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Deeply virtual Compton scattering on the nucleon: Study of the twist-3 effects

N. Kivel
Institut fir Theoretische Physik, UniversttRegensburg, D-93040 Regensburg, Germany
and Petersburg Nuclear Physics Institute, 188350, Gatchina, Russia

M. V. Polyakov
Petersburg Nuclear Physics Institute, 188350, Gatchina, Russia
and Institut fu Theoretische Physik Il, Ruhr-UniversitBochum, D-44780 Bochum, Germany

M. Vanderhaeghen
Institut fir Kernphysik, Johannes Gutenberg-Univerita-55099 Mainz, Germany
(Received 18 December 2000; published 1 May 2001

We estimate the size of the twist-3 effects on deeply virtual Compton scatt®ingS) observables, in the
Wandzura-Wilczek approximation. We present results in the valence region for the DVCS cross sections,
charge asymmetries, and single spin asymmetries, to twist-3 accuracy.

DOI: 10.1103/PhysRevD.63.114014 PACS nuniferl13.60.Fz, 12.38.Bx

I. INTRODUCTION fects are formally a correction when one aims to extract

twist-2 SPDs from DVCS observables, they provide on the

Deeply virtual Compton scatteringDVCS) [1-3] has other hand an additional handle in the extraction of those

been studied intensively in recent years as a new hard prols@me twist-2 SPDs. Indeed, in the WW approximation the

to access generalized parton distributions of the nucleon, thavist-3 SPDs are fixed completely in terms of twist-2 SPDs
so-called skewed parton distributiof@PDS. and their derivatives. _ _

After the first experimental evidence for DVCS on the In this work, we restrict our analysis to the leading order

proton[4—7), it is the right time to address the problem of iN @s(Q?), because the next leading orddiLO) corrections

the extraction of the twist-2 SPDs from DVCS observables/19—21 were computed only for the twist-2 amplitude. Since

In order to be able to extract the twist-2 SPDs from DvCs!t Was found in[22] that the NLO correction to the twist-2
observables at accessible values of the “hard” s€al®ne D\./CS ampl!tude can t_)e 5|zable_, the .NLO analysis for the
first needs to estimate the effects of higher twisiwer sup- tWIfr:_?hzmegtsuednﬁ (/(vacr)r;limv?/etc}i?set mi\\igsitégg{sg' Il the expres-
pressedl contributions to those observables. The first POWEr_: s for tphe DVCS arr’lplitude or?the nucledn to twist-g ac-
correction to the DVCS amplitude is of ordé(1/Q);

h L led twist-3. Th ist.3 ) h curacy, as calculated in the WW approximation.
ence, it is called twist-3. The twist-3 corrections to the |, gac. I1l, we describe the modelization of the SPDs that

DVCS amplltudg haye been derived recently by several pe used to provide estimates for DVCS observables. We
groups[8—11] using different approaches. It was shown that,on6se a two-component parametrization for the SPDs, so
the twist-3 part of the amplitude depends on a new type Ok to satisfy the polynomiality conditions.
SPD which can be related to the twist-2 SPDs with the help In Sec. |V7 we ShOW our resu'ts for DVCS Observab'eS,
of Wandzura-Wilczek\WW) relations. These relations are and discuss the importance of the twist-3 effects on the
based on an assumption that the nucleon matrix elements gfVCS cross sections, charge asymmetries and single spin
mixed quark-gluon operators are small relative to matrix el-asymmetries in the valence region.
ements of symmetric quark operators; for details [sEe- Finally, we give our conclusions in Sec. V.
13]. Originally, the WW relations were derived for the po-
larized structure functiong;(x) and gr(x) [14]. Recent
experimental measuremerjts] of these polarized structure
functions indicate that the WW relations are satisfied to good
accuracy. In the theory of the instanton vacuum, the small-
ness of the corrections to the WW relations @(x) and ~ The amplitude of the virtual Compton scattering process
h, (x) can be related to the smallness of the packing fraction
of the instantons in the QCD vacuum; for details & 17). , ,

Our aim here is to study the twist-3 effects on DVCS Y*(@)+N(p)—¥(a")+N(p") @)
observables for a nucleon target, in the Wandzura-Wilczek
approximatiort: Although on the one hand, the twist-3 ef- is defined in terms of the nucleon matrix element of the

T-product of two electromagnetic currents

II. DVCS AMPLITUDE ON THE NUCLEON AT THE
TWIST-3 ACCURACY IN WANDZURA-WILCZEK
APPROXIMATION

1Recently the twist-3 corrections to the DVCS amplitude on the wv_ 4 —i(q-X) /7 “ v
pion target were studied in R€fL8]. T#'=—i] dx e (P'TIIEM(X)Iem(0)]IP), (2)
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where the four-vector index.(v) refers to the virtualreal)
photon.

In the Bjorken limit, where— q?=Q?—ox, 2(p-q)—<°,
with xg=Q?2(p-q) constant, and=(p—p’')?><Q?, the
DVCS amplitude on the nucleon to the ord2{1/Q) has the
form [9,10]
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where to the twist-3 accuracy
P_ 1 'y —n*
=5(p+p")=n%,

A=p'—p=—2&P+A

Q2
g=—2&(P+ 4—§n,
2
q’=q—A=f—§n—Ai, (4)
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(=g*"), =—g*"+n*n*’+n’n*#,
efw= ewaﬁn“n*ﬁ. (5)
The leading order coefficient functions are

1
+ —.
X+é—ie

C =T,

In the expression for the DVCS amplitude to the twist-3
accuracy the first two terms correspond to the scattering of
transversely polarized virtual photons. This part of the am-
plitude depends only on twist-2 SPD$,E, andH,E and
was anticipated in Ref§23,24]. The third term in Eq(3)
corresponds to the contribution of the longitudinal polariza-
tion of the virtual photon. This term depends only on new
“transverse” SPDsF* and F/. Defining the polarization
vector of the virtual photon as

2
%(2§P“+ Q—gnf*) 6)

ef'(q)=

we can easily calculate the DVCS amplitude for longitudinal
polarization of the virtual photon(— T transition), which is
purely of twist-3,

26 (1 =
euTH'= 66 f C IXFICT (X —ielF L CT(x 8]
@)

wherep, p are the momenta of the initial and final nucleon "€ skewed parton distributiot, andF , can be related to
andq,q’ are the momenta of the initial and final photon, the twist-2 SPDsH,E,H, and E with help of Wandzura-
respect|ve|y The ||ght||ke vectons andn* are normalized Wilczek relations. To derive these relations one assumes that
as (n n ) 1. We also introduce the metric and tota”y an- the nonforward nucleon matrix elements of gauge invariant
tisymmetric tensors in the two dimensional transverse planeperators of the type/G are small. The WW relations for
(g0125= +1), the case of nucleon SPDs have the fdi,13

FWW<x§>—A << >>E<x§> 5y >>(H+E>(x§>+fldue<u§>w (X,u,)
2¢ 26N ' Ly eSS

+|E¢Mkf du GX(u, & ) W_(x,u, &), (8)
~ 1 - A - 1 ~
FXYW(x,§>=A,L§<<§>>E(x,§)—2—g<<m75>>H(x,§>+f1duGM(u,§>w+(x,u,§>

) 1
+|E“‘"J',1du GY(u,&)W_(x,u,é). 9)

In Egs.(8), (9), the following notations are used:
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Ar1 d d Al J J
G“(u,§)=<<7f>>(H+E)(u,§)+2—§ M u%+§(9—§ E(u,§)—2—§<<7+>> U@Jréﬁ—g (H+E)(u,8), (10
~ ~ 1 Ys d d ]~ Af d d |~
GH(u, &) =((vIys)H(u,6) + 5A5< V>> 1+U%+§&—§ E(u,f)—2—§<<7+75>> U£+§a—§ H(u,§).

(11)

1 ~
du(W, —W_)[G*—i/G,]

The functionsW..(x,u,¢) are the so-called Wandzura- J‘l [ 1 f
dx
1 -1

Wilczek kernels introduced in Ref§10,13. They are de- x—g—+|s
fined as

1 1
- RPN Yo
+ X+§—isf du(W; +W_)[G*+igf Gk]]

O(u>x) -1

1
Wi(X,U,f): E[ 0(X> é:)

U—f i ld Gﬂ_iefkék i _§d GM+i8fkék
f(u<x)| 1 6(u>x) :_'WJ U T e _'WJ T
— - — ¢ -1

O(x<§) u—¢ ]iz{é)( TEY: 3
1 GH—ie" G, u—¢|

o(x<— &) 2U=X) 12 IR s e |

(x<=§) urE | (12 -1
G*+ie" G, u+é|
The sandwiching between nucleon Dirac spinors is denoted * u—¢§ 2¢ \ ' (16

by ((...))=U(p’)...U(p) and M denotes the nucleon
mass. The quarks flavor dependence in the amplitude can bgote that all integrals oven are convergent and the stron-

easily restored by the substitution gest (integrable singularity of the integrand is logarithmic
only.
z 2 £aga
FM(FM)_’q:ug& € FulF). (13 Ill. MODELIZATION OF SPDs

In order to interpret DVCS observables, we next discuss
The DVCS amplitude of Eq(3) is electromagnetically the parametrization of the SPDs. As we address here hard
gauge invariant, i.e., exclusive reactions in the valence region at relatively small
values of—t, we factorize the¢ dependence of the SPDs by
the corresponding form fact@FF), so as to satisfy the first
q,T#"=(q—4),T*"=0, (14 sum rule. For the SPB, the t dependence is given by the

nucleon Dirac FF. Thé dependence of the SPB is given
formally to the accuracy Q. In order to have “absolute” by the nucleon axial FF, whereas thelependence of the
transversality of the amplitude we keep in the expresé®n SPDE is given by the nucleon pseudoscalar FF, as is de-
terms of the orden\?/Q?, by applying the prescription of tailed in[25]. We stress that the factorization of thdepen-
[23,24, i.e., dence of SPDs is not expected to hold when increasing the

value of —t. For example, the calculations of the SPDin
the chiral quark soliton mode]26] showed that att~
, (155 —08 GeVf the deviations from the factorization ansatz for
(P-q") thet dependence of SPDs is as large as about 25% in gome
range. In the calculations presented here, we limit ourselves

for th . in th litud I h to relatively small values of t=0.25 Ge\f and assume the
or the twist-3 terms in the amplitude. Formally such termse .o rization ansatz. A more realistic parametrization of

are beyond our accuracy and they do not form a complete s PDs at larger values oft remains to be done in a future
of 1/Q? contributions, but we prefer to work with the DVCS work. We next discuss the resultingndependent part.

amprllitude, sal'[isfyinngtr:](.l?) eé(_actly. d i Hici For the functionH (for each flavom), thet-independent
The convolution of the leading order Wilson coefficients part is parametrized by a two-component form

(6) with the WW kernels can be performed analyticabge
also[18]). In particular, the part of the amplitude which con-
tains WW kernels can be simplified using the following re-
sult for the integration ovex:

PrAY

BV MY
g ——9;

1
HY(x,§) =Hpp(x,6) + N_fD(g)’ (17
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whereH{ is the part of the SPD which is obtained as a 1
one-dimensional section of a two-variable double distribu- f_ldXXN[H(X1§)+E(X:§)]
tion F% [27], imposing a particular skewednegsas
=polynomial of the order(N—1) in ¢&. (22

1 1-18l
H%D(Xf):f ldﬁf . dad(x—B—af)Fi(B,a), Note that theNth Mellin moments oH andE separately are
N ~1+lAl (18 polynomials of ordeN+1 in &; only in the combination
(22) are the highest powers cancelled. As a model for the

and where thd®-term contributiod D completes the param- SPDE(x,£), we Sh?” only use the contribution of i@ .
etrization of SPDs, restoring the correct polynomiality prop-tﬁrmf(zn'. Moare detailed stud:je; of EVCI,? olbservibleernh
erties[28] of SPDs[29]. The D-term contribution to SPDs the function E(x,£) computed in the chiral quark-soliton

e del[31,32 will be published elsewhere.
has a support only fdix|<|¢|, so that it is “invisible” in the ~ M© ) )
forward limit. The D term is an isoscalar contribution, and 1 he functionD(z) can be expanded in odd Gegenbauer

adds therefore the same function for each flduoEq. (17), polynomials
N;=3 is the number of active flavols D(z,t=0)
For the double distributions, entering E@8), we use the ’
following model suggested if27]: =(1-29)[d,C¥z)+dsC¥2) +dsC¥A2)+ - - - 1.

F(2b+2) [(1-|p)?-a? 23

FA(B,a)= 0BTy 1) (1-|g[)2*L q(B), For the momentsl,,d;,ds, we use the estimate which is
(19) based on the calculation of SPDs in the chiral quark-soliton
model[31] at a low normalization poink~0.6 GeV, which

whereq(B) is the corresponding forward parton distribution 9'V€S

ensuring the correct forward limit for the SPH(x,0) L _ L

=q(x). We use the phenomenological forward parton distri- di~=40, dg~-12, ds~-04, 249
butions (including their evolution as input. In Eq(19), the  and higher momenfglenoted by the ellipses in ER3)] are
parameteb characterizes the strength of thelependence of small and are neglected in the followifd\otice the nega-
the SPDH(x,£); the limiting caseb— < corresponds to the tive sign of the Gegenbauer coefficients for Béerm in Eq.

¢ independent SPBI(x,£) =q(x). The powerb in EQ. (19  (24), as obtained in the chiral quark-soliton model.

is a free parameter for the valence contributibp,() and for It is interesting to note that for the case of SPDs in the
the sea/antiquark contributiom.,) to the SPD, which can pion, the value of the coefficient, in the parametrization of
be used as a fit parameter in this approach to extract SPORe D term (23) can be computed in a model independent
from DVCS observables. The twist-2 DVCS predictions Ofway. To do this, we can use the soft-pion theorem for the
Ref. [25] correspond to the choicl,,=Dbse,=1.0. In the  singlet SPD in the pion derived {80]. This soft pion theo-
following, we also show all predictions for the vallig,;  rem states that the singlet SPD in the pion vanishes for
=bs.s=1.0, in order to have a point of comparison, and+1:

refer to a future work for a more systematic study of the

;jepe_ndence of DVCS observables on the shape of the profile S H[x, = +11=0]=0. 25)
unction. T ¢
The D-term contribution to the singlet SPDB4$(x,£) and
E(x,&) has the following form: From Eq.(25), one obtaingsee alsd29])
1
X () = —(1—£2yMQ
HP . &)= (6 [x]) D(E)’ 20 f_ldxx(g HY (x,g,t—O))—(l M. (20
« Evaluating Eq(26) at £&=0 determines
EP ‘em‘(x,é):—ﬁ(é—IXI)D(E)- (21

MS= f CaxxS [a™(x)+q™(x)], 27)
0 q

Note that theD-term contribution is cancelled in the combi-
nationH +E to ensure the polynomiality conditiofior odd  being the fraction of the momentum carried by the quarks
N) and antiquarks in the pion. As the highest poweé€im Eq.

°The name ‘D term” is derived from(more or less arbitrajy 3In what follows we neglect the scale dependence of the result
notation used in Ref29], and to some extent is confusing because(24), as the uncertainties in the modeling of theterm are larger
of its similarity to the terminology used in supersymmetric theories,than the logarithmic scale dependence, for the scales considered in
especially when the first term in E¢L7) is called an ‘F term.” our calculations.
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(26) (i.e., the term in¢?) originates solely from th® term, s 3 106 —10 u
one easily obtains the following expression for the pon 1 e e
term: s
)
g "

D™ (2)= - %(kz%[d”%zw el (29

We see therefore that the first Gegenbauer coefficient of the
pion D term is negative and strictly nonzero. The coinci-
dence of the signs in the nucleon and pi@iterms hints that
the D term in the nucleon is intimately related to the spon-
taneous breaking of the chiral symmetry. .
When using the parametrization of Ed.7) for the pion, -1 E
the soft pion theoren25) imposes a condition between both
terms, and fixes the piob term completely in terms of the

B M S B
-1 08 -06 -04 02 O 02 04 06 08 1

isosinglet double distribution as follows: X
1 1-B| FIG. 1. SPDHY(x,&) for the u quark obtained from the double
D(M(z)= _f dﬁf dad(z—B—a) X FUB,a). distribution modek19) [solid curve; (1+xdx+ £3,)H(x,&) [dot-
-1 ~1+1Bl 4 ted curvd, andD term (23) [dashed-dotted curyet a fixed value
(29 of £=0.3.
Therefore, when studying DVCS off the pion it is enough to ~
model the double distribution; the correspondidgerm is FWP M, €)=0. (32
restored by using the soft pion theorems. For the nucleon,
both terms in Eq(17) are parametrized independently. Therefore the contribution of thB term to the DVCS am-

For thet-dependence of thie term we use, in the absence pitude can be easily added separately from the contribution
of more detailed knowledge, the same factorized form factops the double distribution patitip of Eq. (19). Obviously
ansatz as for the double distribution paifp . the D term contributes to the real part of the amplitude only.

We next turn to the calculation of the twist-3 terms. For | Fig. 1, we plot for illustrative purposed¥(x,&) ob-
their evaluation, we need in particular derivatives of the SPQained from the mode(19) with byy=be.=1. We use as
H(x,£), which can be computed in terms of derivatives ofinpuyt for the forward quark distribution the MRST8ore
double distributions, using the obvious result: precisely the so-called “central gluon”parametrization

[33]. In Fig. 1, we also show separately the contribution of

e i the D term (23), as well as the combination (1xd,
(X&X+§§§)HDD(X:§) N y . , :
£d-)HY(x,€) which enters the twist-3 SPDs in WW ap-
1 5 proximation.
=—Hpp(X,&)+ f dg— To model the SPIH, we make use of its representation in
-1 € terms of double distributions in the same way as for the
1- 1] IF(B,a) function H; see Eqs(17)—(19). For the forward polarized
xf daé(x—ﬂ—ag)—’. (30) parton distributions, we us@s in[25]) the parametrization
—1+|g] da of Ref.[34]. Note that calculations in the chiral quark-soliton

model of the function$l [26] show that the correspondiriy
term is very small and can be neglected.

As a model forE we take the contribution of the pion
pole[35-37,26 of the form

For the model of Eq(19), the derivative with respect t@ in
Eq. (30) is easily performed,

JF(B,@)  ba T(2b+2) [(1-|B])*—a?]"*

@ P Tmen  a-gyr P -
(31) ~ 4gAM 1 X
Eronpoty 5= — o | X px<6), (39
—t+m2 77\

m

Note that although generically the derivatives of a SPD
H(x,&€) with respect tox and ¢ are discontinuous at the
pointsx= * &, the combinationXdy,+ £d,)Hpp(X,§) is con-
tinuous in these points. The contribution of tRdéerm to the
“transverse” SPDsF* andF* has been computed in Ref.
[13] with the result

whereg, is the axial charge of the nucleon agd(z) is the
pion distribution amplitud€DA). The calculations are per-
formed with an asymptotic DA for the pion. Again the con-
tribution of the pion pole to the “transverse” functiofs’

andlEf has been computed [13] with the result

A X
F\LVWDternw(X,g):_zgfl\‘A <<:|_>>D(E o(|x|=¢), FYLVW,PionDOIe(X’g)ZO,
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R A 4g2M2% 1 (x ele"+p—oelet +p+y
PP, £) = () — o 5 a3 2
2 ST WY T T 2 €T E,=27GeV, 0" = 2.5 GeV’, x3 = 0.3, t = -0.25 GV’
m ~ 0035
X O(|x|<&). (34) }('5 003 |
E 0.025 |
IV. RESULTS AND DISCUSSION — F
S o0m
In this section, we present our results for the DVCS ob- g :
servables. We give all results for the invariant cross section = 09015
of the e p—epy reaction, which is differential with respect N-é 001 [
to Q?, xg, t, and out-of-plane angl® (®=0° corresponds g :
to the situation where the real photon is emitted in the same =, 0.005
half plane as the leptopsThe invariante p—epy cross sec- g 0
tion is given by
~ 025 [
— / E
do _ 1 xay’| . aM?2x3\ 12 ¢ ok
dQZdxgdtdd (2m)%32 Q% | Q2 T oo1s |
@) E
= 0.1 E
X| T+ Teved? (35 = oos |
. © E
whereM is the nucleon masy=(p-q)/(p-k), andk is the '\ 0 3
initial lepton four momentum. In thep—epy reaction, the ¢ 0% ¢
final photon can be emitted either by the proton or by the 01 E
lepton. The former process is referred to as the fully VCS 015
processlamplitude Tgycs in EQ. (35)], which includes the 02 F
| | [ | ‘ | | | |

leptonic current. The process where the photon is emittec -0.25 (;' T 20 6 80 100 120 140 160 180
from the initial or final lepton is referred to as the Bethe-

Heitler (BH) procesgamplitudeTgy in Eq.(35)], and can be © (deg)
calculated exactly. For further technical details of #p FIG. 2. Invariant cross section for the p—e~py reaction
—epy reaction and observables, we refer to RE2R,38|. (upper panéland DVCS charge asymmetfjower panel at E,

When calculating twist-3 effects in DVCS observables,=27 GeV for the DVCS kinematics as indicated in the figure.
we show all results with the exact expression for the BHpotted curves: BH contribution; dashed curves: BH twist-2
amplitude, i.e., we dmot expand the BH amplitude in pow- DVCS (without D term); dashed-dotted curves: BH twist-2
ers 1/Q. Also in the actual calculations, we use the exacbVCSs (with D term); full curves: BH + twist-3 DVCS.
kinematics for the four momenta of the participating par-
ticles[the kinematics in Eq(4) were shown to twist-3 accu- Fig. 2 can be understood as the sum of this constant twist-2
racy only for simplicity of the presentati¢nin this way we  DVCS cross section, the cross section for the BH process
take (partially) kinematical higher twists into account. Fur- (whose amplitude is purely réaland the interference of the
thermore, when referring to the twist-2 DVCS results, weBH with the relatively small real part of the DVCS ampli-
include those higher twist effects which restore exact transtude(in the valence kinematicgg=0.3, shown in Fig. 2; the
versality of the amplitude as expressed through @d). ratio of real to imaginary parts of the DVCS amplitude with-
Similarly, when referring to the twist-3 DVCS resulfgro- out theD term is around 15%
viding from a longitudinally polarized virtual photgnwe When adding to the twist-2 DVCS amplitude the purely
include the gauge restoring higher twist terms. real D-term contribution, the resulting cross section for the

In Fig. 2, we show thed dependence of thep—epy  full twist-2 DVCS process is given by the dashed-dotted
cross section for a leptogeither electron or positrorof 27 curves in Fig. 2. Atd=180° (where the BH “contamina-
GeV (accessible at HERMBSThe kinematics corresponds tion” is very small), the predominantly imaginary DVCS
to the valence regionxg=0.3) and to a ratiat/Q?=0.1 amplitude(in the absence of thB®-term contribution, and
(remark that increasing the ratidQ? increases the higher the purely reaD term amplitude have only a small interfer-
twist effects. ence. In this region, the DVCS cross section is enhanced by

It is first seen from Fig. 2 that in these kinematics, theabout 10% when using the chiral quark-soliton model esti-
pure twist-2 DVCS process without thigterm contribution  mate of Eqs(23), (24) for the D term. Going to®=0°, the
(dashed curvgsdominates the p— epy cross section com- purely realD term amplitude interferes maximally with the
pared to the BH proces@vhich is sizable only around BH. This interference is destructive for the electron reaction
=0°, where it reaches its maximal vajuén absence of the and constructive for the positron reaction. Therefore, the ef-
BH, the twist-2 DVCS cross section would give a fect of theD term can be very clearly seen in tde depen-
d-independent cross section which practically saturates thdence of the charge asymmetry as shown in the lower panel
ep—epy cross section a® =180°, where the BH is van- of Fig. 2. Including theD-term contribution, the full twist-2
ishingly small. The®d dependence of the dashed curve inDVCS charge asymmetry changes sign and obtains a rather
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el +p—oelet +p+y P;-+p—)e-+p+'y
E,=27GeV, 0*= 5 GeVA x, = 0.3, 1 = -0.25 GeV? E,=27GeV, 0’ = 2.5 GeV*, x; = 0.15, t = -0.25 GeV’
~ 012
~ 00l F Rl
> i < .
> i
O o0lf
_% 0.008 3 s
) L
~ T =008 p,
—_— +
g 0006 1 ) - .
3 S T
@ 0.004 @ L
5 S 004
~ ""O L
g 0.002 2 o0 F
~ ~ L
o i
'_86 0 | ) | | | | | \ _8 0o L I I I I I I I I
0 20 40 60 8 100 120 140 160 180 0 20 40 60 8 100 120 140 160 180
~ 9% ¢ < 04
© 02 F % 0.35 E
+ E E it
3 0.15 E 03 E
R ‘
= E 025 -
~ 005 g
© 0 F 02 [
3 005 015 |
~—’ E F 3
01 01 F
015 | ¥,
o2 B 005 [
_0.25E..‘I“‘I.‘.I‘..I.‘.I.“I“‘I‘..I‘.. ) YL S ASPANIN NRPRSUN RO PPN NP B SVRPIN BPRTRN AR
0 20 40 60 8 100 120 140 160 180 0 20 40 60 8 100 120 140 160 180
@ (deg) @ (deg)
FIG. 3. Same as Fig. 2, but f@°=5 GeV?2. FIG. 4. Invariant cross section for the p—e~ py reaction

(upper pangland DVCS SSAlower panel atE,=27 GeV for the
large value €0.15) at®=0°. On the other hand, ab DVCS kinematics as indicated in the figure. Curve conventions as
=180°, where the interference with the Bleind hence the in Fig. 2.
difference betweer™ ande™) is small, the charge asymme-
try is correspondingly small. The pronouncéddependence quently, the cross section follows much more dhdehavior
of the charge asymmetry and its valuedt=0°, provides of the BH process. For the twist-2 cross section, one sees
therefore a nice observable to study fheerm contribution  again clearly the effect of th term which leads, through its
to the SPDs and to check the chiral quark-soliton modeinterference with the BH amplitude, to a charge asymmetry
estimate of Eqs(23), (24). of opposite sign as compared to the one for the twist-2

Adding next the twist-3 effects in the WW approximation DVCS process without th® term.
(full curves, it is seen from Fig. 2 that they induce an addi- The twist-3 effects in the kinematics of Fig. 3, where the
tional (approximatg cos® structure in the cross section. The ratio t/Q? is only half the value of Fig. 2, are correspond-
twist-3 effects would induce an exact gbsstructure only ingly smaller. It is furthermore seen that the twist-3 effects
when the BH amplitude is approximated by its leading terminduce an(approximatg structure~ A cos(2b) in the charge
in an expansion in @, neglecting its additionad depen- asymmetry A~ —0.08 in the kinematics of Fig.)30nly for
dence. In all calculations, we keep however the fbllde-  out-of-plane angle®=130° one sees a deviation from the
pendence of the BH, due to the lepton propagators, whiclsimple cos(®) structure induced by the twist-3 amplitude,
complicates the interference at the low@r One sees from due to the more complicateb dependence when calculating
Fig. 2 that the interference of the twist-3 amplitude with thethe BH amplitude exactly.
BH + twist-2 DVCS amplitude is destructive fob=<90° In Figs. 4 and 5, we compare thie dependence of the
and constructive folb=90°. At ®=0°, the twist-3 effects DVCS cross section and of the single spin asymmgA
reduce the full twist-2 DVCS cross sectigincluding theD corresponding to a polarized electron beam, for the same
term) by about 25%, whereas dt=180°, they largely en- values ofQ? andt as in Figs. 2 and 3, but for a value of
hance the twist-2 DVCS cross sectitioy about 55% xg=0.15. Note that, due to parity invariance, the SSA is odd
To further study the twist-3 effects on tegp—epy cross in ®. We therefore display only half of th& range, i.e.®
section, we show in Fig. 3 the cross section and chargeetween 0° and 180°.
asymmetry at the sang,, xg, andt as in Fig. 2, but at a When comparing Figs. 2, 3, and Figs. 4, 5, it is first seen
valueQ?=5 Ge\”. One first sees that going to high@?,  that the cross sections for thep—epy process increase
at the samé,, xg, andt enhances the relative contribution strongly when decreasing; at fixed Q2 and fixedt, mainly
of the BH process compared to the DVCS process. Consatue to the growth of the BH amplitude. Due to this large BH
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FIG. 5. Same as Fig. 4, but f@?=5 GeV?. FIG. 6. Invariant cross section for the p—e py reaction

(upper pangland DVCS SSAlower panel atE,=11 GeV for the
amplitude, the relative twist-3 effects in Figs. 4, 5 are smalleDVCS kinematics as indicated in the figure. Curve conventions as
than the ones in Figs. 2, 3. However, the large BH amplitudeén Fig. 2.
leads to a large value for the SSA through its interference
with the DVCS process. Afpure twist-2 level, the SSA for a valuet/Q?=0.1, the twist-3 effects on the SSA are of
originates from the interference of the imaginary part of thesimilar size. One therefore observes that although the twist-3
DVCS amplitude and thérea) BH amplitude. In case the effects in WW approximation can provide a sizable contri-
BH is approximated by its leading term in an expansion inbution to the real part of the amplitudEig. 2), they modify
1/Q, the twist-2 SSA displays a pure dinstructure. Due to  the imaginary part, and hence the SSA, to a much lesser
the more complicated dependence of the BH at the lower extent.
values ofQ?, this form gets distorted and its maximum dis-  Finally, we show in Fig. 6 the corresponding cross sec-
placed, as is seen by a comparison of the twist-2 SSA in Figions at 11 GeMJLab, for the sameQ?, xg, andt as in Fig.

4 (Q°=2.5 GeV) and Fig. 5 Q>=5 Ge\?). Note that, 2. From the cross sections, one first observes again the rather
for practical considerations, our “twist-2” DVCS calcula- large effect of theD term, which changes the twist-2 cross
tions include kinematical higher twist terms as well as thesection by around 25%. The relative twist-3 effects on the
gauge-restoring terms according to Etf). Their effect can  cross section are smaller in this case than in Fig. 2, as they
be seen in the slight change in the S@#the percent levg]  are on top of a larger BH amplitude. For the SSA, it is again
due to the DVCS process by itséife., when increasing the observed that the twist-3 effects induce an approximate
real part of the DVCS amplitude by adding tBeterm con-  sin(2D) structure, with amplitude of less than 5% in the va-
tribution, the curves for the SSAs are slightly displacel  lence kinematics considered here.

more systematic treatment of target mass corrections of order
M?/Q?, and corrections of ordet/Q? for DVCS, still re-
mains to be done.

We next discuss the twist-3 effects, calculated in WW  We have estimated the size of twist-3 effects on DVCS
approximation, on the SSA for the DVCS process. One seegbservables in the Wandzura-Wilczek approximation, which
from Fig. 4 that the twist-3 corrections induce @pproxi-  allows us to express the new twist-3 SPDs in terms of twist-2
mate sin(2P) structure in the SSA. The amplitude of the SPDs and their derivatives. The twist-3 effects in WW ap-
sin(2Db) term is, however, rather small and the twist-3 effectsproximation display therefore a new sensitivity to the shape
change the SSA by less than 5% in the kinematics correef the twist-2 SPDs and provide an additional handle in the
sponding tot/Q?=0.1. It was checked that ag=0.3 and  extraction of twist-2 SPDs from DVCS observables. The

V. CONCLUSIONS
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WW approximation relies on the assumption that nucleomarticular, it was shown for the” p—e ™ py reaction atE,

matrix elements of quark-gluon operators are small and can- 57 Gev in valence kinematics¢=0.3), and for a value

be neglected compared to the matrix elements of quark oR72=0.1 (the valuet/Q? governs kinematically the size of

erators. Recent data on polarized structure functions '”d'catl%gher twist effects that the twist-3 effects reduce the full

that this approxi_mati_on holds to g_ood accuracy. Thereforegross section around =0° by around 25%, and largely en-

the WW approximation was considered in this paper as ance the cross section @-=180° (where the BH is very

benchmark to study t_he size of the twist-3 effects.on DVCSsmaID. On the charge asymmetry, the twist-3 effects intro-

obs_ervables. It remains for future stl_de to quantify tht_a r€duce an(approximatg cos(2b) structure, with amplitude

maining twist-3 effects due to matrix elements of mixed 5.5,nd 10% in those same kinematics.

quark-gluo_n operators. _ For the single spin asymmetry, which is proportional to
To provide estimates and to interpret DVCS observablesy,q imaginary part of the DVCS amplitude, the twist-3 ef-

we proposed a two-component parametrization for the SPDg s introduce an(approximatg sin(2b) structure whose

of the nucleon as a sum of a double distribution part abd & 5mpjitude is, however, rather small, so that the SSA gets

term, so as to satisfy the polynomiality conditions. The panged by less than 5% in typical valence kinematics for a

D-term contribution is intimately related to the spontaneoug,muet/Qz:Oll.

breaking of the chiral symmetry and was estimated using the |, summary, we found that thep—epy cross section

chiral quark-sol!ton model. It was shown thqt thg effect Ofand charge asymmetry in the valence region display a sensi-
the D term, which gives a purely real contribution to the g, on twist-3 effects, in particular, through the real part of

DVCS amplitude, can be very clearly seen in the dependencfe ampjitude. In the WW approximation, this sensitivity to

of the ep—epy cross section on the out-of-plane andle  yhe shane of the twist-2 SPDs may be exploited in fact in the
Through its interference with the BH process, Delerm oy ¢raction of those same twist-2 SPDs from DVCS observ-
contribution was seen to change the sign of the DVCShaq sych a systematic study of the extraction of twist-2
charge asymmetry and to lead to a large value for the charg€pps from DVCS observables to twist-3 accuracy in the

asymmetry atb=0°. The pronounced charge asymmetry\\\y approximation seems to be a promising subject for fu-
provides therefore a clear signature to studyEhterm and ;1o work.

to check the chiral estimate given here. The importance of a
guantitative understanding of tHe term is especially em-
phasized by the fact that it contributes considerably to the
DVCS cross section but drops out in the combinattén The authors like to thank K. Goeke, P. A. M. Guichon, D.
+E in Ji's angular momentum sum ruf&]. Mdller, and O. V. Teryaev for useful discussions. The work
The twist-3 effects were seen to give a sizable change aff N. K. was supported by the DFG, project No. 920585; the
the real part of the DVCS amplitude in the valence regionwork of M. V. P. was supported by DFG, BMFB, and
and they introduce afapproximate cos® structure in the COSY; the work of M. Vdh was supported by the DFG
cross section. In kinematics where the DVCS amplitude igSFB443. M. Vdh also likes to thank in particular K. Goeke
comparable to the BH amplitude, one gets sizable effects. Ifor his support and warm hospitality in Bochum.
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