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Detailed QCD analysis of twist-3 effects in deeply virtual Compton scattering observables
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In this paper | present a detailed QCD analysis of twist-3 effects in the Wandzura-WiM&aHi approxi-
mation in deeply virtual Compton scatterifigVCS) observables for various kinematical settings, representing
the DESY HERA, HERMES, CLAS and the planned El&ectron-ion-collider experiments. | find that the
twist-3 effects in the WW approximation are almost always negligible at collider energies but can be large for
low Q2 and smallerx,; in observables for the lower energy, fixed target experiments directly sensitive to the
real part of DVCS amplitudes like the charge asymmetry. Conclusions are then drawn about the reliability of
extracting twist-2 generalized parton distributidi&PDs from experimental data and a first, phenomenologi-
cal, parametrization of the LO and NLO twist-2 GRD describing all the currently available DVCS data
within the experimental errors is given.
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. INTRODUCTION terms are of the orderO((my/Q)"),0((\—t/Q)"),
O((Ngcp/Q)") with my the proton mass ang=(P—P’)?
Hard, exclusive processes, and amongst them deeply vithe momentum transfer onto the outgoing proton. This
tual Compton scatteringDVCS) in particular[1-11], have  means, however, that for smaller values@fthese uncon-
emerged in recent years as prime candidates to gain a threelled terms, called higher twist corrections, could in prin-
dimensional [13] image of parton correlations inside a ciple be sizeable and the convolution or lowest twist term
nucleon[14-18. This information is gained by mapping out need not be the leading one. Since we are interested in the
the key component containing this three dimensional inforextraction of the nonperturbative information of the lowest
mation, namely generalized parton distributid@PDs. twist GPD, in this case twist-2, we need to understand some-
GPDs have been studied extensively in recent Yearghing about these higher twist corrections.
[1-12] since these distributions are not only the basic, non- |t \vas shown by several groupa0—24 that the first sup-
perturbative ingredient in hard, exclusive processes such fbsressed ternftwist-3) in the DVCS scattering amplitude can
DVCS or exclusive vector meson production, they are gens, leading order of the strong coupling constén®) and in ’

eralizations of the well known parton distribution functions Wandzura-WilczeKWW) approximation, be simply ex-
(PDFs from inclusive reactions. GPDs incorporate both a . .
ressed through a sum of terms which can be written as a

partonic and distributional amplitude behavior and hence . . . - .
contain more information about the hadronic degrees of freeConvolution of a LO twist-3 hard scattering coefficient with a

dom than PDFs. In fact, GPDs are true two-parton correla!St-2 GPD. Unfortunately, it could not be shown that
tion functions, allowing access to highly nontrivial parton twist-3 in the WW approximation does factorize to all orders

correlations inside hadrorg9]. in perturbation theoryit seems to hold in NLO thougf24)).

In order to perform a mapping of GPDs in their variables,HOWEV?ry we dq have at least some control over the Iead_ing
experimental data from a wide variety of hard, exclusive©f the higher twist terms and can therefore use parametriza-
processes is needed. Furthermore, in order to be able to profions of twist-2 GPDs also for twist-3.
erly interpret the data, the processes should be well under- Equipped with this knowledge one might think that this
stood theoretically. Therefore, one should start out exploringnformation is enough to obtain an unambiguous interpreta-
the theoretically “simplest” process, i.e., the one with thetion of DVCS data in terms of GPDs, but life is unfortu-
least theoretical uncertainty. In the class of hard, exclusivéiately even more complicated. Besides the dynamical twist
processes this is DVCS[e(k)+p(P)—e(k’)+p(P’)  contributions to the amplitude, there are kinematical power
+v(q")]. The reason for this is the simple structure of its corrections in the DVCS cross section, i.e., contributions
factorization theoren{2,3,6. The scattering amplitude is Where a dynamical twist-2 amplitude is multiplied by a term
simply given by the convolution of a hard scattering coeffi- < (\/—t/Q,my/Q) which makes them of the same power in
cient computable to all orders in perturbation theory witle ~ 1/Q as twist-3. These terms are of particular importance in
type of GPD carrying the nonperturbative information. Fac-the interference term between DVCS and the QED Bethe-
torization theorems for other hard exclusive processes ardeitler (BH) process which both contribute to the total
usually double convolutions containing more than one non- DVCS cross section. Since the kinematical power correc-
perturbative function. tions are nothing but dynamical twist-2 with a kinematical

As with all factorization theorems, the DVCS scattering dressing they can be handled by the same GPD parameter-
amplitude is given in this simple convolution form up to ization as dynamical twist-2. Thus we have the leading cor-
terms which are suppressed in the large scale of the processctions to the DVCS process under control, at least in LO,
In this case the large scale is the transferred momentum, i.eand can now investigate several thinga) How big are
the virtual photon momentum@Q, and the suppressed physical observables at various valuexgf, Q? andt for a
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FIG. 1. (a) DVCS graph,(b) BH with photon from final state
lepton and(c) with photon from initial state lepton.

certain center-of-mass energy especially those terms iso-
lating various parts in the interference term directly propor-
tional to real or imaginary parts of DVCS amplitude@? FIG. 2. The kinematics of the leptoproduction in the target rest
How big are the next-to-leading ordédLO) corrections in ~ frame.
the strong coupling constant to these observablesMow )
big are the corrections to these observables due to twist-§g and outgoing lepton three-momenta form the lepton scat-
effects?(d) How reliably can the twist-2 GPDs be extracted tering plane, while the final state proton and outgoing real
from DVCS data? photon define the hadron scattering plane. In this reference

In this paper | will concentrate oﬁ;) and (d) (a) and (b) frame the aZ-imUthal angle of the scattered IeptodniSO,
have been extensively discussed using various GPD modeYéhile the azimuthal angle between the lepton plane and the
in [ZS_ZH (C) and (d) have’ in various formS, been dis- final state pI’Oton momentum (sN:d) When the hadron is
cussed in[28,29. This was done, however, without taking transversely polarizedwithin this frame of referengeS,
evolution effects into account. We know that evolution ef- =(0,cosd,sin®,0) and the angle between the polarization
fects are sizeable and can change the shape of the GPD in t@ctor and the scattered hadron is givengsy ® — ¢y . The
ERBL region substantiallf30], thereby strongly affecting four vectors are k=(E,Esin#,0E cos), q=(q°0,0,
the real part of the amplitud@1] and the observables asso- —1g%). Other vectors are P=(M,0,0,0) and P’
ciated with the real part. If25,26] it was demonstrated that =(E’,|P’[cos¢sin 6y |P’|sin¢sin6y,|P’|cosby). The lon-
the type of GPD models most commonly used cannot b@itudinal part of the polarization vector & =(0,0,0A).
brought into agreement with the available data once evoluThe relevant Lorentz-invariant variables for DVCS are then
tion effects were taken into account. Subsequentl{3#, a
model was proposed which was able to describe all currently Q? = _ R t=A2—(P—Pp')2 _ m
available DVCS data within a full NLO QCD analysis. &= 2P.q Q°=-0% t=4%=( )% y= Pk’

| will extend the analysis 0of32], by not only using the
input model of{ 32] for the twist-2 GPDs but also as an input whereEz(P+ P2, EZ(CIJFQ')/Z and which are related

for the twist-3 sector in the WW approximation. Section I . . : 2
contains the DVCS kinematics, structure of the cross sec'[ior;[0 the experimentally accessible variablgs; x,, q°/2p

] 2:_ 2 H H
equations for the twist-3 contributions and the definition of g andQ g7, used throughout this paper, via

the relevant observables. In Sec. lll, | will recapitulate the 1 ¢ 1
model | use for the four relevant twist-2 GPBsH, E,E and QZ:EQZ 1+ —|~5Q%
their twist-3 counter parts. Section IV contains the twist-2 vs Q

twist-3 results for DVCS observables in various kinematical

settings. In Sec. V, | will present for the first time a phenom- t
enological parameterization of the twist-2 GPDwhich can é’( 1+ F)
describe all currently available DVCS data within the experi- &= Q ¢ . (1)
mental errors in both LO and NLO QCD. | will then sum- ) g( t ) 2-¢

marize in Sec. VI. 1- &
[l. DVCS: KINEMATICS, CROSS SECTION Note thatt has a minimal value given by
AND DEFINITIONS

,2(1=%,) (1= 1+ €)+ €

The lepton level process, e~(k,k)N(P,S) 2 =
4ij(1—ij)+62

—e“(k,k")N(P',S")y(q’,€'), receives contributions mn

from each of the graphs shown in Fig. 1. This means that the

cross section will contain a pure DVCS, a pure BH and anNhere62=4M2x§j/Q2. Thus the theoretical limit— 0 in an

interference term. exclusive quantity is not attainable in any experimental
| choose to work in the target rest frame giveri28] (see  set-up and one will have to rely on extrapolations.

Fig. 2, where the positive direction is chosen along the The corresponding differential cross section is given by

three-momentum of the incoming virtual photon. The incom-[28]

@
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(2m* . » s singularities occurring through the incidence of the outgoing
do= 57" S(k+P—k'~P'—q') photon with the incoming lepton line i, A ¢) we need to
constrainy according to
d3k/ dSPI d3q/
X — 3o 3o 3 € Q2+t
2k4(27)° 2P4(27)° 2q¢(27) Y<Yeo= (9)
Q +ijt
and after integrating out some of the phase space we are left . o o
This limit is only of practical relevance for fixed target ex-
do %Xy 7|2 periments at very low energies. Collider experiments do not
J . . . -
= — (4) have any meaningful statistics for exclusive processes at very
dxpidydtldgde  1672Q2\1+ €2 |e? largey=0(1). In thefollowing discussion, | will neglect the

_ _ o contributions to the DVCS cross section containing transver-
The square of the amplitude receives contributions fromsjty and terms higher than twist-3.

pure DVCS[Fig. 1(@)], from pure BH[Figs. 1b), 1(c)] and The DVCS observables | will deal with later on are based
from their interferencewith a sign governed by the lepton on a less differential cross section than the fivefold one in
charge, Eq. (4). The reason for this is first that the cross section in
Eq. (4) is frame dependent since the azimuthal anglesnd
| 71?=|Toved*+ T+ Teul?, (®) ¢ are not Lorentz invariants and hence, they will be inte-
S ] grated out. Secondly, since distribution is notoriously hard
where the individual terms are given by to measure, we also integrate duhowever with experimen-

tally sensible cuts as will be discussed later. In consequence,
e our observables will be based on only a twofold differential
2.2 212 cross section. Note that the DVCS data currently available is
Xpiy (1+ e”)tP P o ;
Y VPG PA) at most for twofold quantities, normally just onefold or even

6
|7BH|2:

2 totally integrated over. One might argue that the more vari-
cBH+ > cBHeogng) + sBMsin( ¢)}, (6)  ables in an observable are integrated out the more informa-
n=1 tion is lost, especially when studying higher twist effects.
This is indeed true, however, one has to make a sensible
DVCS DVCS compromise between wishful thinking on the one hand and
Co +nzl [cn " codng) experimental facts on the other. Also, as | will show below,
these twofold quantities are enough to clearly demonstrate
the size of the higher twist effects on DVCS observables. In
: (7)  the following, I will concentrate both for the sake of brevity
and the fact that these quantities are the easiest once to study,
on the single spin asymmet($SA) and the charge asymme-

X

2

e
|TDvcs|2:y2Q2

+s2VCSsin(ng) ]

T +eb try (CA) defined in accordance with experiments, the follow-
XpY2tP1( ) Po( p) Ing way:
3 2w
x|ch+ 3 [cicogng) +slsinng)]|,  (8) Zfo dgsin(¢)(do'—do)
n=1 SSA= — , (10)
T !
where the+/— sign in the interference stands for a nega- fo d¢(do’ +da)

tively or positively charged lepton.
The c,'s and s,'s are the Fourier coefficients of the

2
coshe) and sinf¢) terms. These coefficients are given as ZJ dgcog¢)(de™ —do™)
combinations of the real and imaginary part of the unpolar- CA= 0 (11)
ized and the polarized proton spin-nonflip and spin-flip 2m '

DVCS amplitudesH,H,E,E (for the cs or sPs) or the 0 dé(do™ +do™)

squares of the aforementioned DVCS amplitudfes the

cPVESs or sPVCSs), The exact from is given ifi28] and does Heredo! and do' refer to the two fold differential cross
not have to be repeated here. | will discuss the computatioeectionsdo/dxbdeZ with the lepton polarized along or
of the DVCS amplitudes and the necessary model assumpgainst its direction of motion, respectivelyo* anddo™
tions in the next section. The precise form of the BH propa-are the unpolarized differential cross sections for positrons
gators’P; o(¢) which induces an additionap dependence, and electrons, respectively.

besides the cosg) and sinfi¢) terms, and which can mock Even though | am trying to discuss the charge asymmetry
cosfig) and sinfi¢) dependences in certain observables, caiCA) for two experiments, EIC and CLAS, which cannot
also be found if28]. Note that in order to avoid collinear measure it at all since they are or will be running with elec-
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trons only, there exist experimental problems in measuring In Sec. V, | will also talk about the one-photon cross sec-
the proper quantity, the azimuthal angle asymmetry or AAAtion o(y*p) at smallx,; defined through
The AAA is defined below

/2 372 d?c(ep—epy) .
J dd)(do—dUBH)—J dép(do—doBH) ————————=lopycd ¥ P—7P),
2 2 dydQ@

2 ’
d¢do
0 where
(12

wheredo®" refers only to the pure BH cross section. The Pom(L+(1—Yy)?)
experimental problem or challenge with the AAA is that it I'= 27y Q?
requires either a very good detector resolution, i.e., many ™y
bins in ¢ or an event by event reconstruction of the scatter-
ing planes. The last statement needs a word of explanatioryith
Eq. (12) is equivalent to taking the difference between the
number of DVCS minus BH events where the rgas above

the electron scattering plane and where it is below that plane, 2y2
divided by the total number of events. This procedure en- opved ¥V P—=YP)= — 5 —
sures that the numerator is not contaminated by BH, which QB
would spoil an unambiguous interpretation of the observable

in terms of the real part of DVCS amplitudes. Also, the only

difference between Ed11) and Eq.(12) is due to the addi- both our cutoff int and the model of thédependence | will

t|or)a| .|nterference term in the den_omlnator. Of. EQ2). choose for the GPDs. Furthermore, all higher twist effects
which is small compared to the leading contribution. There-,

fore it does not matter whether one discusses twist-3 eﬂ‘ect%re neglected in this quantity.
in the AAA or the CA.

Unfortunately, in the case of CLAS where BH is by far
the dominant contribution in the cross section, one would
need to subtract two large numbers for the above plane and
below plane events inducing a huge statistical uncertainty. A. Modeling twist-2 GPDs
Therefore, | will not discuss the CA for CLAS kinematics. In the following | will use and review the model for

Let me say a word, about the expected effects of uncal,ist-2 GPDs first introduced iB2].

culated higher twist contributions besides the calculable pgased on the aligned jet modéAJM) (see for example

twist-3 contributions. Assume an asymme_trx.xz(B_ [33]) the keyAnsatzof [32] in the DGLAP region is
+C)/(X+Y) whereB and X stand for leading twist contri-

: (13

| Toved?li-o. (14

and where3 stems from the integration and will depend on

Ill. THE GPD MODEL AND DVCS AMPLITUDES:
TWIST-2 AND TWIST-3

butions andC andY for the higher twist contributions in the SV.g X—=12

interference and the cross section term respectively. Expand- . 12

ing the denominator yields A=B/X+C/X—B-Y/X? HSVI(X, ()= ————, (15)
—C-YI/X?+ ... . This shows that the leading higher twist 1-42

contributions inA will originate from the twist corrections to

the leading twist interference term and will thus be Ofwhereqi refers to any forward distribution andSV(X,¢)
O(V—t/Q,my/Q) with respect to the leading term. Let us _ | a . . i

give a rough numerical example to see the significance of thg " (%:¢) = H¥(X,{). This Ansaizin the DGLAP region
higher twist corrections: Assun&=1, X=5, C=+0.3 and corresponds to a double distribution mofi&f35,34 with an

Y==+1, thenA=0.2 in the leading twist approximation and extremal profile function allowing no additional skewdness

A=0.217 in the full result. This shows that even though weSave for the kinematical one. It will also be used#fbandE.
have 20-30% higher twist effects in the individual terms,! will talk more about the exact details fét and E below.
they effectively cancel in the asymmetry if the correctionsNote that | choose a GPD representation first introduced in
are both positive. However, if one or both of the higher twist[9], which is maximally close to the inclusive case, iX.,
corrections are negative, the result can vary betweere[0,1], {=Xp; with the partonic or DGLAP region ifg,1]
0(20-40%) from the leading twist result. The relative signand the distributional amplitude or ERBL region[i,{].

of the higher twist terms in both numerator and denominator The prescription in Eq(15) does not dictate what to do in
will vary depending on the kinematic region one is exploringthe ERBL region, which does not have a forward analog. The
and, therefore, it isa priori not clear what the size of the GPDs have to be continuous through the pof ¢ and
higher twist corrections will be. Of course, these argumentshould have the correct symmetries around the midpoint of
only hold if the higher twist contributions do not become of the ERBL region. They are also required to satisfy the re-
order of the leading twist corrections. quirements of polynomiality:
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1gX XN-1 _ genbauer polynomials, for which one can set the unknown
N=J Tg[HQ(x,g)—(—l)NlHq(x,g) highe_r moments equal zero. Phenpmer}ologicgl[y speaking,
¢ the difference between the two choices is negligible.
[1+(—1)M] The aboveAnsatzalso satisfies the required positivity
+ XHQ(X,g)} conditions[35,38,39 and is in general extremely flexible
2 both in its implementation and adaption to either other for-
TN-1 ward PDFs or other functional forms in the ERBL region.
dX X — ~ ; S . o
+(_1)Nf ————[HYX, )+ XHY(X, )] Therefore it can be easily incorporated into a fitting proce-
0o 2-¢ dure making it phenomenologically very useful. In what fol-
2 lows we will use MRST200140] and CTEQ6[41] as the
L\ forward distributions for both LO and NLO.
= Z 2—¢ Cains (16) Let me quickly explain why | only model certain C even
and odd distributions in the quark sectodSV(X,{)

with X=(X—£/2)/(1— £/2). The ERBL region is therefore =H%(X,{) =H(X,{). As one can see below, only the quark
modeled with these natural features in mind. One demandgharge weighteti® appears in the DVCS amplitude and not
that the resultant GPDs reproduce the first momdnt=3 HY due to the C-even nature of the amplitude. The evolution
and the second momeM,=1+C¢%/(2—¢)? [34]. Cwas equations for the GPDs are defined for the following C-even
computed in the chiral-quark-soliton mod@9] and found ~and C-odd singlets) and nonsingletns) flavor combina-
to be —3.2 and is related to the D terfi37] which lives tions:
exclusively in the ERBL region. This reasoning suggests the
f;)lét;wing simple analytical form for the ERBL regionX( HrlsquJrHE_ Ni z (Hq+HE),

. F q

HIV(X,0) =HOV(H[1+ASV()CIV(X, )], HY = H"S= Ho.— Ha,

S — S X—g12 S S —
HS(X,{)=H (5)( o |[LHAXOCIX.D], HSZNLE (Hq+Hq):Niz HS, (19
(17) F q F q

where the functions where H® mixes, of course, with the gluon and"® mix
neither with each other nor with the singlet and the gluon. A
v 32-¢ X— {12\ 2 single quark species, i.e., quark or antiquark in the DGLAP
C(X, 0= 2 { 1- 2 ' region, or just a singlet or nonsinglet quark combination in
the ERBL region(due to the symmetry relations between
15(/2—-¢\? X—12\? quark and antiquark in the ERBL region in the off-diagonal

C(X,0)= Aa [ —( 2 ) } (18 representation of9]) can be extracted the following way:

vanish atX={ to guarantee continuity of the GPDs. The (Hi) =£(HNS+HNS+HS) (20)

A'({) are then calculated for eachby demanding that the Ha) 2% T T

first two moments of the GPDs are explicitly satisfied. For

the second moment, what is done in practice is to set the h the DGLAP region and

term to zero and demand that for each flavor the whole inte-

gral over the GPD is equal to the whole integral over the HS=(HY®+HS) and HY=H"®, (21)
forward input PDF without the shift. For the final GPD, of

course, the D term is added to the quark-singlleere is no  in the ERBL region. Egs(19), (20), (21) demonstrate that it
D term in the nonsinglet sectousing the results from the iS enough to modeH®" in order to properly do evolution
chiral-quark-soliton model29]. The gluonic D term, about and extract the quark combinations relevant for DVCS.
which nothing is known save its symmetry, is set to zero for The construction ofd proceeds analogous to that Hf
Qo. Due to the gluon-quark mixing in the singlet channel,with opposite symmetries in the quark and gluon sector and
there will be a gluonic D term generated through evolution. lusing the standard GRSV scenalé?] as the forward input.
will come back to this question in Sec. IV when discussingDue to the change of symmetry in the ERBL region the

DVCS for the HERMES experimental setting. analytical form changes to
It would be straightforward to extend this algorithm to ~ ~
satisfy polynomiality to arbitrary accuracy by writing the HS(X,)=HS(O)[1+AS(¢)CS(X, )],

Al(2) explicitly as a polynomial in{ where the first few

coefficients are set by the first two moments and the other - - X—=¢12

coefficients are then either determined by the arbitrary func- HOY(X,0)= Hg'v(i)( 2 )

tional form, as is done here, or, perhaps theoretically more

appealing, one chooses orthogonal polynomials, such as Ge- X[1+AV()CIV(X, )], (22
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32-¢ X—¢12\2 79
S =_ — E
CXX0=5 [1 ( 72 ) | ES(X.0)= 1 HOX,D). (27)
_ _ 2
Cg,V(Xyg):42 5[1_<x &2 } (23)  Note that in this particular model for the?, the second
¢ {2 moment ofES is zero due to symmetry, and since the second

) ) moment of theH' already saturates the angular momentum
Note that there is no D term for the polarized GPDs due ta;ym rule, the gluon contribution should be strictly zero.
symmetry requirements. However, numerically, the second moment of Heis never

ForE, the asymptotic pion distribution amplitude, i.e., the exactly 1, yielding a small but nonzeE? and secondly, the
sameAnsatzas in [28,32 was used(see also references above construction is general and does not depend on the
therein for the same or similansaze. particulars of the model.

The Ansatzfor E used in this paper deviates from the one  In the ERBL region, | will use the same strategy asHor
used in other studies to also include the gluon. First let mexcept that | require the sum rule faf to be satisfied after
say a few general things abokit The symmetries foE are  the shift inX rather than the first and second moment of just
the same as the ones fidrin the ERBL region. Furthermore, the H'. Keeping the symmetry requirements for t&é in
one would naively expect th& as a function of =x,; dies ~ mind, this means that one can use E@®) and(23) for the
out as/ decreases, i.e., behaves like a valence quark distrE' just with differentA'(£). In consequence, the shifted ver-
bution. This is nothing but the statement that it becomesion of Eq.(25) together with Eqs(22), (23) and(27), gives
increasingly difficult to flip the spin of the proton ag; is @ complete parametrization of tf€. Note that this param-
decreasing. Also, we know that the first momen&ah the  etrization of theE' is in stark contrast t$28] where theE'
proton or neutron has to reproduce the respective anomalo@se of the same size or even larger thankfieeven at small

magnetic momentésee for exampl¢43]). This leads to Xpj Where this relation cannot hold. Hence the results for the
asymmetries in this paper will vary from those [iB8] at
Ky=2Kp+ Kkp=1.673, smallx,; whereas in the valence region they will be similar.
Note furthermore thaE contains a D term in both the quark-
K4= Kp+2Kky=—2.033. (24 singlet and the gluon. This D term is identical to the onélin

but enters with the opposite sign and thus cancels when con-
Following [43], the “forward” quark distributions from sidering the moments of the sum ldfandE as done for the
which to start is chosen to be total angular momenturd®.
As far as thet dependence is concerned, | choose to
1 model it the same way as if26], i.e., using a factorized
EY(x)= 2 Uval(X) - Ky, Ansatzfor thet dependence from the rest of the GPD. | want
to stress here that this is not really realistic theoretical as-
sumption especially at larger valuestd#3]. On the experi-
mental side, it was shown {182] that in order to describe the
ZEUS data on DVC$45] at largeQ?, aQ? dependent slope
of thet dependence was required to describe the data. This in
turn implies that the basic assumption of a factorizedte-

For the DGLAP region and the quark singlet channel | .
. : . pendence as well as the assumption that tlependence of
will apply to Eq. (25) the same shift as in Eq15). The sea quarks and gluons is the same is wrong, at least at large

contribution is set to zero in the DGLAP region as was also_: 2
; ) since th dependence of the GPD can only be generated
done in[43]. In contrast td43], | choose to include a glu- eQ P y be g

. o h N . through perturbative evolution. The H1 data on DV ,
onic contribution. This contribution is important since these ghp (@8]

R for example, which lies in a lowe? range does nai priori
distributions are evolved from a low scalg to the relevant P €@ 9 P

. . . require aQ? dependent slope. This in turn means that at low
experimental scale in contrast to other gro{®8,43 which Q2 and lowt, where most of the experimental data lies, a
chose to neglect evolution effects. | model the glifhin ' !

the DGLAP region in the following way: fz_ictor_ized_t dependence can still be used at the_ moment. The
First, we know that the total angula{r momentum of theSI-tuatI(.)n Improves even more when one c9n5|ders asymme-
" for £=0 andt=0 is ai b tries since there either thtedependence partially cancels be-
protonJ® for ¢ an IS given by tween numerator and denominator, if DVCS is dominant, or,
1 11 if BH is dqmin.ant, theQ? range is such that a factorized
== _f dX[X(HS(X) + ES(X))+HI(X) +E(X)]. approach is still not totally unreasonable. As the accuracy
2 2)o and the kinematic reach of the data improves, however, one
(26)  has to seriously address the issue of a nonfactotizieghen-

dence of the GPD. | will discuss the issue in detail in Sec. V
Since together with E(25) | know now all the functions in  and propose a phenomenological solution.

Ed(x) = dval(x) cKd,

ES(x)=0. (25

Eq. (26) except the last, the contribution of the gluonJd After having evolved the GPDs using the same program
can be defined to h# = 3(1—J5—J%). Thus one can define successfully employed if80], the real and imaginary part of
EY in the DGLAP region through the twist-2 DVCS amplitude in LO and NLO given below
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are calculated using the same program af3i: proximation through a combination of twist-2 GPDs convo-
luted with a twist-3 coefficient function.

VIA 2 ~2 The general structure of the twist-3 DVCS amplitudes can

) gv/“(‘ 1Q ) i i 1

pves be found in Eq.(84) of [28] and reads in the representation

2 of [9]:
—Ee(z g) fd X TSa V’A(z?x—lﬂeQ

2

H Ttwf?’(xbj ,QZ)ZTtwfz(ij ,Q? )+ij(9 th 3®F
2X Q?
X FSaVIAX 7, u?) T Jldx Tsa,V/A( 1— - Q_z) 2M}Xp,j N )
4 " PR T 0
xfsa’A(X,Z,uz)l, +T99%%;,Q°), (30

where the first three terms are the WW terms and the last
THVEL L u? Q%) term is a genuinely new dynamical contribution arising from
qgq correlations which will be neglected in the following.

1/(2-¢\? (1 via| 2X Q? The 7*(xy;,Q%)’'s are linear combinations of the type
- N_f(T) fo dx T —1l+ie, 2 Cy.2 s® F which can be found in Eq87) of [28] and do not
have to be repeated here. Note that &) differs from Eq.
1 2X Q2 (84) in [28] by a factor (2-x;,;) which | have pulled out for
ng’WA(X,LMZ)if dX TOVAL 1- A convenience. The convolutidd,,;* ,® F is done using Egs.
¢ w (28) and (29) with the C\;* . in LO having the following
form:
X FOVIAX ¢, Mz)l . (28)
CYA (X, )= — é;<|n(1—X/g+ie). (31)

V/A stands for the vector or axial-vector, i.e., unpolarized or

polarized case and stands for the appropriate GR®, H, ) . o 1

E orE. The respectlye sgbtract|on factots, i.e., deXT(leg
The +ie prescription is implemented using the Cauchy_l)' for the imaginary and real part of the amplitude read

principal value prescriptiorf“P.V.” ) through the following

algorithm: T 1 1

RelVA(7)= 5¢ 2¢O~ 74 In(2)?,

P.v.fldx T(%—l)f(x,g“,Qz)
0

1
L o ImIVA(g) == S ¢In(). (32)
= fodx T<?—1>[F(X,§,Q2)—f(§.§,Q2)]
ox T™W=3 i.e., in particular the convolution and the derivative
1 P 2 of the convolution with respect tg,;, was computed nu-
+f dXT(?—l)[}'(X,g,Q )= H£,4.Q79] merically using an extended version of the program from
[31] which will soon be available d&7].

In the WW approximation, one can use evolution of the
twist-2 GPDs to evaluate EQ30) at a scale different than the
initial scale. This will allow one to study twist-3 effects for
the first time with a varying scal®?. Since the twist-3 NLO
The relevant LO and NLO coefficient functions can be foundcoefficient functions are unknowisee[24] for a recent cal-
in [27,31. culation of the nonsinglet quark sectorwill restrict myself
to a LO analysis in the twist-3 sector.

Since twist-3 is entirely expressible through the twist-2 in
the WW approximation, | will use the sameependence for

After having modeled the twist-2 sector which automati-the twist-3 DVCS amplitudes as | used in the twist-2 case.
cally takes care of the kinematic power corrections in theHaving completed the specifications of the twist-2 and
DVCS cross section as well, only the genuine twist-3 sectotwist-3 sectors, | can now move on and discuss twist-3 ef-

remains. As shown i120-27 the twist-3 GPDs and thus fects in DVCS observables which will be done in the next
twist-3 DVCS amplitudes can be expressed in the WW apsection.

1 2X
+]—‘(§,§,Q2)LdXT<?—1). (29

B. Modeling twist-3 GPDs
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A. FREUND

IV. DVCS OBSERVABLES: TWIST-2 VS TWIST-3 RESULTS

In the following, | will discuss twist-3 effects in the SSA

for four experimental settings: HERA, EIC, HERMES and

CLAS and the CA for HERA, EIC and HERMES. Note that

for illustrative purposes | will not only discuss twist-3 effects

in LO but include the LO twist-3 amplitudes together with

. ) ) . Q’=4GeV* '\ @°=4GeV
the NLO twist-2 and NLO kinematic power corrections =- o
terms. This is actually not legitimate since one is mixing '° ppeg 02 107 © 107 107 10"
different orders ofag. However, it serves both to illustrate %4 ' oA |.<I> s 0.4 ' o L;) e
the LO vs NLO effects without genuine twist-3 effects and to - cALoweTws |,5| - CALowoTws |

set an upper limit on the twist-3 corrections in NLO, since

the twist-3 NLO coefficient functions will not induce larger

corrections than NLO in the twist-2 sector. This can be seen

from the LO twist-3 coefficient function Ed31) which has

only a regulated logarithmic singularity instead of a regu-

lated simple pole as the LO twist-2 coefficient functi@ee

for example[28,31]). Hence it can be expected that the sin-

PHYSICAL REVIEW D 68, 096006 (2003

0.4 T T 0.4 T T
—— CA,LOw Tw-3 —— CALOw Tw-3
03k CALOwoTw-3 |3 |\ e CALO WO Tw=3 |
CA,NLO w Tw-3 L \ CA,NLO w Tw-3

—-— CA,NLO wo Tw-3 —-— CA,NLO wo Tw-3

\, '\ CTEQ&

0.1

CA,NLO w Tw-3
%, —-— CA,NLO wo Tw-3

MRST2001 1021 -—-

CA,NLO w Tw-3
—-— CA,NLO wo Tw-3

CTEQ6 ]

0.2

0.1 L.~ = \@=10GeV" 1, [ Q*=10GeV* |
\
'0 '4 2 - 4' 0 Ls I—2 == ~1

10 10 10

gularity structure of the NLO twist-3 will also be less severe F|G. 3.t integrated CA in HERA kinematics VEy,; for two

than in the twist-2 coefficient function and the LO twist-3
effects will give a reliable upper bound for the NLO case.

A. HERA

typical values ofQ? andt,,,=—0.5 Ge\?. W stands for “with”
and WO stands for “without.”

tions for CTEQ6M seem to be much smaller than in the case

In this section, | discuss the effects of LO twist-3 eﬁectsOf MRST2001. | will come back to this point when | discuss

on the CA and SSA in HERA kinematics with/s

=319 GeV, i.e., 27.6 GeV unpolarized or polarized posi-

trons or electrons and 920 GeV unpolarized protons. Since
will be difficult for either ZEUS or H1 to measuretalistri-
bution for DVCS, | will only discuss the CA and SSA inte-
grated ovet. Since the largedtfor which the HERA experi-
ments still have a signal is aboat—1 Ge\?, | choose a
very conservative cutoff i of —0.5 Ge\f. | have checked
that changing the cutoff te- —1 Ge\? only alters the abso-

lute answers on the order of 10% as well as leaving th
relative twist-3 effect unchanged. Since | do neither know

the acceptance curve infor the H1 and ZEUS detector,

which induces an additional uncertainty in the answer, no
for any other of the experiments, for that matter, the choseft

cutoff in t seems to be a sensible choice.

the SSA. One word has to be said about the influence of the
D term on the CA at this point. Based on the findings about
fhe DVCS amplitudes ih31] and by explicit comparison of
results with and withaua D term, | conclude that the influ-
ence of the D term is totally negligible for HERA.

Turning now to the SSA, that we can see from Figs. 5 and
6 that the twist-3 effects are even smaller than in the case of
the CA. We also see that the room for twist-3 effects in NLO
is further reduced compared to the CA. Note that | discuss a
éaositron rather than an electron beam and therefore the sign
of the asymmetry is negative.
Furthermore, we see that the NLO corrections are typi-
Fally of the order of 10—-15% but at most 50%. This is in
greement with the results found [ig6] in a pure twist-2
analysis demonstrating that in contrast to the CA, the SSAis

As can directly be seen from the Figs. 3 and 4, the twist-3

effect in the CA are entirely negligible at HERA for both the 07 T T T 0.7 L
MRST2001 and CTEQ6L LO parameterizations. Further- 06  —— CALOwTw-3 ] GBp ——SaLowWTeS 1
more, the two distributions give the same answer within 5 CANLO w Tw-3 1 057 CANLO w Tw-3 1

about 10%. However, when comparing the respective NLO 0.4 |
curves one finds differences of up to 100%. They start to 0.3 |

disappear fox;,;—0.1 in the giverQ? range. For smalk,; ,
however, this difference disappears only ©@f>40 Ge\,é.

This fgature was already noteq earligb] in a pure twist-2 00 1 20 30 40 20 0 70 20 30 0 0
analysis and shown to be attributable to the very different 0.7 ' — . 0.7 . — .
H H H H [ —— CA,LOw Tw-3 i |l —— CA,LOwTw-3 i

NLQ gluor! distributions aQo. Also note that the e_:xclusmn 06 GALOWOTw.S 06 — CALO wo Tw.s
of kinematic power corrections ii26] lead to negative num- 0.5 g:,xtng¥—3 1 05¢ g:,xtgwn:—s 1
bers for the CA in HERA kinematics in contrast to our find- 04 [ — ~ cANOweTw= i woTw=3
; o ; ; ; [ x=7*10 [ x=7
ings hgre. This illustrates the importance of kl_nematllc POWEr 0.3 | 1o ct001 03| c1EQE
corrections for the CA. The NLO corrections, in particular at 02 _q o2 4
the smallesky,;, are very large and only reduce for the larg- 0.7 1 o01f g 1

2 to about 100%. Again the same was found in a pure 0.0 - : ool=r :
estQ -9 P ’ 10 20 3 40 5 0 10 20 30 40 50

twist-2 NLO analysis[26] and attributed to a large NLO
gluon contribution in the real part of DVCS amplitudes.
However, forx,;>10"2 andQ?=10 Ge\? the NLO correc-

—-— CA,NLO wo Tw-3
x=610" |
MRST2001

i 04+ — — CA,NLO wo Tw-3 .
- X =6*10"

03
02,
0.1 1/

02
0.1 jl_ b

FIG. 4. t integrated CA in HERA kinematics v? for two
typical values ofx,; andt,,,,= —0.5 Ge\~.
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T 1 0
/  —— SSALOwWTw-3

T

,/’ —— SSALOw Tw-3
........... SSA,LO wo Tw-3

01t SSALOwoTw-3 | _5¢ |/
’ SSA,NLO w Tw-3 ’ SSA,NLO w Tw-3
—-— SSA,NLO wo Tw-3 —-— SSA,NLO wo Tw-3
-0.2 {1 -02t
MRST2001 CTEQ6
P o 3 Q*=4GeV*
03 Q" =4GeV 1 _osl
-0.4 L . 0.4 = -

S SSALOwWTw-3
[ SSA,LO wo Tw-3
/ SSA,NLO w Tw-3

01 /— ssALOwTw-3

,,,,,,,,,,, SSA,LO wo Tw-3

/’ SSA,NLO w Tw-3

-0.2 —-— ssANLOwoTw-3 | ~02 —-— SSANLO wo Tw-3 |
03 MRST2001 - CTEQ6
- Q’=10 GeV* - Q° =10 GeV*
0.4 L L -0.4 . .
10° 107 107 10° 107 107

FIG. 5. t integrated SSA in HERA kinematics vg,; for two
typical values ofQ? andt,, 5= —0.5 Ge\?. W stands for “with”

and WO stands for “without.”

quite insensitive to kinematic power corrections. We also see
that in NLO both MRST2001 and CTEQ6M give almost
identical results, however, differ in LO for larg®@? and

PHYSICAL REVIEW B8, 096006 (2003

0.7 T 0.7 T
0.6 + —— CA,LOw Tw-3 406 —— CALOw Tw-3
e CALO WO TW-3 - CALO wo Tw-3
05 CANLOwTw-3 105 CANLOWTw-3 |
04 L —-— CANLOwoTw-3 ] g4 [ —-— CA,NLO wo Tw-3 |
MRST2001 et CTEQ6

0.3 = 403k 2 s

% Q*=4 GeV? = ey Q’=4GeV’
0.2 102b°

01 o1}

0.0 1 0.0 1
107 10" 107
0.7 T 0.7 T
—— CA,LOw Tw-3 —— CA,LOw Tw-3
0.6 - - CA,LO wo Tw-3 106 e CA,LO wo Tw=3 1
05| CA,NLO w Tw-3 los|l CANLOw Tw-3 |
. —-— CA,NLO wo Tw-3 . —-— CA,NLO wo Tw-3

0.4 o , 104r 2 _ PR

MRST2001 Q" =10 GeV' CTEQ6 Q =10GeV
03 e 41031 R
02 102

0.1 et armrn N
0.0 = o0

FIG. 7. t integrated CA in EIC kinematics vs,; for two typical
values ofQ? andt,,,=— 0.5 Ge\?. W stands for “with” and WO
stands for “without.”

B. EIC
In its current design the electron-ion-collid€gIC) will

ij<1o*3 which simply illustrates the fact that the LO gluon collide 1-10 GeV electrons from a linear accelerator with
is larger for CTEQ6L than for MRST2001. In LO, this dif- 100—250 GeV unpolarized or polarized protons and unpolar-
ference can only manifests itself after a longer evolution pat/#&d ions of up to 100 GeV. Note that the projected luminos-

since the DVCS amplitude contains only quarks at leadin
order. In NLO, where the gluon enters directly on the ampli-_
tude level, differences in the gluon manifest themselves atgures below |
lower Q? in quantities very sensitive to the gluon contribu-
tion, like the CA due to its proportionality to the real part.
This is well represented when comparing the NLO results fo
CTEQ6M and MRST2001 in the CA and the SSA at very;

smallxp; .

The results for both LO and NLO suggest that both the
CA and SSA should be easily measurable with fairly high

precision at both the H1 and ZEUS experiment.

T

-03 | x=6*10" 4 -03+F

x=6*10""
— SSALOWTw-3 SSA.LOw Tw-3
04T SSA,LO wo Tw-3 1 04 . SSALOwWo Tw-3
05 L SSA,NLO w Tw-3 1 _os5t SSA,NLO w Tw-3
—-— SSA,NLO wo Tw-3 —-— SSA,NLO wo Tw-3
06 . . . . ~06 . . . ;
0 10 20 30 40 50 0 10 20 30 40
0.00 - : : 0.00 —
_0.01 | ~MRsT2001 ] .. [
N
—0.02 + k& 1-0.02 -
-0.03 | x=7"10" N 003} x=710" X
—— SSALOWTW-3 ° SSALO W Tw-3"
~0.04 [ ...... SSA,LO wo Tw-3 ~0.04 ... SSALO wo Tw-3
SSANLOWTwW-3 SSANLOWTW-3
=0.05 - _._ SSANLO wo Tw-3 1005 _._ $SANLO wo Tw-3 9
-0.06 : : ' ' -0.06 : ' ' '
0 10 20 30 40 50 0 10 20 30 40 50

FIG. 6. t integrated SSA in HERA kinematics @2 for two

typical values ofx,; andt,,= —0.5 Ge\-.

ity for one year at the EIC will be larger than for the entire
ERA run, enabling high precision studies of DVCS. For the
chose a center-of-mass energy \G&f
=63.25 GeV which corresponds & 5 GeV electron beam
and a 200 GeV proton beam as a sort of average setting for

}he machine. The,; range will thus be between roughly

103—10"*. Naturally, the highek/s the closer the kinemat-
ics will be to HERA and, thus, also the results. Since we
want to investigate thg; region between HERA and HER-
MES with an overlap to both experiments, we do not want to
go to the highest energies save for cross-checking HERA
results. Let me start my discussion with the CA once again
and then move on to the SSA. Note that | will apply the same
t cuts as in the case of HERA to be able to compare the two
settings. Though the proton target can be polarized, | will not
discuss such an observable since it was showi26h that
such observables are essentially zero for a collider setting.
As can be seen from Figs. 7 and 8, the twist-3 effects in
LO for the CA are at most 10%, except at the smaligst
and lowestQ?=2 Ge\? where they can reach around 20%
and have to be taken into account when trying to extract
twist-2 GPDs from the data. In NLO the corrections seem
larger but remember that this is only an upper estimate of the
actual twist-3 effects in NLO and thus they are not more than
35% at the lowesk,; andQ?. It is more likely, however, that
they will be of the same size as the LO result or even smaller.
Note also that the twist-3 effects quickly vanish for larggr
within the entireQ? interval, which is mainly a kinematical
effect rather than a dynamical one. The two distributions,
CTEQ6 and MRST2001, give very similar numbers in LO
and at NLO for large?, however, differ strongly at lov®?
as already seen for the HERA setting. The relative NLO
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0.7 . : . . n 07 . : : : : 0.6 : : : : - 0.6 . - . . ;
0.6 —— CALOwWTw-3 1 06} ——cALowTw-3 i 05 — ssALOwTw-3 ] o5 — SsALOwTw-3
"""""""" CA,LO wo Tw-3 e CA,LO wo Tw-3 ’ -~ SSA,LO wo Tw-3 ’ -~ SSA,LO wo Tw-3
0.5 r CANLO w Tw-3 1 051 CANLO w Tw-3 ] 04 I SSA,NLO w Tw-3 1 o4l SSA,NLO w Tw-3
04L —— CA,NLO wo Tw-3 1 04l \\ —-— CA,NLO wo Tw-3 i —-— SSA,NLO wo Tw-3 —-— SSA,NLO wo Tw-3
035 MRST2001 1 o3l \ CTEQ6 _ ] 031 L _740° mMRsT2001 | %°[ x=7110"  CTEQ6
' o x=7*10" B (X =710 L L
. o |- ! 0.2 0.2
0.1F 0.1+ 0.1 r 0.1 r
0.0 ! ! P ——— 0.0 | ! Sy 0.0 L I L I I 0.0 I L I L I
0 5 10 15 20 25 0 5 10 15 20 25 o 5 10 15 20 25 0 5 10 15 20 25
0.7 . ; . : -~ 07 . . . i . 0.10 : ; : ; — 0.10 : . ; . :
—— SSALOw Tw-3 —— SSALOw Tw-3
L —— CALOwTw-3 4 L —— CALOwTw-3 1 2 ’
P CALO wo Tw-3 GBF o CA G TwS 008 - SSALOWOTW-3 4 gpg| - SSALOwoTw3
0.5 r CA,NLO w Tw-3 1 05F CANLO w Tw-3 S 222’33“4"’33 7 e :g:,xtngyrv-ag -
0.4 [ —— CANLOwoTw-3 1 04l — — CANLOwoTw-3 ] 0.06 | S WO TS, 0.06 | — PO
. _ & _ g2 P =74 o-z 2
[ x=7*10"  MRST2001 [ x=7"102 CTEQS x=7*10 x
03 03 0.04 - MRsT2001 1 0047 crEQE ]
02 4 02F |
e 0.02 + 4 002t E
o1t 4 01t 8
0.0 Jd o0 - s s 0.00 ‘ - 0.00 = : :
0o 5 10 15 20 25 0 5 10 15 20 25 0o & 10 15 20 25 o 5 10 15 20 25
FIG. 8.t integrated CA in EIC kinematics \@? for two typical FIG. 10. t integrated SSA in EIC kinematics \@“ for two
values ofx,; andty,=—0.5 Ge\f. typical values ofx,; andty,,=—0.5 Ge,.

corrections are again large and follow the same pattern fowill be able toreliably extract the leading twist-2 GPB
both sets as at HERA. The influence of the D term on the CAvith high precision in a very broad rangexqf; andQ< from

is again negligible. the EIC DVCS data.
When looking at the SSA in Figs. 9 and 10, one notices
that the twist-3 effects are basically zero as in the case of C. HERMES

HERA and that the NLO corrections are very moderate and
of the same size for both sets as in the HERA case. Henclgi

they can be safely neglected in a GPD extraction. Note tha.l,h. . ST
. . . is allows, broadly speaking, to access a regioxgnof
the shape of the SSA ix; andQ? is the mirror of the one at about 0.05-0.3 witléz Eom 199 Ge. HERME% usirs] the

EEIEEaRr’T,]A since the EIC uses an electron rather than a pos'troglectron or positron beam from HERA with an energyEof

In conclusion one can say that except at 19 and the =27.6 GeV. The gas target can be either unpolarized or po-

smallestx. in the CA or a similar asymmetry. the twist-3 larized protons or unpolarized nuclei. | will not discuss ob-
bj y Y, the . ervables with a polarized target for HERMES, since there is
effects can be safely neglected and that the size is basical

o clear leading DVCS amplitude, such ldsn the case of

) . ; ) - "afle CA and SSA, and thus the disentangling of the various
ing signs that, together with the high luminosity, DVCS will contributing GPDs is supremely difficult. In order to allow a

be measured with high precision at the EIC. Therefore, W%omparison with the collider experiments, | once more

choose &,,, 0f —0.5 Ge\ which is also not an unrealistic

In the following | will discuss the fixed-target experiment
ERMES with a center-of-mass energy g6=7.2 GeV.

0t ' Ut ' choice given the fact that the averager HERMES is about
—— SSA,LOw Tw-3 —— SSALOw Tw-3 _ 0 25 Ge\?

03+ U SSA,LOwo Tw-3 | 03+ U SSA,LOwo Tw-3 | . : . .
---- SSANLOw Tw-3 —— SSANLOw Tw-3 The CA, as can be seen from Figs. 11 and 12, receives

—-— SSA,NLO wo Tw-3
MRST2001 Q%= 4 GeV? |

—-— SSA,NLO wo Tw-3

| larger twist-3 corrections in LO than the CA at HERA or
CTEQ6 Q”=4GeV’ EIC. However, except, at the lowest values@f and small-
estx;,; where they can be as large as factor of 4, the correc-
tions are generally speaking 15% or less. Note thaQ&s
increases the twist-3 corrections rapidly disappear in both

0.2 0.2

0.1

10° 107 107 107
0.4 - 0.4 T AlowTea LO and NLO. The LO results between the two sets agree
— tiometed | .| — SSALO wo Tw-3 very nicely but there is quite a difference in NLO. The NLO
03— ssanowtws | O3] - ssANlowTw3 1 corrections themselves are again quite large but not larger
— -— SSA,NLO wo Tw-3 —-— SSA,NLO wo Tw-3 2
02| ’ " 1 a2l " | than at HERA or EIC. In fact, for largeR< and largerxy;
' e :‘,":R=I§?;Ve ' Q= 10 GeV? they are quite small. Note that when averaging the LO and
0.1¥ N I N | NLO results with kinematic power corrections for the CA for
N - both sets ove®? andx,; one obtains the same numbers as in
0 e = 0 pre \10_, [32] while the number for LO with full twist-3 is about 0.1

neatly interpolating between the LO and NLO result of 0.12
FIG. 9. tintegrated SSA in EIC kinematics wg; for two typical ~ and 0.09 respectively. This compares very favorably with the

values ofQ? andt,,,,= — 0.5 Ge\. W stands for “with” and WO  experimental HERMES result of 0.#10.05+0.05[48] for

stands for “without.” (x)=0.11{Q?%=2.56 Ge\,(t)=—0.265 Ge\?. One can

096006-10



DETAILED QCD ANALYSIS OF TWIST-3 EFFECTS IN . .. PHYSICAL REVIEW B8, 096006 (2003

CTEQ6 MRST2001
Q% =2.25GeV’ Q*=225GeV?

Q% =225GeV’

gabl o v w1y oy

0.1 0.2
FIG. 11. tintegrated CA in HERMES kinematics wg; for two FIG. 13.t integrated SSA in HERMES kinematics x; for two
typical values ofQ? andt,,=—0.5 Ge\?. W stands for “with”  typical values ofQ? andt,,.=—0.5 Ge\;. W stands for “with”

and WO stands for “without.” and WO stands for “without.”

see that the averaging process washes out any differenc . ; _
between the two GPD sets, which, however, were not thaftaeSSpeCtlve input scale 0fo=0.51 GeV (LO) and Qq

o ._=0.63 GeV (NLO) to Q=2 GeV (the difference between
Fremendous to begin W.'th'. A word about'the D term and ItSLO and NLO is about 2% leaving still a factor of about 3
influence on the CA is in order at this point. Recently

[49.50, the first lattice results on the coefficient of the D between the two results modulo the uncertainty associated

term were obtained and found to differ from the prediction ofwIth a gluonic D term which might, given the right sign and

the chiral-quark-soliton moddR9] quite substantially. The size, be able to account for the observed difference. GRV98
. ) . .__-.was used since the input scales are very close to the one of

respective calculations were done at different normahzatlor%he chiral-quark-soliton model. When studving the imoor-

points (u=2 GeV for the lattice, i.e., within HERMES ki- q | ying P

nematics, andu=0.6 GeV for the chiral-quark-soliton tance of the D term for DVCS observables | find that if the D

mode). Evolution itself cannot account for the observed dif- term were either omitted or its size reduced by a factor of

ference of about a factor of 4. When studying the LO an bout 3_4’ the CA would becqme so small that it WOUld. no
NLO evolution of the D term using the GRV98 PO51] onger be in good agreement with the data. However, using a

. . . different Ansatzfor twist-2 GPDs based on a double distri-
Vl\\ll:fr(]) t?hee abuo;/rek gptgmsgzr%gi;n dd% th:g(;r&tb??(;g Lf?or?]n?hebution model(see for exampl€3]) and neglecting evolution
q y 0 effects, the authors ¢28] describe the CA withaua D term.
It was shown in32], though, that this type of double distri-

MRST2001 [ EAWolW 5@8 CTEQ6 bution Ansatzas chosen 28], cannot describe the DVCS
Xy = 0.1 PO o/ A b x; = 0.1 data in either LO or NLO when evolution effects are taken

T+ 117 intoaccount. The situation will unfortunately remain unre-

solved until better fixed target data will become available.
When turning to the SSA in Figs. 13 and 14, one can see

that the twist-3 effects in LO are at most 10% and that the

0.2 0.2

WUV

0.1

< 1 0.1

L L7 i L

¢ “‘-:_-_:.zg_.mm NLO corrections are, as in the case of HERA and EIC, very
03 L 0 ber | | moderate and at most about 35%. The results of the two sets
2 3 4 == 5———="" in LO are virtually identical and still within 20% at NLO.
%y =02 % =02 When averaged oveéd? andxy; the results of the two sets do

LT not differ any longer and reproduce the LO and NLO results
4 of [32] —0.28 and—0.23 as they should since the model is
the same. This again compares favorably with the experi-
mental result of—0.21+0.04+0.04 [52] for virtually the
same average kinematics as the CA.
In conclusion, one can say that higher twist effects can be
neglected for the SSA at HERMES and thus it can serve as a
Q' [GeV] Q’ [GeV] tool for GPD extraction. The CA is much more sensitive to
twist-3 effects, however, they are still small enough that they
FIG. 12.t integrated CA in HERMES kinematics @ for two ~ can be neglected given the accuracy of the data, except for
typical values ofx,; andt,,,= —0.5 Ge\-. the lowestQ? and Xpj values. This implies that for about

S I T
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FIG. 15. t integrated SSA in CLAS kinematics wg,; for four
typical values ofQ? andt,,,,= —0.25 Ge\?. W stands for “with”
and WO stands for “without.”

FIG. 14.t integrated SSA in HERMES kinematics @ for two
typical values ofX,; andt,,=—0.5 Ge\2.

Q?>2-2.5 Ge the CA can also be used for a GPD extrac-

tion or at the very least as a cross-check to fits from smalleamazing statement given that one would naively have ex-
Xpj and the HERMES SSA. The GPD model used in thispected that at these energies higher twist contributions would
study already produces very favorable agreement with thie the dominant ones. When averaging axgrand Q? one
SSA and CA data without resorting to a fit and can thus servebtains a value for the SSA in average CLAS kinematics

as a basis for a successful parametrization. ((x)=0.19(Q?)=1.31 GeV},(t)=—0.19 GeV¥) of about
0.2 in LO and about 0.14 in NLO which is, at least in LO, in
D. CLAS good agreement with the experimental value of 0.202

h +0.021+ 0.02[44].
very high luminosity but a low center of mass energy. | will In the hlgher_energy setting, | have introduced two differ-
entt,, values, in order to both compare to the lower energy

first investigate an electron beam B&4.3 GeV and then . .
one with E35.75 GeV corresponding to the energies at thesettmg and demonstrate how the SSA changes for a drastic

first and second CLAS run, respectively. Here | will concen—Change In CUt.Oﬁ for. As.car_\ be seen frqm Figs. 16, 1.7’ 18
trate on the SSA and omit the CA or a similar asymmetry du nd 19 the twist-3 contrlbu_tlons are again very i;mall n b.Oth
to the mentioned difficulties CLAS has or will have with . O and NLO for both cuts i and are at most 10% which is

these type of asymmetries as explained in Sec. Il. Also, | will" agreement with the value at lower energy. The NLO cor-
only discuss the set of GPDs generated from MRSTZOO{eCt'OnS are mostly moderate except for the lowest values of

since theQy=1 GeV is low enough, compared to the one

The CLAS experiment is a fixed target experiment wit

from CTEQ6 ofQy=1.3 GeV, to have a meaningful range MRST2001 A Worl W51
in Xp; and Q? for both CLAS settings. e 'Qj='1lGeVl2I _ a%@ Q= 156GV

Let us start with the lower energy setting, where | have : ' ' ' ' ' ' '
chosen dp,,,= —0.25 GeV to get as large a rangexip) and 03

Q? as possible. As one can see from Fig. 15 the twist-3 o2
effects in LO are even for such a low energy as CLAS has
less than 10% and thus basically negligible. This fits in :

nicely with the measured twist-3 effect at CLA&4] which S v T e—a TR
is about 10% of the measured SSA for the central value bui Q’=25GeV’

is compatible with zero within the experimental errors. Fur- e
thermore, the NLO effects are at most 50% and typically (')'2'_
around 20% and thus not as large as one might have feare
for such lowQ? values. This is mainly due to the fact that ;),15-
the influence of the gluon on the amplitude in NLO at large .E
Xpj IS not as pronounced as at smaligf where its impor- aE
tance grows quickly. Notwithstanding this fact, the usage of
perturbation theory at such sm&F remains still question-
able on general grounds. However, one can definitely say FIG. 16.t integrated SSA in CLAS kinematics v, for four
that the twist-2 handbag contribution to DVCS is the leadingtypical values ofQ? andt,,,,= —0.25 Ge\f. W stands for “with”
contribution to the SSA at CLAS. This alone is quite anand WO stands for “without.”

0.1F

<

025k

02E
0.15E
o.1f
0.05F
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Q*=1GeV’
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Ev v o by a1y ' R Ev oo b v b n v e wy
8.25 0.3 0.35 0.4 0.45 8.25 03 0.35 0.4 0.45
X, . X,
bj bj

FIG. 17. t integrated SSA in CLAS kinematics wg,; for four
typical values ofQ? andt,, 5= —0.5 Ge\?. W stands for “with”
and WO stands for “without.”

Xpj and Q? as seen at lower energies. The distributiorxgn

PHYSICAL REVIEW B8, 096006 (2003

MRST2001
6

Xy = 0.2

005F 0.05F

1 1.5 2 2.5 3 3.5 1 1.5 2 25 3 3.5
Q [GeV]

FIG. 19. t integrated SSA in CLAS kinematics \@? for four
typical values ofx,; andt,,,=—0.5 GeV.

Unfortunately, there is no published data yet with which
to compare and without knowing the average kinematics, let

for differentQ? between the lower and higher energy settingalone the experimental acceptance, it is impossible to make a
at the same,,, .« (Figs. 15 and 1pshows the distributions to sensible prediction at this point.

be very similar both in shape and size. When comparing the
different cuts int for the higher energy settingrigs. 16 and

17 and Figs. 18 and 1%ne notices that the distributions in
Xpj with the highert cut are wider and thus flatter than the
one for a lower cut iri. The maxima of the curves move also Let me now turn to a sensible, phenomeno|ogica| param-
to larger values ofy;. The Q® distributions are virtually eterization of theX, ¢ and t dependence of the leading
unaltered. There is an overall tendency for the maxima to b@yist-2 GPDH at a low normalization poin®,. First, | will
somewhat higher for the highercut, but only by at most give the parameterization dfl in LO and NLO and then
10%. justify it based on the available data.

We thus see that different cuts irhave only a marginal ~ As s clear from the preceding section, the NLO param-
effect in the size and distribution of the SSA. When furtheretrizations seem to work very well in their current form ex-
averaging oven,; and Q? the sensitivity will be further  cept for CLAS. However, for CLAS the GPE! will not be
reduced. In fact, as one can see from the figures, cutg;in  the leading one anymore as it is for HERA, EIC and HER-
and Q? will have a much bigger effects than the onetin  MES. In fact, the contributions from other GPDs could be set

to zero without changing the HERA and only by a few per-
A\ O

V. PHENOMENOLOGICAL PARAMETRIZATION
OF THE GPD H

cent the HERMES results. Since | only want to make a state-
ment abouH, | will restrict myself to a good description of
the data from H1, ZEUS and HERMES.

Based on the analysis carried out if82], the
MRST2001 NLO PDF parametrization &,=1 GeV with

Ang:;’NLO=323 MeV using the prescriptions of EggL5),

(17) and(18) does the best job in describing the DVCS data
B from H1, ZEUS and HERMES. There is no need to change
the NLO parametrization of Sec. Ill.

The story is different for LO. The LO results using Egs.
(15), (17) and (18) are consistently above the DVCS data
save for CLAS. A way to find a LO parametrization giving a
good description of the data is to vary the shift paramater
in {. The shift parameter is given by the number in front of
¢ in the argument of the forward PDFEX{ag)/(1—al),
i.e., a=1/2 in Sec. Ill. A shift parameter o= 1/2 works
well for NLO but not for LO. In fact, the best description of
the DVCS data in LO is found foa=0 for the MRST2001

LO PDF with Qp=1 GeV andA gt =220 MeV. Note

MRST2001
X, =0.26

=
03F >~
025 s
02877
0.15E
0.1F
0.05EF

0.15F
0.1F
0.05F

Q’[GeV]

FIG. 18.1t integrated SSA in CLAS kinematics \@? for four
typical values ofx,; andt,,,,= —0.25 Ge\’.
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FIG. 20. The photon level cross sectian(y* p— yp), in the FIG. 21. The photon level cross sectian(y* p— yp), in the
average kinematics of the H1 data as a functiorQéfat fixed W average kinematics of the H1 data as a functiombét fixed Q?
=75 GeV with shift parametea= 1/2 (upper ploj anda=0 (lower =4.5 GeV with shift parametera=1/2 (upper ploj} and a=0
plot). (lower plob.

that anya#1/2 will violate the “Munich symmetry” of .

double distributiong 35,53 though still satisfying all the with 8_028 GeV ?, Qo=2 Qe\f, C=O.1.5. The reason for .

other requirements. Given the fact that the NLO parametri-Choosmg such a parametrization are given |n.great .de“.”‘!' n

zation fullfills all necessary requirements and, save for absong] and_ need not be rep_eated here. A phys_lcally intuitive

lute numbers, looks the same as the LO parametrization, On%xplanatlon for th|s_ behavior of the slope 1S giver( 1).

can conclude that the LO parametrization is still phenomeno- As can b_e egsny seen when comparing the upper and

logically useful since it describes the data and can be usel&’Wer plots in Figs. 20 and 21, .the LO MRST2001 curve

for good quantitative estimates though it neglects higher or'lOW compares very favorably with the H1 d.ata.lln fact, it

der corrections and violates some subtle symmetries. gives virtually the same result as CTEQ6M,_|.e., I under_es-
Let me illustrate this with the example of the H1 data timates the ZEUS data somewhat. For the fixed target kine-

Figs. 20 and 21 for the DVCS*-proton cross section, matics it is in agreement with the HERMES data on the SSA
o(y*p), Eqg.(14). As | explained before, the leading DVCS (OHZD E.nd CA_(O.(I)I9) and the CLAS dat40.17) on the SSA
amplitude at small,; is generated via the GPBI. The when mematlca y averaged.
interference term in the DVCS cross section is, after integra- | would like to comment now on thed_ependence of GPD
tion over, only a percent contribution ta(y* p). The BH H. at QO.. Note that in the parametrization of 'the sloBe | .
term is usually also negligible compared to the pure DVCSdld not introduce &y, or W dependence as IS customarily
term, however, since we are able to compute it unambigu(—jone(See for_ exampl_@S] and references thergito account
ously to high accuracy, one can simply subtract the BH Confor cone shrinkage, i.e., the fact that the slope increases as
tribution from the data. In this case thelependence can be *bi decreases for con_sta_@?. However the slope change in
simplified to an exponential forre®. For the H1 data it is Xpj for HERA kinematics is only of the order of 10% and can
sufficient to take3 to be a constant. However, for the ZEUS thus be neglectzed for practical purposes. Furthermore, the
et i s ot suficen ammoreeel2). Though o (EEE o &5 (PRI et S1 2 eokioun o
necessary, | will use thQ” dependent slope 462] been done in modeling GPDs. The breakdown at smgll
2 does not occur until fairly large values @ which is very
1-C In(—z) , (33 suggestive of the following scenario: At the initial scélg
Qo one has a factorized component of thdependence which

B(Q*) =By
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serves as a normalization and will be different for valencetion on DVCS observables for kinematical settings equiva-
quarks, sea-quarks and gluons. This difference in normalizdent to the HERA, EIC, HERMES and CLAS experiments.
tion between quarks and gluons will change as the gluoBased on the successful GRsatzof [32], | found that the
mixes with the quark-singlet under perturbative evolution.twist-3 effects for the collider settings are negligible save for
This change in the normalization will b®? dependent and  the lowest values ab? andxy; . For theseQ? andxy; values
thus, the form of Eq(33) is very natural since evolution the twist-3 effects still only reach about 10% in observables
resums logs _OQZ- Thex,,; dependence of the slope can be sensitive to the real part of DVCS amplitudes namely the
9§Q§Z?t3d, similarly if the/ dependence of the GPD is charge asymmetry and even less in observables sensitive to
¢ 1€, 2 Regge-like ~dependence witha  the imaginary part of DVCS amplitudes such as the single
=0.25 GeV'~ but possibly smaller, especially for gluons, i asymmetry. The twist-3 effects for the fixed target ex-
which will ‘also acquire a logarithmicQ” dependence ,oriments were only sizeable for the charge asymmetry at

through_evolution much like the logarithmic slope B} _low Q? and Xpj, however not larger than 10-15 % for the
[54]. This type of slope change can also be parametrlzeéjingle spin asymmetry. The common feature, of course, is the

; ; ; ; 2
with an exponential form as in E(S3) with Q° replaced by virtual disappearance of these effects @f values larger

W, i.e., X,;. Note that in order to maintain polynomiality of .
the GPDH for t#0, the coefficient®'(¢) in Eq. (17) will than about 3-5 Ge?\/de_pendlng on the value o, . The
also acquire & dependence in order to compensate the extr elative smallness of twist-3 effects combined with the fact
factor of ¢! that twist-3 DVCS amplitudes in the WW approximation are
A sensible parametrization for thedependence of the gntirely expressible through twist_—2 GPDs mqkes_ an extrac-
GPDH at Qg would thus be to choose a factorized exponen-f“on.Of at least the unpolarized twist-2 G.F'LDWh'C.h IS Iead_-
ing in at least three of the four kinematical settings, entirely

tial part with a square root of the slope o%Bq . . . "
A 1 —_ 1 feasible even with the current, relatively low statistics data.
4-5 GeV " for the quark sea anfli,=2-2.5 GeV “for o % - i G ik luminosity will then enable a high

the gluon. The valence quarks retain the dipole distribution

. S : precision extraction of the twist-2 GPB.
l:nhésisftzo'lg‘litp% Fﬁ;ggﬁgfkpizgeggg ;Eecgltgzevr\]/i;e Since the current data from H1, ZEUS and HERMES are

=0.25 GeV ? for simplicity. The valence distribution could already remarkably r_estrictive fod, | give a.first, phenom-
in principle also have & * behavior but this will be ex- enological, parametrization, though not a fitXn £ andt at

. : a low normalization poinQQy which describes all available
tremely difficult to dlsen.tangle fror_n datq from smallA DVCS data from HERA and HERMES in both LO and NLO
more accurate parametrization trwill require much more

precise data as can be expected from the EIC. and from CLAS in LO.
This completes the phenomenological parametrization of
the input GPDH in LO and NLO. ACKNOWLEDGMENTS

This work was supported by the DFG under the Emmi-
Noether grant FR-1524/1-3. | would also like to acknowl-
| have given a detailed account of LO twist-3 effects inedge many useful discussions with N. Kivel, D."lu, A.

the WW approximation including their perturbative evolu- Radyushkin, A. ScHar, M. Strikman, and C. Weiss.

VI. CONCLUSIONS

[1] D. Mdller et al, Fortschr. Phys42, 101 (1994). Golec-Biernat, A.D. Martin, and M.G. Ryskin, Phys. Lett. B
[2] X. Ji, Phys. Rev. D55, 7114 (1997; J. Phys. G24, 1181 456, 232(1999.

(1998. [11] A.V. Belitsky and D. Miler, Phys. Lett. B417, 129 (1998;
[3] A.V. Radyushkin, Phys. Rev. B6, 5524(1997. Nucl. Phys.B537, 397 (1999; Phys. Lett. B464, 249(1999;
[4] M. Diehl et al, Phys. Lett. B411, 193(1997); Eur. Phys. J. C Nucl. Phys.B589 611(2000; Phys. Lett. B486, 369 (2000;

8, 409 (1999; Phys. Lett. B428 359 (1998; M. Diehl, Eur. A.V. Belitsky, A. Freund, and D. Mier, ibid. 461, 270(1999;

Phys. J. C19, 485(2002. Nucl. Phys.B574, 347(2000; Phys. Lett. B493 341(2000.
[5] M. Vanderhaeghen, P.A.M. Guichon, and M. Guidal, Phys.[12] M.V. Polyakov and A.G. Shuvaev, hep-ph/0207153.

Rev. D60, 094017(1999. [13] 3=2 transverse directionsl longitudinal direction.

[6] J.C. Collins and A. Freund, Phys. Rev.99, 074009(1999. [14] A. Freund, hep-ph/0212017.

[7] L. Frankfurtet al, Phys. Lett. B418, 345(1998; 429 414E) [15] M. Burkardt, Int. J. Mod. Phys. A8, 173(2003; Phys. Rev. D
(1998; A. Freund and V. Guzeyhid. 462, 178(1999. 62, 071503R) (2000; 66, 119903E) (2002.

[8] L. Frankfurt, A. Freund, and M. Strikman, Phys. Rev.5B, [16] M. Diehl, Eur. Phys. J. @5, 223(2002.
114001(1998; 59, 119901E) (1999; Phys. Lett. B460, 417 [17] A.V. Belitsky and D. Miler, Nucl. Phys.A711, 118(2002.
(1999; A. Freund and M. Strikman, Phys. Rev.@D, 071501  [18] Xiang-dong Ji, Phys. Rev. Let®1, 062001(2003.

(1999. [19] Regular parton distributions are merely particle distributions
[9] K.J. Golec-Biernat and A.D. Martin, Phys. Rev.99, 014029 not particle correlation functions.
(1999. [20] A.V. Belitsky and D. Miler, Nucl. Phys.B589, 611 (2000.

[10] A.G. Shuvaevet al, Phys. Rev. D60, 014015(1999; K.J. [21] A.V. Radyushkin and C. Weiss, Phys. Lett4B3 332(2000;

096006-15



A. FREUND PHYSICAL REVIEW D 68, 096006 (2003

Phys. Rev. D63, 114012(2002. [38] B. Pire, J. Soffer, and O. Teryaev, Eur. Phys. J8C103
[22] I.V. Anikin, B. Pire, and O.V. Teryaev, Phys. Rev. B2, (1999.

071501R) (2000. [39] P.V. Pobylitsa, hep-ph/0211160; Phys. Rev. 63, 034009
[23] N. Kivel and M.V. Polyakov, Nucl. PhysB600, 334 (2002. (2003; 65, 114015(2002; 65, 077504(2002).

[40] A.D. Martin et al, Eur. Phys. J. @3, 73 (2002.
[41] CTEQ Collaboration, J. Pumpliat al, J. High Energy Phys.
07, 012 (2002.

[24] N. Kivel and L. Mankiewicz, hep-ph/0305207.
[25] A. Freund and M. McDermott, Phys. Rev. &, 091901R)

(2002. [42] M. Gluck et al, Phys. Rev. D63, 094005(2001).

[26] A. Freur?d and M. McDermott, Eur. Phys. .28, 651(2002.  43] k. Gicke, M.V. Polyakov, and M. Vanderhaeghen, Prog. Part.

[27] A.V. Belitsky et al, Nucl. Phys.B593 289 (2001). Nucl. Phys.47, 401 (2001).

[28] A.V. Belitsky, D. Muller, and A. Kirchner, Nucl. PhysB629,  [44] CLAS Collaboration, S. Stepanyat al, Phys. Rev. Lett87,
323(2002. 182002(2001).

[29] N. Kivel, M.V. Polyakov, and M. Vanderhaeghen, Phys. Rev. D [45] ZEUS Collaboration, P.R. Saull, hep-ex/0003030; ZEUS Col-
63, 114014(2001). laboration, L. Adamczylet al., hep-ex/0305028.

[30] A. Freund and M. McDermott, Phys. Rev. B5, 074008 [46] H1 Collaboration, C. Adloffet al, Phys. Lett. B517, 47
(2002. (2001.

[47] http://www-spires.dur.ac.uk/hepdata/dvcs.html

[31] A. Freund and M. McDermott, Phys. Rev. B5, 056012 ) )
(2002. [48] HERMES Collaboration, F. Ellinghaust al, Nucl. Phys.
[32] A. Freund, M. McDermott, and M. Strikman, Phys. Rev6id A7113- 171(2002. ‘
: T ’ ' ’ : [49] M. Gockeler, R. Horsley, D. Pleiter, P.E.L. Rakow, A. Stdra
036001(2003. ) G. Schierholz, and W. Schroers, hep-ph/0304249.
[33] L. Frankfurt and M. Strikman, Phys. Ref60, 235 (1988; [50] P. Haler, J. Negele, D. Renner, W. Schroers, T. Lippert, and
Nucl. Phys.B316, 340(1989. K. Schilling, Phys. Rev. D68, 034505(2003.

[34] The first moment counts the number of quarks in the protor{51] M. Gliick, E. Reya, and A. Vogt, Eur. Phys. J5C461(1998.
and the second moment is a generalization of the momenturf62] HERMES Collaboration, A. Airapetiaat al, Phys. Rev. Lett.
sum rule where the D term generates all the deviation from 87, 182001(2001Y).

unity as{ varies. [53] L. Mankiewicz, G. Piller, and T. Weigl, Eur. Phys. J.5C119
[35] A.V. Radyushkin, Phys. Rev. B9, 014030(1999. (1998.
[36] A.V. Radyushkin, Phys. Lett. B49, 81 (1999. [54] H1 Collaboration, C. Adloffet al, Eur. Phys. J. C21, 33
[37] M.V. Polyakov and C. Weiss, Phys. Rev.dD, 114017(1999. (2002).

096006-16



