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Neutral pion electroproduction in p(e, ¢'7%)p above /s > 2 GeV
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Electroproduction of neutral pions in exclusive reactign, '7°)p is studied above the resonance region,
v/s > 2 GeV. The reaction amplitude is described by exchanges dbrveq782), p(770) and axial-vector
h1(1170) andb; (1235) Regge trajectories. The residual effeckofindu-channel nucleon resonances is taken
into account using a dual connection between the exclusira factors and inclusive deep inelastic structure
functions. In photoproduction at forward angles the exdgeasf Regge trajectories dominates and the dip region
is filled by the resonances. In electroproduction the etioiteof nucleon resonances explains the highdata
from JLAB. The results for the beam spin azimuthal asymmmiggasured at CLAS/JLAB are presented. Model
calculations in the deep inelastic region at HERMES/DES¥given.

PACS numbers: 12.39.Fe, 13.40.Gp, 13.60.Le, 14.20.Dh

I. INTRODUCTION duction off nucleons is mandatory for a proper interpretati
of the CT signal observed in electroproduction off nuclei.

Electroproduction of mesons in the deep inelastic scageri  On the experimental side, it would be interesting to see
(DIS), that is\/s > 2 GeV andQ? > 1 GeV?, is a modern an onset ob,/or o Q2 scaling already at presently avali-
tool which permits to study the structure of the nucleon onable energies. However, the hig)? data from JLAB [12]
the partonic level. Exclusive channels in DIS are of patticu and single spin asymmetries measured in the true DIS region
importance. In this kind of hard exclusive processes one magt HERMES [13] demonstrate the presence of nonvanishing
learn about the off-forward parton distributions that paga  transverse componentsifry*, 7 )n. Moreover, the higif)?
terize an intrinsic nonperturbative pattern of the nucleme region at JLAB|[12, 14], DESY [15-17], Cornell [18-+20] and
Ref. [1] and references therein. Much work have been don€EA [21] is even dominated by the conversion of transverse
to understand the production of pions in exclusive kineosati photons. For instance, th@* dependence of;, andor in
For instance, in QCD at large values @f's, Q?) and finite  thern™ electroproduction abovg’s > 2 GeV has been stud-
value of Bjorkenzy the description ofV (e, e’m) N’ relieson ied in [3]. In the charged pion case the longitudinal cross
the dominance of the longitudinal cross sectiqn[2]. The  sectionoy, at forward angles is well described by the quasi-
transverse cross section is predicted to be suppressed by elastict knockout mechanism_[22, 23]. It is driven by the
power of~ 1/Q?. However, being a leading twist prediction pion charge form factor both at JLAB [12,/124, 25] and HER-
the kinematic domain where this power suppression starts tdIES [26]. On the contrary, the\/s, Q) behavior ofor re-
dominate is not yet known for exclusiveproduction. mains to be puzzling. The data demonstrate thats large
A somewhat different concept is used in the Regge pol@nd tends to increase relativedg as a function of?. In-
models which rely on effective degrees of freedom. Here théerestingly, the /s, Q) dependence of exclusive: exhibits
forward (v*, ) production mechanism is peripheral, that is afeatures of the semi-inclusivge, ¢'7) X reaction in DIS in
sum of all possible-channel meson-exchange processes. Althe limit z — 1 [27]. This kind of an exclusive-inclusive
though both partonic and Regge descriptions are presumabtnnection|[28] has been also observed in exclugivep®)
dual the ongoing and planned experiments have a potentigroduction([259].
to discriminate between different models. The relatedistid  Theoretically, hadronic models based on the meson-
have been carried out at JLAE [3-5] and at DES) [6]. A ded-exchange scenario alone largely underestimate the mehasure
icated program on exclusive production of pions is planned i . in charged pion electroproduction, see Ref. [4] for further
the future at the JLAB upgrade [7]. discussions and references therein. In the partonic mduels
A closely related phenomenon is the color transparenchigher twist transversity distributions might be relevemiin-
(CT) effect. It becomes effective in exclusive electroprod  derstand thé~r, ) reaction [30] 31]. Several phenomeno-
tion of mesons off nuclei, see Ref. [8] for a possible obser{ogical models already attempted to describethecompo-
vation and Refs. [9-11] for further interpretations of th€ C nent [27, 3R] 33]. For instance, the description of charged
signal in the reactionl(e, ¢'m). Presently one believes that at pion production proposed in Ref. [33] relies on the residual
high values ofQ* the exclusive pions are produced in point contribution of the nucleon resonances. This approach will
like configurations which may interact in the nuclear mediumpe followed in this work. It is supposed that the excitations
only weakly. However, the fate of pions inside the nucleus deof nucleon resonances dominate in electroproduction. The
pends on the initial longitudinal and/or transverse préidunc  resonances are dual to the direct partonic interactiongalue
mechanisms [11]. Therefore, our understanding ofitipgo-  the Bloom-Gilman duality connection [34.135]. In [33] the
resonances supplement the Regge based exchanges of sin-
gle mesonic trajectories. Therefore, one distinguishepth
ripheralt-channel meson-exchange processes ands(the
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way all the data collected so far in the charged pion electopr differential cross section is given by
duction at JLAB, DESY, Cornell and CEA can be well de-

scribed [33]. do _ 2% |dor  _don
In this work we continue our studies of the reaction dQ?dvdtd¢ 2w | dt dt
N(e,e'm)N’ and attempt to describe the electroproduction dovr
of neutral pions above the resonance region. Recently, the + v2e(l+¢) o cos(9)
p(v*,70)p partial cross sections were measured at JLAB in dor
the deeply virtual kinematics around the values 0§ ~ +e€ i cos(2¢)
2.1 GeV andQ? ~ 2 GeV? [5]. In the 7 channel there dotr
are interesting features which are worth to mention. At the + hy/2e(1—¢) stT sin(¢)| , (2)

real photon point ther® production is probably the simplest

of all photoproduction reactions because of the limited numwheredaT is the transverse cross sectiaiay, is the longitu-

ber of allowed Reggeon exchanges. By quantum number& ; . . T
: - . : inal cross sectio is the cross section originating from
they-induced production o selects the charge conjugation fiior 9 9

o itv odd f . in thech L Th h the interference between the transverse components oirthe v
ve_gt?)rrlg(?éz 2) c0?7|7gol;r2trl1%nleg It-vigtoe}f?rg 1 78_) %S?laz;%)t € tal photondoy r is the cross section ari.sing. from the.inte_rfer-
Regge trajec£o¢ie<; [36.37]. It is also clertain tﬁa’c1¢hen0) ence.between the transverse and Iongnudmal pol_anzsao{)n
reaction is domir;afed! by t.h¢e(782)—exchange Neverthe- the \_/|rtual ph(_)ton ando—LT/_ is the beam-spin polarized cross
less, the Regge model based on exchangeslof single trajese-mtlon r_esul_tlng from the mterfe_re_nce between t_he ey

! . ; &nd longitudinal photons and helicity= +1 of the incoming
tories largely underestimates thé€ electroproduction cross

; L O e X electron.
sections. The situation is very similar to the charged pian p In the laboratory where the target nucleon is at rest
duction where the Regge model also largely underestimatetﬁ “axis is di 3{ q al th tﬁ i — '
the measured cross sections. Indeed, at high valugs? of €z aX|23 IS 5 Irected aiong the ree momen uj‘n.—
the meson-exchange contributions are suppressed byrthe (00> V'V Ta ) of the2 exchar;ged virtual phc/)tom* W't/h
Reggeon transition form factors and must show a rapid de? = =1 = (19, Q = 4¢.v = E. — E; andi(l')
crease as a function @2. Being dominated by the trans- 'S the four momentum of incoming (deflected) electrons. In
versevi — x° component, ther® data, however, demon- Eq. (2) ¢ stands for the azimuthal angle between the electron

H ! * ! H
strate no pronounce@? dependence [5]. An importance of _scatterlng(e,e ) plane andy*N' — 7N” reaction plane.¢

Regge-cut unitary corrections in this case has been demols Zero when the pion is closest to the outgoing eleciron. [40]

strated in[[38]. Another observable that we consider in this! "€ differential cross section integrated oyes denoted as

work is the beam single spin asymmetry (SSA). Sizeable and
positive beam SSA have been found at CLAS/JLAB in the re- i R N
actionp(é, ¢/7%)p with the longitudinally polarized electron dt dt dt
beam[39].

The outline of the manuscript is as follows. In Sec. Il
we briefly recall the kinematics and definitions of the cross - o B.—v K 1
sections in exclusiver® electroproduction off nucleons. In ¢ = B (B —v) (2 2B, QZ1- )a 4
Sec. lll we consider the contributions of vecter782), e(Ee —v T € ‘

p(770) and axial-vectoih;(1170) and b, (1235) Regge tra-
jectories. In Secs. IV we describe the contribution of nacle

dO’U o dUT dUL

®)

The virtual photon flux is conventionally defined as|[41]

with ae ~ 1/137, K = (W? — M%)/2My and

resonances. In Sec. V we briefly discuss tfephotopro- 1

duction at forward angles. Then in Sec. VI the model results €= — (5)
are compared with the electroproduction data from JLAB. In 1+ 24Ee(lll_'<7:rw

Sec. VIl we calculate the cross sections in the kinematics at

HERMES. The conclusions are summarized in Sec. VIII.  is the ratio of longitudinal to transverse polarization bét

virtual photon.
The longitudinal beam SSA itV (¢, e'7) N’ scattering is

defined so that
I1. KINEMATICSAND DEFINITIONS

ALU (d’) do™ (¢) —do*™ (¢)

At first, we recall briefly the kinematics in exclusiweelec- - do=(¢) +do(¢)’
troproduction

(6)

wheredo ™ refers to positive helicityy = +1 of the incoming
e(l) + N(p) = ¢'(I') + (k') + N'(p), (1) electron. The azimuthal moment associated with the beam
SSAis given byl[40]

and specify the notations and definitions of variables. I ex
clusive reaction Eq[{1) we shall deal with an unpolarized ta Asin(@) _ V 2e(1 — &)doyr ' @)
get and, both unpolarized and polarized lepton beams. The Lo dot + edoy,
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I11. EXCHANGE OF REGGE TRAJECTORIES value. This behavior has been much discussed in [42, 46] and
recently in [38].
_ Note that, the dip problem shows up when one compares
the photoproduction data obtained at higher energies which
indeed exhibit a pronounced dip and then extrapolated with
some assumption to the DESY region|[44]. Recently, at
JLAB [47] and ELSA [48/) 49] ther" photon-induced cross
sections were measured also just above the resonance.region
Interestingly, the dip which starts to develop only at higke
gies is not there and the experimental points are only legeli
off. Therefore, the dip issue ify*, 7°) is rather artificial and
might be related to the comparison of electro- and photgscro
section with different values d¥.

In the following we rely on a NWSZ scenario. In this case
the Regge propagator of thle= 1 mesons reads

At first we consider the exchange of mesonic Regge tra.
jectories. The leading trajectories contributingte, '7°)p
are the natural parity? = (—1)” vectorw(782), p(770) and
the unnatural parity> = (—1)7*! axial-vectorh; (1170) and
b1(1235) exchanges, withy being the dominant trajectory.

At high energies the differential cross sectida/dt in
the photoproductioiry, =) reaction is characterized by pro-
nounced dip around-t ~ 0.5 GeV2. For instance, there is
no such a dip in théy, 7*) reaction. There exist two ex-
planations of this structure io /dt [42]. According to one
viewpoint, a coincidence of a dip with the pointir where
thew-Regge trajectory (with a slop€, = 0.85 GeV—2)

ag(t) ~ 0.4+ alt 8 Y L kHEY [1 = emimar(®)
) ¥ D%_<_g“+m2 2
R
passes through nonsense valte= 0.47 GeV? demonstrates x (—aly)T[1 — aR(t)]eln(a;zs)(m(t)_l)7 )

that the dips are nonsense wrong-signature zeros (NWSZ) @fheret = k2 andk = k' — ¢ = p — p’. In (@) theI-function

the Regge pole amplitudes. In this case the Regge cuts ag@ntains the pole propagater 1/sin(rax (t)) but no ze-
supposed to be weak and modify the region around the dipges and the amplitude zeroes only occur through the factor
only slightly. The alternative viewpoint is that the Regget | — ¢—imar(t) \When using Eq[{9) the region around the dip
jectories are degenerated - the Regge poles are essential{yl| remain strongly underestimated. If one assumes that th
featureless as function eft. Then a structure of the dlp in cross section at the d|p is dominated by unnatural panty ex-
do/dt is similar to the diffraction minima caused by the de- changes then the observed dip must be filled up by the axial-
structive interference between the exchange of single ®egg,ector b, (1235) and/orh,(1170) Regge trajectories. How-
poles and very strong absorptive Reggeon/Pomeron cuts @ver, this assumption is in contradiction to the experiralent

this case![42]. data. The energy dependence of the dip is approximately that
In electroproduction for finiteQ? the two viewpoints of the region outside the dip.
should not necessarily result in identical predictions][48 A possible way to fill the dip region is to allow absorption

the dip is a NWSZ its position should remain fixedtigince  cuts in the model (see Ref. |50] for the recent calculations
thew-exchange should be independent of the external masseasnd references therein). A somewhat different prescriptio
On the contrary, if an absorptive cut is responsible for a dighas been used in_[51]. Nevertheless, as we shall see in the
structure it is very likely that the dip position will movethi  following in the model without strong cuts there is an alter-
Q? since the range of the interaction may well change [43]native mechanism which allows to fill the region around the
Interestingly, the early experiments at DESY|[44, 45] havedip. Furthermore, we will show that this mechanism is at the
shown that the dip neither remained fixed nor moved out withorigin of the large transverse cross section observed inthe
Q2. It simply disappeared a2 was changed from its null electroproduction.

A. Vector w(782) and p(770) exchange currents

In the following we give the expressions for the currentsfiiudes) only. Then the L/T separated virtual-photon raoal
cross sections are calculated using the expressions givhe Appendix A of Ref.[33].
The currents/{; describing the exchange bf = p- andw-Regge trajectories in the reactipty*, 7°)p are given by

Ky

/

— iy (y'p = 7°p) = —i Gyyr Gy Fuyn(Q%)e" P gy kiatie (p') [(1 + kv )YE —

|:1 _ e—iﬂ'av(t)

5 | (b Tl = av (e e O, o)

IntheV = p(770) case th&7,y v = 3.4andk, = 6.1arethe  Thep-trajectory adopted here reads
vector and anomalous tensor coupling constants, respctiv a, (1) = 0.53 + a;t (11)
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with a slopea/, = 0.85 GeV 2. For the transition form fac-  (1+Q*/A2, )" with the cut-offA,,~ being a fit parameter.
tor F,-(Q?) we useF,,(Q?) = (1 + Q*/A2 )~" with The Vo coupling constants:y.,. can be deduced from
Apyr = My, (782)- All these parameters and EEﬁlO) (up to thethe radiativeyr decay widths ol

isospin factor) are the same as have been used in the charged

pion electroproduction of Rel. [33]. o G2
In the natural parity sector the dominant contribution ceme Ly o = — V;” (m%, — mi)?’_ (12)
from the exchange of the(782)-Regge trajectory given by 24 my,

Eq. (8). From the fit to high energy photoproduction data

we obtainG, vy = 18 = 1. We also neglect the anomalous The measured widths are [SP}o_,. 0 = (89 £ 11) keV and
tensor component,, ~ 0 [51]. For the transition form fac- I',,_,,.0 = (764 £ 51) keV where the central values corre-
tor F,,»(Q*) we use a monopole form factofs,,.(Q%) =  spond toG,,. = 0.84 GeV~!, G r = 2.4 GeV~1.

B. Axial-vector b1(1235) and h1(1170) exchange currents

We further take into account the exchanges of lowest lyiRgarity oddJ”¢ = 1+~ axial-vectorb; (1235) andh; (1170)
mesons with/® = 1+ andI¢ = 0, respectively. The results reported in![39] suggest an itapo role of axial-vector
mesons in the description of polarization observables.effog withh, (1380) state(I¢ = 07) they belong to the nonet of
C = —1 axial-vector mesons. Assuming the ideal mixing patternvbet the singlet and = 0 of the octet theh; (1380)
meson decouples from theé~ channel. The existing empirical information [52] does ritdva to fix the coupling constant of
h1(1170) to 7+ channel. From mere SU(3) arguments the widtth ol 170) into the "~ decay channel should be about an
oder of magnitude larger than the decay widthdfi235) — 7%. However, the strength of their interaction with nucleoas ¢
be estimated only indirectly. For instance, in the analgézharged pion production we did not find any strong eviddacéhe
contribution ofb; (1235) trajectory [33]. Since, the Lorentz structure of the intdi@n vertices are essentially the same, both
trajectories can be combined in a single current descrithiegxchange of axial-vector mesons.

The hadronic currenti.J%; describing the exchange & = b,(1235) andh, (1170) Regge trajectories takes the forml[33]

—iJg(v'p— %) = Gp [k“qV - (qk)g“”] (p+ ")ty (p')ysus(p)

1— e*irraB(t)
S

> ] (—alg) T[L — ap(B)]e@a)@n®-D), (13)

The effective coupling constaiitz ~ GeV~2 absorbs the couplings in they7° and BN N vertices. Ther andb; (1235)
Regge trajectories are nearly degenerate. Therefore, suen@sv,, (t) ~ ap, (1) = o, (t) wherea, (t) = 0.74(t — m?2) is the
-trajectory. In theB~*m vertex we use the monopole form fact®g. - (Q*) = (1 + Q*/A%,,)~" with Ap,, = my where
my is, e.g, an average mass of vectofp) mesons. Note that, E4. {[13) does not interfere with the aoggidescribing the
exchange of vector mesons, see [Eq] (10). That is, in thefénégrice term the trace over the spinor indices involvejthwith
odd number ofy matrices.

IV. EFFECT OF NUCLEON RESONANCES

So far we have considered thehannel meson-exchange contributions. In this sectioestienate the residual effect from
the propagation of the nucleon and its excitations in thesttendu-channels. We start from the nucleon Born terms inghe
andu-channels. The contribution (the sum) of the corresponslirgdu-channel diagrams in the reactipty*, 7°)p takes the
form [11]

(P4 @)o77H + Mpy*
s — Mg + 40t

(P — @)o7” + Mpy* 2 2
- fs )9y t) — ‘Fu )y Wy t
w— Mg 10t Y5 — V5[ Fs(Q7 s, t) (@7, u,t)]

— 'LJ'Su — ZJ{L: = grNN ﬂs/(p/) fS(QQa S, t)’}/5

(k — k)"
QQ

whereF,,,(Q?, s(u), t) stands for the protos(u)-channel transition form factors. In EG{1#)y v = 13.4is the pseudoscalar
7N coupling constant. In the sum of two Born amplitude the aurmnservation conditiory, J!' ,, = 0, is satisfied in the
presence of different form factor®, and.F,,, which in general can depend on value$@?, s(u), t). Eq. [14) has been obtained
using the requirement that the modified electromagnetiexdunctions entering the amplitude obey the same WardiTaghi
identities as the bare ones, see [11] and references therein

"
+ Fu(Q?u,t) L

Us (p)a (14)
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The nucleon resonances are taken into account using theB&itman duality connection [34, 85,/59] between the resgpa
form factors and deep inelastic structure functions. Thése to absorb the contribution of an infinite sum of resareinto
the generalized form factois; ., (Q?, s(u),t). The details concerning the dual connection used here acgided in Ref.[33].
Here we only give an explicite expressions for th@ndu-channel form factors. They are given by

£Q? (26Q° + 5) 5(6Q° +5) s—M)|
. sln [—Mg + 1} (£Q2)2 - €Q% (€Q? +M,?) + In l—Mg P] —am .
S(Q 18)_ 5@2 1 2 82—"281\/[5 1 S_]\/fg ' 9 ( )
(T + ) 27]\/[;1 + In Mg —
£Q? } (26Q° +u)  w(€Q® +uw) M2y
uln {— +1 — +In P
M2 2)2 2 24 M2 M2
S A U ok M N "

2 2 2
£Q? n +2uMp
— +1 1
( " + DIV + In

2 b
Mp —u])
My

with the cut off¢ = 0.4 [33]. Note that this parameter is fixed production at forward angles, see Ref.[33]. However, in the
in the charged pion electroproduction and we do not refit it inneutral pion channel the sum ef andu-channel pole terms
the neutral pion channel. Furthermore, for generalizethfor partially cancel. For instance, at forward angles the sum of
factors in thes- and u-channels we take the same phase agole terms practically cancel and the dash-dash-dottegsur

determined in the charged pion production, that is in Fig.[ result from the partial cancellation of two contrib
tions. In the following we rely on this scenario where the
Fow)(Q%,8(u),t) = Fyu)(Q%, s(u)) (t — m2)R(a(t)). s(u)-channel pole terms explain the region around the dip.

) (17)  Thisis in line with the results of [54] where the nucleon reso
where F;(,y are given by Eqs[(15) anf {16) and the Reggenance background has been considered as the main dip filling

factorsR(,) are given by mechanism.
_ , The solid curves in Fid.]1 describe the sum of all the pro-
Rs(a(t)) = e~ ime® (—a) F[—Oé(t)]ea(t) Infals), duction amplitudes. The very strong rise of the cross seétio
Ru(a(t)) = (—a/) T[—au(t)]ex D m(e’s) extreme forward directions is due to the Primakoff effe&[5

The Primakoff amplitude is given in Ref. [56] and we do not
wherea(t) = o/(t —m2), o/ = ol /(1 +2.4Q*/W?)and repeatthese formulae here. Note that, the dominance offRegg
ol = 0.74 stands for the slope of the Regge trajectory. contributions and the cancellation gfu)-channel pole terms

at extreme forward angles simplifies the analysis of Prirffako

7V data off nucleil[56].

V. PHOTOPRODUCTION In Fig.[2 we show our results for the polarized photon asym-
metry Y. defined as

In this section we consider briefly the reactiaiy, 7°)p at
the real photon point. In Fi§] 1 we compare the model results _doy —do (18)
with photoproduction data from [53] for values Bf, =6, 9, Cdo, + doy’
12 and 15 GeV in the laboratory. The dashed and dash-dotted
curves in Fig[ll describe the contributions of theand p- Heredo, anddo are the differential cross sections where
Regge trajectories, respectively. Here the valu&gfyy =  the incoming photons are polarized in the direction perpen-
18 has been used. Within the Regge phenomenology witldicular and parallel to thex® reaction plane, respectively.
NWSZ the contributions frorw(782) andp(770) trajectories  With our definition of partial L/T cross sections the asymme-
disappear around the value of ~ 0.5 GeV~. Indeed, using tryis Y = —dd"U—TTT. This observable is known to be sensitive
the linear Regge trajectories, (t) and a,(t) adopted here, to the reaction mechanism around the dip. In Elg. 2 we also
see Egs[{8) and (1), the zeroes occurtit = 0.47 GeV? plot the compilation of high energy daia [53, 57] in the range
and—t, = 0.62 GeV?, correspondingly. Therefore, the ob- E, = 2.5+ 10 GeV in the laboratory. In a model witb- and
served dip near-t ~ 0.5 GeV? can be readily explained. p-Regge trajectories only (dashed curve) this observalele-is
However, the region around the dip remains strongly underessentially unity. Because of the weak energy dependenceof th
timated in this case. model results the calculations are performed for the awerag

We further add to the Regge amplitudes the amplitude revalue of £, = 4 GeV. The asymmetry generated by the
sulting from thes- andu-channel contributions, see EQ.{14). andu-channel contributions only is shown by the dash-dotted
Individually the s(u)-channel terms are large like in tae=  line. The solid curve is a combined effect of thép)-Regge
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FIG. 1. (Color online) Differential cross sectialor /dt in the reactiorp(v, 7°)p at high energies. Different plots correspond to different
values of photon energyf, = 6, 9, 12 and 15 GeV in the laboratory. The experimental datéane[53]. The solid curves describe the model
results. The dashed and dash-dotted curves describe thergecofo (782) andp(770) Regge trajectories, respectively. The dash-dash-dotted
curves that fill the region around the dip describe ¢handwu- channel resonance contributions. The contribution oftkial-vector mesons
b1(1230) andh1(1170) is shown by the dot-dot-dashed curves. The strong rise afriiees section at extreme forward angles is due to the
Primakoff effect.
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and thes(u)-channel components of the cross section. As on@hoton asymmetry: could be generated by the axial-vector
can see, the addition of the andu-channel pole terms re- mesons. In the model with axial-vector mesons only the asym-
sults in an asymmetry around the dip which is qualitatively i metry is¥ = —1 (dot-dot-dashed line in Fi¢] 2). The dash-
agreement with data. dash-dotted curve in Figl 2 describe the Regge model with the
In the model withouts(u)-channel effects the polarized vector and axial-vector exchanges. In these calculations w
used the values af 5 = +11 GeV—2. Note that, with proper
BN N interactions constrained ly-parity [33] theC-parity
odd axial-vector and vector exchanges do not interfere with

151 7] each other. Therefore, this result does not depend on the sig
1 d of the G coupling in Eq.[(IB).
1 | 4 I The shaded band in Figl 2 describes the model results with
I e Ryt ....__——..-————'a:—;-;c,:_s-,-—-!-:rz"s-—_: - —2
T B vector, axial-vector@s = +11 GeV~?) and s(u)-channel

.

contributions. The axial-vector currents have a potental

0.5 ] improve our description of photon asymmetry data by their
N N e (N - interference withs(u)-channel contributions. As one can see,
S e | however, in Fig[R, the contribution of axial vector-mesons
— w+pHs+u] +h +b (dot-dot-dashed curves) is marginally small and can belsead
_ ‘*S’iﬁ] ] neglected in the rest of observables studied here.
-0.5 — +B*S+u -
- h1+ 1
- (,.)+p+hl+bl
S - VI, ELECTROPRODUCTION: JLAB DATA
| L |
0 0.5 1 15 In Fig.[3 we compare our results in the reactions with
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FIG. 2. (Color online) Polarized photon asymmekliyin the reac-
tion p(v, 7)p. The compilations of experimental data with, =

2.5 + 10 GeV are from|[53| 57]. The dashed curve curve describ

real p(+, 7°)p and virtualp(y*, 7°)p photons. The forward
photo-data (filled squares) with, = 3 GeV are from|[58].
The electroproduction data [5] (filled circles) containtbtite
transverse and longitudinal components, thatldg /dt =
edor+edoy,/dt and correspond to valuesQf = 1.94 Ge\?,

the asymmetry generated by the and p-Regge trajectories. The B = 0.37 and E. = 5.75 GeV. Again in photoproduction
addition of s(u)-channel pole terms (dash-dotted curve) results inat forward angles the Regge-exchange contributions (upper
¥ shown by solid curve. The dash-dotted curve describe the comdash-dotted curve) dominate the cross section. The Prifinako

bined effect of vectow(p) and axial-vector: (b1) exchanges (dot-

dot-dashed line). The shaded region describe the modétgegth
couplings of the axial-vector mesons as described in the tex

effect is relevant at extreme forward angles and is anyway cu
by —t....:n, In electroproduction. The resonances (upper dashed
curve) take over in the region of the NWSZ dip. However,



o photoproduction the highg:'r lying resonance transition form factors as a-{func
o _ tion of @~ [59]. Qualitatively it is also similar to the behavior
® JLAB:x, =0.369, (5 =1.94 Ge¥ of chargeo[I pi]on electroproﬁuction cross section [33]. ihis
L e N teresting to see the contribution of resonances as compared
] to the contribution of the nucleon pole terms. Replacing the
resonance form factors in EqE.{15) ahd](16) by the nucleon
form factorsF,) — F? one gets the contribution 6f and
u-channel nucleon Born terms (dotted curves). The param-
eterization of F}’ used here is given in_[33] and follows the
results of [60]. The difference between the dashed anddiotte
] curves is the effect of nucleon resonances. As one can ee, th
L e ., 1 excitation of resonances largely dominates the electdyaro
, 7 iy N, tion cross section.
/ NN E In Fig.[4 the dash-dash-dotted curves describe the contri-
! e "\ 1 bution of the longitudinal cross sectiado, /dt to the total
" unseparated cross sectiday/dt. The impact ofdoy,/dt
N N, 1 is marginal and the observed cross section is totally trans-
T T verse. Furthermore, we find that the longitudinal cross@ect
0 01 0.2 0.3 04 0.5 do1,/dt decreases as a function @f. This is in agreement
G \/2 with the two-component model of Ref. [27]. However, this
-t[GeV] is at variance with the present expectations based on pQCD
. . ) . models which rely on the dominance of the longitudinal cross
FIG. 3. (Color online) Comparison of the differential crossc-  gectiondoy, /dt. To check this result against the data one

. - g ) _ : :
tions dor /dt anddoy /dt = dor /dt + edov./dt in 7 photopro- o0 yq e experimental Rosenbluth separatiairgf/ dt into
duction and electroproduction off protons, respectivaljne upper its d dt anddo /di components

solid, dashed and dash-dotted curves (black) belong to libeop UT_/ oL/ P : ) i
production reaction. The model results are described bysdtie In Fig.[5 we compare the model results with the interfer-

curves and include the Regge-exchange (dash-dotted) sonamce ~ €Nce Cross section measured at JLAB [5]. Note that,lin [5]
(dashed curves) contributions. The photoproduction ¢fidlquares) the ¥ data have been presented using different conventions,
and electroproduction (filled circles) data are from [58§i 48], re-  see Eq[(R), for the partial cross sections. The interfexenc
spectively. termdorr/dt anddoy /dt are the same in both conventions.
doyr/dt anddoyr /dt in Fig.[3 are plotted according tol [5].
Our calculations are in qualitative agreement with data and
in the electroproduction of° the situation is different - at at forward angles result in positive values dfyr /dt and
least in the context of the present model. Neglect the contrinegative values oflorr/dt anddorr/dt interference cross
bution of axial-vector mesons. Then the only model paramSection. For instance, the model of Ref.|[38] agrees with the
eter to be fitted to the electroproduction data is the cutroff i Sign ofdorr /dt anddorr /dt cross sections and predicts the
the form factor describing the*wr® vertex. The calculation PoSitive values oflorr /dt. Interestingly, the preliminary data
presented in Figl]3 correspondAg,,,o = 1.2 GeV. In elec-  from Hall C at JLAB [61] show also the positivér;r/dt at
troproduction with virtual photons the meson-exchange curl€ast at higher values oft. Therefore, both the experimental
rents (dash-dotted curve) get largely reduced as compared &nd theoretical results concerning the sigdaifr /dt are still
the resonance contributions (dashed curve). Because of th®t settled.
weakerQ? dependence, the latter dominate in electroproduc- In general, a nonzeray 1 or the corresponding beam SSA
tion and by the interference with Regge exchanges explain thAru(¢), Eq. [8), demands interference between single helic-
cross sectionloy /dt observed in the experiment. A model ity flip and nonflip or double helicity flip amplitudes. Furthe
with only the Regge-exchange amplitudes underestimages tinore,or1- is proportional to the imaginary part of an inter-
cross section by about one order of magnitude. ference between theT photons and therefore sensitive to the
In Fig. @ we show theR? dependence ofloy /dt as a relative phases of amplitudes. In Regge models the asymme-
function of —t + £,,,5, for four values ofQ? — 1.94 Ge\2,  try may result from Regge cut corrections to single Reggeon
2.07 GeV?, 2.16 GeV and2.35 Ge\? andzg — 0.37, exchangel[20]. This way the amplitudes in the product ac-
0.39, 0.34 and 0.37, respectively. The experimental data aduire different phases and therefore relative imaginaryspa
from [E]. The solid curves describe the model results and® Nonzero beam SSA can be also generated by the interfer-
include thew(p)-Regge ands(u)-channel resonance contri- €NCE pattern of amplitudes where particles with opposite pa
butions. The dash-dotted curves which decrease rapidly d4€S are exchanged. In the following we discuss briefly the
a function of—¢ correspond to the Regge-exchange contri-9eneric features of the beam SSA in the present model. For
butions only. On the contrary, the resonance contributiond1€ recent calculations of the beam SSA at JLAB in the par-
(dashed curves) are practically flat and show no pronouncef@nic and Regge models see Refs/ 30, 38].
Q2 behavior. This behavior can be traced back to the Bloom- In Fig.[8 we present our results for the azimuthal moment
Gilman duality connection which demands the hardening ofAil{}(‘b) associated with the beam SSA, Hd. (7), in the reaction
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FIG. 4. (Color onling)—t + tm:» dependence afoy/dt = doT + edor,/dt differential cross section in exclusive reactiofy*, 7°)p. The
experimental data are froml [5] The numbers displayed in tbis @re the average values @?, «5) for each bin. The solid curves are the
model results and include the Regge and nucleon resonantiébations. The dash-dotted curves describe the Regdeaage contributions
and the dashed curves describe the effect of nucleon resemamhe dotted curves are the contribution of the nuclede fgoms. The
dash-dash-dotted curves describe the contribution obihgitudinal componentdor,/dt to the total unseparated cross sectiory /dt.

p(€,e'm)p. The CLAS/JLAB data are from [39]. Consider axial-vector mesons. The width of the band reflects our esti-

Aii{}(@ generated by the exchange of Regge trajectories. [mations, see Fi@]Z_, 01_‘ couplings_and form factors of thelaxia
Fig.[8 the dashed curves describe the model resultsavith Vector mesons. It indicates that in the present model thee dat
andp- Regge trajectories alone. This simple Regge model redo not require the presence of large axial-vector exchanges
sults in a zeroAsLig(d’) and therefore a zero beam SSA. Note
that, in the charged pion production the addition of the tnna

ural parity a1 (1260)-exchange generates by the interference

with the natural parity(770) exchange a sizabIASLi{}w) in

both7+ andx— channels. However, in the’ production the

VIl. DEEPLY VIRTUAL p(e,¢'7%)p AT HERMES

The HERMES collaboration at DESY already attempted to

amplitude describina the unnatural parity axial-vedtoand ~ Measure the exclusive® electroproduction of protons in the
P 9 parity 0 DIS region [62]. Thert data reported in Ref. [6] have been

hi exchanges does not interfere with the natural pasity) : ;
exchanges. Therefore, there is no way to generate the rmnzeanalyzed using the present model in Ref, [33]. In Eig. 7 we

: . [5resent our results for the exclusive reactjgfa, ¢/7°)p in
gizr;\estrsé?elgté?iz;nodel based only on the exchange of smglt%e kinematics at HERMES.

o ) We choose the value & = 4.21 GeV where the photo-
The s(u)-channel resonance contributions strongly influ- production data exist [53]. Then the behavior of the electro
ence the asymmetry parametei{}(“b). The solid curves de- production cross sectiodoy /dt for the beam energf,. =
scribe the effect of nucleon resonances only and are in goo2lr.7 GeV and as a function af)? is shown for three bins
agreement with data. The shaded bands describe the mod@f = 1, 3 and 5 GeV. These results correspond to the
results which include the Regge as@:)-channel resonance VMD cut-offs in theywr® and~pr® form factors. As one
contributions. The band takes into account the vector andan see, the very differe@> behavior of the Regge-exchange
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FIG. 5. (Color online)—t + t.m:» dependence of the interferenderr/dt, dorr/dt anddoyr: /dt differential cross sections in exclusive
reactionp(v*, 7%)p. The experimental data are fram[5]. The dashed, dash-dattkd and dash-dotted curves are the model results for
dovr/dt, dorr /dt anddor 1/ /dt, respectively.

(dash-dotted curves) and the resonance contributionfi{dasconnection between the exclusive form factors and incéusiv
dash-dotted curves) washes out the dip region. Interdgting deep inelastic structure functions. We have shown that with
contrary to the JLAB data discussed above the forward regiothese components and using the same model parameters as in
in the r° electroproduction at HERMES is dominated by thethe charged pion production one can quantitatively describ
Regge-exchange contributions. Also the dashed curves déher® cross sections and beam SSA measured at JLAB.

scribe the contribution of longitudinal cross sectiotwy, /dt We have briefly discussed the real photon point where the

to the total unseparated cross_sectlon/dt. Again, contrary _exchanges of Regge trajectories dominate. Here the con-

to pQCD based approaches, in the present model the longityy, tion of thew (782)-Regge trajectory plays an important

dinal cross section Is marginally small aqd the cross SRCUO 516 and should be considered as an indispensable part of any

at HERMES is dominated by the conversion of the tranversgyogel. As a novel feature we demonstrated an interesting ef-

photons inor. fect of s- andu-channel contributions around the region where
the dip occurs.

However, in highQ? electroproduction the importance of
VI SUMMARY Regge and nucleon resonance reaction mechanisms is just op-
posite to that seen in photoproduction. With increasingeal
In summary, we have extended the model of Ref. [33] andbf Q2 the contributions of Regge exchanges decrease strongly
considered exclusive electroproductiomdfoff protons. The  and the reaction cross section is dominated by the exaitafio
reaction amplitude has been described by exchanges of vegtcleon resonances and corresponding large transverse con
tor w(782), p(770) and axial-vectoth; (1170) andb; (1235)  tributions. The model describes the measured cross section
Regge trajectories. The residual effectsefandu-channel fairly well and clearly demonstrate the importance of reso-
nucleon resonances has been taken into account using a dumnces in the description of high? electroproduction data
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FIG. 6. (Color online) The beam spin azimuthal momﬂﬁﬁw) in exclusive reactiop(y*, 7°)p as a function of-t. The experimental data
are from|[39]. The dashed curves describe the results (§imerastry is zero) based on exchangewp, hi andb, Regge trajectories (without
the resonance contributions). The solid curves are the mesiglts which account for the effect of nucleon resonancds The shaded bands
describe the calculations with Regge and resonances lootioris and take into account the uncertainties in the @ogplof the axial-vector

mesons.
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FIG. 7. (Color online)—t + t,,:», dependence of the differential cross sectilarr /dt in photoproduction[[53]@* = 0) anddovy /dt in
electroproduction for different values 6§ = 1, 3 and 5 GeV in the kinematics of the HERMES experiment [62he Folid curves are
the model results and include the Regge afd)-channel resonance contributions. The dash-dotted cdessibe the Regge exchange and
the dash-dash-dotted curves describe the resonance centporespectively. The dashed curves describe the cotitribof the longitudinal
cross sectiordot, /dt.

at JLAB. Similar effects of the nucleon resonances have bee8SA observed in the experiment.
already discussed in the electroproduction of chargedspion

We find that a model withv, p, h; andb; Regge exchanges
does not generate any beam SSA. Since the axial-vector and
vector meson exchanges do not interfere there is no way to
generate the beam SSA just based on exchanges of single
Regge trajectories. The positive beam SSA observed in the
experiment is a result of the resonance contributions. iBhis | am grateful to Prof. Ulrich Mosel for reading the
again very similar to the charged pion production [33] wheremanuscript and many useful comments. This work was sup-
the nucleon resonances are at the origin of the nonzero beaported by DFG through TR16 and by BMBF.
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