V,, where "V, is the subspace of Vphys consisting
of zero-norm vectors." How the states forming Vphys are
defined, depends on the formulation of the theory. In
covariantly quantized QED they are defined by

'Strictly speaking JH phys should be defined as the completed
quotient space, but this is irrelevant for our discussion.
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B™)(x)|®) = 0, where B(x) is the gauge-fixing field. In
covariantly quantized QCD one has Q|®) = 0, where Qp
is the generator of BRST transformations.

Note that while Vphys is labeled “‘phys,” the states
which correspond to the actual physical particles belong
to H phys» 1-€. the zero-norm states in Vphys are not truly
physical. We assume, as usual, that the physical states form
a complete set in H phys-

Let |®) be a state in Vs, .. [®) € Vs and let | x)
be a zero-norm state, i.e. | y) € VO. Then it can be shown
that

(@) =0 for V|®) E Ve Vix) € V, (10)
ie.
Vol Vs (11)

Let O be a physical quantity and let O be the Hermitian
operator representing it. It can be shown that a necessary
condition for O to be an observable is

(® + x|O|® + x) = (P|O|D) for
VD) € Ve Vix) € V,. (12)

Equivalently, via Eq. (11), an observable operator must
satisfy

Ol®) € Viypyy for V|D) € Vo (13)

The essential point of this argument, as we shall see
later, is that the condition Eq. (13) does not necessarily
require an observable operator to be gauge invariant in the
operator sense, i.e. to commute with the generator of gauge
transformations. And we shall see that the situation differs
somewhat between covariantly quantized QED and QCD.

III. THE MOMENTUM OPERATOR IN
GAUGE-INVARIANT THEORIES

If the theory is invariant under translations in space-
time, then Noether’s theorem allows the construction,
from the classical Lagrangian, of what is usually referred
to as the canonical energy-momentum tensor density
than(x). This is a conserved density

3 tban(x) = 0 (14)

but is generally not symmetric under u < v.
The canonical fotal linear momentum operator Ply, is
the space integral

Pl = [ Pt (x) (15)

and, crucially, is independent of time as a consequence of
Eq. (14).
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A. The canonical momentum operator
as generator of translations

In the classical theory PL,, thus constructed is the gen-
erator of spatial translations. In the quantum theory one has
to check that the operator version of Pl,, satisfies the
correct commutation relations with all the fields, i.e. for
any field ¢(x)

i[Plan, ()] = 8/ (). (16)

It is important to realize that in an interacting field
theory an arbitrary commutation relation between the fields
cannot be calculated unless one can completely solve the
theory—an impossible task in all relevant physical theo-
ries. On the other hand the equal time commutators are
fixed as part of the process of quantizing the theory. Hence
the only reason it is possible to check an equation like (16)
is because Pl,, is independent of time and so the time
variable in the fields occurring in it can be chosen to
coincide with the time variable in ¢(x) = ¢ (7, x). This
consideration will play a crucial role when we come to
discuss how to divide the total momentum into contribu-
tions from the different fields in the theory.

An important issue in comparing the treatment of linear
and angular momentum is the concept of a local operator.
An operator O(x) is local if, obviously, it is defined at one
space-time point x, but also it must satisfy the law of
translation

O(t, x + a) = ePin® O(t, x) e~ Piant, (17)

Note that an operator of the form M(x) = xO(x), such as
occurs in the expression for the angular momentum, is not
a local operator. [It is trivial to see that if M(x) satisfies
Eq. (17) then M(x) = O for all x.] In a careful discussion of
the properties of angular momentum, operators of this type
have been called compound operators [20].

B. The Bellinfante energy-momentum
operator tensor density

As mentioned the canonical f4,(x) is generally not
symmetric under interchange of w and v. It is also not
gauge invariant. It is possible to construct from 74, (x) and
the Lagrangian, the conserved Bellinfante density 7}, (x),
which is symmetric and, which is, in some cases, as will be
discussed below, gauge invariant. It differs from 5,,(x) by
a divergence term of the following form:

H2 (x) = th5(x) + Lo, [HPRY — HEoY — H7PV], (18)

where the only relevant property of H?#" for the present
discussion is that it is antisymmetric under y < v

HPwy = —Hpve (19)

and that it is a local operator.
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It follows that P{;el defined by

Pl = f dxt) (x) (20)

differs from P.,, by the integral of a spatial divergence, and
it is usually stated that since the fields must vanish at
infinity, such a contribution can be neglected, leading to
the equality

Pl = Pl 2D

Now for a classical c-number field it is meaningful to
argue that the field vanishes at infinity and that Eq. (21)
holds as a numerical equality. It is much less obvious what
this means for a quantum operator. The correct way to tell
whether a divergence term can be neglected is to check
what its role is in the relevant physical matrix elements
involving the operator. In the case of Eq. (21) one can
readily check that the matrix elements between any nor-
malizable physical states, | W) and |®) are the same?, i.e.

(®|P] || ¥) = (D|PLun| V). (22)

However, the operators cannot be identical, because
one, for example, may be gauge invariant and the other
not, so that the equality would be contradicted upon per-
forming a gauge transformation. On the other hand the
operators are essentially equivalent, and they generate the
same transformations on the fields. We shall indicate
the relationship as

Ply = Pl (23)

It should be noted that it would be impossible to con-
struct a consistent theory if it were not permissible, in
certain cases, to ignore the spatial integral of the diver-
gence of a local operator. For example we could not even
establish the obvious requirement that the momentum
operator commutes with itself! For one has, (no sum
over j)

i[Pi, PI] = ] ExilPI, 09(x)] = / Exdidi(x),  (24)

and this vanishes only if the divergence integral can be
ignored.

For compound operators like the angular momentum it is
a much more difficult task to show the equivalence of the
total angular momentum generators M, and M,/ con-
structed from the canonical and Bellinfante P, v, respec-
tively, and care has to be exercised to always use
normalizable states. This has been done by Shore and
White [21].

2This is not true for all operators which differ by a divergence
term. Singularities can affect the result.
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IV. QUANTUM ELECTRODYNAMICS

We shall study the questions of gauge invariance and
Lorentz covariance first in the simpler context of QED.

A. The nongauge invariance of the QED momentum
and angular momentum operators

We remarked in the Introduction that in trying to define
separate quark and gluon angular momentum operators too
much emphasis was being placed on the use of gauge-
invariant operators by Ji, Chen et al., and Wakamatsu.

In support of this point of view we shall now prove that
in any theory which is invariant under a local c-number
gauge transformation, even the fotal momentum and an-
gular momentum operators cannot be gauge invariant. As
discussed in Sec. II this does not mean that the momentum
and angular momentum are not observables, i.e. cannot be
measured. Because what one measures are not operators
but matrix elements of operators, and if care is exercised in
defining the physical states of the theory (respecting any
subsidiary conditions) then these matrix elements turn out
to be gauge invariant.

Theorem I: Consider a theory which is invariant under
local c-number gauge transformations. Let P# be the total
momentum operators, defined as the generators of space-
time translations, and let M/ be the total angular momen-
tum operators, defined as the generators of rotations. Then
P* and M cannot be gauge-invariant operators.

Proof: For simplicity we consider QED and give the
proof just for the momentum operators. The case of angu-
lar momentum is a straightforward generalization. Note
that it is irrelevant for the proof whether we use the
canonical or Bellinfante versions.

The theory is invariant under the infinitesimal gauge
transformation

A (x) = A% (x) + 0* A(x), (25)

where A(x) is a c-number field satisfying (JA(x) = 0 and
vanishing at infinity.

Now gauge transformations are canonical transforma-
tions [22]. Let F be the generator of gauge transformations,
so that

ilF, A¥(x)] = 9*A(x) (26)
and consider the Jacobi identity
LF,[P*, A”]] + [A”, [F, P*]] + [P~ [A”, F]] = 0. (27)

Now [P#,[A”, F]] = 0 since by Eq. (26) [A”, F]isa ¢
number and thus commutes with P#, so that

[[F, P*] A”] = [F, [P~ A"]]. (28)
Moreover since P* are the generators of translations

i[P*, A"] = 9HA”. (29)
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Thus the right-hand side (RHS) of Eq. (28) becomes
[F,[P* A"]] = —io*[F, A" (x)] = —0#9d"A(x) # 0

(30)
and hence from Eq. (28)
[[F, P*], A"] # 0, (31)
implying that
[F,PE]# 0 (32)

so that P* is not gauge invariant.

B. The momentum and angular momentum
in QED are observables

We shall now demonstrate that this lack of gauge invari-
ance is of no physical significance. We shall take as an
example covariantly quantized QED and show that the
matrix element of P,, between any physical states, is
unaffected by gauge changes in the operator.

As far as we are aware the most general covariantly
quantized version of QED is given by the Lautrup-
Nakanishi Lagrangian density [12,13], which is a combi-
nation of the classical Lagrangian (Clas) and a gauge fixing
part (Gf)

L = Lo+ Lo (33)
where
Lops = —%FM,,F’“’ + %[g_b(zﬂ —m+eA)y +he] (34
and
Lor = B3, A*(x) + 2 B(x), (35)

where B(x) is the gauge-fixing field® and the parameter a
determines the structure of the photon propagator and is
irrelevant for the present discussion.* The theory is invari-
ant under the usual c-number infinitesimal gauge trans-
formation

A=A, +9,AR), ¢y — g +ieAy,  (36)

while B(x) is

transformations.
A straightforward calculation gives for the conserved

generator of infinitesimal gauge transformations

taken to be unaffected by gauge

F=— / Prlel Y AR) + F9,AR) — B@)agAX)]
(37

3Because of its similarity with the QCD case, we use the
notation of Nakanishi. Note that Lautrup’s A(x) = —B(x).

*The case @ = 1 corresponds to the Gupta-Bleuler approach
(see e.g. [22]) based on the Fermi Lagrangian.
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which, via the equations of motion, can be transformed to
F= f Pa(3B)A — BagA + a,(FN)]  (38)
Now the physical states |®) of the theory are defined to
satisfy
B (x)|®) =0, (39)
where
B(x) = BM)(x) + B9)(x) (40)

with B™)(x) the positive/negative frequency parts of B(x).

With this definition of the physical states, an operator 0
is an observable, if, according to Eq. (12), O|®) is itself a
physical state, i.e. if

B (x)(0|®)) = 0. 41)
This is equivalent to the condition
[B)(x), O1l®) =0, (42)
since
[B)(x), 0]|®) = BM(x)0|®) — OB (x)|®)
= B (x)0|®d) =0 (43)

iff Eq.(41) holds.
Since, via Egs. (39) and (16)
[B)(x), P|®) = ia/BH(0)|D) =0,  (44)

we see that P/ is an observable, so that its eigenstates are
physical states.

We shall now consider the gauge invariance of its matrix
elements. In doing so it should be noted that B(™)(x) =
[B™]f(x), so that (®|B7)(x) = 0, and thus for arbitrary
physical states

(@'|B(x)| D) = 0. (45)

Theorem 2: Any physical matrix element of the momen-
tum operator P/ is invariant under gauge transformations.
Proof: Consider the general physical matrix element

(@] PI] D) = f & pd®p' $" ()b (p)p'|Pilp).  (46)

The change induced in {p’|P/|p) by the gauge trans-
formation is given by (p’|i[F, P/]| p). Focus initially on the
effect of the first two terms (call them f,) in the integrand
on the RHS of Eq. (38).

P'Nilf12 Pllp) = (p — pY <P/l f1alp) =0, (47)

because of Eq. (45) and the fact that A is a ¢ number.

The change induced by the third, divergence term (call it
f3) in the integrand on the RHS of Eq. (38), after some
algebra, and using translation invariance Eq. (17), can be
written
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(P'lilf5 Pllpy=(p' = p){(p = P)XP'1AYO)Ip),  (48)

= (p = PHXPIAO) parA(x)eP=P)+] (49)

and this vanishes after the spatial integration because A (x)
vanishes at infinity.

Hence (®'|P/|®) is indeed invariant under gauge
transformations.

Corollary: Physical matrix elements of the total angular
momentum operator J* are gauge invariant.

The total angular momentum is given by

J k= %6 klmM !
where M%"(x) is the angular momentum tensor density.
The simplest way to show the gauge invariance of the
physical matrix elements in this case is to reinterpret the
gauge change i[F,M"] as —i[M" F] and to study
the effect of the rotations on F. For this one needs the
following results:

iM™ AB(x)] = (x'a™ — x"a!) AP (x)
+ gPA™(x) — gmBAN(x)  (51)

1
"= 5 Ekim [dBX-'MOlm(X), (50)

and, since B(x) is a scalar field,
iiM"™, B(x)] = (x'o™ — x™")B(x). (52)

Application of these to F yields terms which either vanish
directly as a result of the subsidiary condition Eq. (45) or
divergence terms which can be shown to vanish since A (x)
vanishes at infinity.

The fact that even the fotal momentum and angular
momentum are not gauge invariant, but that their physical
matrix elements are, suggests that to insist on gauge-
invariant operators for the momentum and angular momen-
tum operators of the individual fields of the theory is
unnecessary.

C. Relativistic covariance in QED

In the debate with Chen ef al., Ji rightly argues that their
photon vector potential does not transform as a 4-vector
under Lorentz transformations, and implies that in his
treatment his AM(x) transforms as a true 4-vector, and
that this is an essential property. But if this is the case
then Ji’s expressions for momentum and angular momen-
tum are incomplete. The point is that the gauge-fixing field
B(x) introduced above in the covariant quantization of
QED also appears in the expressions for the momentum
and angular momentum. One finds for the conserved ca-
nonical energy-momentum tensor density,

tean = Oéan + tan(GF), (53)

where

v i - e v v
Oban = §¢7May¢ — FrPy A,B — 8" Loy (54)
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where 3% = 9% — 5”, and
than(Gf) = BOYA* — gh¥ L. (55)
For the conserved Bellinfante density one finds,
bt = Oper + 151 (GF), (56)

where 6.}, which is referred to as the classical energy-
momentum tensor density, is

Y i DY 2)) v v
0{:3] = le(yMD +y D’U')lp - FMBFﬁ - gﬂ ‘EClasr
(57)
where D” = 9" — 2ieA”, and
11 (Gf) = —(0#B)A” — (0"B)A* — gt L. (58)

The conservation of an energy-momentum tensor de-
pends on the equations of motion, which are a consequence
of the Lagrangian. Thus 7, is conserved, but 6} is not,
when the Lagrangian is L¢p,, + Lgr. On the other hand
0k would be conserved if the Lagrangian were L.

Now Ji and Chen et al. utilize 6}.] and treat it as if it
were conserved, i.e. they take the momentum operator
based on it to be independent of time (equivalently: to
remain unrenormalized), which implies that the
Lagrangian is just L¢y,. But it is well known that one
cannot quantize QED covariantly using L = Lq.
Nonetheless Ji insists that his A, transforms covariantly,
which is thus, at the operator level, a contradiction.

We have seen that insisting on covariant quantization
leads to a more complicated structure for the energy-
momentum density and analogously for the angular mo-
mentum density. This raises what, at first sight, seems to be
a worrying issue concerning several papers in the literature,
e.g. Ji [1,2], Jaffe and Manohar [7], Bakker, Leader and
Trueman (BLT) [20] and Wakamatsu [4,6], where the
general structure of the matrix elements of 6. (or its
QCD analogue) is derived under the assumption that 6.
is a genuine conserved tensor. However the situation is
saved by the following: for physical matrix elements, for
both the canonical and Bellinfante versions,

(D' #7(GF)| D) = 0. (59)

This follows from Egs. (55), (58), and (35) when a
complete set of physical states is inserted between the
operators appearing in r*”(Gf) and use is made of
Eq. (45). Hence

(@']9,01 ()|D) = (D']0,, 7 (x)| By = 0. (60)

Similar arguments show that 6% (x), which just corre-
sponds to the canonical version of 6. (x), may also be
treated as a conserved density inside physical matrix ele-
ments. Thus this aspect of the analysis in the above papers
1s, in fact, consistent.
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In summary covariant quantization of QED complicates
some aspects and there is no compelling reason to insist on
it. Indeed, as explained in the Introduction, the noncovar-
iant Coulomb gauge leads to a perfectly good Lorentz
invariant theory. However, if one prefers to work with a
covariantly quantized theory then, in so far as its physical
matrix elements are concerned, 05, (x) and 6%,,(x) may be
treated as conserved tensor operators.

V. QUANTUM CHROMODYNAMICS

The situation in QCD is somewhat different. The infini-
tesimal gauge transformations on the gluon vector potential
and on the quark fields, under which the pure quark-gluon
Lagrangian £ (the QCD analogue of the QED L),

ﬁqG = _%GZ,VGZ“} + %&I[élml(ﬂ - IZ) - th?mAa]lpm
(61)
is invariant, are determined by eight scalar c-number fields

6°(x),
8AY = 9,0°(x) = gfapcAp(X)0°(x), (62)

Syl = —igt], 0°(x) Y™ (x), (63)

where a, b,c = 1,2...8and [, m = 1, 2, 3 are color labels,
and where our sign convention is

GL;LV = GMA‘; - aI/AZ, - gfabcA,ZAcr;- (64)

However, in order to quantize the theory covariantly one
has to introduce both a gauge-fixing field B(x) and Fadeev-
Popov anticommuting fermionic ghost fields c¢(x), ¢(x).
The Kugo-Ojima Lagrangian [15] for the covariantly
quantized theory is then

L =L+ Lorron (65)

where
a
Loiron = —i(9#¢9)D ¢, — (0#B)AY + EBﬂBa, (66)

which is no longer invariant under the original infinitesimal
gauge transformations Eqs. (62) and (63).

One can again show that the momentum operators P,
P,.; are not gauge invariant, but this is now irrelevant,
given that the Lagrangian itself does not possess this
invariance. Instead the theory is invariant under the
BRST transformations [17]

8AY = Db cb(x),
Syl = —ifgts, c*(x)h™ (x),

5Ca(x) = e(g/z)fabccb(x)cc(x): (67)
8¢ = i0B“(x),
8B(x) = 0,
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where 6@ is a constant operator which commutes with
bosonic fields and anticommutes with fermionic fields.

The BRST transformation is generated by 603, i.e. for
any of the above fields ¢

i[00p, ¢]1= 09, (68)

where the conserved, Hermitian charge Qp is given by
05 = [ dBFoct — gB e

- i(g/Z)(()OE“)fachbcc]. (69)

There is also a conserved charge
Qc = j.d3x[6a306a - 8(?afabcA(!§CCl (70)

which “measures” the ghost number

i[Q., #]1=N¢ (71)
where N = 1 for ¢ = ¢, —1 for ¢ = ¢ and O for all other
fields.

The physical states | W) are defined by the subsidiary
conditions

03l¥) =0, (72)

0.l¥)=0. (73)

A. The momentum and angular momentum
operators in covariant QCD

The proof of an analogue of Theorem I for BRST trans-
formations does not work, because the BRST 0A{, is an
operator, not a ¢ number. Consequently, use of the Jacobi
identity Eq. (27), with F replaced by Qp, does not imply
that P,, or Py are non-BRST invariant.

Analogously to condition Eq. (42), in order to be ob-
servable the momentum operator in QCD must satisfy

The latter, as will be seen presently, follows from the fact
that the ghost number of P/ is zero. The former is usually
stated to hold because Qp is a translationally invariant

scalar. This is correct, but is not quite as trivial as it seems,
for if we write

0y = [ dxQu(t.x) (75)
then translational invariance requires
eiP/'a,-QBefinaj — ]d3x€iP-/aj Q,B(t’ x)e*iP-/'aj

= fd3xQB(t,x + a) = Q. (76)
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The last step holds only if the integral in invariant under the
change of variables x — y = x + a, which is in accord
with our being able to ignore the integral of a divergence.

One finds for the canonical energy-momentum tensor
density,

téan = tén(qG) + 1k (Gf + Gh), 77
where
v i v vAaQ v
tin(@G) = 2 by "y = GLP A — g Log (78)
and where

1tan(Gf + Gh) = =AY 9"B, — i(3”¢,) (D, cp)
= 8" Lapran — i(0#8,)(37¢,). (79)
The Bellinfante version is
they = Iher (AG) + 1y (GF + Gh), (80)

where

v [ R
e (qG) = Z[lﬁn’“D g+ (nev)]
- GiPGly — " Lo (81)

is BRST invariant, i.e. commutes with Qy. Here D" is a
matrix in color space

D'(2) = 8,,[0" — 8”1 + 2igAL(2)s (82)

Im*
The gauge-fixing and ghost terms are given by
./ (Gf + Gh) = — (AL 9”B, + AL0*B,)
—i[(9#¢,)DYyc, + (37¢,)DY, )]
— 8" Lgt+cn (83)

This can be rewritten [ 18] as an anticommutator with Qp

#(GF + Gh) = —{QB, ((aﬂea)Az T (078,)AL

+ gWB ¢,B, — (aﬂaa)Ag:I)}. (84)

It follows that #h.; (Gf + Gh) is BRST invariant (because
Qp is nilpotent, i.e. Oz = 0) and does not contribute to
physical matrix elements, i.e.

(|t |P) = (D[ 11, (G| D). (85)

Thus the entire tf)f;f(x) commutes with Qp and is there-
fore a local observable.

The situation with 5, (x) is somewhat different. It does
not commute with Qp, so is not itself an observable, but,
contrary to the statement in [21], t5n(Gf + Gh) does not
contribute to physical matrix elements. This can be seen as
follows. The first three terms in Eq. (79) can be written as
an anticommutator with Qp, so, as argued above, do not
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contribute to physical matrix elements. For the last term we
have, by completeness,

- 1<(I)/|((')”’Ea)(a”ca)|q)>

= =i Y (D92, ) WU W](97c,)| D). (86)
allv

This is zero because, via Eq. (71), ¢,(x) = i[Q,, c,(x)],
so that

(W07 c,(0)|P) = i0"(VI[Q., c,()IP) =0 (87)

as a consequence of Eq. (73).

Thus even though the actual canonical density is not
BRST invariant, its ghost and gauge-fixing terms do not
contribute to physical matrix elements. And, as discussed
in Sec. III B, for the space integrated versions, because they
differ by a divergence, we have, analogous to Eq. (20),

P! (QCD) = PL,,(QCD), (88)

and both are BRST invariant.

There is thus no compelling reason in QCD for insisting
on using the Bellinfante version. Analogous statements
hold for the angular momentum generators M¢h, and M.

B. Relativistic covariance in QCD

We have seen that insisting on covariant quantization
forces us to include gauge-fixing and ghost fields in the
Lagrangian. However, the terms in the canonical and
Bellinfante versions of the total momentum, which depend
on the ghost and gauge-fixing fields, do not contribute to
physical matrix elements. Thus if we consider the expec-
tation value of the tofal momentum operator for a nucleon
in a state of definite momentum |p) then, irrespective of
whether we use P.,, or Py, there will be no contribution
from the ghosts or gauge-fixing fields. Moreover, both
operators are observables and their matrix elements are
thus physically measurable quantities.

However, as mentioned in the Introduction, Ji, Chen
et al., and Wakamatsu insist on using the gauge-invariant
Bellinfante tensor, or modifications of it, for the separate
electron and photon, or quark and gluon, parts of the total
momentum and angular momentum tensors. We shall
argue in the next section that this has no solid basis, is
essentially arbitrary and lacks any persuasive physical
motivation.

VI. THE PROBLEM OF DEFINING SEPARATE
QUARK AND GLUON MOMENTA

We come now to the heart of the controversy between Ji,
Chen et al., and Wakamatsu, namely, how to define in a
sensible way the separate contributions of quarks and
gluons to the momentum and angular momentum of a
nucleon. There are actually two separate issues. One, quite
general, is how to define the separate momenta for a system
of interacting particles. The second is more specific to

096012-9



ELLIOT LEADER

gauge theories and includes the issue of splitting the an-
gular momentum of a gauge particle into a spin and orbital
part.

A. Interacting particles: The general problem

Suppose we have a system of interacting particles £ and
F and we split the total momentum into two pieces

Pi =P} + P}, (89)

which we wish to associate with the momentum carried by
the individual particles E and F respectively.

As mentioned in the Introduction it is crucial to realize
that Eq. (89), as it stands, is totally misleading, and should
be written

Pl = P(1) + P(1) (90)

to reflect the fact that the particles exchange momentum as
a result of their interaction.

The key question is: what should be the criterion for
identifying Pg r as the momentum associated with parti-
cles E, F, respectively?

The seductively obvious answer would be to demand
that

I[Py, ¢pF(x)] = 8/ pE(x) o1

and similarly for F, but there is no way we can check this,
since PJ(1) depends on ¢ and, without solving the entire
theory, we are only able to compute equal-time
commutators.

We suggest, therefore, that the minimal requirement for
identifying an operator Pjé with the momentum carried by
E, is to demand that at equal times the analogue of Eq. (91)
holds, i.e.

i[P (1), pE(t, x)] = &/ pE(1, x). (92)

Analogously, for an angular momentum operator Mg
we suggest the minimal requirement that

iIME@), pE(1,x)] = ("o — X9 pE (1, x)
+ (29),* 5 (1, x), (93)

where r and s are spinor or Lorentz labels and (2/),* is the
relevant spin operator.

Now we explained in Sec. III B that for the total mo-
mentum there is no essential difference between P,,, and
Py, since their integrands differ by the spatial divergence
of a local operator. However, if we split P, into P,, g +
Pean.r and Py into Py g + Py r, then the integrands of
Pk and Py ¢ do not differ by a spatial divergence, and
hence P.,,p and Py p do not generate the same trans-
formation on ¢*(x), and similarly for F.

As an example consider QED. From Egs. (53), (54), and
(56)—(58) we would identify

PHYSICAL REVIEW D 83, 096012 (2011)
Y (electron) = % Py (94)

and
tgil(electron) = i 17/(y0DHj + y/D%) ¢, 95)

and these do not differ by a spatial divergence.

It should be noted that the difference between various
definitions of the momentum operators is not just a ques-
tion of principle. In QCD the asymptotic (Q* — o0) limit
of the longitudinal momentum carried by quarks in a
nucleon, with the Ji definition is P(quarks);; = 50%
whereas with the Chen er al. version P(quarks)che, =
80%, for the number of flavors n; = 5.

Since, by construction, P.,, r and P, r generate the
correct transformations on ¢ ;(x) and ¢ r(x) respectively,
we conclude that with the above minimal requirement we
are forced to associate the momentum and angular mo-
mentum of E and F with the canonical version of the
relevant operators. This disagrees with Ji, Chen et al.,
and Wakamatsu, but agrees with Jaffe and Manohar [7].

Nonetheless, exceptionally, for the fraction of the Z
component of the longitudinal momentum and angular
momentum carried by the quarks in a nucleon moving
in the Z direction, the distinction between Bellinfante
and canonical versions is not crucial, since it turns
out that P_(quarks);; = P.(quarks)y, = P.(quarks).,,
and J_(quarks);; = J.(quarks)y, = J,(quarks).,,, as will
be discussed in Sec. VIE.

Now, as Jaffe and Manohar [7] have emphasized in the
QCD case, constituent quark models and parton models of
the nucleon are canonical Fock-space models. Thus the
physical states of the theory are taken to be superpositions
of Fock states, formed from the vacuum by the quark and
gluon ““in-field” creation operators. Similarly, in QED,
atomic states are regarded as superpositions of Fock states,
formed from the vacuum by the electron and photon
“in-field” creation operators. Loosely speaking, for any
field ¢(x)°

P (X) = VZ pin (), (96)

where Z is a renormalization constant. Also

[Pl (1), G, X) 1= [P} . (E), VZin p(1, X)), (97)

3 (1, X) = NZdI iy (1, %), (98)

where we have defined

Pl () == Pl (E). (99)

1n,can

3 Strictly speaking such limits of operators should be carried
out using normalizable “smearing functions”. We shall continue
to be a little cavalier in order not to complicate the presentation.
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Note that because the “in” fields obey free field equations,
P n(E) is independent of time.

Now as we have stressed Pp x(t) are time-dependent
operators. However, these operators possess a remarkable
property. While their general matrix elements are time-
dependent, there is a subclass of these, and it is just this
class of matrix elements that are of interest to us, which are
time-independent, namely, their matrix elements between
arbitrary states of a single particle. To see this for the
momentum PL(7) let

PHYSICAL REVIEW D 83, 096012 (2011)

) — [ Fp'y(p)lp) and |h) = f & pd(p)|p)

WIPLOI$) = f B p' & pdxy* (p) (PP 112 () )

- f B p'd pdPx i (p') p(p)e™ ' =P el ro=r0)(p' | (0)| p)

= m [ pu )95 ~ Pl IO

— @) [ & p i (p) (NPl (0)Ip),

which is independent of time because p{ = py =
v p2 + m?.

A similar, though more complicated argument, shows
that the single particle matrix elements of the angular
momentum operators Jj;  are also time independent.

It follows that, e.g.

WIPL(Olp) = lim (WIPL(OI) = (IPLEN) (103)

and analogously for the angular momentum operators.
Thus we have the important result that the nucleon

matrix elements of P{E, 7 and J‘{-’ r can be calculated by

inserting a Fock expansion for the nucleon state and then

evaluating the Fock state matrix elements of the “in” field

operators Pijn(E), an(F ), Jljn(E) and an(F ), respectively.

B. Interacting particles in gauge theories:
Canonical vs “the rest”

The objection of Ji, Chen et al., and Wakamatsu to the
use of the canonical operators is that they are not gauge
invariant. We have suggested that this is not obviously
important since the total canonical momentum and angular
momentum operators are observables and their physical
matrix elements are gauge invariant or BRST invariant
(Secs. IVB and VA). That argument relied on the fact
that an arbitrary physical state can be expressed as a
superposition of eigenstates of tofal momentum.

Now from Egs. (96)—(99) and (92) it follows that, for £
(and analogously for F)

P, can(E), Bin (1, X)] = 97 i (1, x),

which implies that the Fock states, created from the vac-
uum by the action of the creation operators in ¢y, g(x),

(104)

(100)
be arbitrary states of a particle of mass m, so that
ps=p>+m?* and p§ = p?*+m’ (101)
Then
(102)
|
bin p(x), are eigenstates of P, . (E) and P, . (F) respec-

tively. This fact will be used in the next two sections in

proving the gauge or BRST invariance of the Fock-space
; J J

matrix elements of P{, . (E) and Pj . (F). An analogous

statement holds for the angular momentum operators.

C. QED

Here particles E and F correspond to electrons
and photons and the Fock states may be taken as super-
positions of states with electrons having definite momen-

tum p,;, p, — — — p, and transverse photons with
momenta k, k, — — — k,,. It is possible to show that
these eigenstates of PJ .. (electron) and P} .. (photon)
are physical states, i.e.

B, (0lp1 pr = = = puiki ks — = — k) = 0. (105)

This follows from the asymptotic limit of the commutation
relations given in [12], and the Greenberg-Robinson theo-
rem [23,24], which states that the commutators of asymp-
totic fields are ¢ numbers.

Since we are only concerned with physical matrix ele-
ments of the momentum operators we may, as a conse-
quence of Eq. (105) ignore the gauge-fixing terms and from
now on utilize,

Pijn‘can(electron) = fd%l:é iny 907 zpin] (106)
and

P/, . (photon) = [d%[—F&BajAmﬂ]. (107)
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The proof that the Fock-space matrix elements of these
operators are gauge invariant requires that the matrix
elements of B;,(x) vanish between these states. This fol-
lows from Eq. (105) and thus the proof of the gauge
invariance of the expectation values of P/ _ (electron)

and Pln «an(Photon) can be carried through in the same

way as was done for the total momentum in Sec. IV B.
Note that the simplified versions of the canonical mo-

mentum operators above generate the correct transforma-

tions on ;,(x) and the spatial components A% (x), namely

m,can

i(PL, can<e1ectron> Win(t, X)] = 07 4,1, x),

(photon), Ak (tx)] = ('-)JAk (1, x). (108)

[ in,can

On the other hand one can show that the Bellinfante
versions Pm vet (€lectron) and P1r1 vet (Photon) do not gener-
ate the transformations Eq. (108). Thus the Bellinfante
versions do not satisfy our minimal requirement for iden-
tifying these operators as representing the momentum
carried by the electrons and photons, respectively. The
same is true of the Chen et al. and Wakamatsu momentum
operators.

The analysis of the angular momentum operators is quite
analogous and one concludes that the canonical operators
are the ones that generate the correct rotations on the fields.

D. QCD

Similar results hold for QCD. The states with quarks
having definite momentum p;, p, — — — p, and trans-
verse gluons having momenta ky, k, — — — k,, are eigen-

states of P}, ,,(quark) and Pln Cam(gluon) and are physical
states, i.e.
QBlpl)pZ___pn;kl:kz___km>:0: (109)

This follows from the commutation relations for the
asymptotic fields given in Sec. IV in [25].

Since we are only concerned with the physical matrix
elements of the momentum operators we may, as a con-
sequence of the discussion following Eq. (85), ignore the
gauge-fixing and ghost terms and from now on utilize

Pl Cdn(quark) f d3x [ Y ]

(110)
and

Plealetion) = [@{-Gaiag,1 a1y

These commute with Qp and are thus observables.
Moreover these simplified versions of the canonical mo-
mentum operators generate the correct transformations on

! (x) and the spatial components Al ,(x), namely

PHYSICAL REVIEW D 83, 096012 (2011)

z[Pm canl@uark), ¢l 1,x)] = a7yl (1, x),
z[P{[1 can(gluon), Ama(t x)] = 9/A 1na(t Xx).

On the other hand one can show that the Bellinfante
versions Pln ver(quark) and Plrl be(gluon) do not generate
the transformations Eq. (112). Thus the Bellinfante ver-
sions do not satisfy our minimal requirement for identify-
ing these operators as representing the momentum carried
by the quarks and gluons. Similar remarks apply to the
Chen et al. and Wakamatsu operators.

Similarly, one sees that the correct rotations of the fields
are generated by the canonical versions of the angular
momentum operators, which suggests that the Ji, Chen
et al., and Wakamatsu operators should not be regarded
as representing the angular momentum of the quarks and
gluons. Nonetheless, the expectation value of the
Bellinfante operator J, . (quark) used by Ji for the longi-
tudinal component of the quark angular momentum, which
has the nice property that it can be measured in deeply
virtual Compton scattering reactions, does indeed repre-
sent the Z component of the angular momentum carried by
the quarks in a nucleon moving in the Z direction, and
therefore, Ji’s definition of the orbital angular momentum
as the difference [/ pei(quark) — 5 AS], is fine as long as
it is appreciated that this applies only to the components
along the motion of the nucleon.

(112)

E. The longitudinal component of the quark
momentum and angular momentum

We have argued that the canonical versions of the mo-
mentum and angular momentum operators should be re-
garded as the physically meaningful ones. Yet it is well
known that xp, Bjorken-x, can be interpreted as the fraction
of the Z component of the quark momentum inside a
nucleon, in an infinite momentum frame where the nucleon
is moving along the OZ axis, and that this corresponds, via
the Operator Product Expansion, to the matrix element of
the Bellinfante version of the momentum operators. At first
sight this appears to contradict our assertion that it is the
canonical version that should be regarded as the physically
meaningful momentum operators. We shall here explain
that there is, in fact, no contradiction in the special case of
the longitudinal components of the momentum and angular
momentum.

The gauge-invariant expression for the unpolarized
quark number density ¢g(x) is usually written as

4=

X [T P 2y W /2P o
(113)

where |P) corresponds to an unpolarized proton moving
along the OZ axis, i.e.
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P* = (E, 0,0, P), (114)

and where
W=W[-z /22 /2]= ’Pexp{ig [z_/; dz’Aj{(z’n)za}
Z (115)

is the Wilson line operator, a matrix in color space, and
where

i dz~

Xq0) =357 | 57

+ @ (=2 /2y W[ — igAT (1P (D)}eee ol Pl

Integrating over x one has
[ o) + 30) = S (PLEOY B wO)P)
(119)

with

Bt=0"—a*—2igA*(0). (120)

Now from Eq. (81) the quark part of 7| (qG) is given by

v [ro > v v
thpa(2) = ZM(Z)WD(Z) #(2) + (= v)] — g L,
(121)
where £, is the quark part of L given in Eq. (61).
Then, since g** = 0 we see that

type1(0) = é{&(O)Wf)W(O)} (122)

so that

! ~ 1 ++
[ o) + g0) = 5o Pl O1P). - (123)

Consider, now, the physical interpretation of the left-hand
side of Eq. (123) in the parton model. The parton model is
not synonymous with QCD. It is a picture, a manifestation,
of QCD in the gauge A* = 0 and it is in this gauge, and in
an infinite momentum frame that x can be interpreted as the
momentum fraction carried by a quark in the nucleon. But
since AT = 0 we have

Dt=75", (gauge AT = 0) (124)

so that for these particular components of the tensors there
is no difference between the canonical and Bellinfante
versions

fg.can(0) = 1,14(0), (gauge A* = 0). (125)

Hence the fraction of longitudinal momentum carried by
the quarks in an infinite momentum frame is given equally
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1
n =—2(1, 0,0, —1). (116)

We are using the standard definition of the = compo-
nents of a vector, i.e.

+

(gt v)
v =—=(vg + v,).
\/i 0 Z
The expression for the antiquark density g(x) is analo-
gous to Eq. (113) but with x <O0.
After some manipulation one finds that

(117)

S et (PRI 0" — igAT (@ oY W (T /2)

(118)

well by either the canonical or Bellinfante versions of the
energy-momentum tensor density.

Let us turn now to the question of the angular momen-
tum and, in particular, to Ji’s relation of the quark angular
momentum to the second moment of certain generalized
parton distributions measurable in deeply virtual Compton
scattering [2]. In the standard notation (see, e.g. the review
of Diehl [26])

%/féZ_;eixm*(pq@(_Z*/z)y+w¢(z*/2)|P>

{[mP’)wu(P)]H(x, £1)

~2pt
+ [M—P ﬁ(P’)o-“’u(P)jIE(x ¢ t)} (126)
2M e y y
where
P=YP+P) A=P P o
t=A? AT = —2£PT, (127)

and the spinors are normalized to #u = 2M. Putting
P'=P, ie. A=tr=¢=0 and comparing with
Eq. (113) one sees that

H(x,0,0) = g(x) (128)

so that xH(x, 0,0) can be interpreted as the density in x
space of the quark longitudinal momentum.

Now consider the general expression for the off-
diagonal nucleon matrix element of tﬁ; Vcl(O). The connec-
tion between these matrix elements and the angular
momentum involves divergent integrals, which have to be
treated carefully using wave packets, as was done correctly
for arbitrary components of J for the first time by BLT
[20], and for this reason we shall use their notation for the
scalar functions that appear in the matrix element of
1/ be1(0). One has
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_ A _
(P, S/|f#ge1(0)|P Sy = [y uP” + (u = v)ID, per(A?)/2 = [;—MP W atPuP” + (< V)][Dq,bel(Az)/z — S, bet(A?)]

R CWICE

where

u=u(P,S) u' = u(P,S. (130)

Note that the term M?Rg*” is only allowed because we are
dealing with a nonconserved density.

Repeating for the generalized parton distributions the
analysis which led to Eq. (123) and bearing in mind
Eq. (126) yields

{[u"y+u]fdxxH(x g t)+|:2i/’[’u 0'+pu:|

2Pt
f dxxE(x, £ t)} . (P+)2<P’ Sl )P, S). (131)
From Eq. (129), remembering that g** = 0 and that
AT = —2&P", one obtains
(P!, S'|t7 5, O)|P, S) = [@y uP ™ [Dy per(A?)
+ E(Gypa(A?) — Hypa(A?)]
+ I:lA—p i oTPuP* ]
2M
X [2S,pe(A?) — D, pe(A?)
- fz(Gq,bel(Az) - Hq,bel(Az))l
(132)
Comparing with Eq. (131), taking the limit A — 0 and
writing D, pe; = D pei(A% = 0), etc., one obtains

1
[ dxxH(x, 0,0) = D bels (133)
-1

(134)

1
[ dxxE(x, O, 0) = (2Sq,bel - Dq,bel)’
-1

and consequently
1 1
[ dxxH(x, 0,0) +f dxxE(x, 0,0) = 2S, . (135)
-1 -1

Consider now the parton model interpretation of these
expressions. Choosing the gauge A" =0 we have, as
before, 1, 5, (0) = t, " oi(0), so that in Egs. (133)—~(135) we

may put

Dq,bel = Dq,can =D and Sq,bcl = Sq,can = Sq'

(136)
For the case of a longitudinally polarized nucleon mov-
ing at high speed in the Z direction BLT [20] proved that S

measures the Z component of J. Hence Eq. (135) can be
written

q

H, e (A)](ARAY — A2gh7) + MZRq,be«Az)gw],

(129)

[1 dxx[H(x, 0,0) + E(x, 0,0)] = 2J.(quark), (137)
-1

which is the relation first derived by Ji [2].

Note, however, that unlike the case of linear momentum,
it is not obvious that x[H(x, 0,0) + E(x, 0,0)]] can be
interpreted as the x-space density of J,(quark). Indeed,
Burkardt and Hikmat [27] have shown, in a model, that
J.(quark; x) calculated directly from the nucleon wave
function disagrees with x[ H(x, 0, 0) + E(x, 0, 0)]], whereas
there is perfect agreement when integrated over x.

F. Interacting particles: Photons and gluons

To a large extent the entire controversy concerning the
assigning of angular momentum to quarks and gluons arose
from the long established claim that one cannot split the
angular momentum of a massless gauge particle into an
orbital and spin part in a gauge-invariant way. The two
standard expressions in the literature for the angular mo-
mentum for QED, the canonical and Bellinfante versions,
are

Jon — fd3w*77fsi/f T fd3x¢*[xx (—iV)]y

+ fd3x(E X A) + fd3in(x X VAY)

Scan(el) + Legy(el) + Sean(y) + Lean(y) (138)
and
T = [@xttyysy + [ dxpttex ip)y
+[d3xx><(E><B)
= Spei(el) + Lyei(el) + Joer(y). (139)

In J,, only the electron spin term is gauge invariant. In Jy
each of the three terms is gauge invariant, but the photon
angular momentum is not split into a spin and orbital part.

Insisting on being able to split the photon angular mo-
mentum into a spin and orbital part, and on having each
term gauge invariant, Chen et al. [3] arrived at the follow-
ing form:

T chen = j Pxptyysy + [ Pt X (—iD )]
/ dx(E X Appys) + f d*xE'(x X VAphys)

chen(el) + Lchen(EZ) + Schen('}/) + Lchen(‘)/)’
(140)
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where D =V —ieA and the fields A and A

pure pure pure
were explained in Egs. (1)—(3) of the Introduction.

Later, Wakamatsu [4] suggested a rearranged version of
Jehen» Which retains a gauge-invariant split between the

spin and orbital angular momentum of the photon

phys

o = fd3xw*yys¢ + [d3x¢+[x>< (~iD)ly
+ f Br(E X Ayy) + [ [ PEi(x X VAL )

+ fd3xl/ff(x X eAphys)"b]

= Swak(el) + Lwak(el) + Swak(7) + Lwak()’)- (141)

In this version the very last term [ d3xyf(x X eA )
has been shifted from Chen et al.’s electron orbital term to
the photon’s orbital angular momentum. We have already
commented that one could do such a rearrangement in an
infinite number of ways by shifting some arbitrary fraction
of this term.

All of the above comments hold equally well for the case
of QCD.

As we have stressed, there is absolutely no need to have
gauge-invariant operators so long as their physical matrix
elements are gauge invariant, as is the case for the canoni-
cal version of the electron spin, the electron orbital angular
momentum and the photon’s total angular momentum.
Moreover we have insisted that an angular momentum
operator should generate rotations, at least in the restricted
“minimal” sense defined in Eq. (93). Only the canonical
choice satisfies this requirement. We conclude, in agree-
ment with the paper of Jaffe and Manohar [7], that it is the
terms in the canonical form J,, which should be inter-
preted as corresponding to the angular momentum of the
electron and photon, respectively. Of course this leaves
open the issue of splitting the photon angular momentum
into spin and orbital parts. This we shall discuss in the next
section.

VII. THE SPIN OF THE PHOTON AND THE GLUON

As has been emphasized for more than half a century it is
true that the canonical photon or gluon spin terms, as a
whole, are not gauge invariant. This we regard as an
inevitable feature of a gauge theory and it has not been
the cause of any problems in the description and calcula-
tion of physical processes involving photons, and more
recently, gluons. However, the projection of the spin terms
onto the direction of the photon’s or gluon’s momentum,
i.e. the photon and gluon helicity, is gauge invariant and it
is this quantity which can be measured and, as we shall
show, is measured in deep inelastic scattering on atoms or
nucleons, respectively.

PHYSICAL REVIEW D 83, 096012 (2011)

A. QED

Consider the expression for S.,,(y) in Eq. (138), which
can be written as

S]ccan(')/) = %ekijsij~

In accordance with the analogue of Eq. (103) we may
study its expectation value between states of definite mass
by replacing the fields by their “in-field”” versions Thus we
may utilize

5ii = ] A Q)AL (x) = FL(0AL ()]

(142)

(143)

We shall show that the matrix element of the “in-field”
helicity operator

j{in = [Slc(an(')/)Pk/lpl]in

taken between arbitrary physical states of a photon is gauge
invariant and then relate its matrix elements to the QED
analogue of the polarized gluon density Ag(x).

Consider the action of S/ on a physical photon state of
momentum k and polarization vector e(k, [) corresponding
to polarization along a transverse direction [:

|k, 1) = at(k, I)|vac).

(144)

(145)
Provided the operators are normal ordered we have,

S:ﬂlk’ 1y =[SY, at(k, I)]lvac).

n’

(146)

Then if i and j correspond to directions perpendicular to
k, expressing af (k, [) in terms of the fields as in Sec. 14.4
of [10], and using the equal-time commutators (permitted
because we are dealing with the ““in-field” momentum and
angular momentum), gives

(S, at(k, )] = ek, Dat(k, j) — €/(k, Dat (k, i)}.
(147)
Let us first check that acting on a helicity state, HH ;,, as
given by Eqgs. (144) and (142), yields the correct result

when using Eqs. (146) and (147). For simplicity take the
OZ axis along k. Then

g-[in = [Scan,z(Y)]in = S]1n2’ (148)
and the helicity states are, for A = *£1,
—A
kz, Ay = —={lkz, 1) + iAlkZ, 2)}. 149
|kz, A) 7% {lkz, 1) &z, 2)} (149)

Using the fact that €/(kz,1) = &
finds that indeed

H i lkz, Xy = Alkz, A).

i1, €(k2,2) = 6, one

(150)

To show the gauge invariance of F;, we consider its
action on a general physical photon state

0 = [ @S¢Ik, D,

11k

(151)
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where the sum over [ refers to directions perpendicular to
k. Then

€,:SY|k, I).

| rlj mn

3 y10) = | d‘kZdn(k) (152)

11k

Since i, j and [ refer to directions orthogonal to k we may
use the results Egs. (146) and (147) to obtain

3l®) = 5 [P 610 eotell Dal )

11k

— €l(k, D)at (k, i)}|vac). (153)

The creation operators in Eq. (153) refer to polarization
directions orthogonal to k, and are thus unaffected by
gauge transformations. Hence the most general matrix
element of JH ,, is gauge invariant.

For QED we now introduce Avy(x), the gauge-invariant
analogue of Ag(x), based on the expression for Ag(x)
given by Manohar [28] and used by Jaffe® [29], i.e.

i - .
Ay = e [dEe T RS IF )

X I(E7,00F" (0[P, S;) + (x— —x),  (154)

where I(£7, 0) is the Wilson line integral, and |P, S; ) is a
longitudinally polarized, fast moving state. The axes are
chosen so that P = (0, 0, P) and we have used Eq. (103) to
replace the fields by their “in-field”” versions.

Since the expression in Eq. (154) is gauge invariant we
may evaluate it in the gauge A" = 0. Then following the
argument in [29] and integrating over x, we obtain

Ay = [dxAy(x)

557 (P, SLIFLT(00A7,(0) — FLF(0)AL ()P, S.).

(155)

2P+

Consideration of the possible tensorial structure for the
matrix elements indicates that in leading twist

(P, SLIFP(0)IP, S.) = (P, SLIFP(0)IP, S.)  (156)

so that in leading twist

Ay = %(P, SLIFI9(0)A2(0) — F20(0)A(0);ul P, S, ).
(157)
Now using Eq. (143) one sees that
(P!, S,|S2|P, S.) = 2m)*8(P' — P)(P', S, |F°(0)A% (0)
— F(0)A (0P, 1. (158)

®Note that there is a typographwal error in the expression for
Ag(x) in these papers: G, (0) should be G ,(0)

PHYSICAL REVIEW D 83, 096012 (2011)
Hence
<P/) SL|S1]r12|P: SL>
2EQm)38(P — P)’

But the denominator is just the norm of the state |P, S;)
so that Ay indeed measures the expectation value of the
photon helicity operator.

Ay = (159)

B. QCD

Because we may use the “in-fields”™ to study the matrix
elements of the gluon helicity between arbitrary states of a
nucleon, there is no essential difference from the photon
case. The expression Eq. (143) for S}/ is simply altered by
adding a color label to the fields and summing over it.
Similarly the expression for Ag(x) and Ag are obtained
from Egs. (154) and (157) by adding color labels and
summing over them.

Thus Ag indeed measures the expectation value of the
gluon helicity in a nucleon.

VIII. CONCLUSIONS

We have argued that there is no need to insist that the
operators appearing in expressions for the momentum and
angular momentum of the constituents of an interacting
system should be gauge invariant, provided that the physi-
cal matrix elements of these operators are gauge invariant.
We have also suggested that the expressions given by Chen
et al. and Wakamatsu for the momentum and angular
momentum operators of quarks and gluons are somewhat
arbitrary and do not satisfy the fundamental requirement
that these operators should generate the relevant infinitesi-
mal symmetry transformations specified in Eqs. (92) and
(93). Demanding that the conditions Egs. (92) and (93) be
satisfied leads to the conclusion that the canonical expres-
sions for the momentum and angular momentum operators
are the correct and physically meaningful ones.

It is then an inescapable fact that the photon and gluon
angular momentum operators cannot, in general, be split
in a gauge-invariant way into a spin and orbital part.
However, as discussed in detail, the projection of the
photon and gluon spin onto their direction of motion, i.e.
their helicity, is gauge-invariant and is measured in deep
inelastic scattering on atoms or nucleons, respectively.

Although Ji’s expressions for the quark and gluon angu-
lar momenta, which are the Bellinfante versions, do not
conform to the above conditions and thus should not be
considered as measuring arbitrary components of the quark
and gluon momenta and angular momenta, nonetheless, it
turns out that the expectation value of the Bellinfante
operator J, . (quark) used by Ji for the longitudinal com-
ponent of the quark angular momentum, which has the nice
property that it can be measured in deeply virtual Compton
scattering reactions, does indeed represent the Z compo-
nent of the angular momentum carried by the quarks in a
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nucleon moving in the Z direction, and therefore, Ji’s
definition of the orbital angular momentum as the differ-
ence [J, pei(quark) — 3 AZ5<], is fine as long as it is appre-
ciated that this applies only to the components along the
motion of the nucleon.
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