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Spin structure in nonforward partons
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Renormalization induces anomalous contributions in light-cone correlation functions. We discuss the role of
the axial anomaly and gluon topology in nonforward parton distributions noting that nonforward matrix
elements of the gluonic Chern-Simons currentKm are not gauge invariant even in perturbation theory. The
axial anomaly means that one has to be careful how to interpret information from hard exclusive reactions
about the orbital angular momentum carried by the proton’s internal constituents.
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I. INTRODUCTION

In a very interesting paper@1# Ji proposed that deepl
virtual Compton scattering~DVCS! could be used to extrac
information about the total quark angular momentum in
proton. Ji’s result has inspired large theoretical activity
nonforward parton distributions~also known as ‘‘skewed’’ or
‘‘generalized’’ distributions! @2–4#—for reviews see@5,6#—
and proposals for new dedicated experiments at Jeffe
Laboratory, DESY and COMPASS@CERN. The stand
assumption implicit in this theoretical literature is that o
can simply apply the formulaJz5(Sz1Lz) to extract infor-
mation about quark orbital angular momentum in the pro
and that canonical arguments are applicable in the cons
tion of the~spin dependent! distributions. The axial anomaly
@7,8# means that various theoretical subtleties enter the d
vation and that the ‘‘Lz number’’ may even depend on th
physical process~polarized deep inelastic scattering orn-p
elastic scattering! used to extract ‘‘Sz .’’ Given the large ex-
perimental interest in the DVCS process to help underst
the internal spin structure of the proton, it is important
clarify this issue. In this paper we trace the anomaly throu
the derivation and clarify which quantities are ‘‘gold plate
and which are theorist, scheme or process dependent. G
from the forward to the nonforward spin distributions is no
trivial in that the nonforward~cf. forward! matrix elements
of the anomaly currentKm are not gauge-invariant even i
perturbation theory.

II. THE SPIN STRUCTURE OF THE PROTON

To motivate our discussion of spin effects in DVCS w
first briefly review what is known about the quark and g
onic intrinsic spin structure of the proton from the interpr
tation of polarized deep inelastic scattering data. We s
with the simple sum rule for the spin1 1

2 proton:

1

2
5

1

2
S1Lz1Sz

g . ~1!

Here, 1
2 S and Sz

g are the quark and gluonic intrinsic sp
contributions to the nucleon’s spin andLz is the orbital con-
tribution. One would like to understand the spin decompo
tion, Eq. ~1!, both in terms of the fundamental QCD quar
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and gluons and also in terms of the constituent quark qu
particles of low-energy QCD. In relativistic constituent qua
modelsS is given by the flavor-singlet axial chargegA

(0) .
The value ofgA

(0) extracted from polarized deep inelast
scattering experiments isgA

(0)upDIS50.2–0.35 @9#, roughly
half of the value predicted by the constituent quark mode
In QCD the interpretation of the individual quantities in E
~1! is quite subtle because of the axial anomaly@10#, issues
of gauge invariance@11,12,1# and dynamicalUA(1) symme-
try breaking @13–15,10#. The termsSz

q , Lz
q and Jz

g(5Sz
g

1Lz
g) in the spin sum rule~1! can be expressed in terms o

the proton matrix elements of gauge-invariant local opera
with Sz

q identified with gA
(0) , and Lz

q is identified with the

proton matrix element of@ q̄(zW3DW )3q#(0), whereDm is the
gauge covariant derivative@1#. However, these quantities d
not have a simple partonic interpretation:gA

(0) contains ex-
plicit gluonic information through the axial anomaly—se
Eq. ~2! below—which also introduces scale dependence i
the flavor-singlet axial charge, andLz

q is sensitive to gluonic
degrees of freedom through the gauge-covariant derivativ
for a recent discussion see@16#.

In QCD the axial anomaly induces various gluonic co
tributions togA

(0) . Working in light-cone gaugeA150 one
finds @17–20,13#

gA
(0)5S (

q
Dq23

as

2p
DgD

partons

1C. ~2!

Here 1
2 Dq andDg are the amount of spin carried by qua

and gluon partons in the polarized proton andC measures the
gluon-topological contribution togA

(0) @21#. In Eq. ~2!
Dqpartons is associated with the hard photon scattering
quark and antiquarks with low transverse moment
squared,kT

2 of the order of typical gluon virtualities in the
proton, andDgpartonsis associated with the hard photon sca
tering on quarks and antiquarks carryingkT

2;Q2. Jet studies
and semi-inclusive measurements of the nucleon’s s
dependentg1 structure function may be used to determi
Dg and Dq for each flavor@22#. The topology termC is
associated with dynamical axial U~1! symmetry breaking and
has support only at Bjorkenx50. It is missed by polarized
deep inelastic scattering experiments but could, in princip
©2002 The American Physical Society25-1
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be measured in elasticnp scattering@21#. An example of
how to obtain a finite value forC is provided by Crewther’s
theory of quark-instanton interactions@23#. There, any in-
stanton induced suppression ofgA

(0)upDIS ~the axial charge
carried by partons with finite momentum fractionx.0) is
compensated by a shift of axial charge to the zero mode
that the total axial chargegA

(0) including C is conserved.
The quark and gluonic parton decomposition ofgA

(0) in
Eq. ~2! is factorization scheme dependent. Equation~2! de-
scribes the singlet axial charge in thekT

2 cutoff parton model
and in the AB and JET schemes@24,25#. In the modified
numerical subtraction (MS) scheme the polarized gluon co
tribution is absorbed into Dq so that DqMS5„Dq
2(as/2p)Dg…partons@26#—see also@27#.

The QCDgA
(0) is measured by the proton forward matr

element of the flavor singlet axial-vector current:

2mSmgA
(0)5^P,SuJm5

GI uP,S&c ~3!

where uP,S& denotes a proton state with momentumP and
spin S and

Jm5
GI 5@ ūgmg5u1d̄gmg5d1 s̄gmg5s#GI ~4!

is the gauge-invariantly renormalized singlet axial-vector
erator. In each of the ‘‘partons,’’ AB and JET schemesDq
andDg are measured by the forward matrix elements of
partially conserved axial-vector current and gluonic Che
Simons current contributions toJ15

GI between parton states i
the light-cone gaugeA150—see Secs. IV and V below. I
light-cone gauge the forward matrix elements of the p
components of these gauge dependent currents are inva
under residual gauge degrees of freedom. However, the
forward matrix elements of these currents are not invaria
even in perturbative QCD. This means that some of
schemes commonly used to analyze polarized deep inel
data are not gauge invariant when ‘‘skewed’’ or extrapola
away from the forward direction.

In summary, the axial anomaly brings in gauge invarian
issues and the possibility of zero-momentum contribution
the individual spin contributions in Eq.~1!. How does this
physics enter the theory of deeply virtual Compton scat
ing?

III. NONFORWARD PARTON DISTRIBUTIONS

Nonforward parton distributions are defined as the Fou
transforms of light-cone correlation functions. Consider
incident proton with massM and momentumPm which gets
given momentumDm5(P82P)m and emerges into the fina
state with momentumPm8 . We useP̄m5 1

2 (P81P)m to de-
note the average nucleon momentum. In this paper we fol
the notation of Radyushkin@2#. We letx denote the fraction
of light-cone momentumk15xP1 carried by a parton in the
incident proton andz5D1 /P1 denote the amount of light
cone momentum transfered to the proton.

In perturbative QCD the spin averaged cross section
deeply virtual Compton scattering receives contributio
07402
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from both spin independent and spin dependent nonforw
parton distributions. The formula suggested by perturba
QCD for the deeply virtual Compton amplitudeMIJ

5ADVCS is

MIJ~qW' ,DW ' ,z!52eq
2

1

2P̄1Ez21

11

dx@Fq~x,z,t,m2!

3Cq~x,z,Q2,m2!1Fg~x,z,t,m2!

3Cg~x,z,Q2,m2!

1F̃q~x,z,t,m2!C̃q~x,z,Q2,m2!

1F̃g~x,z,t,m2!C̃g~x,z,Q2,m2!#

1OS 1

QD . ~5!

Here (I ,J) refer to the polarization vectors (↑ or ↓) of the
initial and final state photons—here both are taken as↑; Fq
andFg are the spin-independent nonforward quark and g
onic parton distributions andF̃q and F̃g are the spin-
dependent parton distributions. These distributions are
fined in Eqs.~7!–~10! below;m2 denotes the renormalizatio
scale. In Eq.~5!,

Cq
↑↑5Cq

↓↓5S 1

x2 i e
1

1

x2z1 i e D1O~as!

~6!

C̃q
↑↑52C̃q

↓↓5S 1

x2 i e
2

1

x2z1 i e D1O~as!

are the nonforward quark coefficient functions withCq
↑↓

5Cq
↓↑5C̃q

↑↓5C̃q
↓↑50. The gluonic coefficients start at orde

as , viz. Cg ,C̃g;O(as). In DVCS z plays the role of the
Bjorken variablez5xBj . Radyushkin@28# has derived con-
ditions on the nonforward distributions which must be sa
fied in order that QCD factorization holds beyond perturb
tion theory. One of these conditions is that the nonforwa
parton distributions do not contain any singular behavior
x50 or x5z. We shall return to this point in Sec. V below

The spin independent nonforward quark and gluon dis
butions are

Fq~x,z,t !5E dy2

8p
eixP1y2/2^P8uq̄(0)g1

3Pei *y2

0 dy2A1q~y!uP&y15y'50

5
1

2P̄1

Ū~P8!FHq~x,z,t !g1

1Eq~x,z,t !
is1a~2Da!

2M GU~P! ~7!

and
5-2
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SPIN STRUCTURE IN NONFORWARD PARTONS PHYSICAL REVIEW D65 074025
Fg~x,z,t !5
1

xP1
E dy2

8p
eixP1y2/2^P8uG1a~0!

3Pei *y2

0 dy2A1G1
a ~y!uP&y15y'50

5
1

2P̄1
2

Ū~P8!FHg~x,z,t !g1

1Eg~x,z,t !
is1a~2Da!

2M GU~P! ~8!

respectively. In the forward limitz50 one recovers the spi
independent quark and gluon distributions measured in d
inelastic scattering: (q6q̄)(x)5 1

2 „Hq(x,0,0)7Hq(2x,0,
0)… and g(x)5 1

2 „Hg(x,0,0)2Hg(2x,0,0)… respectively.
The spin dependent distributions are

F̃q~x,z,t !5E dy2

8p
eixP1y2/2^P8uq̄~0!g1g5

3Pei *y2

0 dy2A1q~y!uP&y15y'50

5
1

2P̄1

Ū~P8!F H̃q~x,z,t !g1g5

1Ẽq~x,z,t !
1

2M
g5~2D1!GU~P! ~9!

and

F̃g(x,z,t)52
i

xP1
E dy2

8p
eixP1y2/2^P8uG1a~0!

3Pei *y2

0 dy2A1G̃1
a ~y2!uP&y15y'50

5
1

2P̄1
2

Ū~P8!F H̃g~x,z,t !g1g5

1Ẽg~x,z,t !
1

2M
g5~2D1!GU~P!. ~10!

In the forward limit z50 one recovers the spin depende
quark and gluon distributions measured in deep inela
scattering: D(q6q̄)(x)5 1

2 „H̃q(x,0,0)6H̃q(2x,0,0)… and
Dg(x)5 1

2 „H̃g(x,0,0)1H̃g(2x,0,0)… respectively. The iso-
triplet combination (Ẽu2Ẽd) contains the pion pole and th
flavor-singlet combination (Ẽu1Ẽd1Ẽs) is sensitive to the
axial U~1! problem@23,29# through theh8 pole in the pseu-
doscalar form factor.

We now focus on the spin-dependent nonforward qu
distribution F̃q to discuss the construction and renormaliz
tion of these distributions. The parton model and the lig
cone correlation functions are normally formulated in t
07402
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light-cone gaugeA150. Here the path-ordered exponenti
becomes a trivial unity factor and is dropped from the fo
malism:

^P8uq̄~0!g1g5Pei *y2

0 dy2A1q~y!uP&

°^P8uq̄~0!g1g5q~y!uP&. ~11!

In semiclassical QCD, before we come to discuss renorm
ization and anomalies, the gluonic degrees of freedom h
dropped out along with the path-ordered exponential—he
the terminology ‘‘quark distribution.’’1 Before we consider
subtleties associated with anomaly theory—see Sec.
below—the nonforward parton distributions have the follo
ing simple interpretation@6,4#. Expanding out the quark an
gluon field operators inq(y) andGmn(y) one finds the fol-
lowing. For z,x,1 we have the situation where one r
moves a quark carrying light-cone momentumk15xP1 and

transverse momentumkW' from the initial state proton and
re-inserts it into the final state proton with the same chira
but with light-cone momentum fractionx2z and transverse
momentumkW'2DW ' . For z21,x,0 one finds the situation
for removing an antiquark with momentum fractionz2x and
re-inserting it with momentum fraction2x. For 0,x,z the
photons scatter off a virtual quark-antiquark pair in the init
proton wave function: the quark of the pair has light-co
momentum fraction x and transverse momentumkW' ,
whereas the antiquark has light-cone momentum fractioz

2x and transverse momentumDW '2kW' . The third region 0
,x,z is not present in deep inelastic scattering wherez
50. The points x50 and x5z correspond to zero-
momentum modes. The flavor-singlet spin-dependent pa
distributions at these two points are sensitive to the role
zero modes in dynamicalUA(1) symmetry breaking@23,29#,
which have the potential to generate new nonperturba
contributions to the spin-dependent part ofADVCS beyond
those appearing in the factorization formula~5!. The J50
Regge fixed pole@30# in the spin-independent part ofADVCS
which generates a constant real term inADVCS is manifest in
Eqs.~5!,~6! through thez→0 limit of Cq .

Thex moments,*z21
11 dx xn, of the nonforward parton dis

tributions are evaluated as follows. First one writesxn as a
derivative~in y2) acting oneixP1y2 /2. Integrating by parts
~with respect tox) over the exponential yields a Dirac del
function d(y2). The y2 integral then projects out the non
forward matrix elements of local operators. One finds

1In QCD the ‘‘quark’’ and ‘‘gluon’’ distributions are scale depen
dent and mix under renormalization group or QCD evolution; o
~partially! conserved, scale-invariant quantities which are not ren

malized like the vector current@ q̄g1q#(0) and isotriplet axial-

vector current@ ūg1g5u2d̄g1g5d#(0) can be regarded as ‘‘purel
quark’’ or fermionic in the sense that they are insensitive to gluo
degrees of freedom under renormalization.
5-3
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STEVEN D. BASS PHYSICAL REVIEW D 65 074025
E
z21

1

dx xnF̃q~x,z,t !

5
1

2 S 2

P1
D n

^P8uq̄~0!g1g5~ i ]1!nq~0!uP&uy15y'50

5
1

2P̄1

Ū~P8!F E
z21

11

dx xnH̃q~x,z,t !g1g5

1E
z21

11

dx xnẼq~x,z,t !
1

2M
g5~2D1!GU~P!. ~12!

A caveat is due here: renormalization means that we hav
be careful not to simply sety250 in the point-split operator
to obtain the local operator. In QCD the bare light-cone c
relation functions are ultra-violet divergent requiring reno
malization@31#. This renormalization means that spin depe
dent ~nonforward! parton distributionF̃q is sensitive to the
axial anomaly.

We now discuss the effect of the anomaly in nonforwa
parton distributions.

IV. RENORMALIZATION AND ANOMALIES

Going beyond the semiclassical approximation to QC
we have to take into account that the renormalized compo
operator

@ q̄gmg5q#m2
R

~0!Þq̄~0!gmg5 multiplied by q~0!.
~13!

This point is especially important when we evaluate the
tegral overy2 of the point-split matrix element withd(y2).
Evaluating the moments ofF̃q is nontrivial because the
point-split operator is highly singular in the limit that th
point splitting is taken to zero. In full QCD it is necessary
work with renormalized composite operators instead of th
semi-classical prototypes. To see this explicitly consi
Schwinger’s derivation@32,33# of the axial anomaly using
point split regularization. For (z82z9)→0, one finds that the
vacuum to vacuum matrix element of the point-split opera
in an external gluon field is

^vacu@ q̄~z8!g1g5q~z9!#uvac&.
ig

8p2G̃1n

~z82z9!n

~z82z9!2

~14!

where the gluonic term arises from pinching a gluonic ins
tion betweenz8 and z9. Going to the light cone (zT50,z1

→0) the factor

~z82z9!1

~z82z9!2
°

1

~z82z9!2

~15!

which diverges whenz8→z9. One clearly has to be carefu
and ensure that the theory and its interpretation does
assume equality of both sides in Eq.~13!.
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The problem is resolved@31# if, working in light-cone
gauge, we define

^P8,S8u@ q̄~0!g1g5q~y2!#m2
R uP,S&c

[(
n

~ iy2!n

n!
^P8,S8u@ q̄g1g5~ iD 1!nq#m2

R
~0!uP,S&c ~16!

and

^P8,S8uTr@G1n~0!G̃1
n ~y2!#m2

R uP,S&c

[(
n

~ iy2!n

n!
^P8,S8uTr@G1n~ iD 1!nG̃1

n #m2
R

~0!uP,S&c .

~17!

That is, we treat the nonlocal operators in Eqs.~7!–~10! as a
series expansion in terms of renormalized composite lo
operators in the operator product expansion. The supers
R denotes the renormalization prescription andm2 denotes
the renormalization scale. The composite operat

@ q̄g1g5( iD 1)2nq#(0) and Tr@G1n( iD 1)2nG̃1
n #(0) mix un-

der renormalization. The axial vector and higher-spin ax
tensor operators are sensitive to the axial anomaly.

A. The axial anomaly

The gauge-invariantly renormalized flavor singlet axi
vector current

Jm5
GI 5@ ūgmg5u1d̄gmg5d1 s̄gmg5s#m2

GI ~18!

satisfies the anomalous divergence equation@7,8#

]mJm5
GI 52 f ]mKm1(

i 51

f

2imi q̄ig5qi . ~19!

Here

Km5
g2

32p2emnrsFAa
nS Ga

rs2
1

3
g fabcAb

rAc
sD G ~20!

is a renormalized version of the gluonic Chern-Simons c
rent and the number of light flavorsf is 3. Equation~19!
allows us to write

Jm5
GI 5Jm5

con12 f Km ~21!

whereJm5
con andKm satisfy the divergence equations

]mJm5
con5(

i 51

f

2imi q̄ig5qi ~22!

and

]mKm5
g2

32p2 GmnG̃mn. ~23!
5-4
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SPIN STRUCTURE IN NONFORWARD PARTONS PHYSICAL REVIEW D65 074025
Here (g2/32p2)GmnG̃mn is the topological charge density
The partially conserved current is scale invariant and
scale dependence ofJm5

GI is carried entirely byKm . When we
make a gauge transformationU the gluon field transforms a

Am→UAmU211
i

g
~]mU !U21 ~24!

and the operatorKm transforms as

Km→Km1 i
g

8p2 emnab]n~U†]aUAb!

1
1

24p2 emnab@~U†]nU !~U†]aU !~U†]bU !#.

~25!

Gauge transformations shuffle a scale invariant oper
quantity between the two operatorsJm5

con andKm while keep-
ing Jm5

GI invariant.
The non-Abelian three-gluon part ofK1 vanishes inA1

50 gauge and the forward matrix elements ofK1 are invari-
ant under residual gauge degrees of freedom in this ga
Furthermore the forward matrix elements ofK1 measure the
amount of spin carried by gluonic partons in the target@12#.
This leads ultimately to the ‘‘partons,’’ AB and JET schem
decompositions ofgA

(0) in Sec. II.2 As soon as we move awa
from the forward direction matrix elements ofK1 will pick
up a gauge-dependent contribution, which must decou
from any physical observable.

B. The axial anomaly and higher moments

The anomaly is also present in theC511 higher spin
axial tensors@36#. In general, for a given choice of renorma
ization prescriptionR, the renormalized axial tensor operat
differs from the gauge invariant operator by a multiple o
gauge-dependent, gluonic countertermKmm1 . . . m2n

, viz.

@ q̄gmg5iD m1
. . . iD m2n

q#Q2
R

~0!

5@ q̄gmg5iD m1
. . . iD m2n

q#Q2
GI

~0!

1lR,n
(K)@Kmm1 . . . m2n

#Q2~0!

1lR,n
(G)@GmaiD m1

. . . G̃m2n

a #Q2
(GI)

~0!. ~26!

2The currentJm5
con andDq in the ‘‘partons,’’ AB and JET scheme

are each renormalization scale invariant. One can define altern
scale invariant quantitiesDqinv through a linear-combination of th
isotriplet and flavor-octet axial charges with the scale-invari
flavor-singlet axial-chargegA

(0)u inv5gA
(0)u(m25`) @34# which is de-

fined by factoring out the multiplicative renormalization group fa
tor @23,35#, denoted E(as) in @13#, from Jm5

GI . These Dqinv

still contain gluonic information through the contributions
@2(as/2p)Dg# (m25`) andC in Eq. ~2!.
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Shifting between possible renormalization schemes, we p
up contributions from counterterms involving the gaug
invariant gluonic operatorsGmaiD m1

. . . iD m2n21
G̃m2n

a and

also the gauge-dependentKmm1 . . . m2n
. The coefficientslR,n

(K)

andlR,n
(G) are fixed by the choice of renormalization prescr

tion. In A150 gauge the two-gluon part ofKmm1 . . . m2n
reads

K1•••1(2n11)5
as

p
ln

(K)e1labAa]l~ i ]1!2nAb. ~27!

It is not easy to derive theKmm1 . . . m2n
beyond the

two gluon term. Unlike the topological charg
density (as /4p)GmnG̃mn the higher spin operator
(as/4p)GmniD m1

. . . iD m2n
G̃mn are not topological invari-

ants forn>1. It follows that they are not total derivative
and, therefore, one cannot use a divergence equation alo
fix the non-Abelian part ofKmm1 . . . m2n

. There is no equation

]m jSKmm1 . . . m2n
5(as/4p)GmniD m1

. . . iD m2n
G̃mn for n>1.

V. THE AXIAL ANOMALY IN F̃ Q

The first observation to make is that the nonforward m
trix elements ofK1 ~andK1•••1(2n11)) are gauge dependen
in A150 gauge, even in perturbation theory. This means t
these operators must decouple from any factorization sch
or ‘‘generalized operator product expansion’’@3# for hard ex-
clusive reactions like deeply virtual Compton scattering. T
is in contrast to the situation in deep inelastic scatter
where the forward matrix elements ofK1 are invariant under
residual gauge degrees of freedom inA150 gauge.

Since there is no gauge-invariant local gluonic opera
with quantum numbersJPC5111 it follows that the first
moment of the spin-dependentnonforward gluonic coeffi-
cient must vanish. This holds true in the nonforward gen
alization of theMS factorization scheme for handling th
infrared mass singularities.3 However, there is no gauge
invariant nonforward generalization of the popular JET a
AB schemes used to describe polarized deep inelastic d
In these schemes there is an explicit gluonic contribution
the first moment ofg1 associated with the invariant contr
bution of K1 ~in A150 gauge! to the forward matrix ele-
ment ofJ15

GI induced by a nonvanishing first moment of th
spin-dependent gluonic coefficient.

The gauge dependence of the nonforward matrix elem
of K1 also means that one has to be careful with the in
pretation of the spin-dependent nonforward parton distri
tions in terms of amplitudes to extract and then re-inse
~well defined! parton with a given momentum. Consider th
nonforward spin-dependent quark distribution defined fi
using gauge invariant renormalization and second via
partially conserved axial vector current. In the first case, g

ive

t

3See, e.g., the calculations of Mankiewiczet al. @37# and Ji and
Osborne @3#; in the notation of Mankiewicz et al. @37#
(]/]u)C1

A,guu5050.
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onic information is intrinsically built into the definition o
the ‘‘polarized quark’’ via the axial anomaly. In the secon
the notion of ‘‘polarized quark parton’’ is no longer gaug
invariant. Taken together, this means that one has to be c
ful how far one carries through the semi-classical interpre
tion of parton distributions. The gluonic information bu

into the flavor-singlet part ofF̃q is manifest through the mas
sive h8 and absence of any~nearly! massless pseudo

Goldstone axial U~1! pole in Ẽq .
The zero modes associated with dynamicalUA(1) sym-

metry breaking mean that the perturbative QCD formula~5!
for deeply virtual Compton scattering may not necessa
exhaust the total cross section. For example, in Crewth
theory of quark-instanton interactions one would expectd(x)
and d(x2z) contributions in the flavor-singlet part o

H̃q(x,z,t) associated with the transfer of incident ax
charge carried by quarks and antiquarks respectively f
partons with finite momentum to zero modes. Such z
mode contributions are not easily reconcilable with the p
turbative QCD factorization expression~5!, in particular the
singularities in the leading-twist coefficient functionC̃q in
Eq. ~6!. This problem is not relevant to isovector pion or rh
production@38# which is described just in terms of the is
ovector nonforward distributions. Any flavor-singlet ze
modes will not contribute to these processes.

VI. ORBITAL ANGULAR MOMENTUM

A sum rule@1,40# relates the form factors appearing inFq
and Fg in the spin-independent part ofADVCS to the quark
and gluonic total angular-momentum contributions to
spin of the proton. The second moments ofFq andFg project
out the nonforward matrix elements of the QCD energy m
mentum tensor:

^P8uTq,g
mn uP&5Ū~P8!@Aq,g~ t !g (mP̄n)1Bq,g~ t !P̄(misn)a

3Da /2M1Cq,g~ t !D (mDn)/M1O~D3!#

3U~P!. ~28!

There are no massless bosons which couple toTmn in QCD,
which is associated with the fact that Poincare´ invariance is
not spontaneously broken in QCD~with corresponding Gold-
stone bosons!. This means that the expansion inD and the
forward limit of the form factors in Eq.~28! are well defined:
there are noDmDn /D2 terms. The current associated wi
Lorentz transformations is

Mmnl5znTml2zlTmn . ~29!

The total angular momentum operator is related to
energy-momentum tensor by
07402
,

re-
-

y
’s

m
o
r-

e

-

e

Jq,g
z 5 K P8,

1

2U E d3z~zW•TW q,g!zUP,
1

2L . ~30!

Substituting Eq.~28! into Eq. ~30! and taking the forward
limit D→0 one obtains

J(q,g)
z 5

1

2
@Aq,g~0!1Bq,g~0!#. ~31!

This result is Ji’s sum rule@1# relating total angular momen
tum to the form factors measured appearing in Eqs.~7! and
~8!.

If one can extractJq,g from the forward limit ofA(t) and
B(t) in hard exclusive processes, then subtractingSz from
polarized deep inelastic scattering would give informati
about the orbital angular momentumLz . Whereas the intrin-
sic spinSz

q is sensitive to the axial anomaly, the total angu
momentumJz

(q1g) is not because it is measured by a co
served current. Theoretical studies@19,39# show thatJz

q and
Jz

g are each anomaly free in perturbative QCD meaning t
the axial anomaly cancels betweenSz

q andLz
q in perturbation

theory @19,39,40#.
This result generalizes beyond perturbation theory@40#

with the added consequence that there is no zero-mode
tribution toJq andJg . To see this, first consider the crossin
symmetry inx of the spin-independent quark distribution
The second moment of the charge parity plus distribut
(q1q̄)(x) projects out the nucleon matrix element of th
energy-momentum tensorTmn . Any zero mode contribution
to the right-hand side of the energy-momentum sum r
would be associated with ad8(x) term in (q1q̄)(x). Less
singulard(x) terms may be induced in the spin-depende
distributions by quark instanton interactions. I know of n
model which predicts a stronger singularity liked8(x). Phe-
nomenologically, such a term in the spin-independent str
ture functionF2 would lead to a violation of the energy
momentum sum rule for partons, which is not observ
Since there is no zero-mode contribution toJz it follows that
any zero-mode contribution togA

(0) is compensated by a sec
ond zero mode with equal magnitude but opposite sign in
orbital angular momentumLz

q . This has the practical conse
quence that one has to be careful how one interprets
determination ofLz

q from DVCS through the sum rule~31!.
The orbital angular momentum carried by constituent qua
and by ‘‘current quark’’ partons are not necessarily the sam
and is distinguished by the topological termC measurable in
np elastic scattering. What happens to spin and orbital an
lar momentum in the transition from current to constitue
quarks is intimately related to the dynamics of axial U~1!
symmetry breaking.

Finally, we note that in perturbative QCD one also has
be careful to quote any value of ‘‘Lz

q’’ with respect to the
factorization scheme used to extract ‘‘Sz

q’’ from polarized
deep inelastic data. For example,DqMS5„Dq
2(as/2p)Dg…AB,JET—see also Shore@41#.

VII. CONCLUSIONS

In summary, the quark total angular momentumJq mea-
surable through deeply virtual Compton scattering is in
pendent of the QCD axial anomaly. ThisJq is defined
5-6
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through the proton matrix element of the QCD angul
momentum tensor. Gluonic QCD axial anomaly effects oc
with equal magnitude and opposite sign in the orbitalLq and
intrinsic Sq contributions toJq . This means that going from
Jq ~anomaly free! to the orbital angular momentumLq one
has to be careful to quote the perturbative QCD factoriza
scheme and process~polarized deep inelastic ornp elastic
scattering! used to extract information about the intrins
spin contributionSq . The axial anomaly also induces glu
onic information in the spin-dependent, flavor-singlet nonf
ward parton distribution (F̃u1F̃d1F̃s), which appears in the
ur

87

J.

07402
-
r

n

-

spin-dependent part of the scattering amplitudeADVCS. This
gluonic information is manifest in the large-massh8 pole in

(Ẽu1Ẽd1Ẽs) associated with the flavor-singlet pseud
scalar form factor.
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