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The proton, neutron and deuteron structure functions Fs(z,Q?) and gi (z, Q?), measured at inter-
mediate Q?, are analyzed within a Regge approach. This analysis serves to fix the parameters of this
scheme which are then used to calculate, in a unified Regge approach, the properties of p° meson
electroproduction on the proton and the deuteron. In this way, the double-spin asymmetry observed
at HERMES in p° electroproduction on the proton, can be related to the anomalous behavior of
the flavor-singlet part of the spin-dependent structure function gi(z, Q?) at small z.

PACS numbers: 12.40.Nn, 13.60.Le, 13.75.Cs, 13.88.+¢

I. INTRODUCTION

Understanding the spin structure of the nucleon is to-
day one of the main problems in hadron physics. Polar-
ized beams have allowed significant progress in the mea-
surement of the nucleon spin-dependent structure func-
tions in the Deep Inelastic Scattering (DIS) regime. A
result of some of these measurements [[ll] is that, at small
values of Bjgrken z, the neutron spin-dependent struc-
ture function ¢ (z,@?), which according to the SU(6)w
model is dominated by the flavor singlet quark sea part,
exhibits an anomalous behavior. More precisely, at
r — 0, g7(z,Q%) ~ 1/z, while the expected behavior
should be 1/x%1, where a; is a conventional Regge tra-
jectory with appropriate quantum numbers and intercept
g, = —0.5+0.5. Experimental data are thus well de-
scribed in terms of a leading trajectory with an intercept
close to 1, a value reminiscent of the Pomeron. In fact,
this type of behavior at small x was predicted by lead-
ing order perturbative QCD calculations [E] However,
since next-to-leading order corrections to the perturba-
tive BFKL Pomeron [[] are large [}, it is not clear to
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which extent the perturbative description is valid.

In Ref. [{], the observed anomalous behavior of
g7 (z,Q?), was assumed to signal the existence of a flavor-
singlet exchange with large intercept and negative sig-
nature, which was then used to explain the experimen-
tal data on diffractive hadronic reactions: vector me-
son photoproduction at /s ~ 100 GeV, [t|=1+10 GeV?
and proton-proton elastic scattering at 1/s=20+ 60 GeV,
t|=2+10 GeV? [B, fl. This exchange gives sizeable con-
tributions to the differential cross-sections at large en-
ergy due to the large value of its intercept. We called it
f1 since its quantum numbers coincide with those of the
axial vector fi(1285) meson (P=C=+1, negative signa-
ture). The mechanism leading to this exchange in QCD
is not known. The relation of the Pomeron with the scale
anomaly, led us to conjecture a relation between the f;
and the gluonic axial anomaly, since the f; strongly mixes
with gluonic degrees of freedom [f].

In order to investigate this unnatural-parity exchange
the best observables are spin-dependent cross-sections.
For example, we already have shown that the f; ex-
change leads to large double-spin asymmetries in different
diffractive reactions [}, [, §-

For s-channel helicity conserving (SCHC) reactions it
seems reasonable, in the context of the VMD model, to
establish a relation between the matrix elements describ-
ing the structure functions and vector meson electropro-
duction at low —t, as indicated in Fig. 1. This relation
arises naturally in the context of the Regge approach [E],
where the imaginary part of the forward Compton scat-
tering amplitude, relevant to describe DIS structure func-
tions, and the total amplitude for vector meson produc-
tion at —t — 0 are connected.
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The Regge model is a well known approach to describe
diffractive reactions with small momentum transfer and
high energy, a kinematic region where non-perturbative
QCD effects are important. For this reason the investi-
gation of diffraction and structure functions at low z are
important items included into the experimental programs
of the current and future accelerators: HERA, TEVA-
TRON, RHIC, LHC, etc. These studies are expected to
considerably enlarge the insight into the nature of strong
interactions between quarks at large distances [@] Sev-
eral scenarios for the direct relation between the complex
structure of the QCD vacuum and Regge behavior have
been suggested [[L], i3, L.

The effective propagator for the spin-nonflip amplitude
for scattering of two particles with momenta p; and ps
has the following form in Regge theory:

DR(S,t) = —

1 s\ ar(t)—1
sin(rar(t))T(ar(t)) (%) x

X [1 + orcos(mag(t)) — - URsz'n(ﬂ'ozR(t))], (1)

where s = (p1 + p2)%, t = (p1 — p2)?, so is
max(p?, p3, p2, p#), ar(t) describes the Regge trajectory
of the particles exchanged in the ¢ channel and o their
signature, related to the spin J by ¢ = (—1)7. The T
function in the denominator provides the correct ana-
lytic behavior of the amplitude [@] In many cases, a
simpler formula can be used [E], but we prefer the orig-
inal form in order to keep a precise relation between the
real and the imaginary parts of the amplitude. This rela-
tion will be used below to establish a connection between
the properties of the DIS structure functions and those
of vector meson electroproduction off the nucleon as sug-
gested above.

Reggeons, with signature and space parities of the
same sign, o = P (natural parity), have an amplitude
which does not depend on the helicities of the colliding
particles. Their exchange gives the dominant contribu-
tions to the spin-independent nucleon structure functions
and to the total cross-sections. Exchanges with unnat-
ural parity, ¢ = —P, have an amplitude which is pro-
portional to the product of the particle helicities. Thus,
only Reggeons with unnatural parities can contribute to
the spin-dependent structure function g;(z,@Q?). Fur-
thermore, a longitudinal double-spin asymmetry in two-
particle scattering only arises when an unnatural-parity-
exchange contribution to the scattering amplitude exists.

The main goal of this paper is an analysis of the deep-
inelastic structure functions Fh(z,Q?) and gi(z,Q?)
in the framework of the Regge model; the extracted
Reggeon parameters will be used to calculate the elas-
tic cross-section, and finally the double-spin asymmetry,
of p° electroproduction for intermediate values of Q2.

The Regge scheme will be defined by the exchange of
trajectories with very large intercepts (Pomeron and the
‘anomalous’ component of f1) and of secondary Regge
trajectories, namely fs, a2, the ‘normal’ component of

f1 (which will be called f{) and a;. Especially the con-
tributions of secondary Reggeons are considered to be of
importance at HERMES energies, /s = 7 GeV.

II. THE STRUCTURE FUNCTION F(z, Q%) IN A
REGGE APPROACH AT INTERMEDIATE
VALUES OF @2

The parameters of the natural-parity Reggeons in
soft interactions (Q? < 1 GeV?) are quite well known.
They can be obtained from fits to the total hadronic
cross-sections [E] In particular, the parameters of the
Pomeron, f> and as Reggeon trajectories which are rel-
evant for our calculation, are given by the Particle Data
Group [L7):

ap(t) = 1.093+0.25t, Bpyy = Bpnn/3 = 1.6 GeV ™!,
ap,(t) = 0.358+0.9t, B1yqq = Brann/3 =47 GeV ™1,
Qay(t) = 0.545+ 0.9, Burgq = Basnn = 4.9 GeV ™1 (2)

where Brnn and Brgq are the coupling constants for the
Reggeon-nucleon and Reggeon-quark couplings, respec-
tively. The effective Lorentz structure of the coupling
of these Reggeons to nucleons and quarks is assumed to
be v, [E] The values of the slopes of the trajectories,
which cannot be obtained from a fit to the total hadronic
cross-sections, are taken from Ref. [H] The relation be-
tween the couplings to quarks and nucleons is obtained
from the naive constituent quark model. A clear sep-
aration of the secondary Reggeons and the Pomeron is
possible because the energy dependencies of their ampli-
tudes described by the intercepts a(0), otg! ~ s@r(0)~1
are very different. Specifically, the Pomeron contribution
to the total hadronic cross-section rises as s%993, while,
for example, the f, contribution falls as s79-642,

For large virtualities of the scattering particles, the
effective intercepts of the Pomeron and the Reggeons
change [@] In particular, it was measured by the H1
and ZEUS Collaborations at HERA [Rd, R that the ef-
fective Pomeron intercept, extracted from the analysis of
the Fy(z,Q?) structure function, ranges from about 1.1
at Q% ~ 0 to about 1.4 at Q? > 102 GeV?. Therefore,
to make predictions for HERMES (< Q? >=1.7 GeV?),
knowledge of the Pomeron and Reggeons intercepts at
Q? values of a few GeV? is required.

The Regge formulae [@] for the proton and deuteron
structure functions used are

P( 2) Q2
F(r,Q°) = ———5 X
2 Q%+ uy
( Ap Ay, Aa, )
papr(0)—1 Iah(O)—l waaz(O)—l ’
2
d 2\ Q Ap Af2
Fy(2,Q7) = Ry (xap(o)_l +x%(0)_1). (3)

The various structure functions appearing in these equa-
tions represent the SU(3), flavor singlet (the Pomeron),



the SU(2); isoscalar (f2) and the isovector (a2) ex-
changes. The parameter uy effectively accounts for the
scaling violation at small Q? for the natural parity ex-
changes. Using Eq. () we made a fit (not shown) to the
recent I data [P at Q% = 1+ 3 GeV? and = < 0.1
(Regge region). The extracted parameters of Pomeron,
f2 and a2 Reggeons are

Ap = 0.1540.02,
Ay, = 0.46 + 0.05,
Aq, = 0.12+0.11,

ap(0) = 1.20 + 0.01;
ay,(0) = 0.61 + 0.07;
(g, (0) = 0.36 % 0.28;
pn =0.80+0.02GeV.  (4)

This fit provides a value of x? = 191.2 for 164 data points
(x?/ndof=1.17). Tt is evident that already in the semi-
hard region (Q2-values of a few GeV?) modified Regge
intercepts have to be used. The slopes can be assumed
to remain unchanged as they seem to vary quite slowly in
this Q? region [Rf]. Moreover, they have no strong effect
on the double-spin asymmetry.

III. THE SPIN-DEPENDENT STRUCTURE
FUNCTION g;(z,Q%) IN A REGGE APPROACH.

Parameters for unnatural-parity Reggeons have been
extracted earlier using Regge-type phenomenological fits
to the spin-dependent structure function g;(z,Q?) [@,
@] In our approach not only effective intercepts of
Regge exchanges are determined, but also their couplings
with nucleons and quarks. These couplings are a neces-
sary input to the calculation of the double-spin asymme-
try in vector meson electroproduction (see below). We
use the relation between g1 (z, Q%) and the imaginary part
of the spin-dependent forward Compton scattering am-
plitude. By direct calculation (Fig. 1a) the contribution
of the unnatural-parity-Reggeon exchanges to this am-
plitude is obtained as:

" (q,p,S) = 5quﬁRNNCRU( 75)%17511(]9,5)
_ aRO
w RHve 1 — exp{—iragr( ) (2p q) ( )
sin{rar(0)}T (ar(0

where we assume that all exchanges f1, f{ and a; have a
Yovs Lorenz structure for both the quark and the nucleon
vertices. The nucleon spin is denoted by S, and sg ~ Q2
is the characteristic scale in the process.

The factor Ck is given by e2 + €2 + €2 for the SU(3)
singlet ‘anomalous’ exchange (f1), by e2 + €2 for the
SU(2) singlet 'normal’ exchange (f{) and by €2 — €2
for the SU(2)y triplet a;; R*/® is given by Ref. [R7]

oo [ Ak 1
wee =2 Gt 02— m2)((k —gF —m2 < (O

Tr(mg + k + §)7" (mq + k)7 (mq + k + @)v*3s],

where m, is the mass of the quark in the quark loop in
Fig. 1.

Using the relation @(p, S)vavsu(p, S) = 2mS,, and the
formula

ro 1 THV
Rwe — oadre e (7)
for —¢* >>m} [BY we have

m
Tuu(qupv S) = FCRBquﬁRNNSaqTGTMUQ X (8)

1 —exp{—irar(0)} /2p-q\*r(0)-1
Xsin{waR(O)}I‘(aR(O))( Q? ) '

This expression is compared to the general form

T =

m
(spin) Zeﬂyaﬁqa‘gﬁ p_qT3 + (9)

+ ze“”o‘ﬁqa(Sg(p - q)

—ps(S-9) Ty,

m
(p-a)*
where the DIS structure functions ¢g; and g2 are related

to the amplitudes T3, Ty by

Im(T4)
2r

g1(q,v) = — (10)

and where v =p - q.
By assuming that the structure function go is small,
we obtain

g1(g,v) = w( - )aR(O)fl (11)

21T (g (0)) Q2

Using = = Q%/2v we have

CrBReBrNN Q2
43T (ag(0)) xor(0)’

91z, Q%) = (12)

This form does not yet provide the correct scaling be-
havior for the structure function at Q? — oo since the
non-locality of the Reggeon-quark vertex in Fig. la was
not taken into account. Phenomenologically, this can be
accomplished by introducing a form factor (as has been
done in the Pomeron case [9]):

2 1
F = =7, 13
@)= 5w (13)
where uy is the effective parameter describing the scaling
violation at low @Q? for the unnatural-parity Reggeons.
Then the contribution of a Reggeon to the g;(z,Q?)
structure function reads

/LUCRBquBRNN Q2 1
47T (ag(0)) Q2 + ug xor(©)

g1(w, Q%) = (14)

which provides the correct scaling behavior of the struc-
ture function at large Q2.

The parameters of the Reggeons with unnatural parity
can be found from a fit to the available data on polarized
DIS. Since data exist for proton, neutron and deuteron



targets, this allows the separation of the isoscalar and
isovector parts of the respective structure functions

@ (2,Q%) = ¢\ (2,Q%) + ¢¥(z,Q%),
9 (2,Q%) = ¢\ (@,Q% - ¢!V (z,Q?),
g, Q% = ¢V (x,Q%), (15)

where g{"(z,Q?) and ¢\®(z,Q?) are the isoscalar and
isovector components, respectively.

It was pointed out [@] that the isoscalar part contains
two components: ‘normal’ and ‘anomalous’. The ‘nor-
mal’ component has an intercept of a(0) ~ 0.5 while the
‘anomalous’ has a large intercept, a(0) close to 1. Us-
ing Eq. ), the structure functions in Eq. ) can be
written

2 1t BradBpNn  QF 1 I
3 47T3l—‘(af1 (O)) Q? + pf 20 (0
§M%}ﬁf{qqﬁf{NN Q2 1

9 47T31"(af{ (0)) Q%+ ugy xor1

lﬂ%ﬂaquﬁalNN Q2 1
3 47T (g, (0)) Q2 4 pfy ¥ (0

9 (z,Q?) =

9, Q%) =

(16)

For the fit we use the available data on gi(z,Q2) [
in the same kinematic region (Q? = 1 + 3 GeV? and
2 < 0.1) which has been used above in fitting Fy(z, Q?).
Unfortunately, the amount of data available from polar-
ized lepton-nucleon scattering is much smaller than that
in the unpolarized case. The number of fit parameters
therefore had to be decreased in order to get a high fit
quality. Thus we assume a degeneracy of the 'normal’
isovector fi and isoscalar A; trajectories, analogous to
the well known case of the degeneracy of w and p trajec-
tories. Moreover we take their coupling to quarks to be
equal. Under these conditions the total contribution of
thef] and Ay to the neutron structure function g7 exactly
vanishes, as it should be in a valence SU(6)y model for
nucleon structure functions.
The resulting parameters are:

ap (0) = 0.88+0.14, (17)
BrraaBrinN = —3.04+2.42 GeV ™2,
ap(0) = @, (0) =0.62+0.13,
3 _
BiraaBpNN = gﬁAquﬁAlNN =13.57+9.79 GeV 2,
py = 1.4540.59 GeV, (18)

which yield a common x? value of 31.8 for 53 data points
(22 for g7, 14 for g? and 17 for g{). We found that
using different values of py; for the ‘anomalous’, isoscalar
and isovector components does not provide a substantial
improvement of the x2? value.Therefore we used the same
py for the three channels.

As before, we take that the slopes of the fi and a;
exchanges to be the standard Reggeon value, i.e. 0.9
GeV~2, while for the f; exchange we take the slope to
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be zero, as established in Ref. [J]. We mention again that
the effect of the slopes on the double-spin asymmetry is
negligible.

The result of our fit to g;(z, @?) in the Regge region
x < 0.1, presented in Fig. E— , leads to the conclusion
that our model is in good agreement with the available
data. This supports the expectation that it may describe
not only the structure functions F5 and g1, but — in the
context of SCHC — also vector meson production at small
values of —t.

IV. THE CROSS-SECTION OF VECTOR
MESON ELECTROPRODUCTION

The cross-section of vector meson electroproduction
reads (cf. Fig. 1b):

do \M(t)[2.
A e i (19)
dit] — 64mW2(qem)?

where (Gem)? = (W* + Q" + my, +2W?Q* — 2W?m; +
2Q°m2)/AW?, W is the center-of-mass energy of the
virtual-photon proton system and m,, is the proton mass.

It was found [ff, P9, Bd] that the main features of the
photoproduction reaction can be reproduced within a
simple non-relativistic model for the vector meson wave
function, where the quark and the anti-quark form the
meson only if they have equal momenta. Above Q2 ~
3 GeV?, the quark’s off-shellness and Fermi motion in-
side the vector meson have to be taken into account [BI].
At smaller Q? these effects are not important and the
non-relativistic model is applicable. In this framework,
the Pomeron, f» and A; Reggeon exchange amplitudes
read [f

3myleto— _
My 4Ogmvﬂqu5RNN\/ %U(pz)”mu(pl) X

(g;wqa - guapl(/ - guaqy)afytal\// %

¢ +t—mi
ey )™ =
- el s,
e iy ()

where my, is the mass of the vector meson, Cﬁ =ey—€q
for the Pomeron and fs exchanges, while C’fl\g = e, + eq,
and ['o+.- is its leptonic width. The parameters of the
exchanges have been fixed above : Spyq = BpNn/3=1.6
Gevilv ﬁfzqq = 6]"2NN/3 =4.7 Gevilvﬁtmqq = ﬁazNN =
4.9 GeV™ ap(t) =1.20+0.25 ¢, ay, (t) = 0.64 + 0.9 ¢.
aq,(t) = 0.36 + 0.9 t. The vector form factor of the



Pomeron-NN vertex is [29]

A4m? — 2.8t
Vv _ p
Fp = (4m2 — t)(1 — t/0.71)%’ (21)

We assume that the Pomeron and fa Reggeon vertices
have the same form factors. An additional factor has to
be included to take into account the non-locality of these
vertices,

ey
pk + Q% —t’

where uny = 0.8 GeV according to Eq. ()

In a similar way one can obtain the unnatural-parity
Reggeon contribution to the vector meson production
amplitude [f.

(22)

3va€+€7
My = 4my C¥ BregBrNN || ———— X

e#uaﬁqﬁsﬁal{/ﬁ(pg)%’yau(pl) :“2U "
x 2 2 5 5 PR (t) %
q= +t—my Q%+ ug
y 1 —exp{—iragr(t)} (i)aR(t)ﬂ _
sin{rar(t)}T (QR(t)) Q2
_ 8CRA Ay BRreg BrNNG®  [3myTete- . (23)

1 —exp{—imag(t)} /s \or®) pup N
sin{mar(t)}T (ar(t)) (Qz) Q% + ug, ®),

where A, and A, are the helicities of the photon and
the proton, respectively, and C’% = e, — eq for the
‘anomalous’ f1 exchange and the ‘normal’ f] Reggeon,
while CY = ey + eq. According to Egs. -9,
the central values of the parameters of the exchanges
are: ay(t) = af(0) = 0.88, Opebpny = —3.04
G6V72, apr (t) = Qq, (t) = 0.622+4+ 0.9 ¢, ﬁj'{qqﬂf{NN =
3B4,qaBa, NN = 13.57 GeV 2, py = 1.45 GeV.

The axial vector form factor in the Reggeon-nucleon
vertex is given by [BJ

1

Fip(t) = (1—¢t/1.17)%

(24)

Only the transverse cross-section of p® meson electro-
production is necessary to calculate double-spin asym-
metries. As can be seen from Fig. E7 the model de-
scribed above is in fair agreement with experimental
data , @]

It is, however, necessary to verify whether the assump-
tion of s-channel helicity conservation is valid for the
description of p° electroproduction at HERMES. Oth-
erwise, a large contribution from the spin-flip amplitude
could exist which does not enter the matrix elements re-
lated to the structure functions and an important ingre-
dient in the reaction mechanism could be lost. Experi-
mentally [@] it was measured that the violation of SCHC
is less than 10% .

V. THE DOUBLE-SPIN ASYMMETRY IN ,°
MESON ELECTROPRODUCTION

Recently, HERMES has published data on a sizeable
double-spin asymmetry in p meson electroproduction on
the proton [@] It is not be expected that perturba-
tive QCD calculations can explain this result, because
for p° production at HERMES energy there is no hard
scale available. In general, pQCD calculations based
on two gluon-exchange in the ¢-channel predict a very
small asymmetry at t=0 [, . The phenomenological
Regge approach used here takes effectively into account
non-perturbative effects of QCD which are important at
HERMES energies.

The longitudinal double-spin asymmetry A} for the
interaction of transverse photons with a longitudinally
polarized nucleon is defined as:

1/2 3/2 1/2 2 3/2 2
op " —0o [ My (8)|° — | Mz~ ()]
A}/(t) T T T T

ol P+ oy M)+ M)

(25)

Here Mr}/ % and M:?/ % denote the transverse virtual pho-
ton scattering amplitudes where the superscript describes
the projection of the total spin of the photon-nucleon sys-
tem to the direction of the photon momentum. The am-

plitudes M%/ 23/2 contain spin-independent parts made

up by exchanges with natural parity (M le/ 23/ 2) and spin-
dependent parts made up by exchanges with unnatural

parity (M,l/ 28/ %). Between them the following relations
hold

MY = MYP@),  MP() = -0, (26)
Then
Re{M/*(t)}Re{M}/*(t)}
M) + (M (1)2
Im{ My (1)} m{My/* (1)}
M2 + [P

AY(t) = 2

(27)

At this point this asymmetry can be analyzed qualita-
tively. Both types of amplitudes contain real and imag-
inary parts. The sign of the imaginary part can be de-
termined using the optical theorem, the sign of the real
part follows from the Regge formula given in Eq. (f]). The
optical theorem reads

Otot = é]m{M(s,O)}. (28)

Since the total cross-section of photon-nucleon scat-
tering is positive, the imaginary parts of the forward
photon-nucleon scattering amplitude for Pomeron and
f2 Reggeon exchanges are positive. It then follows from
Eq. (m) that their real parts are negative. In the same way
we deduce that the difference of imaginary parts of the
photon-nucleon elastic scattering amplitude with anti-

parallel and parallel spins AMy = M}/Q—M{O}/2 = 2M[1/2



is positive if the contribution of the corresponding ex-
change to the structure function g;(z, Q%) ~ o'/% — ¢3/2
is positive. The real part of AMy in this case is also pos-
itive. If the contribution to the spin structure function
g1(z, Q%) is negative, the imaginary and real parts of the
difference AMy are negative.

It is worthwhile to note that a direct estimate of the
vector meson production asymmetry based on the rela-
tion AV ~ 2APTS [BY], even in the context of SCHC,
does inherently not include the real part of the vector
meson production amplitude as the DIS data on g; and
F5 are connected only to the imaginary part. For a full
description, however, a way must be found to construct
the real part which, in this paper, was chosen to be the
Regge approach described above.

For the ‘anomalous’ f1 exchange, the real part is much
larger than the imaginary part and therefore this ex-
change should give a positive contribution to the asym-
metry. For f| and a; exchanges, real and imaginary parts
of the amplitudes contribute with different signs to the
asymmetry. For scattering on the proton, their real parts
give a negative asymmetry, and the imaginary parts give
a positive one. This is also the case for f; exchange when
scattering on the neutron and on the deuteron. For a;
exchange in the case of scattering on the neutron, the
real part of the amplitude leads to a positive double-spin
asymmetry and the imaginary part leads to a negative
one. Altogether, this discussion applies only to the re-
gion of small |t| where the corresponding amplitudes do
not change sign (o = 0). Since the elastic cross-section
originates mainly from the small |¢| region, we expect this
qualitative analysis to be valid.

The calculated predictions for double-spin asymme-
tries are shown in Figs. 6-13. Shaded areas were chosen
to illustrate the range in the predictions obtained when
different values for the ‘anomalous’ f; intercept are used.
The upper limit of this range, 0.74 — 0.93 (cf. Eq. [17),
is determined by the restriction that it is necessary to
reproduce the transverse cross section shown in Fig. 5.
Intercept values very close to unity are excluded, because
otherwise the propagator in Eq. (1) would yield a too
large contribution for ay, — 1.

From the figures it is evident that the contributions of
the secondary fi and a; Reggeons to the asymmetry are
not small. At HERMES energies, they are of about the
same size as the contribution of the ‘anomalous’ f; ex-
change which we considered previously [ﬂ] within another
approach.

More information about the flavor composition of the
asymmetry can be obtained when considering the case
of the deuteron and the neutron. For the deuteron the
isovector exchange contribution to A} vanishes, and for
the neutron it comes with the opposite sign and partly
cancels the regular isoscalar part. By this reason the

‘anomalous’ part can be observed best when studying
data on the neutron.

The dependencies of the double-spin asymmetry A{,
on various kinematic variables are displayed in these fig-
ures for proton and deuteron. The Regge-based pre-
dictions were calculated for the HERMES kinematics
, (W)=4.9 GeV, (Q*)=1.7 GeV?, (2)=0.07, and com-
pared to measurements of p° electroproduction at HER-
MES [@, @, @] on proton and deuteron. Although
qualitative agreement can be seen only in the case of the
proton, it is evident that experimental data with consid-
erably improved precision are required.

VI. CONCLUSIONS

In summary, the nucleon structure functions Fy(z, Q?)
and g1 (7, Q%) were analyzed in the framework of a Regge
approach. From the data on deep inelastic scattering on
the proton, neutron and deuteron we derived the param-
eters of Reggeons with natural and unnatural parities
in the region Q?=1+3 GeV2. Using this parameteriza-
tion and a non-relativistic model of p° meson formation
which provides a fair description of the cross-section, we
calculated the double-spin asymmetry of p° meson elec-
troproduction at HERMES energies.

In this study we have used a unified approach to both
DIS spin-dependent structure functions and vector me-
son electroproduction, in the context of s-channel helicity
conservation. In this approach the obtained large value
of the double-spin asymmetry in p meson production
is correlated with the anomalous behavior of the flavor-
singlet part of the structure function g;(z,Q?) at small
z. In the case that future measurements will not con-
firm such a large asymmetry, for a Regge-type analysis
it would have to be concluded that the ‘anomalous’ f;
exchange is not a simple Regge pole but has a more com-
plicated structure, e.g. a Regge cut.
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FIG. 1: S- channel helicity conservation implies that the same exchanges describe the structure functions (F> and g1) of inclusive
deep inelastic lepton scattering [panel a)] and of vector meson production processes at high energy [panel b)].
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FIG. 2: The result of the fit of the proton structure func-
tion g1(x, @?) in the Regge region (z <0.1) and at Q? =
1 -3 GeV? in comparison with the data [fi].
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FIG. 4: The result of the fit of the deuteron structure
function g1(x, Q%) in the Regge region (z <0.1) and at
Q? = 1- 3 GeV? in comparison with the data [[l].
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FIG. 3: The result of the fit of the neutron structure
function g1(x, Q%) in the Regge region (z <0.1) and at
Q? = 1- 3 GeV? in comparison with the data [[[]
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FIG. 5: The cross-section of p° electroproduction by
transverse photons is shown. The data points have been
obtained from the published total and longitudinal cross-
sections measured at HERMES [@] and E665 [@] The
solid, dashed and dotted lines represent the model calcu-
lations at the given Q? values.
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FIG. 6: The E,«-dependence of the double-spin asymme-
try Af on the proton compared to data calculated from
results of HERMES [@] The shaded area corresponds to
the interval of allowed values 0.72+0.93 for the anomalous
f1 intercept (see section V).
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FIG. 8 The Q*-dependence of the double-spin asymme-
try A7 on the proton, compared to results of HERMES
[BY. The notations are the same as in Fig. H
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FIG. 10: The —t-dependence of the double-spin asymme-
try A7 on the proton, compared to results of HERMES
[g] The notations are the same as in Fig. fj

0.8 T T T T

E, GeVv

FIG. 7: The E,~-dependence of the double-spin asymme-
try A7 on the deuteron is shown. The notations are the
same as in Fig. E
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FIG. 9: The Q?*-dependence of the double-spin asymme-
try A% on the deuteron is shown. The notations are the
same as in Fig. Q.
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FIG. 11: The —t-dependence of the double-spin asym-
metry A7 on the deuteron, compared to preliminary
results of HERMES [@] The notations are the same
as in Fig. f.
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FIG. 12: The xz-dependence of the double-spin asymmetry
A% on the proton, compared to results of HERMES @]
The notations are the same as in Fig. H
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HERMES [@] The notations are the same as in Fig. E
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The proton, neutron and deuteron structure functions F»(z, @?) and g; (z, Q?), measured at inter-
mediate )7, are analyzed within a Regge approach. This analysis serves to fix the parameters of this
scheme which are then used to calculate, in a unified Regge approach, the properties of p° meson
electroproduction on the proton and the deuteron. In this way, the double-spin asymmetry observed
at HERMES in p° electroproduction on the proton, can be related to the anomalous behavior of
the flavor-singlet part of the spin-dependent structure function g;(z, @?) at small .

PACS numbers: 12.40.Nn, 13.60.Le, 13.75.Cs, 13.88.+e

I. INTRODUCTION

Understanding the spin structure of the nucleon is to-
day one of the main problems in hadron physics. Polar-
ized beams have allowed significant progress in the mea-
surement of the nucleon spin-dependent structure func-
tions in the Deep Inelastic Scattering (DIS) regime. A
result of some of these measurements [1] is that, at small
values of Bjorken z, the neutron spin-dependent struc-
ture function g}*(z,Q?), which according to the SU(6)w
model is dominated by the flavor singlet quark sea part,
exhibits an anomalous behavior. More precisely, at
r = 0, g7(z,Q?) ~ 1/z, while the expected behavior
should be 1/z%u1, where a; is a conventional Regge tra-
jectory with appropriate quantum numbers and intercept
g, = —0.5 + 0.5. Experimental data are thus well de-
scribed in terms of a leading trajectory with an intercept
close to 1, a value reminiscent of the Pomeron. In fact,
this type of behavior at small x was predicted by lead-
ing order perturbative QCD calculations [2]. However,
since next-to-leading order corrections to the perturba-
tive BFKL Pomeron [3] are large [4], it is not clear to
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which extent the perturbative description is valid.

In Ref. [5], the observed anomalous behavior of
g (z,Q?), was assumed to signal the existence of a flavor-
singlet exchange with large intercept and negative sig-
nature, which was then used to explain the experimen-
tal data on diffractive hadronic reactions: vector me-
son photoproduction at /s & 100 GeV, [t|=1+10 GeV?
and proton-proton elastic scattering at v/s=20+ 60 GeV,
|t|=2+10 GeV? [5, 6]. This exchange gives sizeable con-
tributions to the differential cross-sections at large en-
ergy due to the large value of its intercept. We called it
f1 since its quantum numbers coincide with those of the
axial vector f;(1285) meson (P=C=+1, negative signa-
ture). The mechanism leading to this exchange in QCD
is not known. The relation of the Pomeron with the scale
anomaly, led us to conjecture a relation between the f;
and the gluonic axial anomaly, since the f; strongly mixes
with gluonic degrees of freedom [5].

In order to investigate this unnatural-parity exchange
the best observables are spin-dependent cross-sections.
For example, we already have shown that the f; ex-
change leads to large double-spin asymmetries in different
diffractive reactions [5, 7, 8].

For s-channel helicity conserving (SCHC) reactions it
seems reasonable, in the context of the VMD model, to
establish a relation between the matrix elements describ-
ing the structure functions and vector meson electropro-
duction at low —t, as indicated in Fig. 1. This relation
arises naturally in the context of the Regge approach [9],
where the imaginary part of the forward Compton scat-
tering amplitude, relevant to describe DIS structure func-
tions, and the total amplitude for vector meson produc-
tion at —t — 0 are connected.



The Regge model is a well known approach to describe
diffractive reactions with small momentum transfer and
high energy, a kinematic region where non-perturbative
QCD effects are important. For this reason the investi-
gation of diffraction and structure functions at low z are
important items included into the experimental programs
of the current and future accelerators: HERA, TEVA-
TRON, RHIC, LHC, etc. These studies are expected to
considerably enlarge the insight into the nature of strong
interactions between quarks at large distances [10]. Sev-
eral scenarios for the direct relation between the complex
structure of the QCD vacuum and Regge behavior have
been suggested [11-13].

The effective propagator for the spin-nonflip amplitude
for scattering of two particles with momenta p; and p»
has the following form in Regge theory:

1 s\ @r(t)—1
sin(mrag(t))T(ar(t)) (5) %

X [1 + orcos(mag(t)) — - aRsin(ﬂ'aR(t))}, (1)

DR(S,t) = —

where s = (p1 + p2)’, t = (p1 — p2)* so is
maz(p?, p3, pi2,p?), ar(t) describes the Regge trajectory
of the particles exchanged in the ¢ channel and o their
signature, related to the spin J by ¢ = (=1)7. The I
function in the denominator provides the correct ana-
lytic behavior of the amplitude [14]. In many cases, a
simpler formula can be used [15], but we prefer the orig-
inal form in order to keep a precise relation between the
real and the imaginary parts of the amplitude. This rela-
tion will be used below to establish a connection between
the properties of the DIS structure functions and those
of vector meson electroproduction off the nucleon as sug-
gested above.

Reggeons, with signature and space parities of the
same sign, ¢ = P (natural parity), have an amplitude
which does not depend on the helicities of the colliding
particles. Their exchange gives the dominant contribu-
tions to the spin-independent nucleon structure functions
and to the total cross-sections. Exchanges with unnat-
ural parity, ¢ = —P, have an amplitude which is pro-
portional to the product of the particle helicities. Thus,
only Reggeons with unnatural parities can contribute to
the spin-dependent structure function g;(z,Q?). Fur-
thermore, a longitudinal double-spin asymmetry in two-
particle scattering only arises when an unnatural-parity-
exchange contribution to the scattering amplitude exists.

The main goal of this paper is an analysis of the deep-
inelastic structure functions F(z,Q?) and g, (z,Q?)
in the framework of the Regge model; the extracted
Reggeon parameters will be used to calculate the elas-
tic cross-section, and finally the double-spin asymmetry,
of p° electroproduction for intermediate values of Q2.

The Regge scheme will be defined by the exchange of
trajectories with very large intercepts (Pomeron and the
‘anomalous’ component of f;) and of secondary Regge
trajectories, namely fs, a2, the ‘normal’ component of

f1 (which will be called f{) and a;. Especially the con-
tributions of secondary Reggeons are considered to be of
importance at HERMES energies, /s = 7 GeV.

II. THE STRUCTURE FUNCTION F,(z,Q?) IN A
REGGE APPROACH AT INTERMEDIATE
VALUES OF (?

The parameters of the natural-parity Reggeons in
soft interactions (Q? < 1 GeV?) are quite well known.
They can be obtained from fits to the total hadronic
cross-sections [16]. In particular, the parameters of the
Pomeron, f, and as Reggeon trajectories which are rel-
evant for our calculation, are given by the Particle Data
Group [17]:

ap(t) = 1.093+0.25t,Bpy, = BpNn/3 = 1.6 GeV !,
ag,(t) = 0.358+0.9t, B4 = Brann/3 =4.7 GeV 1,
Qay(t) = 0.545+ 0.9, Busgy = Basnn = 4.9 GeV™1(2)

where Srnn and Brg, are the coupling constants for the
Reggeon-nucleon and Reggeon-quark couplings, respec-
tively. The effective Lorentz structure of the coupling
of these Reggeons to nucleons and quarks is assumed to
be 7, [18]. The values of the slopes of the trajectories,
which cannot be obtained from a fit to the total hadronic
cross-sections, are taken from Ref. [9]. The relation be-
tween the couplings to quarks and nucleons is obtained
from the naive constituent quark model. A clear sep-
aration of the secondary Reggeons and the Pomeron is
possible because the energy dependencies of their ampli-
tudes described by the intercepts «(0), old! ~ s*r(0)=1
are very different. Specifically, the Pomeron contribution
to the total hadronic cross-section rises as s%%%3 while,
for example, the f» contribution falls as s~9-642.

For large virtualities of the scattering particles, the
effective intercepts of the Pomeron and the Reggeons
change [19]. In particular, it was measured by the H1
and ZEUS Collaborations at HERA [20, 21] that the ef-
fective Pomeron intercept, extracted from the analysis of
the Fy(x,Q?) structure function, ranges from about 1.1
at Q% ~ 0 to about 1.4 at Q% > 10> GeV2. Therefore,
to make predictions for HERMES (< Q% >=1.7 GeV?),
knowledge of the Pomeron and Reggeons intercepts at
Q? values of a few GeV? is required.

The Regge formulae [22] for the proton and deuteron
structure functions used are

2 Q*
F? ) = ———
5 (z,Q7) Q% + ,“?v X
Ap Af2 Aa,
x (a;OtP(O)*l x0s2(0)=1 " paay (0)—1 ) ’
2
d 20 Q Ap Af2
F2 (ZL“,Q ) = Q2+N%\r (ZL“O‘P(O)71 w(){fz(o)fl)‘ (3)

The various structure functions appearing in these equa-
tions represent the SU(3); flavor singlet (the Pomeron),



the SU(2); isoscalar (f,) and the isovector (az) ex-
changes. The parameter upy effectively accounts for the
scaling violation at small Q? for the natural parity ex-
changes. Using Eq. (3) we made a fit (not shown) to the
recent Fy data [23] at @2 = 1+ 3 GeV? and z < 0.1
(Regge region). The extracted parameters of Pomeron,
f> and a2 Reggeons are

Ap =0.15+0.02,
Ay, =0.46 + 0.05,
Ag, = 0.124+0.11,

ap(0) = 1.20 £ 0.01;
ay,(0) = 0.61+0.07;
Qg,(0) = 0.36 £ 0.28;
pun = 0.80 £0.02 GeV. 4)

This fit provides a value of x? = 191.2 for 164 data points
(x*/ndof=1.17). It is evident that already in the semi-
hard region (Q2-values of a few GeV?) modified Regge
intercepts have to be used. The slopes can be assumed
to remain unchanged as they seem to vary quite slowly in
this Q2 region [26]. Moreover, they have no strong effect
on the double-spin asymmetry.

III. THE SPIN-DEPENDENT STRUCTURE
FUNCTION g;(z,Q%) IN A REGGE APPROACH.

Parameters for unnatural-parity Reggeons have been
extracted earlier using Regge-type phenomenological fits
to the spin-dependent structure function g;(z, Q%) [24,
25]. In our approach not only effective intercepts of
Regge exchanges are determined, but also their couplings
with nucleons and quarks. These couplings are a neces-
sary input to the calculation of the double-spin asymme-
try in vector meson electroproduction (see below). We
use the relation between g; (z, Q%) and the imaginary part
of the spin-dependent forward Compton scattering am-
plitude. By direct calculation (Fig. 1a) the contribution
of the unnatural-parity-Reggeon exchanges to this am-
plitude is obtained as:

Tuy(qapa ) BquBRNNCRu( 75)'7a'75u(p7 S)
o L —expl{—imag( ) (2p q)aR(O) 1
sin{mar(0)}T (ar(0 ’

where we assume that all exchanges f1, f| and a; have a
YaY5 Lorenz structure for both the quark and the nucleon
vertices. The nucleon spin is denoted by S, and sg ~ Q2
is the characteristic scale in the process.

The factor Ck is given by €2 + e2 + €2 for the SU(3)s
singlet ‘anomalous’ exchange (f1), by €2 + € for the
SU(2)s singlet 'normal’ exchange (f;) and by e — €2
for the SU(2); triplet ai; R*¥“ is given by Ref. [27]

oo [ Ak 1
wee =2 Gt @ —m2) (k=g —maye < (O

Tr(mg +k+ @)y v (mg + k + 475,

(my + k)

where m, is the mass of the quark in the quark loop in
Fig. 1.

Using the relation @(p, S)ya5u(p, S) = 2mS,, and the
formula

pro TRV Q
R 272 ar€ ’ (7)
for —¢*> >> m? [28] we have
v m THrQ
" (q,p,S) = PCRBquﬂRNNSaQTG prasx (8)
1 — exp{—iragr(0)} (2p ~q\@r(0)-1
- oy
sin{rar(0)}T (ar(0)) \ @

This expression is compared to the general form

174 v m
Tlopimy = 16 0S5 Ts + 9)

+ qetveB

7a(Ss(p-q) —ps(S - q))

m
—— Ty,
(p-q)?
where the DIS structure functions g; and g, are related

to the amplitudes T3, Ty by

2

Im(T4)
2r

91(g,v) = - 92(¢,v) = — (10)
and where v =p - q.
By assuming that the structure function g, is small,

we obtain

_ VCrBragPrnn (v yer©-t
gl(fI,V) - 27r3F(aR(O)) (Qz) (11)
Using = = Q?/2v we have
o1 (z,Q?) = CePruPann & (12)

43T (ag(0)) wor(®’

This form does not yet provide the correct scaling be-
havior for the structure function at > — oo since the
non-locality of the Reggeon-quark vertex in Fig. la was
not taken into account. Phenomenologically, this can be
accomplished by introducing a form factor (as has been
done in the Pomeron case [29]):

2

: Hu
F(Q*) = Y+ 13
@)= s (13)
where uy is the effective parameter describing the scaling
violation at low @Q? for the unnatural-parity Reggeons.
Then the contribution of a Reggeon to the g (z,Q?)

structure function reads

13 CrBRegBRNN Q2 1
473 (ap(0)) Q% + pg xor(©

g1(z, Q%) = (14)

which provides the correct scaling behavior of the struc-
ture function at large Q2.

The parameters of the Reggeons with unnatural parity
can be found from a fit to the available data on polarized
DIS. Since data exist for proton, neutron and deuteron



targets, this allows the separation of the isoscalar and
isovector parts of the respective structure functions

P@,Q%) = ¢ (z, Q%) + ¢ (x,Q?),
9 (2,Q0%) = ¢(2,Q% - ¢V (z,Q?),
dl(@,Q*) = ¢ (x,Q%), (15)

where g\"(z,Q?) and ¢\*(x,Q?) are the isoscalar and
isovector components, respectively.

It was pointed out [24] that the isoscalar part contains
two components: ‘normal’ and ‘anomalous’. The ‘nor-
mal’ component has an intercept of a(0) ~ 0.5 while the
‘anomalous’ has a large intercept, «(0) close to 1. Us-
ing Eq. (14), the structure functions in Eq. (15) can be
written

g“%ﬂquﬁleN Q* 1 n
3 4m3T (ay, (0)) Q* + pgy 11 (0)
§:“%Jﬂf{qqﬁf{NN Q* 1

9 47(3F(af1r (0)) Q2 + ,UQU wo‘f{ (0)°
E,UJQUﬂmqqﬂalNN Q2 1

3 47T3F(Ola1 (0)) Q% + pf x¥ (0

o (, Q%) =

+

9P (@, Q%) = (16)

For the fit we use the available data on gi(z, Q%) [1]
in the same kinematic region (Q? = 1 + 3 GeV? and
z < 0.1) which has been used above in fitting F(z, Q?).
Unfortunately, the amount of data available from polar-
ized lepton-nucleon scattering is much smaller than that
in the unpolarized case. The number of fit parameters
therefore had to be decreased in order to get a high fit
quality. Thus we assume a degeneracy of the 'normal’
isovector f{ and isoscalar A; trajectories, analogous to
the well known case of the degeneracy of w and p trajec-
tories. Moreover we take their coupling to quarks to be
equal. Under these conditions the total contribution of
thef] and A; to the neutron structure function gj* exactly
vanishes, as it should be in a valence SU(6)w model for
nucleon structure functions.
The resulting parameters are:

ap, (0) = 0.88+0.14, (17)
BrraaBpNy = —3.04 £2.42 GeV ™2,
ap(0) = ax,(0)=0.62+0.13,
3 _
BriaaBpNn = gﬁAquﬂAlNN =13.57+9.79 GeV ™2,
pu = 1.4540.59 GeV, (18)

which yield a common x? value of 31.8 for 53 data points
(22 for gV, 14 for g@* and 17 for g@). We found that
using different values of p; for the ‘anomalous’, isoscalar
and isovector components does not provide a substantial
improvement of the x? value.Therefore we used the same
pu for the three channels.

As before, we take that the slopes of the f| and a;
exchanges to be the standard Reggeon value, i.e. 0.9
GeV~2, while for the f; exchange we take the slope to

be zero, as established in Ref. [5]. We mention again that
the effect of the slopes on the double-spin asymmetry is
negligible.

The result of our fit to g;(z,Q?) in the Regge region
z < 0.1, presented in Fig. 2- 4, leads to the conclusion
that our model is in good agreement with the available
data. This supports the expectation that it may describe
not only the structure functions F, and g;, but — in the
context of SCHC — also vector meson production at small
values of —t.

IV. THE CROSS-SECTION OF VECTOR
MESON ELECTROPRODUCTION

The cross-section of vector meson electroproduction
reads (cf. Fig. 1b):

M@
do _ MO (19)
] = 642 (Gom)?

where (Gem)? = (W' 4+ Q* + my + 2W2Q% — 2W?m2 +
2Q°m2) /AW?, W is the center-of-mass energy of the
virtual-photon proton system and m,, is the proton mass.

It was found [7, 29, 30] that the main features of the
photoproduction reaction can be reproduced within a
simple non-relativistic model for the vector meson wave
function, where the quark and the anti-quark form the
meson only if they have equal momenta. Above Q% ~
3 GeV?2, the quark’s off-shellness and Fermi motion in-
side the vector meson have to be taken into account [31].
At smaller Q? these effects are not important and the
non-relativistic model is applicable. In this framework,
the Pomeron, fo and As Reggeon exchange amplitudes
read [7]

3mylete- _
My = ACHmyBregBrNN/ %U(m)%u(m) X

(gw/qa - guap;(/ - gwq”)sﬁs‘(/ o

¢ +t—mi
ety (@)™ 0 =
- U
ity @) "o,

where my is the mass of the vector meson, Cg =ey—€q
for the Pomeron and f» exchanges, while CJ} = e, + eq,
and I',+.- is its leptonic width. The parameters of the
exchanges have been fixed above : Bpy; = fpnyn/3 =16
Gev_la Bragg = szNN/?’ =47 GeV_l,ﬂg,qu = BasNN =
4.9 GeV™! ap(t) =120+ 0.25 ¢, ay,(t) = 0.64 + 0.9 ¢.
Qq,(t) = 0.36 + 0.9 t. The vector form factor of the



Pomeron-NN vertex is [29]

4m? — 2.8t
FY = b ) 21
P (4m2 —t)(1 - ¢/0.71)2 (21)

We assume that the Pomeron and f, Reggeon vertices
have the same form factors. An additional factor has to
be included to take into account the non-locality of these
vertices,

P
S5 5 22
py+Q7 -t 22
where uy = 0.8 GeV according to Eq. (4).
In a similar way one can obtain the unnatural-parity

Reggeon contribution to the vector meson production
amplitude [7].

3mvl“e+ef
My = 4my C¥ BregBrRNN || ———— X

em

€uvapd el u(p2)vsvaulpL)  pd A

X 21— m2 2 7 F (1) %
q + my, Q% + ugy

1 —exp{—imagr(t)} ( s )QR(t)—l Ny
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X Sin{?fOéR(t)}I‘(aR(t)) (Q2) Q2 + M%] Fr(t),

where A, and A, are the helicities of the photon and
the proton, respectively, and CY = e, — eq for the
‘anomalous’ f; exchange and the ‘normal’ f| Reggeon,
while CY = e, + eq. According to Egs. (17)-(18),
the central values of the parameters of the exchanges
are: ay, t) = af (0) = 0.88, BtigeBpnn = —3.04
GeV~2, ag(t) = g, (t) = 0.622+0.9 t, Bp e BrNN =
284 1g0Barnn = 1357 GeV=2, iy = 1.45 GeV.

The axial vector form factor in the Reggeon-nucleon
vertex is given by [32]

1

Fii(t) = (1—¢t/1.17)%

(24)

Only the transverse cross-section of p° meson electro-
production is necessary to calculate double-spin asym-
metries. As can be seen from Fig. 5, the model de-
scribed above is in fair agreement with experimental
data [33, 34].

It is, however, necessary to verify whether the assump-
tion of s-channel helicity conservation is valid for the
description of p° electroproduction at HERMES. Oth-
erwise, a large contribution from the spin-flip amplitude
could exist which does not enter the matrix elements re-
lated to the structure functions and an important ingre-
dient in the reaction mechanism could be lost. Experi-
mentally [26] it was measured that the violation of SCHC
is less than 10% .

V. THE DOUBLE-SPIN ASYMMETRY IN p°
MESON ELECTROPRODUCTION

Recently, HERMES has published data on a sizeable
double-spin asymmetry in p° meson electroproduction on
the proton [35]. It is not be expected that perturba-
tive QCD calculations can explain this result, because
for p° production at HERMES energy there is no hard
scale available. In general, pQCD calculations based
on two gluon-exchange in the ¢-channel predict a very
small asymmetry at t=0 [36, 37]. The phenomenological
Regge approach used here takes effectively into account
non-perturbative effects of QCD which are important at
HERMES energies.

The longitudinal double-spin asymmetry A} for the
interaction of transverse photons with a longitudinally
polarized nucleon is defined as:

o ? = M) MY

AY (t) = = .
T P T M) + M P )2

(25)

Here M%/ ? and M;/ ? denote the transverse virtual pho-
ton scattering amplitudes where the superscript describes
the projection of the total spin of the photon-nucleon sys-
tem to the direction of the photon momentum. The am-

plitudes M%/ 23/2 contain spin-independent parts made
up by exchanges with natural parity (Mll\,/ 23/ 2) and spin-
dependent parts made up by exchanges with unnatural

parity (Mtl/ 23/ %). Between them the following relations

hold
MNP = M2, M) = -MP@). (26)
Then
Re{M/*(t)}Re{M}/*(t)}
MNP ()2 + [0/ ()2
L ImAMN (@)} Im{M, (1))
MNP () + MY (1)2

AV (t) = 2

(27)

At this point this asymmetry can be analyzed qualita-
tively. Both types of amplitudes contain real and imag-
inary parts. The sign of the imaginary part can be de-
termined using the optical theorem, the sign of the real
part follows from the Regge formula given in Eq. (1). The
optical theorem reads

Ot = ~Im{M(5,0)}. (28)

Since the total cross-section of photon-nucleon scat-
tering is positive, the imaginary parts of the forward
photon-nucleon scattering amplitude for Pomeron and
f2 Reggeon exchanges are positive. It then follows from
Eq. (1) that their real parts are negative. In the same way
we deduce that the difference of imaginary parts of the
photon-nucleon elastic scattering amplitude with anti-

parallel and parallel spins AMy = Mll/2—M[3/2 = 2M,1J/2



is positive if the contribution of the corresponding ex-
change to the structure function g, (z, Q) ~ o'/ — g3/2
is positive. The real part of AMy; in this case is also pos-
itive. If the contribution to the spin structure function
g1(z, Q?) is negative, the imaginary and real parts of the
difference AMy; are negative.

It is worthwhile to note that a direct estimate of the
vector meson production asymmetry based on the rela-
tion A} ~ 2AP!5 [38], even in the context of SCHC,
does inherently not include the real part of the vector
meson production amplitude as the DIS data on g; and
F5 are connected only to the imaginary part. For a full
description, however, a way must be found to construct
the real part which, in this paper, was chosen to be the
Regge approach described above.

For the ‘anomalous’ f; exchange, the real part is much
larger than the imaginary part and therefore this ex-
change should give a positive contribution to the asym-
metry. For f{ and a; exchanges, real and imaginary parts
of the amplitudes contribute with different signs to the
asymmetry. For scattering on the proton, their real parts
give a negative asymmetry, and the imaginary parts give
a positive one. This is also the case for f| exchange when
scattering on the neutron and on the deuteron. For a;
exchange in the case of scattering on the neutron, the
real part of the amplitude leads to a positive double-spin
asymmetry and the imaginary part leads to a negative
one. Altogether, this discussion applies only to the re-
gion of small |¢| where the corresponding amplitudes do
not change sign (« = 0). Since the elastic cross-section
originates mainly from the small |¢| region, we expect this
qualitative analysis to be valid.

The calculated predictions for double-spin asymme-
tries are shown in Figs. 6-13. Shaded areas were chosen
to illustrate the range in the predictions obtained when
different values for the ‘anomalous’ f; intercept are used.
The upper limit of this range, 0.74 — 0.93 (cf. Eq. 17),
is determined by the restriction that it is necessary to
reproduce the transverse cross section shown in Fig. 5.
Intercept values very close to unity are excluded, because
otherwise the propagator in Eq. (1) would yield a too
large contribution for ay, — 1.

From the figures it is evident that the contributions of
the secondary f; and a; Reggeons to the asymmetry are
not small. At HERMES energies, they are of about the
same size as the contribution of the ‘anomalous’ f; ex-
change which we considered previously [7] within another
approach.

More information about the flavor composition of the
asymmetry can be obtained when considering the case
of the deuteron and the neutron. For the deuteron the
isovector exchange contribution to A}  vanishes, and for
the neutron it comes with the opposite sign and partly
cancels the regular isoscalar part. By this reason the

‘anomalous’ part can be observed best when studying
data on the neutron.

The dependencies of the double-spin asymmetry Aj,
on various kinematic variables are displayed in these fig-
ures for proton and deuteron. The Regge-based pre-
dictions were calculated for the HERMES kinematics
, (W)=4.9 GeV, (Q*)=1.7 GeV?, (2)=0.07, and com-
pared to measurements of p° electroproduction at HER-
MES [35, 39, 40] on proton and deuteron. Although
qualitative agreement can be seen only in the case of the
proton, it is evident that experimental data with consid-
erably improved precision are required.

VI. CONCLUSIONS

In summary, the nucleon structure functions Fy(z, Q?)
and g; (z, Q%) were analyzed in the framework of a Regge
approach. From the data on deep inelastic scattering on
the proton, neutron and deuteron we derived the param-
eters of Reggeons with natural and unnatural parities
in the region Q?=1+3 GeV?. Using this parameteriza-
tion and a non-relativistic model of p° meson formation
which provides a fair description of the cross-section, we
calculated the double-spin asymmetry of p° meson elec-
troproduction at HERMES energies.

In this study we have used a unified approach to both
DIS spin-dependent structure functions and vector me-
son electroproduction, in the context of s-channel helicity
conservation. In this approach the obtained large value
of the double-spin asymmetry in p° meson production
is correlated with the anomalous behavior of the flavor-
singlet part of the structure function g; (z,@?) at small
z. In the case that future measurements will not con-
firm such a large asymmetry, for a Regge-type analysis
it would have to be concluded that the ‘anomalous’ f;
exchange is not a simple Regge pole but has a more com-
plicated structure, e.g. a Regge cut.
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FIG. 1: S- channel helicity conservation implies that the same exchanges describe the structure functions (F> and g1) of inclusive
deep inelastic lepton scattering [panel a)] and of vector meson production processes at high energy [panel b)].
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FIG. 2: The result of the fit of the proton structure func-
tion g1 (z, Q%) in the Regge region (z <0.1) and at Q? =
1 -3 GeV? in comparison with the data [1].
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FIG. 4: The result of the fit of the deuteron structure
function gi1(z,Q?) in the Regge region (z <0.1) and at
Q? =1 - 3 GeV? in comparison with the data [1].
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FIG. 3: The result of the fit of the neutron structure
function g1(x, Q%) in the Regge region (z <0.1) and at
Q? =1 -3 GeV? in comparison with the data [1].
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FIG. 5: The cross-section of p° electroproduction by
transverse photons is shown. The data points have been
obtained from the published total and longitudinal cross-
sections measured at HERMES [33] and E665 [34]. The
solid, dashed and dotted lines represent the model calcu-
lations at the given Q? values.
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FIG. 6: The E,~-dependence of the double-spin asymme-
try Af on the proton compared to data calculated from
results of HERMES [35]. The shaded area corresponds to
the interval of allowed values 0.72+0.93 for the anomalous
f1 intercept (see section V).
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FIG. 8: The Q*-dependence of the double-spin asymme-

try A7 on the proton, compared to results of HERMES
[35]. The notations are the same as in Fig. 6.
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FIG. 10: The —t-dependence of the double-spin asymme-
try A7 on the proton, compared to results of HERMES
[35]. The notations are the same as in Fig. 6.
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FIG. 7: The E,~-dependence of the double-spin asymme-
try A7 on the deuteron is shown. The notations are the
same as in Fig. 6.
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FIG. 9: The Q*-dependence of the double-spin asymme-

try A on the deuteron is shown. The notations are the
same as in Fig. 6.
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FIG. 11: The —t-dependence of the double-spin asym-
metry A7 on the deuteron, compared to preliminary
results of HERMES [40]. The notations are the same
as in Fig. 6.
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FIG. 12: The z-dependence of the double-spin asymmetry
A? on the proton, compared to results of HERMES [35].
The notations are the same as in Fig. 6.
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FIG. 13: The z-dependence of the double-spin asymmetry
A? on the deuteron, compared to preliminary results of
HERMES [39]. The notations are the same as in Fig. 6.



