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An off-mass-shell continuation of the dual model with Mandelstam
analyticity is proposed. It can serve as a prototype model for
deeply virtual Compton scattering (DVCS) and generalized parton
distributions (GPD). With the spin dependence included, the
model is fitted to the data on inelastic electron-proton scattering.

Introduction

DVCS combines the features of inelastic processes with
those of an elastic process. The diagram of such a
process, e(k1)+ P, — €'(k2)+ P> +y(g2), is shown in Fig.
1, where e(k;), €'(k2) denote respectively the initial and
final electrons of momenta k1, k-2, and P;, P, denote the
initial and final momenta of the target, correspondingly.

It has been recently realized [1] that a
straightforward generalization of the ordinary parton
densities arises in exclusive two-photon processes in the
so-called generalized Bjorken region, e.g. in Compton
scattering with a highly virtual incoming photon, and
in the hard photoproduction of mesons. Here one finds
off-forward matrix elements, as distinguished from the
forward ones in inclusive reactions.
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DVCS is the hard photoproduction of a real photon,
ie. v*N — ~N'. Being a process involving a single
hadron, it is one of the cleanest tools to construct
GPD, which reduce to ordinary parton distributions
in the forward direction. The theoretical efforts and
achievements are supported by the experimental results
from HERMES, HERA, and CLAS Collaborations, and
encouraging future plans.

DVCS is characterized by three independent four-
momenta: P = P, + P, A = P, — P, and ¢ =
(q1+4q2)/2, where the vectors Py (q1) and P (g2) refer to
the incoming and outgoing proton (photon) momentum,
respectively.

The conventional Bjorken variable is a =
2 P . 2
2PQl_q1, Q? = —¢3, and ¢ = — 25 is the generalized

Bjorken variable. If both photons were virtual, we would
have an extra scaling variable n = ﬁ—_’g, the skewedness
[1, 2]. The reality of the outgoing photon implies the
presence of only one scaling variable. Namely, for ¢3 = 0,
one has

A2 )*1'

77:—5(1+TQQ

(1)

507



A. FLACHI, K. GUDIMA, L.L. JENKOVSZKY et al.

Fig. 1. Kinematics of deeply virtual Compton scattering

The generalized and ordinary Bjorken variables are
related by

A2
L L. (2)
2—x+ oz

Extracting the GPDs from the scattering amplitudes
requires to study a number of observables in different
reactions, electroproduction of mesons and photons
being the main source of information.

Complementarily to ordinary parton distributions,
which measure the probability that a quark or gluon
carry a fraction of z of the hadron momentum,
GPD represents the interference of different wave
functions, one where a parton carries the momentum
fraction = + n and one where this fraction is =z —
1, n being the skewedness and is fixed in DVCS
experiments by external momenta. When z <
1, the GPD should be interpreted as the interference of
the wave hadron function with the wave function of the
hadron accompanied by a g pair. It is reminiscent of the
probability amplitude to extract a meson from a hadron.

Apart from longitudinal momentum fraction
variables, GPDs also depend on the squared momentum
transfer, ¢, between the initial and final hadrons.
A Fourier transform of this transverse momentum
information leads to information on the transverse
location of quarks and gluons in hadrons [2]. In this
way, completely new real-space images of the target
can thus be obtained. Quantum photography of the
proton, nuclei, and other elementary particles with
resolution on the scale of a fraction of femtometer is
thus feasible.

Most of the papers on this subject are based on the
so-called “handbag” approximation borrowed from DIS,
according to which lowest order perturbation theory
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decouples from hadronic dynamics during the short time
of interaction, which is a plausible assumption at large
()%, where perturbative QCD calculations are reliable.
However, most of the existing data are accumulated
at small and intermediate values of %, characterized
by large non-perturbative effects. Moreover, the t-
dependence (at small ¢!) is completely outside the
domain of perturbative QCD and is oversimplified in
this type of calculations.

Another problem for most of the existing models is
the unknown relative phase of the DVCS amplitude.
Experimentally, it can, in principle, be extracted
from the interference between the DVCS and Bethe-
Heitler amplitudes, similar to the case of the
Coulomb interference in the forward cone of elastic
hadron scattering. Theoretically, this phase can be
approximately reconstructed by means of the dispersion
relations or their simplified version of the derivative
dispersion relations, as it was done in [3].

The virtue of the present approach based on a
Regge-pole model is the presence in the scattering
amplitude of #-dependence and of the phase as well as
its explicit energy dependence compatible with unitarity.
At high energies, the contribution of a dipole pomeron
[5] dominates, while subleading contributions (secondary
reggeons) and spin effects become important at moderate
and low energies (for a recent treatment of the problem
see [6]). The dipole pomeron has many successful
applications — both in elastic hadron scattering, DIS
(virtual forward Compton scattering) as well as in
photoproduction of vector mesons [5]. Recently it was
extended to electroproduction of vector mesons [7]. In
this paper, we apply this extension to electroproduction
of real photons at HERA and elsewhere.

In [11—-13], it was suggested to use dual amplitudes
with Mandelstam analyticity (DAMA) as a model for
GPD in general and for DVCS in particular. We recall
that DAMA realizes the duality between direct-channel
resonances and high-energy Regge behavior (“Veneziano-
duality”). By introducing @Q?-dependence in DAMA,
we have extended the model off mass shell and have
shown [11, 12] how the parton-hadron (or “Bloom-
Gilman”) duality is realized in this way. With the above
specification, DAMA can serve as an explicit model valid
for all values of the Mandelstam variables s, t, and u as
well as any (2, thus realizing the ideas of DVCS and
related GPDs.

We start with inclusive electron-nucleon scattering
shown in Fig. 2, both at high energies, typical of HERA,
and low energies, with the JLab data in mind (see [13]
for more details).
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The complex pattern of the nucleon structure
function in the resonance region was developed long
time ago (see, for example [14]). There are several
dozens of resonances in the 7y*p system in the region
above the pion-nucleon threshold, but only a few of
them can be identified more or less unambiguously
for various reasons. Therefore, instead of identifying
each resonance, one considers a few maxima above the
elastic scattering peak, corresponding to some “effective”
resonance contributions. Recent results from the JLab
[8, 9] renewed the interest in the subject and they call for
a more detailed phenomenological analysis of the data
and a better understanding of the underlying dynamics.
The basic idea in our approach is the use the off-mass-
shell continuation of the dual amplitude with nonlinear
complex Regge trajectories.

We adopt the two-component picture of strong
interactions, according to which direct-channel
resonances are dual to cross-channel Regge exchanges
and the smooth background in the s-channel is dual to
the Pomeron exchange in the t-channel. As explained in
[11], the background corresponds in the dual model to a
pole term with exotic trajectory that does not produce
any resonance.

We study inclusive electron-nucleon scattering in
which the central object of study is the nucleon structure
function (SF) uniquely related to the photoproduction
cross section by

2\ _ Q*(1 - x) P
F(2,Q%) = dmafl +4m2x2/Q2)Ut ’

(3)

where the total cross section (including by unitarity
all possible intermediate states allowed by energy and
quantum number conservation), o; P , is the imaginary
part of the forward Compton scattering amplitude,

A(S7 Q2)7
0] P(s) = Tm A(s,Q%) . (4)

The center of mass energy of the 7*p system, the
negative squared photon virtuality @2, and the Bjorken
variable z are related by

s=W?=Q*1—x)/z+m’. (5)

Most, if not all of the two dozens (almost) certain
resonances contribute, with different weights, to the y*IV
total cross section or to the nucleon SF. It is clear that a
systematic account for all these resonances (plus those to
be confirmed) is not an easy task. A much more economic
way to fully account for all possible intermediate states
in the resonance region is in terms of the s-channel
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Fig. 2. Kinematics of deep inelastic scattering

Regge trajectories, which automatically include the huge
number of resonances as recurrences, appearing on
the trajectories. Also, by generalizing the concept of
a resonance (a Regge trajectory realizes the analytic
continuation of the discrete resonance spin and is an
indispensable ingredient of dual models!), the trajectory
may also be used to classify the resonances by
eliminating some candidates and predicting others. The
above mentioned resonances lie on several trajectories:
positive- and negative-parity N* and A trajectories.
We use Regge trajectories with a threshold
singularity and nonvanishing imaginary part in the form:

a(s) =ap + a1s + az(y/so — Vso — ), (6)

where sg is the lightest threshold, sy = (m, + m,)* =
1.14 GeV? in our case [11—13, 19].
We take the exotic trajectory as

ag(s) = ap(0) + a1p(Vse — Vse — s), (7)

where the intercept ag(0), aip, and the effective
exotic threshold sp are free parameters. As the first
approximation, we can assume the following expression
for the exotic trajectory [11]:

ap(s) =0.5+0.12(y/sg — Vsg — s) , (8)

where sp = 1.311 GeV?2.

1. The Model

We present the form factors as sums of three terms
[18, 20]: G+ (Q?), Go(Q?) and G_(Q?), corresponding
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to v*N — R helicity transition amplitudes in the rest
frame of the resonance R:

R, Ar = An — Ay|J(0)|V, A
G}\:<7R N ’Y|()| 7N>7 (9)

K m

where Ag, Ay, and ), are the resonance, nucleon and
photon helicities, J(0) is the current operator; A,
assumes the values —1,0 and +1. Correspondingly, the
squared form factor [13] is given by a sum

G+(Q)7 +2IGo (@) + G- (Q*) .

The explicit form of these form factors is known
only near their thresholds |¢g] — 0, while their large-
@Q? behavior may be constrained by the quark counting
rules.

According to [21], near the threshold, one has

Ga(Q%) ~ 7172, Go(Q?) ~ %m“”

for the so-called normal (1/2% — 3/27,5/2%,7/27,..)
transitions and

Gi(Q2 ~ |lﬂJ_1/2, GO(Q2) ~ %|(ﬂ.]+1/2

- 1/27, 3/2%,5/27,..)

(10)

(11)

(12)

for the anomalous (1/2%
transitions, where

\/(Mz —m2— Qz)z + 4M2Q2
2M ’
M2 —m2 — Qz
2M ’

M is a resonance mass.

Following the quark counting rules, in [20] (for a
recent treatment, see [18]), the large-Q? behavior of G’s
was assumed to be

G+ ~ Q737 GO ~ Q747 G_ ~ Q75'

9] =

qo =

(15)

Let us note that while this is reasonable (modulo
logarithmic factors) for elastic form factors, it may
not be true any more for inelastic (transition) form
factors. For example, dual models (see Eq. (1) and
[11]) predict powers of the form factors to increase with
increasing excitation (resonance spin). This discrepancy
can be resolved only experimentally, although a
model-independent analysis of the Q?-dependence for
various nuclear excitations is biased by the (unknown)
background.

In [18], the following expressions for the G’s,
combining the above threshold- (11), (12) with the
asymptotic behavior (15), was suggested:

|G+]? = |G£(0)]x
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|ql=0 @* + QF Q* +QF

2a
2 2
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a e N\ e\ )

|7lo=0 @* + QF Q2+ Qf
for the normal transitions and
G£|* = 1G(0)]*x

a__er \(_aee \™ )

X )

|7lo=0 Q% + QF Q* +Qf

2a
2
Gol* =0 =22 & X
Gl (Qz +@Q)
. 2J+1 mo

X ﬁig ‘ 762% (19)

|(ﬂ2 Q2+Q62 Q2+Q%
for the anomalous ones, where my =3, mg =4, m_ =5

count the quarks, C' and a are free parameters. The form
factors at Q% = 0 are related to the known (measurable)
helicity photoproduction amplitudes A/, and A3/, by

1 [ M
|G+,*(0)|:\/m M_m|A1/2,3/2|'

The values of the helicity amplitudes are quoted by
experimentalists [15] (those relevant to the present
discussion are compiled also in [18]).

(20)

2. Comparison with Data

We have fitted the above model to the JLab data
[8, 9] by keeping the contribution from three prominent
resonances, namely A(1232), N*(1520) and N*(1680),
i.e. we have used only three baryon trajectories with
one resonance on each (for more details, see [19] and
references therein).

As argued in [11], only a limited number of
resonances appears on the trajectories, i.e. their real
part is bounded. For practical reasons, we have replaced
the formal condition Re a(s) < const by a finite sum
(actually this sum has only one term in our case),
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introducing a linear term in the baryon trajectory to
approximate the contribution from heavy thresholds (see
Eq. (6)).

Since, by definition, the smooth background does not
show any resonance, here we keep also only one term in
the corresponding sum.

For the sake of simplicity, we also neglected the cross
term containing Gy (and the coefficient C'), since it is
small relative to the other two terms in Eq. (10) [18].

To be specific, we write explicitly three resonance
terms to be fitted to the data:

Im A(s,Q?) = normx

fAIA fN—IN—
“NO—Rap+X T OBy 2+ "

(21)

fn+In+
(2—Ry+)2+ I3

+ + background} ,

where, e.g., fa is calculated according to Egs. (10), (16),
(18):

|_1 9 2J—1=2
= 7 _ Yo
Ja= <|q-1Q:oQ2+fo> "

3 5
o Q3 2 Q3 .
><<|G+(0)| <QQTQ%> +1G-(0)] <Q2+Q%> >’

(22)

R and I denote the real and imaginary parts of the
relevant trajectory specified by the subscript. Similar
expressions can be easily cast for fy+ and for fy- as
well.

The background is modeled in the following way [19]:

felr
(np™ — Rp)? + 1%

4
g Q7

The form factors at Q2 = 0 can be simply calculated
from Eq. (20) by inserting in the known [15] (see also
Table 1 in [18]) values of the relevant photoproduction
amplitudes, GeV~—1/2:

background = (23)

(24)

AN(1520))(1/2,3/2) = (—0.022, 0.167);
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An(1680)(1/2,3/2) = (=0.017, 0.127).

The resulting fit to the SLAC and JLab data is
presented in Table. The fit is not so good (x3,; =
9.4), but we would like to stress that this is actually
only the first rough fit over the new dataset without
any preselection. What was done is actually the
following. In [19], we have performed fit with the same
parameterization over the 662 preselected (see Ref. [13]
for details) points from [8]. For new fit presented here,
we have added to the above points the complete dataset
from [9], which is actually much bigger — 4191 points.
The work is still in progress and we are planning to come
up with better fit.

Conclusions

We started from idea that deep inelastic scattering can
be described by a sum of direct channel resonances lying
on Regge trajectories. The form of these trajectories is
crucial for the dynamics. It is constrained by analyticity,
unitarity, and by the experimental data. The dual model
includes the spin and helicity structure of the amplitudes
as well as its threshold behavior.

The important step performed in our work after [18]
is the “Reggization” of the Breit—Wigner pole terms
(21), i.e. single resonance terms in [18] are replaced by
those including relevant baryon trajectories. The form of
these trajectories, constrained by analyticity, unitarity,
and by the experimental data is crucial for the dynamics.
The use of baryon trajectories instead of individual

The parameters of the fit

o —0.8377 (fixed)®
Ny ay 0.9620
as 0.1673
@p -0.37(fixed)®
N3 ap 0.9806
as 0.0741
o 0.0038 (fixed)®
A ay 0.8910
as 0.1529
50, GeV? 1.14 (fixed)®
ap 0.1019
Qs 0.3372
E sg, GeV2 1.3085
Gexot 3.6980
Q2 ., GeV? 4.6006
Q2 2.5000
QL 0.4058
norm 0.0674
X3 ¢ 9.4036

N ot e. © Using intercepts and thresholds as free parameters do not

improve the fit, but intercepts may get values far from original.
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resonances not only makes the model economical (several
resonances are replaced by one trajectory) but also helps
in classifying the resonances, by including the “right”
ones and eliminating those nonexistent.

To fix the ideas and to make a rough fit to the
data, we constructed a simplified model with just 3
baryon trajectories, in which heavy thresholds have
been replaced for simpicity by a linear term, and with
the lowest-lying resonances. In fact, apart from the
“prominent” three resonances, many more should be
included by means of relevant baryon trajectories. To
this end, an independent study of baryon trajectories
and updated fits to dozens of existing resonances should
be done. We intend to continue working in this direction.

L.J. and V.M. acknowledge the support by INTAS,
Grant 00-00366.
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IJIMBOKOHEIIPY2KHE KOMIITOHIBCHBKE PO3CIAHHSA
TA V3ATAJIBHEHI I[TAPTOHHI PO3IIO/II/IN

A. @Paaxi, K. I'ydima, JI. Enkxoscoruti, B. Kyswunos, B. Mazac
Peszmowme

3anpornoHOBAHO MOXKJIMBICTH IOJOBXKEHHSI JyaJIbHOT aMILITy U 3
MaH/IeJIbIITAMiBCHKOI) aHAJITUYHICTIO 33 MaCcOBY IOBEpXHIO. Taka
AMILTITYZa MOXKE CIYKHUTH K MOIEIb TIMOOKOHEIPY?KHOTO KOM-
NTOHIBCHKOIO PO3CifHHS Ta y3arajbHEHUX IAPTOHHUX PO3IOALIIB.
Ilicnsa BKIIOYEHHS [0 MOMAEJi CIIHOBOI 3aJI€2KHOCTI IMIPOBEIEHO
MOPIBHSIHHS 3 €KCIIEPUMEHTAJbHUMHU [TaHUMH PO HENPYXKHE PO3-
CigHHS eJIeKTPOHIB HA MMPOTOHAX.

T'JIVBOKOHEVYIIPYT'OE KOMIITOHOBCKOE
PACCEAHUE 1 OBOBUIEHHBIE
ITAPTOHHBIE PACIIPEJEJIEHI A

A. @Paaxu, K. I'youma, JI. Enkosckuti, B. Kyswunos, B. Mazac
Peszmowme

[IpenmoxeH myTh BBIXOAA AyabHON aMILIHTYIbI C MAaHIEIbIITA-
MOBCKOH QHAJIHTHIHOCTHIO 33 MACCOBYIO IMOBEPXHOCTH. Takas am-
IJIATY A MOXKET CJIY>KHATh MOJIEJBI0 INIyDOKOHEYNPYroro KOMIITO-
HOBCKOI'O DaCCesiHAsI U ODODIIEHHBIX MAPTOHHBIX PACIPEIeeHui.
C y4eTOM COMHOBOW 3aBHCHMOCTH BBIIIOJHEHO CPABHEHHE C JKCIIe-
PHMEHTAJIbHBIMA JAHHBIME O HEYIPYIOM PACCESHUH 3JJIEKTPOHOB
HA MPOTOHAX.
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