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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 curr&nt 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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[. INTRODUCTION and gluons and also in terms of the constituent quark quasi-
particles of low-energy QCD. In relativistic constituent quark
In a very interesting papdrl] Ji proposed that deeply models3 is given by the flavor-singlet axial chargg” .
virtual Compton scatteringdVCS) could be used to extract The value ofg!” extracted from polarized deep inelastic
information about the total quark angular momentum in thescattering experiments ig(A0)|pDIS: 0.2-0.35[9], roughly
proton. Ji's result has inspired large theoretical activity onhaf of the value predicted by the constituent quark models.
nonforward parton distributionglso known as “skewed” or |5 QCD the interpretation of the individual quantities in Eq.
“generalized” distributions [2—4]—for reviews se¢5,6l— (1) is quite subtle because of the axial anomalg], issues
and proposals for new dedicated experiments at Jeffersogf gauge invariancgl1,12,1 and dynamical ,(1) symme-
Laboratory, DESY and COMPASS@CERN. The standardyy preaking[13—15,1Q. The termsS?, L9 and J9(=<¢
assumption implicit in this theoretical literature is that one+|_g) in the spin sum rulél) can be expressed in terms of

can simply apply the formuld,=(S,+L,) to extract infor-  yno 'nroton matrix elements of gauge-invariant local operators
mation about quark orbital angular momentum in the proton, i, sa jgentified with g®), and LY is identified with the
and that canonical arguments are applicable in the construc- . L E ,

tion of the (spin dependepdistributions. The axial anomaly Proton matrix element dfq(zxD)3q](0), whereD , is the
[7,8] means that various theoretical subtleties enter the der@aUge covariant derlvatl\,{q]..However,.the;)se quantities do
vation and that the E, number” may even depend on the NOt have a simple partonic interpretatiag,’ contains ex-
physical procesgpolarized deep inelastic scattering @p plicit gluonic mfor_matlon through the axial anomaly—sge
elastic scatteringused to extract S,.” Given the large ex- Eq. (2) below—which also introduces scale dependence into
perimental interest in the DVCS process to help understanthe flavor-singlet axial charge, and is sensitive to gluonic
the internal spin structure of the proton, it is important todegrees of freedom through the gauge-covariant derivative—
clarify this issue. In this paper we trace the anomaly througHor a recent discussion s¢&6].

the derivation and clarify which quantities are “gold plated” In QCD the axial anomaly induces various gluonic con-
and which are theorist, scheme or process dependent. Goifigoutions tog” . Working in light-cone gaugé\, =0 one
from the forward to the nonforward spin distributions is non-finds[17-20,13

trivial in that the nonforwardcf. forward matrix elements

of the anomaly currenk, are not gauge-invariant even in o Qg
perturbation theory. gW)= % Aq—3zAg +C. 2

partons

Il THE SPIN STRUCTURE OF THE PROTON Here 3Aq and Ag are the amount of spin carried by quark

To motivate our discussion of spin effects in DVCS we and gluon partons in the polarized proton @haheasures the
first briefly review what is known about the quark and glu- gluon-topological contribution tog(AO) [21]. In Eq. (2
onic intrinsic spin structure of the proton from the interpre- Aqp,q0ns is associated with the hard photon scattering on
tation of polarized deep inelastic scattering data. We starjuark and antiquarks with low transverse momentum
with the simple sum rule for the spift 3 proton: squaredk% of the order of typical gluon virtualities in the
proton, andAg,4rtonsiS associated with the hard photon scat-
tering on quarks and antiquarks carryih%r Q2. Jet studies
and semi-inclusive measurements of the nucleon’s spin-
dependeng; structure function may be used to determine
Here, 33 and S are the quark and gluonic intrinsic spin Ag and Aq for each flavor[22]. The topology termC is
contributions to the nucleon’s spin aihd is the orbital con- associated with dynamical axiall) symmetry breaking and
tribution. One would like to understand the spin decomposihas support only at Bjorker=0. It is missed by polarized
tion, Eq. (1), both in terms of the fundamental QCD quarks deep inelastic scattering experiments but could, in principle,

S+L,+S. (1)
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be measured in elastigp scattering[21]. An example of from both spin independent and spin dependent nonforward
how to obtain a finite value fof is provided by Crewther's parton distributions. The formula suggested by perturbative
theory of quark-instanton interactiofig3]. There, any in- QCD for the deeply virtual Compton amplitudé'
stanton induced suppression gf”|,pis (the axial charge =Apycs is
carried by partons with finite momentum fractiee>0) is
compensated by a shift of axial charge to the zero mode so

- 1 [+t
that the total axial chargg® including C is conserved. MY(q, A, )=—e opt J'gldX[Fq(X,g“,t,,uz)
The quark and gluonic parton decompositiong,&?) in
Eq. (2) is factorization scheme dependent. Equati®nde- X Cqy(X,£,Q%,u?) +Fy(x,4,t,u?)
scribes the singlet axial charge in th%cutoff parton model %C s 9
and in the AB and JET schem¢g4,25. In the modified o(%,£,Q% 1%
nymepcal 'subtractlonMS).scheme the polarized gIEon con- +l~:q(x it ,uz)flq(x,é Q2,u2)
tribution is absorbed intoAq so that Agys=(Aq
— (as/2m) AQ)parions[ 26]—see alsd27]. +Fy(x, 4.t 1A Cy(x,£,Q% 1?)]
The QCDgY is measured by the proton forward matrix 1
element of the flavor singlet axial-vector current: +0 6) (5)
2ms,g)=(P,S|J%|P.S). )
Here (,J) refer to the polarization vectors (or |) of the
Where|P’S> denotes a proton state with momentrand initial and final state photons—here both are takel‘i;aEq
spinSand andF are the spin-independent nonforward quark and glu-
B B B onic parton distributions and, and F, are the spin-
JS'5=[uyMysudeyﬂysdjLSmySs]Gl (4)  dependent parton distributions. These distributions are de-

fined in Eqs(7)—(10) below; «? denotes the renormalization
is the gauge-invariantly renormalized singlet axial-vector op-scale. In Eq(5),
erator. In each of the “partons,” AB and JET schemkg

andAg are measured by the forward matrix elements of the C” C“—( 1 + +O(arg)

partially conserved axial-vector current and gluonic Chern- X—ie X—{(+ie S

Simons current contributions tif’} between parton states in (6)
the light-cone gaugé , =0—see Secs. IV and V below. In - - 1 1

light-cone gauge the forward matrix elements of the plus CQT=—Cél=(X_i6— X—7+ie +0(as)

components of these gauge dependent currents are invariant
under residual gauge degrees of freedom. However, the Nl the nonforward quark coefficient functions wi@{]i
forward matrix elements of these currents are not invariant, ATl &l
even in perturbative QCD. This means that some of the Ca —Cq =Cq =0. The gluonic coefficients start at order
schemes commonly used to analyze polarized deep inelastits, Viz. Cg ,Cy~O(ay). In DVCS { plays the role of the
data are not gauge invariant when “skewed” or extrapolatedjorken vanableg xgj. Radyushkin28] has derived con-
away from the forward direction. ditions on the nonforward distributions which must be satis-
In summary, the axial anomaly brings in gauge invariancdied in order that QCD factorization holds beyond perturba-
issues and the possibility of zero-momentum contributions tdion theory. One of these conditions is that the nonforward
the individual spin contributions in Eq1). How does this parton distributions do not contain any singular behavior at
physics enter the theory of deeply virtual Compton scatterx=0 or x={. We shall return to this point in Sec. V below.

ing? The spin independent nonforward quark and gluon distri-
butions are
IIl. NONFORWARD PARTON DISTRIBUTIONS y
_ T AIXPLY 12/ D7 [(
Nonforward parton distributions are defined as the Fourier Fq(x,g,t)—f 87 e Y=I%(P’|q(0) v
transforms of light-cone correlation functions. Consider an
C . . o
incident proton with mass! and momentun® , which gets Xfpelfyidy,A+q(y)|P>y+7yL:O

given momentumd ,= (P’ —P),, and emerges into the final

state with momentunPl’L. We USEE#Z%(P'-F P), to de-
note the average nucleon momentum. In this paper we follow

1 -
- U(P,)[Hq(x,g,t)7+

the notation of Radyushkif2]. We letx denote the fraction - 2P,

of light-cone momenturk , =x P carried by a parton in the (=A%

incident proton and’=A, /P, denote the amount of light- i O+l ™

cone momentum transfered to the proton. Eq(x.4, t) 2M u{P) ™

In perturbative QCD the spin averaged cross section for
deeply virtual Compton scattering receives contributionsand
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dy- o 1 light-cone gaugé\, =0. Here the path-ordered exponential
Fo(X,{,t)= oy = —e"PY-APG,(0) becomes a trivial unity factor and is dropped from the for-
malism:

. -0
X Pelly V-A+G(y)| Ply,=y, =0

—_ . 0
(P'|a(0)y, ysPe'ly ¥V-A+q(y)|P)

1
— —U(P")| Hy(x.£,1) 7+ _
2 )[ o0y (P'[a(0) 7, y5a(Y)|P). (11

+
i0-+a(_Aa)

+Eg(X, 5t — o

U(P) 8

In semiclassical QCD, before we come to discuss renormal-
ization and anomalies, the gluonic degrees of freedom have
respectively. In the forward limif=0 one recovers the spin dropped out along with the path-ordered exponential—hence
independent quark and gluon distributions measured in deefhe terminology “quark distribution.* Before we consider
inelastic scattering q= ) (X)=3(H4(x,0,00FHe(—x,0,  Subtleties associated with anomaly theory—see Sec. IV
0)) and g(x)= 2(Hg(x 0,0)—Hgy(—x, 0 ,0) respecnvely below—the nonforward parton distributions have the follow-
The spin dependent distributions are ing simple interpretatiofi6,4]. Expanding out the quark and
gluon field operators im(y) andG,,,(y) one finds the fol-

Y- ixp.y i lowing. For {<x<1 we have the situation where one re-
Fox.0t)= i (P'[a(0) ¥ s moves a quark carrying light-cone momentkm=xP_. and
o transverse momenturk, from the initial state proton and
x Pelly Y-Aeq(y)|P)y, =y o re-inserts it into the final state proton with the same chirality

but with light-cone momentum fraction— ¢ and transverse

momenturﬂzL - Al . For {—1<x<0 one finds the situation
U P’)[Hq(x L0 Y4 s for_remoying an antiquark with momentum fractigr x and
re-inserting it with momentum fraction X. For 0<x<<{ the
photons scatter off a virtual quark-antiquark pair in the initial
UP) (9 proton wave function: the quark of the pair has light-cone

momentum fractionx and transverse momenturﬁL ,
whereas the antiquark has light-cone momentum fracfion

—x and transverse momentut —k, . The third region 0
, <Xx</{ is not present in deep inelastic scattering whére
(x40 =— '_ dy- O by r2prG =0. The pointsx=0 and x={ correspond to zero-
g 8w momentum modes. The flavor-singlet spin-dependent parton
o _ distributions at these two points are sensitive to the role of
X Pelly V-A+Ge(y_)| Ply. =y, -0 zero modes in dynamicdl 5(1) symmetry breakin§23,29,
which have the potential to generate new nonperturbative
L contributions to the spin-dependent part 4fcs beyond
T O those appearing in the factorization formy®. The J=0
2 J(P )[Hg(x SRRERE Regge fixed pol¢30] in the spin-independent part ofpycs
which generates a constant real termdpycs is manifest in
Egs.(5),(6) through theg”—>0 limit of Cy.
Thex momentsJ 1dx X", of the nonforward parton dis-
tributions are evaluated as follows. First one wrikdsas a
In the forward limit{=0 one recovers the spin dependentderivative(in y_) acting one*P+Y- 2, Integrating by parts
quark and gluon distributions measured in deep inelasti¢with respect tax) over the exponential yields a Dirac delta
scattering: A(q=q)(x)=%(H4(x,0,0)=H4(—x,0,0)) and function 6(y-). They_ integral then projects out the non-
Ag(x)= %(ﬁg(x,O,O)Jrﬁg(—x,O,O)) respectively. The iso- forward matrix elements of local operators. One finds
triplet combination E,— E4) contains the pion pole and the

flavor-singlet combinationE,+ Ey+Es) is sensitive to the 5 QCD the “quark” and “gluon” distributions are scale depen-
axial U(1) problem[23,29 through then’ pole in the pseu- dent and mix under renormalization group or QCD evolution; only
doscalar form factor. (partially) conserved, scale-invariant quantities which are not renor-

We n0W~f0CUS on the spin-dependent nonforward quarknalized like the vector currerftqy.q](0) and isotriplet axial-
distributionF, to discuss the construction and renormaliza-vector currenfuy. ysu—dy. ysd](0) can be regarded as “purely
tion of these distributions. The parton model and the light-quark” or fermionic in the sense that they are insensitive to gluonic
cone correlation functions are normally formulated in thedegrees of freedom under renormalization.

+

~ 1
+Eq(X1§7t)m’y5(_A+)

and

+

U(P). (10

~ 1
+Eg(xigat)WYS(_A+)
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1 - The problem is resolve@i31] if, working in light-cone
L_ldx X'Fq(x,{,1) gauge, we define

12\ = : P, S'[q(0) v+ ysa(y )15 P,S)c
=5(g) (P'[a(0) 7. ¥5(i9.)"a(0)|P)ly, =y, =0 P SO 70y el

=2 ('yn}) (P".S'[[a775(iD)"q]5(0)|P.S); (16)
1 — " '
:2F+U(P )

+1 _
f dXXan(Xié/lt)’Yﬁ-’YS
-1 and

+J+11dxxnﬁq(x,§,t)%y5(—A+) uP). @12 (P.S|TMG.(0)GL(y-)]}IP.S)

ay-)" ., o, : =R
A caveat is due here: renormalization means that we have to E; n! (P",S |Tr[G+v('D+)nG+]ﬂ2(0)|P’S>c-
be careful not to simply sst_=0 in the point-split operator
to obtain the local operator. In QCD the bare light-cone cor- 17
relation functions are ultra-violet divergent requiring renor-
malization[31]. This renormalization means that spin depen-

dent (nonforward parton distributionl~:q is sensitive to the
axial anomaly.

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

That is, we treat the nonlocal operators in Eq3—(10) as a
series expansion in terms of renormalized composite local
operators in the operator product expansion. The superscript
R denotes the renormalization prescription gatl denotes
the renormalization scale. The composite operators
[ay+ s(iD+)*"q](0) and TfG, ,(iD ;)*"G](0) mix un-
der renormalization. The axial vector and higher-spin axial
tensor operators are sensitive to the axial anomaly.

Going beyond the semiclassical approximation to QCD
we have to take into account that the renormalized composite A. The axial anomaly
operator

IV. RENORMALIZATION AND ANOMALIES

The gauge-invariantly renormalized flavor singlet axial-
- — - vector current
[47,750152(0)#q(0)¥,.ys multiplied byq(0).

(13 IG=[uy,ysu+dy,ysd+sy,ysslys (18

This point is especially important when we evaluate the in-__.. .. .
tegral overy _ of the point-split matrix element witié(y_). satisfies the anomalous divergence equaiiog]

Evaluating the moments oﬁq is nontrivial because the f o

po!nt-spl!t ooperator is highly singular in the limit that the é’”JSéIZfﬁ’uKM-FE 2im;q; ysq; - (19
point splitting is taken to zero. In full QCD it is necessary to =1

work with renormalized composite operators instead of their
semi-classical prototypes. To see this explicitly considefi€re
Schwinger’s derivatior}32,33 of the axial anomaly using

point split regularization. ForZ{ —z")—0, one finds that the _ 9
vacuum to vacuum matrix element of the point-split operator n 302 nrpe
in an external gluon field is

2

AL (20

1
047~ 30 TancfA

is a renormalized version of the gluonic Chern-Simons cur-

— , ig - (2-2")" rent and the number of light flavorfsis 3. Equation(19)
(vad[q(z')y,vsa(Z")]|lvag= A P allows us to write
(z'=2")
(14
ICL=000+ 21K, (21)

where the gluonic term arises from pinching a gluonic inser- _ _ .
tion betweenz’ andz”. Going to the light coneZ =0z,  whereJ;3'andK , satisfy the divergence equations

—0) the factor .

(2 -27"), 1 ‘9”“‘]%”:21 2im; g ysai (22)
> (15 o

and

(Zr_zlr)Z (21_211)7

which diverges whez’ —2z". One clearly has to be careful
and ensure that the theory and its interpretation does not JHK = g G
assume equality of both sides in EG?3). K32t TR

2 ~
GH. (23
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Here (92/32772)GW(~3M is the topological charge density. Shifting between possible renormalization schemes, we pick
The partially conserved current is scale invariant and thé!P contributions from counterterms involving the gauge-
scale dependence df's is carried entirely by, . When we invariant gluonic operatorGWiD#1 ...iD G% and

Hon—1" M2n
make a gauge transformatidhthe gluon field transforms as g|sg the gauge-dependey,,, ., . The Coefﬁcie;tg\g%

and)\(RG’% are fixed by the choice of renormalization prescrip-

AM—>UA#U‘1+ é(ﬁﬂu)u—l (24) tion. InA, =0 gauge the two-gluon part &, . reads
o
and the operatoK , transforms as K+..A+(2n+1)=f)\§,'<)e+mﬁA“a*(ia+)2”A/3. (27)
K, K, +i %EMVQB&V(UTaaUAﬁ) It is not easy to derive theK,, ., beyond the

two gluon term. Unlike the topological charge
density (a5/47r)GW6“” the higher spin operators
(ag/4m)G,,iD, ...iD, G*" are not topological invari-
(25) ants forn=1. It follows that they are not total derjvatives
and, therefore, one cannot use a divergence equation alone to
X the non-Abelian part OKW1 b There is no equation

+ 522 €urapl (UT0"U)(UT0°U)(UT9PU)].

Gauge transformations shuffle a scale invariant operatofrl -“

quantity between the two operatal§y' andK , while keep- 918K, . ., =(ad4m)G,,iD, ...iD,, G*"for n=1.
ing J54 invariant.

The non-Abelian three-gluon part &f, vanishes inA
=0 gauge and the forward matrix element¥of are invari-
ant under residual gauge degrees of freedom in this gauge. The first observation to make is that the nonforward ma-
Furthermore the forward matrix elementstof measure the trix elements oK, (andK . ..., (,5+1)) are gauge dependent
amount of spin carried by gluonic partons in the tafdgei]. in A, =0 gauge, even in perturbation theory. This means that
This leads ultimately to the “partons,” AB and JET scheme these operators must decouple from any factorization scheme
decompositions og(AO) in Sec. 112 As soon as we move away or “generalized operator product expansid] for hard ex-
from the forward direction matrix elements Kf, will pick clusive reactions like deeply virtual Compton scattering. This
up a gauge-dependent contribution, which must decouples in contrast to the situation in deep inelastic scattering
from any physical observable. where the forward matrix elements i§f, are invariant under
residual gauge degrees of freedomAin=0 gauge.

Since there is no gauge-invariant local gluonic operator
with quantum numbergP¢=1"" it follows that the first

The anomaly is also present in ti&=+1 higher spin  moment of the spin-dependenbnforward gluonic coeffi-
axial tensor$36]. In general, for a given choice of renormal- cient must vanish. This holds true in the nonforward gener-
ization prescriptiorR, the renormalized axial tensor operator gjization of theMS factorization scheme for handling the
differs from the gauge invariant operator by a multiple of ajnfrared mass singularitiés However, there is no gauge-

V. THE AXIAL ANOMALY IN IEQ

B. The axial anomaly and higher moments

gauge-dependent, gluonic counterteky,, ., , Viz. invariant nonforward generalization of the popular JET and
_ _ _ R AB schemes used to describe polarized deep inelastic data.
(A7, 75Dy, - 1D, Alg2(0) In these schemes there is an explicit gluonic contribution to
_ . _ ol the first moment ofy; associated with the invariant contri-
=[9y,¥s5iD,, .. .1D,, Alq2(0) bution of K. (in A.=0 gauge to the forward matrix ele-
“ ment of J% induced by a nonvanishing first moment of the
FANRALK g -y 102(0) spin-dependent gluonic coefficient.
©) _ = (G The gauge dependence of the nonforward matrix elements
TARNGpalDy, - - -Gy, 12 (0). (260  of K, also means that one has to be careful with the inter-

pretation of the spin-dependent nonforward parton distribu-
tions in terms of amplitudes to extract and then re-insert a
’The current)iz' and Aq in the “partons,” AB and JET schemes (well defined pf’:lrton with a given momentum. Consjder the
are each renormalization scale invariant. One can define alternatiyaonforward spin-dependent quark distribution defined first
scale invariant quantitie&q;,, through a linear-combination of the USINg gauge invariant renormalization and second via the
isotriplet and flavor-octet axial charges with the scale-invariangPartially conserved axial vector current. In the first case, glu-
flavor-singlet axial-chargeyy’|,,=g\"|(,2-«) [34] which is de-
fined by factoring out the multiplicative renormalization group fac-

tor [23,35, denoted E(a) in [13], from JSi. These Ay, 3See, e.g., the calculations of Mankiewiezal. [37] and Ji and
still contain gluonic information through the contributions of Osborne [3]; in the notation of Mankiewicz et al. [37]
[~ (a2m)Ag](,2-=) andC in Eq. (2). (91u)C1 9| y—0=0.
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onic information is intrinsically built into the definition of 1 . 1

the “polarized quark” via the axial anomaly. In the second, Jé,g=<P',§‘ J dsz(Z'Tq,g)z‘ P,§>- (30
the notion of “polarized quark parton” is no longer gauge

invariant. Taken together, this means that one has to be car8ubstituting Eq.(28) into Eq. (30) and taking the forward
ful how far one carries through the semi-classical interpretalimit A—0 one obtains

tion of parton distributions. The gluonic information built

1
into the flavor-singlet part df , is manifest through the mas- fq,g)ZE[Aq,g(O) +Bq,g(0)]. (31
sive »' and absence of anynearly massless pseudo-

Goldstone axial (1) pole inE,.
The zero modes associated with dynamidal(1) sym-

metry breakipg mean that the pertqrbative QCD forrisla . If one can extracl 4 from the forward limit ofA(t) and
for deeply virtual Compton ;cattenng may not_ necessanIyB(t) in hard exclusive processes, then subtrac@grom
exhaust the total cross section. For example, in Crewther'go|arized deep inelastic scattering would give information
theory of quark-instanton interactions one would exg¥&)  about the orbital angular momentuny. Whereas the intrin-
and o(x—¢) contributions in the flavor-singlet part of sic spinS? is sensitive to the axial anomaly, the total angular
ﬁq(x,g,t) associated with the transfer of incident axial momentumJg‘“g) is not because it is measured by a con-
charge carried by quarks and antiquarks respectively fronserved current. Theoretical studig®,39 show thatlJ and
partons with finite momentum to zero modes. Such zerd? are each anomaly free in perturbative QCD meaning that
mode contributions are not easily reconcilable with the perthe axial anomaly cancels betweShandL{ in perturbation
turbative QCD factorization expressigh), in particular the theory[19,39,4Q.
singularities in the leading-twist coefficient functi@, in _This result generalizes beyond perturbation thefat]
Eq. (6). This problem is not relevant to isovector pion or rho With the added consequence that there is no zero-mode con-
production[38] which is described just in terms of the is- triPution toJq andJq . To see this, first consider the crossing
ovector nonforward distributions. Any flavor-singlet zero symmetry inx of the spin-independent q_uark dlstr_lbu_tlon_s.
modes will not contribute to these processes. The second moment of the charge parity plus distribution
(g+qg)(x) projects out the nucleon matrix element of the
energy-momentum tensdr,, . Any zero mode contribution
to the right-hand side of the energy-momentum sum rule
would be associated with & (x) term in (Q+q)(x). Less

A sum rule[1,4Q] relates the form factors appearinghy ~ singular §(x) terms may be induced in the spin-dependent
andF4 in the spin-independent part ofpycs to the quark  distributions by quark instanton interactions. | know of no
and gluonic total angular-momentum contributions to themodel which predicts a stronger singularity like(x). Phe-
spin of the proton. The second momentsgfandF 4 project nomenologically, such a term in the spin-independent struc-

out the nonforward matrix elements of the QCD energy moture functionF, would lead to a violation of the energy-
mentum tensor: momentum sum rule for partons, which is not observed.

Since there is no zero-mode contributionJtoit follows that

any zero-mode contribution @} is compensated by a sec-
ond zero mode with equal magnitude but opposite sign in the
orbital angular momenturhy. This has the practical conse-

This result is Ji's sum rulgl] relating total angular momen-
tum to the form factors measured appearing in Eg@sand

8).

VI. ORBITAL ANGULAR MOMENTUM

(P'|TE2IPY=U(P")[Aqg(t) Y*P" 4 Bg 4() Pi gV

XA, /l2M+C, g(t)A(MAV)/M +0(A%)] guence that one has to be careful how one interprets any
’ determination oL from DVCS through the sum rul¢g1).
XU(P). (28 The orbital angular momentum carried by constituent quarks

and by “current quark” partons are not necessarily the same,

and is distinguished by the topological tethmeasurable in
There are no massless bosons which coupl&“tbin QCD,  vp elastic scattering. What happens to spin and orbital angu-
which is associated with the fact that Poincareariance is lar momentum in the transition from current to constituent
not spontaneously broken in QQmith corresponding Gold- quarks is intimately related to the dynamics of axialllJ
stone bosons This means that the expansionAnand the Symmetry breaking.

forward limit of the form factors in E¢(28) are well defined: Finally, we note that in perturba’ﬂye QCD one also has to
there are naA ,A,/A? terms. The current associated with P careful to quote any value ofl.z" with respect to the
Lorentz transformations is factorization scheme used to extracB® from polarized

deep inelastic data. For example,Agys=(Aq
—(ag/2m)AQ)ap, jeT—SeEE also Shorpdl].

Mun=2,Tn= 2T, (29 VII. CONCLUSIONS

In summary, the quark total angular momentdymea-
The total angular momentum operator is related to thesurable through deeply virtual Compton scattering is inde-
energy-momentum tensor by pendent of the QCD axial anomaly. Thik, is defined
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through the proton matrix element of the QCD angular-spin-dependent part of the scattering amplitutigcs. This
momentum tensor. Gluonic QCD axial anomaly effects occugluonic information is manifest in the large-mags pole in

with equal magnitude and opposite sign in the ortitabnd (B, +E+E ; ; -
e L . . wTEq+Eg) associated with the flavor-singlet pseudo-
intrinsic S, contributions tal, . This means that going from scalar form factor.

Jq (@anomaly freg to the orbital angular momentuln, one
has to be careful to quote the perturbative QCD factorization
scheme and procegpolarized deep inelastic arp elastic
scattering used to extract information about the intrinsic
spin contributionS,. The axial anomaly also induces glu- |t is a pleasure to thank S.J. Brodsky, A. Donnachie, P.V.
onic information in the spin-dependent, flavor-singlet nonfor-| andshoff, G. Piller, A. Radyushkin and W. Weise for helpful
ward parton distributioni,+ F 4+ F), which appears in the discussions. This work was supported in part by DFG.
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