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Spin effects and baryon resonance dynamics igh-meson photoproduction at few GeV
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The diffractive ¢-meson photoproduction amplitude is dominated by the Pomeron-exchange process and
contains the terms that govern the spin-spin and spin-orbital interactions. We show that these terms are
responsible for the spin-flip transitions at forward photoproduction angles and appear in the angular distribu-
tions of K"K~ decay in reactions with unpolarized and polarized photon beams. At large momentum
transfers, the main contribution to tikemeson photoproduction is found to be due to the excitation of nucleon
resonances. Combined analysisedfand ¢ photoproduction indicates strong Okubo-Zweig-lizuka—rule vio-
lation in pNN* couplings. We also show that the spin observables are sensitive to the dynangigaesfon
photoproduction at large angles and could help to distinguish different theoretical models of nucleon reso-
nances. Predictions for spin effects¢gameson photoproduction are presented for future experimental tests.
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[. INTRODUCTION density matrix elements even at forward angles. Therefore,
the angular distribution op— K"K~ decay can be used as a
The photoproduction of light vector mesop, (o, ¢) is an  tool to study the diffractive mechanism, and is complemen-
interesting reaction for many reasons. At high energlds ( tary to the measurement of unpolarized cross section.
=/s=10 GeV), it brings information on the dynamics of  Another subject is related to the strange degrees of free-
the Pomeron exchangdl-8]. At low energies YW  dom in a nucleon. Analysis of magneti25,26 and elec-
~2GeV), its observables are sensitive to the resonanc#oweak[27] moments of baryons show that tl#e meson
channel and can be used to obtain some unique informatiogouples more strongly to the nucleon than expected on the
about the structure of baryon resonances, properties dfasis of the Okubo-Zweig-lizukéDZI) rule [28]. The pres-
VNN* interactiond9—16], and possible manifestation of the ence of the strange-quark content in the nucleon was indi-
so-called “missing resonances[17—19. Therefore, the cated by measurements of thenucleon ternj29], ¢-meson
study of vector-meson photoproductions is an importanproduction in proton annihilation at re30—-32, and deep-
component of the experimental programs at the electron anigielastic electroweak lepton-nucleon scatterisge Ref[33]
photon facilities such as the Thomas Jefferson National Acfor references and a compilation of the data
celerator Facility, the LEPS at SPring-8, the ELSA-SAPHIR  The ¢-meson photoproduction seems to be an effective
at Bonn, and the GRAAL at Grenoble. Tllemeson photo- and promising candidate process for studying the hidden
production at relatively low energiés,~2-3 GeV plays a Strangeness in a nucleon. The backward-angle photoproduc-
particularly important role. It is expected that in the diffrac- tion is dominated bys and u channels of the nucleon and
tive region, the dominant contribution comes from therésonant amplitudes, and directly related to the strength of
Pomeron exchange, since trajectories associated with co?NN and $NN* interactions. The finite strange content
ventional meson exchanges are suppressed by the 0zI rul§2ds to an increase of this strength compared to the expec-

The exception is the finite contribution of the pseudoscalafation based on the standard OZI-rule violati®ZI-rule-
7, 7-meson-exchange channel, but its properties are quitVading interactio22]). This effect must be seen in both

well understood20,21. Therefore, the low-energg-meson unpolarized and spin observables at large momentum trans-
photoproduction may be used for studying the presence df'S: o
additional trajectories. Candidates are trajectories associated At forward angles, the nucleon and resonant contributions
with a scalar mesof20,22 andf}, meson[21] containing a become negligible foky-meson phgtoproductlon and OZI-
large amount of strangeness, glued&iB], or other exotic rule violation could appear as direx$ knockout[34] from a
channels[24]. But the relative contributions of these addi- nucleon. Here, the measurement of spin observables that rep-
tional processes cannot be well defined within the Reggeesent the interference of the weak knockout and strong
phenomenology and must be determined from comparisongector-meson dominance photoproduction amplitulBs-

with experimental data. Spin observables are of crucial im37] is the most promising feature. It is clear that for this
portance for such studies. As a matter of fact, the Pomerorpurpose the diffractive amplitude must be established unam-
exchange amplitude which is inspired by multigluon ex-biguously.

change[1] contains specific spin-dependence terms that are The purpose of this paper is to investigate the problems
negligible in ¢-meson photoproduction at high energies butmentioned above. The main differences with the previous
become important at a few GeV. These interactions lead tstudies of the conventional nonstrange amplitude ypf
spin-flip processes and give nontrivial behavior of the spin-— ¢p reaction[20,22 are in giving a detailed analysis of the
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spin properties of the amplitude in the diffractive region. Weincoming photon and outgoing vector meson, respectively. In

will present a comprehensive analysis of all spin-density mathis paper we will also investigate some of the single- and

trix elements which are responsible for the angular distribudouble-spin observabl¢85].

tions of K*K™ in the reactionyp— ¢p with unpolarized The considered beam asymmelty for the linearly po-

and polarized photons at a few GeV. For the most importankarized photons reads

matrix elements we give an estimation in an explicit analyti-

cal form, which is useful for the qualitative analysis. doy,—do, Tl o) ,Ti]
The backward-angle photoproduction is described by the 2= =

nucleon resonance excitations. For the latter, we use an ef-

fective Lagrangian approach developed é&meson photo-  \yhere the subscripg (x) corresponds to a photon linearly

production[16], where all known nucleon resonances listedpolarized along they (x) axis. In the case of a circularly

in the Particle Data Grou88] are included. This resonant pojarized photon beam, the double beam-targecoil

model is different from the approach of R¢ll4], which  asymmetry is very sensitive to the production mechanism

results in giving significantly different predictions of some [37]. Therefore, in the present work we analyze the beam-

4

~doy+doy T 1617,

spin observables. target asymmetry,
This paper is organized as follows. In Sec. Il we define
the kinematics and observables. The formula for the calcula- g1 do(=)—do(5)
tion of various spin observables are also introduced here. The 22" dg(=)+da(5) ®

basic amplitudes for the conventional processes, such as the

Pomeron exchange, Reggeon exchanges, and resonance wkere the arrows represent the spin projections of the incom-
citations, are given in Sec. lll. In Sec. IV we discuss resulting photon and the target protons=( and () thus corre-
and make predictions for the future experiments. The sumspond to the initial states with the total spin equaj tand 3,
mary is given in Sec. V. In the Appendix we discuss anrespectively.

extreme case where the exotic trajectories become dominant The double polarization observables related to the beam

in the near-threshold energy region. polarization and polarization of the outgoing vector mesons
are described in terms of spin-density matriggs, which
Il. KINEMATICS AND OBSERVABLES determine the vector-meson decay distributions in its rest

. ) ) frame[39] and are defined by
The scattering amplitudel' of the yp—Vp reaction

(whereV can be¢ or w) is related to theS matrix by o _ 1 2 | |t
P\ TN & NN N N

Sii= 6y —i(2m)*6*(k+p—q—p') Ty, (1)
. 1
wherek, g, p, andp’ denote the four-momenta of the incom- p)l\w:_ 2 Lan —x 'Z-w o
ing photon, outgoing vector meson, initial nucleon, and final Nax, rom Ty

nucleon, respectively. The standard Mandelstam variables
are defined by=(p—p’)?=(q—k)?, s=W?=(p+Kk)?, and

the vector-meson production angheby cosf=k-g/|k||q|.

We use the convention of Bjorken and Drell to define the

matrices; the Dirac spinors are normalized@&) vu(p)

=2p,-
The scattering amplitude is written as

i
2 2: t
Pyx\'— 1 )\ I N, =N I N y
AN N a’)\y Y a y @\ ,)\7

1
3 T
Pm'_ﬁz )\ylam,)\yla;w,x/ (6)
Yy

where the symbodk includes the polarizations of the incom-
i ing and the outgoing baryons, and the normalization factor
(2 reads

" (2)°\2E,(q) 2IK|2En(p)2En(p)

whereE;(p) = M2+ p?, with M; denoting the mass of the N:a = '

particlei. In the center of mas&.m, system, the quantiza- Y

tion axisz is chosen along the beam momentum, andythe  The ¢—K K~ decay distribution as a function of the

axis is perpendicular to the production plaiye:pXp'/[p  polar (@) and azimuthal ) angles is expressed through the

X p’|. The differential cross section is related to the invariantspin-density-matrix elements and depends on the beam po-

amplitude by larization. The polarization vectors of the linea#) (and cir-
cular (g*,\==1) photon polarizations read

Tsi

+
a:)\J\yI a;>\,>\7' (7)

dO'fi: 1 E || .|2 3) B v sin o

dt 647T(W2—Mﬁ)2 mme Ay fil » e=(cosV¥, sinV¥,0),
wherem; ,m; are the proton spin projections in the initial and e L(l,i)\,O). ®
final state, respectively, ankl,\y are the helicities of the 2
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For easy reference we list here the explicit form of the decayector-meson decay does not depend on the system, all our
angular distributionV(cos®,d,¥) for various photon polar- calculations are done in the GJ system, where some of the
izations in the rest frame of the outgoiggmeson. For un- amplitudes have a simple helicity-conserving form regard-

polarized photons, it reads less of the momentum transfers.
Using the two-dimensional decay distribution of E&0),
Winpol €080, @) =W°(cosO, d), (9 one can get the one-dimensional distributions after integrat-
with ing over the remaining variables,

3(1
3 (1 1 WO(cos®)= = | = (1— pJy)sirf® + pd,cos0 |,
Vvo(cosG),(b):Elz(l—pgo)+§(3p80—1)cosz® (c0s0)=3 1317 Pod Pod

. 1
— V2 Rep}(sin 20 cosd WO(d)= E(l—ZRepg_lcos 2D). (14)
—p3 ,sirf@cos ZIJ]. (10 In the case of the linearly polarized beam, the distributions
depend additionally on the direction of the polarization vec-
For the circularly polarized photons of helicity,= = 1, the tor,
angular distribution has the following form:
W(cos®, V) =W°(cos®)— §(p1 Sinf®
W (cos®,d)=W°(cos®,d) ' 2t
3 , _ + p5CO0S0)P cog2W),
o P.{\/2 Imp3sin 20sind 7
WHD, T) =W (D) + EP (ptcog2(P— )]
+1mp3_;sirf@sin 20}, (12) ’ - AP
whereP ., is the strength of polarization €P.<1). +Ap,c042(P+W)]), (19
In the case of the linearly polarized photons the decay
distribution is defined as where
L _ 1 1
W(cos®, @, W) =W(cos®, ¢) ;ll—lzz(p%—l_lm P%-l)’ Al—lzz(p%—l_l_lmpi-l)'
—P.[W!(cos®,d)cos 2¥ (16)
+W?(cos®,®)sin2¥], (120 The averaging over the angle between polarization and pro-

duction planes, at fixed®-¥ results in the following one-

whereV denotes the angle between the photon-polarizationaimensiona| distributions:

vector and¢p-meson production plarfef. Eq. (8)]. The par-

tial distributionsw' read W (cos®)=W°(cos®),
3 . 1
W(cos®, @)= 7—{p1;Sir® + ppcos'® WH(® —W) = 5= (1+2P,p} 10§ 2(0 W) )). (17)
l .
~ V2Repiesin 20 cos® The integration ove® and® gives dependence of the total
—p}_lsinzﬁ)cos 20, decay distribution as a function oH,
WH(W)=1—P(2p1;+ pgo)cos 2. (18)

3
2 - 2 - Qi
W(cosO,®) 47T{\/§|mp10$|n 20sin® For the circularly polarized beam, the distributions read

+1m p?_,sirf@sin 20}, (13 W (cos®)=WO(cos®),

The spin-density matrix elements depend on the choice of . 1 s

the quantization axig’ that defines the reference frame of W‘(q))=\A/O(®)i;Py|m p1-1Sin 20. (19

the vector-meson-decay distribution. There are several

choices of the quantization axs in the vector-meson rest e will also discuss the vector-meson decay asymmetry that
frame: the helicity system with’ opposite to the velocity of s rg|ated to the matrix elementd, p%1,

the recoiling nucleon, the Gottfried-Jackson systé@i)

with z’' parallel to the momentum of the photon, and the Piﬁpi L
Adair system withz’ parallel to the photon momentum in the 2\,:0—0', (20
c.m. Although the general formalism for the analysis of the P11t P11
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and has a meaning of the asymmetry between the two angu-

\ [0) Yy oY [}
lar distributions when the decay angles are fixed and equal
O=7/2 and® = 7/2, and¥ = 7/2,0, g ;ﬁgp ﬁ
a b c

™
1 WL( cos®,d, V= E) —W-(cos®, P, ¥ =0) FIG. 1. Diagrammatic representation @ Pomeron exchange
EV:P_ . and(b),(c) two-gluon-exchange contributions in the— ¢p reac-
p= :
VWL<cos®,<p,\1f=E +W(cos®,d, ¥ =0) ton.

(21)  whereeg (V) ande,(y) are the polarization vectors of the
vector meson &,¢) and photon, respectively, and;
IIl. THE AMPLITUDE =Um(P) [Ur=um (p')] is the Dirac spinor of the nucleon
with momentump (p’) and spin projectiomm; (m;).
The scalar functio p(s,t) is described by the following
The invariant amplitude in the region of small momentumRegge parametrization:
transfers (P™) can be considered in frame of Regge phe- (0 ]
nomenology as a sum of the Pomeron and other Regge tra- _ 4 s “ 7
jectories. ForE,~2-3 GeV £=5-7 GeVf), this region is Mp(s,0)=CpF1(DF (1) s(sp) exp{ 7 @e(U],
limited by the forward angle photoproduction with] (249
=0.5-0.7 GeV, where|t|/s<0.1<1 [40]. As we will see _ _ _
later, the employment of conventional residuals in correwhereF(t) is the |sosgalar electromagnetic form factor of
sponding amplitudes expressed through the isoscalar nucledi€ nucleon and=(t) is the form factor for the vector-
form factors leads to fast decreasingI6ff, so that it be- Meson—photon—Pomeron coupling. We also follow REf.
comes rather small in the region beyond its validity. On thel©® Write
other hand, the meson photoproduction at low energy and
large momentum transfers with| ~|t| nax (8~ ) can be Fy(t) =
described successfully in terms of the nucleon and
resonance-exchange amplitud&s In diffractive region of

A. Diffractive photoproduction

AMZ—-2.8&
(AMZ—t)(1—t/tg)?

the ¢-meson photoproduction? is suppressed by the OZI 2#3
rule and is negligible compared t8™. The total amplitude Fy(t)= > 5 5 , (25
may be written as (1-t/MY)(2us+My—1t)

=12 B (220  wherety=0.7 Ge\E. The Pomeron trajectory is known to be

ap(t)=1.08+0.25. (Also see Ref[7].) The strength factor
where® means that the above two components are define@p equals
and operate in different regions @f and simultaneous ac-

count of the Regge amplitude and the resonant part leads, c :692\/477aem (26)
strictly speaking, to double countifgQ]. But since in the P Y '

considered case the interferencelBf' andI® at forward-

and backward-angle photoproduction is negligible, we carwhere yy is the vector-meson decay constanty(2=17.05

substitute® — +. This leads to the so-called “interference and 2y,=13.13) anda,=e’/4w. The parameteg? is the

model” which was widely used in the resonance regisee, ~product of two dimensionless coupling constangs

for example, Ref[41]). But taking into account the problem =0psIpqq= (VSpBs) (VSpBu), Wheregpssandgpqq have a

of double counting at the region éf 7/2 when interference meaning of the Pomeron coupling with the strange quarks in

of the resonant and Regge parts may be sizable, predictio@s¢ meson and the light in a proton, respectively. For the

for such a model must be considered as very qualitative ess-meson photoproductiorgzzqﬁqq.

timations, especially for spin variables. The vertex functiorhf” is defined by a trace calculation
In the diffractive region of thep-meson photoproduction, of the quark loop in the diagram of Fig(d with the non-

the two processes are reasonably well established; thelativistic vector-meson wave function and the vector cou-

Pomeron exchange which is dominant and relatively wealpling for the Pomeron-quark-quark verteXgqq~ v.). The

pseudoscalarm, »-meson exchange. For the Pomeron-net result reads

exchange process, depicted in Fig(al we use the

Donnachie-Landshoff moddll], based on the Pomeron- g“q” g“k-q dqo-

. . . . MmV _ Y __ AV k,u._ _ AV M
isoscalar-photon analogy. It gives the amplitude in the fol-hp"=k| 9 2 2 |
lowing form q q q 27)

P—_ P
lfi=—Me(s,OT s, where we keep the explicit gauge-invariant terms and skip

- — the term proportional t&”, which, after being multiplied by
Ifi=e, (A uthg"uie (), (23)  the photon-polarization vector does not contribute. One can
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see that the last term violates gauge invariance. That is but at a few GeV and finitit|, they generate spin-flip tran-

serious problem and its solution requires a more detaileditions and become important.

description of the gluon-exchange mechanism and vertex By fitting all available total cross section data fer p,

functions[5,6,42, which is beyond the scope of this work. and ¢ photoproduction at high energies, the remaining pa-

Here, we perform gauge-invariance restoration by gaugeameters of the model are determinqﬂézl.l GeV, sp

transformation, since the above described simple model has4 Ge\?, B.=1.61, and 8,=2.05 GeV !, which give

been very successful in the description of many processegy,,=4.1 andgpss= 3.22.

The easiest way is the transformationgdfin the last term of The pseudoscalar-meson-exchange amplitude may be ex-

Eq. (27), pressed either in terms of the one-boson-exchange model
[10,20,22,37 or using the Regge model21,24. The

: pseudoscalar-meson exchange amplitude in the one-boson-

(28) exchange(OBE) approximation is evaluated from the fol-

lowing effective Lagrangians:

|‘x
x |lQ

qv_)av:qv_av

e)

where the vectoﬁ must be fixed via an additional assump- o
tion. Using this transformation, the vertex functidij has Lyye= Py "9 N 3, Ao,
the following form: My

Ffpi:Ukai(S;fV‘Sxy)_iféxyui(sfv'k) £¢NN=_ingNWYSTaNWO_ignNNW%N??a (31)

o (ey -p)(k-Q) where o= (7°,7) andAg is the photon field. The resulting
—ud¥ uil ey -qg— ——=———]. (29)  invariant amplitude is
\ Y . k

— iF t)Fy,(1) e
To find the vectomp, we take into account that it must lie in IPs=— (D vye(l) gVK/“;g‘DNNJmf(p’)
\Y

the production plane and should be constructed from the =M t_Mi
three linear independent vectops p’, andq, be different va *
from g and, it must have a proper “high energy limit.” This X YsUm,(p)e” Paukasl (V)eg(7). (32
limit may be found using the Pomeron—two-gluon-exchange )
analogy[43], since it is now generally believed that the !N the above, we have followed R¢#7] to include the fol-
Pomeron exchange is generated by the gluon exchand@wing form factors to dress theNN andVy¢ vertices:
[44,45 and the nonperturbative two-gluon-exchange process
[2] justifies the vector type of coupling iRqg-vertex. " o Vye— My
The two-gluon-exchange amplitude for the vector-meson Fonn(t)= ﬁ Fuye()= ﬁ (33
photoproduction is depicted in Figs(hl,(c). The amplitude, ¢ Vre
where the two gluons interact with the same quar
[Fig. 1(b)], generates the vertel; s with the same struc-
ture as the Pomeron-exchange mechanism. The amplitu
where the two gluons interact with different quarks
[Fig.1(c)] contains an additional term proportional to

2_ 2 2 2

k\Ne useg,yn=13.26 andg,n=3.527 for themwNN and
NN coupling constants, respectivelgf. Ref. [20] for dis-
ussion and referenged he coupling constantg, ., can be
estimated through the decay widths\f> y7r andV— y»
. . _ [38], which lead tog,,,=1.823, g4,,=—0.141, g,,,,
u(p’) £, u(pa)-u(pa)éx u(p), wherep, is the momentum  _g 416 andy,,,,= —0.707. The cutoff parameters, and
of the quark in the intermediate state. This term restores tha , in Eq. (33) are chosen to reproduce themeson pho-
gauge invariance. At high energies and small momentuntoproduction at low energie$l6]: A,=0.6 GeV, A,
transfers wherep’ =p;~p and u(p’)y,u(p)=2p,, the =0.9 GeV¥, Ayyz=0.6 GeV, andAy,,=1.0 GeV.

two-gluon-exchange model resul#6,47, In Refs. [21,24,48 it is suggested to describe
pseudoscalar-meson (P9 exchange with a
29~ (k- p)(s’{v~ sxy)—(sw p)(s{v- k) m-meson-exchange trajectory by making use of Reggezation

of the Feynman propagator in the following way:
. (ex, P)(k-Q) .
_(g}\v.p) g)\y.q—T . (30 1 s a (1) (1+e ™ w) 7o’
Sy 2sinma, )a(t)+1]’

(34)

N

=
_ t—m

One can see the identity of EqR9) and (30) if p=p (cf.
Ref. [21]) But at I‘elativel_y low energies Whel'p'ip, a where the trajectory is given by
more reasonable choice js=3(p+p’), symmetrical with
respect top and p’, because of appr_oximate estimates aw(t)za;(t—mi), (35
u(p”)yu(p)=(p+p’),. This value ofp, together with
Eq. (29), will be used in our calculations. Note that at large with @/ =0.7 GeV 2. Using properties of thd" function:
photon energies, the last two terms in E2P) are negligible, T'(1+2z)=zI'(z) andI'(2)I'(1—z)sinwz=, and assuming
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that | (tma)| <1, One can see that the Reggezation of Eq.  hy!=hA"— 2,4 9**g? k- q+q°kPg""+g* g k"
(34) does not modify the poledependence of the OBE am-
plitude at forward-angle photoproduction. The Regge phe- +g°#k*q"]. (38D
nomenology does not definedependence and phases of re- o ) )
siduals. In practice, they are determined by comparison ohOte that the similar expressions can be also found using the
the Regge and OBE amplitudes at low energies where thi0P integration within the same prescription as for the
lowest t-channel resonances are expected to be dominaftomeron exchange in the Donnachie-Landshoff model with
[49,48. In the present paper we analyze photoproduction i€ Reggeon-quark-quark vertices taken as 1, ang, for
narrow energy region foWW=2-3 GeV, and in order to O and 2" exchanges, respectively. The difference is in ad-
avoid consideration of additional parameters we will directlyditional gauge breaking term which appears in E3gb),
use the OBE model for the pseudoscalar-meson-exchangs”d”d”. It brings some ambiguity for this method, but for
processes, with the parameters taken from independent stuS it is important that the structure of all other terms, includ-
ies. In this case our result coincides with the Regge model dR9 their mutual signs, is identical to E(B8D).
small |t|, and slightly overestimates it at backward-angle The scalaiM(s,t)] functions read
photoproduction where the contribution of pseudoscalar-
meson-exchange becomes negligible relative to the other MR(s,t)=CRF1(t)FV(t)—(
channels. Ng
Together with these conventional processes, several other
diffractive channels are discussed in the literature. One of
them is OZI-rule allowed ,-meson exchange or contribution 2sinmag)'[ar(t)]’
of the f)-meson Regge trajectof21]. Significant strange-
ness content of,(1525) supports the existence of this chan-
nel. But, on the other hand, the absence of a fifjte: y¢
decay width[38] is a real problem for applying &, trajec-
tory in ¢-meson photoproduction and the only argument for
its use is to obtain agreement with the low-energy data.  + af',t, with a;=0.7 GeV 2, and the mass scals;
Another possible low-energy channel is related to the pure 2 2

2
gluon dynamics such as a glueball exchange or the contribu-, 1 GeV?. For the glueball trajectory we will use the param-

tion of a glueball 0”=0+,M§|23 Ge\?) inspired trajectory eters of Ref{23], with ag(0)=—0.75, ag=0.25 Gev-2,

— =1 —
[23]. The idea is based on the assumption that the PomerdldSai= g " The phaseyz=*1 and the strengthr, are

trajectory is also inspired by the glueball exchange, being th otdefined in the Regge model and have to be found to bring

leading glueball Regge trajectory. Other trajectories may ap1'¢ modelt.calculatlon close to the data for unpolarized total

pear as its daughter trajectories. This picture has been just?—rolfisnsﬁc I\(/)vn. note that sometimes in literature the R

fied recently by calculations within the string mod8l50]. 1afly, we note that sometimes in fiterature the kegge
hamplltude at low energy is chosen with an additional thresh-

The slope of the glueball trajectory is found to be muc Id factor to et a better shape of the enerav dependence in
smaller than slope of conventional mesonic trajectories an actor to g er shape € energy dependence |
e near-threshold region, which modifies the standard pa-

close to the Pomeron trajectory. g foll i

Since bothf; and glueball trajectories are not forbidden, rametrization as follows:
we also include them into the total amplitude. To fix the S
vertexh#” we use the simplest covariant and gauge-invariant (
effective Lagrangians fo¥ V¢ interactions, wherd/ and &
are the vector and boson (") fields, respectively,

S aR(t)

SR

nr(l+e 'TRO) rak

(39

whereR=1f,, gl, andCg differ from Cp in Eq. (24) by the
substitutiong%—>ng. The normalization factordlg in Eq.
(23) are defined byhg: Np+=2sMy, Ng+=MyMZ. Fol-
lowing Ref. [21] we choosef, trajectory aSafé=0.55

a(t) a(t)

s—ag
Sr

= (40)

It is obvious that the relative contribution of each trajectory
1 in the threshold region strongly depends on the threshold
£o+:Zgaﬁ(A“3+A[’“)§, (363  parameterag, which is not defined by the Regge model.
Thus, the finite value o&p in Pomeron exchange leads to a
decrease of the contribution of the Pomeron-exchange ampli-
Loi= E(Aaﬁ_i_A,Ba)gaB_'_(Aa,B_ABa)é_—aB’ (36b) tude, which must be compensated by the increase of strength
4 in additional trajectorie§20,22,23. The shape of the energy
dependence of the total cross section is sensitive to the
choice ofap, ar at energies close to the threshold. In the
B o . N o present paper we choose the vasye=0 for all trajectories.
A ﬁ_aﬂvl’w\/g+a Vf&ﬁvzﬂ_’? VfaMVg_aﬂvlaBVg' This choice corresponds to the upper limit for the contribu-
(37) tion of Pomeron exchange and the lower limit for the addi-
tional Regge trajectories in near-threshold region. Its validity
must be checked in study of the polarization observables in

with

Taking the corresponding fermion-boson interactions g

and yy*y ¢ .5, We get the vertices”” as follows: diffractive region, because the vertex functions for the
P e Pomeron and other trajectories in E¢&9), (383, and(38b)
hor=g*"k-q—k*q", (388 |ead to quite different predictions. In the Appendix, we illus-
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trate this point for two other extreme cases where the diffrac- 100 £ e
tive amplitude is dominated by tHg and 0" (gluebal) tra- < < ﬁ‘_e,.,i*_ 128 |
jectories, respectively. They can be realized at laxge ap é 10" 3 , ;‘qﬁ: .
~Sp. = £ 10 b Yo~}
= = T' 1.68
5 5 v
S B (b) NZ*  east
B. Baryon and baryon-resonance exchange ° w0 | © 102 365“*»—""
The amplitudd B in Eq. (22)*consists of baryonI{') and 00 05 10 15 0 45 90 135 180
baryon-resonance-exchangé'() terms, t[GeV 7 6 [degree]
[B= N N* (41) FIG. 2. (a) The differential cross section afp— wp reaction as

a function of —t at E,=1.68 GeV. The lines denote the

To evaluate these channels we use the effective Lagrangidifeudoscalar-meson exchangeng dasheli Pomeron exchange
approach, developed fas-meson photoproduction and dis- (dot-dashell resonant channeldashed, and the full amplitude
cussed in,our recent papi6]. Here, we restrict the consid- (solid), respectively(b) The differential cross sections as a function
eration to a brief description, given below. We consider aIIggcegége;(;nt;zz:”;g%nF?g%%?ZH: 1.23, 1.68 GeV, and 3.65
isospinl =1/2 nucleon resonances listed by the Particle Data” ™ T
Group [38] with empirically known helicity amplitudes of " " . .
yN—N* transitions. We thus have contributions from 12 The yNN andzw_N N4 ve4rt|ce§ are2 regulanﬁed by. the
resonancesP,,(1440), D14(1520), S;,(1535), S;;(1650),  [0rM factor Fy«(rf) =A%[A+(r"~My.)], wherer is
D,5(1675), F15(1680), D14(1700), P1,(1710), P1(1720), the four-momentum of the intermediate baryon state, the cut-
F,/(1990), D,4(2080), andG,;,(2190). off parameterA =0.85 GeV is chosen to be the same for all

In Ref.[16] we found that the contribution of the nucleon résonances. More detailed ,d'SCUSS'O*” of the effective
term with standard parametrizati¢f1,57 is much smaller Lagrangians, propagators, fixing th&\{N* couplings, and
than a resonant part. Therefore, in the present paper we onfPmparison with other appr.oaches are given in RES).

For the N* with spin J and parity P, JP show result of our calculation for the differential cross sec-

—1= s+ 5= 1= e use the following effective tion of yp—wp reaction together with experimental data at
Lagrangians: E,=1.23, 1.68 Ge\[53], and 3.65 GeV{54]. In Fig. 2a) we
show the differential cross section as a functiont aft E,,
. ege— =1.68 GeV(solid curve together with the partial contribu-
‘Cl/Nz;\l*: YNN t//N*F(i)(r,wF’“‘”l#NJr H.c., (42) tion of each of the main channels: pseudoscalar-meson ex-
7 2M = change, Pomeron exchange, and resonance excitation, de-
picted by long-dashed, dot-dashed, and dashed curves,
respectively. In Fig. ) we show the differential cross sec-

+ e *— _
E?;/NZN*=i Sall P T EIFMy+He, (43  tion as a function of thaw production angle in the c.m.
M system aE,=1.23, 1.68, and 3.65 GeV by the dashed, dot-
dashed, and solid lines, respectively. The contribution of the
£5,2: _ CONNF () g Fre H 44 resonance excitations is important at backward apgles, and it
INNF T 02 (YERAN (dF*)¢gntH.cC., (44 results in the agreement of data with our calculation at large
N momentum transfers. We also found thategt=3.65 GeV,

only the Pomeron-exchange contribution is not sufficient to
720 CONN —,p < N get agreement at forward angle photoproduction with
Lonne = 1 M3, e U050, F )+ Hee, <1 Ge\~. Therefore, following Ref[21], we include also a
N (45) fo-meson trajectory. It is calculated similar to that of the
fi)-meson trajectory[Eqs. (39)] with g$2:3g§, and 7,
where ¢y are the nucleon fieldSfn«, ¢, , Yop, andi,g, =+1. One can see that the model satisfactorily reproduces
are the Rarita-Schwinger spfi3, 3, and 3 field, respec-  both the energy and the angular distribution of th@hoto-
tively, andM \« is the resonance mash,, is the photon field  production in the considered energy region. However, it
andF~*"=g"A*—g*A”. The couplingl "=1(I""=1ys) de- leaves some scope for additional processes, such as two-step
fines theN* excitations with different parity. photoproduction mechanismgs5] and direct-quark ex-
We define thewNN* interactions by using the vector- change, which are expected to be important at large energy
dominance model. This assumes that the effecflygn« and atf~ /2 [54], and must be subject for special detailed
Lagrangian has the same form as the correspondipg analysis. There, it is most important that the model repro-
with substitutionsA,— o, and egs,nn«—f,,, Where f,,  duces the cross section at backward-angle photoproduction,
=20sY. - The isoscalar-coupling constagyis related to the which allows us to fix the resonant part of thiemeson
strengths of theéN* excitations on the protongg=g,,n+) photoproduction.
and on the neutron gh=9g,,n+), and equalsgs=(g, For the ¢-meson photoproduction we assume the same
+4g,)/2. N*-excitation mechanism with the substitutiof,yx

065205-7



A. I. TITOV AND T.-S. H. LEE PHYSICAL REVIEW C67, 065205 (2003

06 10° [en 10* R
< -ﬂ\,.,,__t.__ 1.23
g ’a\\tt* . e—— — 1
— «
g 04 S 100 | N e >
= 0. = % 1.68 [¢6] 1
° 8 | o 10 3
2, ® e e S
® Daresbure 10 3.65 1 3
0.2 v =
0 2 4 6 8 10 0 45 90 135 180 o] 3
E, [GeV] 0 [degree] B 10 E
©
FIG. 3. (a The total cross section ofp— ¢p reaction as a 3
function of the photon energi, for models I-Ill indicated by 5
dashed, long-dashed, and dot-dashed curves, respectively. Data are 10
taken from Refs[57,58. (b) The total cross section for the hybrid
model.

—fgnne- The key problem is hOW“tO_ fix th?se coupling con-  F|G, 4. The differential cross section gf— ¢p reaction as a
stants. For this aim we use the “minimal” parametrizationsfunction oft at E,=3.6 GeV for different values of the OZI-rule
of the pNN* coupling constants, evading parametern,, . Data are taken from Ref59].

f onne = —tanA OyXoz f onne (46)  unfortunately, the accuracy of the data is not sufficient to
make a definite conclusion about the preference for one of
where A 6, is the deviation of thep-w mixing angle from  the models. The difference between the models disappears at
the ideal mixing @ 6,,=3.7° [38]) andXgz is the OZI-rule  high energy withw=10 GeV E,=50 GeV), where only
evading paramet€r22,5¢, which will be found from com- the Pomeron trajectory is important. At low energy, high pre-
parison of calculation and data at large momentum transfergision data are required to select the favored diffractive
An increase in the value ofyz from 1 determines the scale mechanism. Taking into account some ambiguity for the re-
of the OZl-rule violation in interaction of the-meson with  action mechanism, all our calculations are done using the
baryons. “hybrid” model, where the amplitude is taken as a sum of
the Pomeron and PS meson-exchange amplitudes and small
IV. RESULTS AND DISCUSSIONS contribution of thef/, and glueball trajectories taken with the
equal weights witrgfé= 1.32 andgy =5.42. The total cross

] ) . ) sections calculated from this hybrid model is shown in Fig.

_We first consider the total cross section. Its dominant congp) n the further discussions, for simplicity, we will denote
tribution - comes from the diffractive channels at|  he sum of Pomeron{-, and glueball-exchange amplitudes
<1Ge\2. The resonance excitations which are important atyg e “diffractive” amplitude. The opposite case where the

large|t| do not affect the total cross section. The total Crossgr _ or 0*-exchange trajectories are dominant is discussed in

, . . 2
section data allow a wide range of OZI-rule evading params o Appendix.

eter Of.the¢NN* couplings defined in E.C(A‘.D' Thereforg, In yp— wp reaction at low energies, the backward-angle
for definiteness sakez we take;,=4, which is close. to its photoproduction is dominated by the resonant charciel
low bound repor'teq n Refs[SO—SQ, and as we will see Fig. 2), and we expect a similar picture faqp— ¢p reac-
later, this value is in agreement with the available data ONion. The global structure dfi*-exchange amplitude is fixed
¢-meson photoproduction at large momentum transfers. by the w-meson photoproduction and the remaining param-

For the analysis of the diffractive mechanism we have to. ¢ thed-meson photoproduction is the OZI-rule evad-

keep |n”m|ntd g;'aL th; F_I’_ralmd ]E)seudOSCﬁl'af I;S”meson ex'chlan%' parameteKqy, in Eq. (46). Figure 4 shows the differen-
are well established. 1herelore, any "€Xolc  Process IS N~y ) o5 section aE,=3.6 GeV as a function of for

cluded as a supplementary channel. We will analyze three. . .
possibilities: model | includes the P and RFiS., without féf%erent values ofxoz, together with experimental data

exotic channel m_odel Il'includes P_and PS meson exchang The calculation brings agreement with dataxag,~4.
aﬁdfz Regge;rajelctobryl;l model I(;I includes P-PS meson eX-ryis yaiye is consistent with the results reported in Refs.
change and the glueball inspired trajectory. [30—32 and the estimation of Ref$26,27. It would be

All the formulas for models |-l have been described interesting to check this prediction at lower energies, where

above. The strength parametgy and phase factong of f; e relative contribution of the resonant channels is expected

meson and glueball trajectories are fixed by fitting the availyg pe stronger.

able datagy;=1.8771=+1; gq=7.667=—1. In Fig. 5(a) we show the differential cross section as func-
In Fig. 3(@ we show the total cross section gb—¢p  tion of t at E,=2.0 GeV together with the partial contribu-

reaction as a function of the photon energy for three modelsion of main channels wittxg,=4. The diffractive part is

together with the available experimental dg5&,58. Com-  described by the hybrid model. One can see that the forward-

parison with the data slightly favors for models Il and I, but angle photoproduction is completely defined by the diffrac-

A. Unpolarized cross sections
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10 S - where the upper and lower signs g2 correspond to the
o> @p ® Bonn

amplitudes with naturall{') and unnatural IV) parity ex-
change, respectively. The typical example of the natural and
unnatural parity exchange amplitude in our case are the
scalar- and the pseudoscalar-meson exchange amplitudes, re-
spectively. For the forward-angle photoproduction, they can
be expressed as

dordt [ub/GeV’]
dor/dt [ub/GeV?]

3 NI~ 4
L L I | 1 L L L
00 05 10 15 20 0 45 90 135 180 N 1 N
(t)=

t[GeV 7 0 [degree] |%fmi Ao, 2m 5mimf5)\y)\¢|g(t),
Y

10

FIG. 5. (a) The differential cross section ofp— ¢p reaction as N

a function of—t atE,=2.2 GeV. The results are the pseudoscalar-yhere| Y(t) is the spin-independent part of the correspond-
meson exchangdong dasheyll diffractive channelddot-dashef . .

o ) . ing amplitudes.
resonance excitatiofdashegl and the full amplitudgsolid). (b) The Pomeron-exchange amplitude in GJ system has the
The differential cross section a function of themeson production followi tructure-
angle atE,=1.7,2.0, and 3.6 GeV. Data are taken from Refs. oflowing structure:

[63,59. — —
| ?IM - 5x¢)\yufKUi + 5x¢okYUfé)\yui

tive amplitude; the contribution from the diffractive channels K.

exceeds the pseudoscalar-meson exchange by an order of +\/§Mpx—qmé; u, (49)

magnitude. Backward-angle photoproduction is dominated 2p-k—k-q ¢

by the N*-exchange channel, while in the central region
(0.7=|t|=1.4 Ge\), the coherent interference of all pro- Wherek, andp, are the photon momentum and theom-

cesses becomes important. Unfortunately, our model is ngtonent of the protongt= p, in the GJ systemmomentum,
very well defined in this region. Figure(h shows the dif- respectively. One can see that only the first t'erm satisfies Eq.
ferential cross section as a function of themeson produc- (47). The second term describes the interaction of the photon
tion angle in the c.m. system & ,=1.7, 2.0, and 3.6 GeV and nucleon spins and the interaction of #heneson spin
(dashed, long dashed, and dot-dashed lines, respe()tivelﬁ”d the orbital momentum in the initial state. The third term
The calculations are in agreement with available data. Sincts responsible for the interaction of temeson and nucleon
the data atE,=3.6 GeV are used to fixoy, the other spins, and for the interaction of the photon spin with the

curves represent our prediction, which would be interestin@rPital momentum in the final state. A, =2-3 GeV, the
to check. contribution of these two terms is finite and must be taken

into account. Thus, the second and third terms in(E§). are

responsible for the spin-flip transitions—\ ,=0 and gen-

) erate a finite value fopd,. The contribution of the second
Spin observables can be used as a powerful tool to test thgrm s dominant, and it can be estimated as

photoproduction mechanisms in detail. We first consider the

spin-density matrix elemenyg\o)f,?’, which are planned to be K2(|t| +2p2)

measured in near future at the JL#®D] and at the LEPS/ Poc= 7?2

SPring-8[61]. All our calculations have been done in the S

Gottfried-Jackson system. For simplicity, we show our pre-

diction at all momentum transfers, however, the applicability

of the model aE,~2-3 GeV is limited by the forward and

backward photoproduction with .| <|[t|<t;| and|t|na—t]

<[t/<[tlnax. respectively, whergi|~0.5-0.7 Ge¥, depend-  This equation shows thatl, increases monotonically with

B. Spin observables

MG+t

2__ 2\2
s“=(s—Mp)“l 1
N s—M3

(50

ing on the energy. _ _ increasing|t|, and E,=2.2 GeV and atd=r, it reaches
First of all, we remind that the nonzero spin-density ma‘large value ofp80:0.6.
trix elements for the pure helicity conserving amplitude, The interaction of the photon spin with the orbital mo-

(47) mentum is responsible for the so-called double spin-flip tran-
sition A ,—\4=—\, and generatep? ,, which is defined
by the interference of the first and third terms in E4p),

i~ 6)‘i)‘f5mimf’
have the following values:
1 o PX(MEHIt)

1
0_ 0 _ 1 _ 1 _
PLITP-117 5 PIATP-1T F5, P11 2

(51

5 ) 1 3 3 1 This matrix element reaches its maximum vahje=0.2 at
ImpZy=—Impiy=%5, pPu=—p14=%7, t|=1GeV* and E,=2.2 GeV. Note that this matrix ele-
(48 ment depends on the choice of the gauge paranpetaap
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0.8 . . . . 0.8 . . . : 1.0 . : : 1.8
0.6 0.2
o 04y 8 o5
a S 7
0.2t = // N \
/ /(a 18 \
0.0 | @ \
0.0 - : : 0.0 .
0.2 : : : : 0.2 ' ' : : 1.0 05 00 05 1.0 0 i 21
0.0 05 10 15 20 00 05 1.0 15 20 cos® ®

t[GeV 7] t[GeV 7
) ) ) o o FIG. 7. The angular distribution of thé-meson decay in the
FIG. 6. Spin-density matrix element,, p3o, andp{., for the . ion yp— ¢p with unpolarized photon beam &,=2.2 GeV

reaction 'yp—>¢p as a function (_)fft atE,= 2.2 GeV shown as and|t|=0.2, 0.5, and 1.8 GEX/ (a) The dependence on cs(in-
dot-dashed, solid, and dashed lines, respectivalyResult for the tegrated over the azimuthal angk); (b) the dependence ofb
Pomeron-exchange amplitudé) result for the full model. (integrated over co®).

+bp’ in Eq. (28) with constrainsa,b>0 and a+b=1, 441 modulation is proportional top2.,. It is exactly zero

which pl)rov(i)de'the propgr high—energy_limit. Ozur choige is at =0 (|t|=]t|,;), increases with increasingt|. and
a=b=3. py, is proportional toe,(y)-p/[s—My—b(My  reaches its maximum value|al=0.6 Ge\~. It goes down at

+|t|)]._Since in the GJ system,=p,, thus the product |arge momentum transfers, as it is shown in Fig) 71t is
ex(y) p= 2\ p, does not depend on this choice. The restimportant to note that the spin-conserving scalar- and

dependence on choice gf is rather weak. Thus, aE pseudoscalar-exchange processes do not contribyié fo
=2.2 GeV the choice oa=1b=0 (a=0b=1) results in  The contribution of the tensor part 6} [square brackets in
the decreaséncreasg of p? , by a factor of 20%. Eq. (38b)] and the resonant channel fit<0.8 GeV are

The resonant channel arfd, trajectory [first and third rather small. Therefore, thg distributiwo@) may t_)e used.
terms in the brackets in Eq38b)] also generate the finite @S @ tool to study dynamics of the spin-orbital interaction
spin-flip matrix elements, but in the region with] ge_nerated by the gluon-exchange processes in diffractive am-
<1 Ge\? their contribution toply,p°., is about of an order Plitude. At large momentum transfersi°(cos®) and

of magnitude smaller than the contribution from the WO(®) are sensitive to the resonant channel. ,
Pomeron-exchange amplitude of Hd9). At large momen- Figure 8 dlsplaoys the energy dependence of the matrix
tum transfers witht| ~|t|,a, the resonant channel becomes &l€mentsogo andpy; which define the one-dimensional dis-
essential. tributions Wo(cos®) and WO(®), respectively, at fixedt|;

In Fig. 6 we show the dependence of the thre& matrix |t|=0.4 Ge\f. The left(a) and right(b) panels correspond to
elements aE .= 2.2 GeV.p° defines the angular distribution calculation for the Pomeron exchange and for the full ampli-
of KTK™ myesons in reactions with unpolarized photonstUdeS' respectively. One can see that the energy dependence
[Egs. (10) and (14)]. Figure @a) is for the pure Pomeron- of the matrix elements in both cases is very similar to each
exchange amplitudéEq. (23)] and Fig. @b) for the full oth'er.. The increase quo with increasing energy reflects a
model which includes diffractive part, PS meson-exchangedefinite increase of the amount of the longitudinally polar-
and resonance excitations. One can see that for the fulFed$ mesons with energy. The increasepdf; with energy
model the nonzero values of these spin-density matrix eletesults in increasing the amplitude of tde modulation in
ments at forward-angle photoproductioft| €1 GeV?) are ~ W(QP). _ _
mostly determined by the Pomeron-exchange contribution. Figures 9 f\nd 102d|spla_y thedependence of the matrix
At large momentum transfers the resonant excitations play glements ofp™ and p° matrices, respectively. These matrix
key role. elements represent the angular distributiotKofK = mesons

The one-dimensional angular distribution®(cos®) and  in reactions with the linearly polarized photdms. Egs.(12)
WO(®d) at three values oft|=0.2, 0.5, and 1.8 Gelvare and(17)]. Notation is the same as in Fig. 6. Consider first the
shown in Figs. 7a) and 1b), respectively. For small momen-

tum transfers |t|<0.2 Ge\?), the ¢ mesons are produced 0.4 ; 04

N - . . . [t|=0.4 GeV ] [t|=0.4 GeV
transversely with its spin aligned along the quantization axis P S
z' (p80< 1). This results in the angular distribution ey /,b;;""
WO(cos®)=sir’®. When |t| increases, the spin-flip pro- °a 02 |-~ | ca02p
cesses generate longitudinally polarizédnmesons ,()80 be- oo, o5
comes finite. Initially, this leads to depolarization of thé @ ®)
mesons withW°(cos®)=0.5 at |t|~0.5-0.6 GeV, and 0.0 0.0

. 20 24 28 3.2 36 40 20 24 28 32 36 4.0

then, at large momentum transfers, to a predominance of the £ [Gev] E [Gev]

longitudinal  polarization with W°(cos®)=a+bcog0,

wherea,b>0. _ _ FIG. 8. Spin-density matrix elementd, and p® , for the reac-
The® dependence oM is determined completely by the tion yp— ¢p as a function o, at|t|=0.4 GeV. (a) Result for

double-spin-flip processes. The amplitude of the azimuthalthe Pomeron-exchange amplitudb) result for the full model.
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FIG. 9. Spin-density matrix elementg,, pl;, pl,, andp? , for FIG. 10. Spin-density matrix elements pf, and Imp?, for
the reactionyp— ¢p as a function of—t at E,=2.2 GeV. (a) the reactionyp—¢p as a function of—t at E,=2.2 GeV. (a)
Result for the Pomeron-exchange amplitu@;result for the full  Result for the Pomeron-exchange amplituti®; result for the full
model. model.
matrix elementp] ;. In the case of the helicity-conserving 1Y)
model of Eq.(49), its meaning is the asymmetry in the con- la¥P= —— 0, (56)
tribution from natural- and unnatural-parity-exchange parts, [Tol*+ 161+ {1
IN2_ (P2 which can be rewritten as
LNy
P1175 N2 U2 (52
[1o]2+ 1ol vz L 1 0
|a”| —5(1_2P1-1_P00)- (57)

Therefore, it is considered as a good tool to extract the rela-

tive contributions of the unnatural-parity-exchange processe¥his means that for evaluation of the relative contribution of
from the angular distributiohV-(® —W). However, the ex- the unnatural-parity exchange part from the data with a lin-
istence of spin-flip processes violates this identity, and inearly polarized beam at small momentum transfers, one has

stead of Eq(52) one has to use to account fopgy, which in turn is extracted from the analy-
Na Ul 11 sis of W°(cos®). At large |t|, pi, is determined by the
1 1 [ol“=1ol“+ 117" (53 interplay between the resonant and all other channels and has

no simple meaning.
Using the definition of spin-density matrices in E§),
one can get the following relation:

P N2 1Y)+ 1392+ 122

where|1192=Ti[I @ 1o| «:10) IS the spin contribution for tran-

sitions N, —X,= 0 N 2=Tr1 4y 411, _11]  and [p0, 12
NEE =T gyl o l] are the spin-flip contributions for —Imp? ,=p},— 1'10 . (58)
transmons)\y—ﬁ\d) . Only at =0 (|t|=|t|mn) and 1-=poo

pS=0, Egs.(52) and(53) are equivalent to each other.
For the pure Pomeron-exchange amplitude, the contribuTherefore, in Eq(15), p1;=pi, andA,;=0. So, the term
tion of the double spin flip can be estimated as proportional to cd2(®+W)] in Eq. (15 is negligible.
Figure 11a) shows the angular distributioN-(® —¥) at
t|=0.2, 0.5, and 1.8 GEV/(E,=2.2 GeV). The amplltude
(p91)°<po. (549  of modulation of this distribution is equal toP2p1 ;. In
calculation we useP,=0.95, which is reasonable for the
highly polarized photon beam at the LEPS of SPrin@8].

e
N 2(1- pgo)

where N is the normalization factor, defined by E(7).
Therefore, for the pure Pomeron-exchange amplitude we get

; 18 | o
the relation N 1.0 T PP
S Nt I
1 ’Bl_-\ 1.2 ¢ 0.5 \\

11~ E(l_Pgo)1 (55 % r W 0.0 ¢ IR

0.6 \
05 | J

o . . . N (b)
which is confirmed by the explicit calculation @f, and 0.0 10

0 45 90 135 180

1 H H 1
pi., See in Figs. @ and 9a), p;_, decreases frond at 0 [degree]

[t]=]t| min to 0.23 at|t|=|t|max- _ _
For the forward-angle phOtOpI’OFIlUZCtIOH, where the contri- £ 11 (a) The angular distribution of thé-meson decay as a

bution of the resonant Ch"_’mnel i *|? remains negllglble, function of ®-¥ in the reactionyp— ¢p with linearly polarized

we get the following relation betwee;m}_1 and the relative  photon beam aE ,=2.2 GeV and-t=0.2, 0.5, and 1.8 G (b)

contribution of the spin-conserving unnatural-parity- the ¢-meson- decay asymmetry forp— ¢p reaction atE,=1.7
exchange amplitude, and 2.2 GeV.

065205-11



A. I. TITOV AND T.-S. H. LEE PHYSICAL REVIEW C67, 065205 (2003

1.0 : 1.8
W
—— w 18
& | I i ™ /
g 05| 5 12 SR W
é < / Y
. / \ = 0.6 -
[t}=0.2 GeV N / [t|=0.5 GeV* Y
0.0 0.0 ‘ : :
1.0 05 o.% 05 1.0 1.0 05 00 05 1.0 00 ‘
Cos! cos® . 0 - o7
W
FIG. 12. The ¢-meson-decay distribution in the reactigm
— ¢p with linearly polarized photon beaan Bt,=2.2 GeV for ver- FIG. 13. The total¢p-meson-decay distribution in the reaction
Flca! beam polarlzatloLn with = (7/2) (W7) and horizontal polar- ., 45 with linearly polarized photon beam Bt,=2.2 GeV and
ization with W =0 (W) at|t|=0.2 (a) and 0.5 GeV (b). —~t=0.2 and 1.8 Ge¥as a function of the angle between the beam
) ) ) polarization and production planes.
The amplitude of modulation has a maximum value at for-
ward angles and decreases with increasthg where
Figure 11b) displays the¢-meson-decay asymmet®y,,
(20), as a function of the production angle It is determined pel=pS— PypéocosZ\If). (62
by the matrix elementp1§ andpiy. For the pure helicity- Figure 13 shows the calculation of the total decay distri-

conserving amplitude there exist an idenﬁt);:Zp%_l. But  bution as a function of the beam polarization angle It is

in spin-flip processes, this relation is violated. The scale ofjefined by the sum 2+ pg, [cf. Eq. (18)], which is finite

the violation increases with increasing. At large|t|, the  only at large momentum transfers. Here the sign and the

shape of%.; is sensitive to the resonant amplitude. amplitude ofW"() is determined by the resonant channels
The decay distribution as a function of d@sfor the lin-  and prediction in this region is sensitive to the underlying

early polarized beam depends on the beam-polarization angigeoretical model for the resonance part. The beam asymme-

¥ and matrix elementst; andpg, [cf. EqQ.(15)]. In Fig. 12,  try 3, of Eq. (4) is related toW-(¥) as

we show results for the calculation th(cos@)

=W-(cos®,¥=0) and W5(cos®)=W-(cos®,¥=m/2) at Wi Wk o
|t|=0.2 Ge\? and|t|=0.5 Ge\?: left (a) and right(b) pan- 2 (0)
els, respectively. Also, for comparison, results for the angular 2X=7T—, (63
distributions with an unpolarized beam are shd(imn solid WL(E +W-(0)

lines). The difference betweew: and W: disappears alt|

=|t|min, but becomes very large atlfiniltel. Using these and for the pure Pomeron exchange channel is defined by the

distributions, one can extraph, andp; from the data: interference of the first and third terms in E80) and can be

1 evaluated in the c.m. system as
1 L L
=—[W3(0=0)-W (0=0)],
Poo 3P7[ T L( ] 92sirto
S (64)
2s

(59

e WL(®=Z)—WL(=I) :
= 3P, T 2 : 2 It is positive and increases near threshold with energg®as
o ) (proportional to increase of the phase spadrit remains

The decay distribution as a function of the beam-gmg|.s <1. For the full model, the dominant contribution
polarization angleV is defined by the matrix elements; g >, at large|t| comes from the resonant channel. Thus, at
and péo. These matrix elements, taken separately, are finit@[|~1_8 GeV E,=2.2 GeV),3, tends to be negative with
at [t]# [t|min|tinax- But the absolute value of the sump®  large absolute value. This is illustrated in Fig. 14 where we

+pdo in Eqs.(18) is very small at forward-angle photopro-

duction, 0.5 : ——— 0.5
11 (a) (b)
2p11+ pOO: O; (60) 2.2
W 0.0 """"—'1:;;::1’\“-"“ W 0.0 —"'"/:'_':\‘\\-E'_?_ ————— 71

and becomes sizable only at large momentum transfers. N\ /
Equation(60) allows us to express the angular distribution 22 N4
for the linearly polarized beatv*(cos®,¥) similar to the 0.5 o 45 90 135 180 0.5 o 45 90 ;35 180
distribution for unpolarized beam/°(cos®), 6 [degree] 8 [degree]

WL(COS® V)= E E(l—peﬁ)sin2®+peﬁcosz® FIG. 14. The beam asymmetry foyp— ¢p reaction atk,

’ 2\2 00 00 ' =1.7 and 2.2 GeM(a) Result for the Pomeron-exchange channel;

(61) (b) result for the full model.
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FIG. 15. Spin-density matrix elemenig,, pi;, p1.4, and sum ,
of 2pil+ Péo for the reactionyp— ¢p as a function ofE,, at [t] FIG. 16. Spin-density matrix elements bﬁb and Imp3y_,; for
=0.4 GeV. (a) Result for the Pomeron-exchange amplitu¢t®;  the reactionyp— ¢p as a function of—t at E,=2.2 GeV for the

result for the full model. full model.

showZ,,, calculated for the pure Pomeron-exchange amplitheoretical values are within experimental accuracy. The ex-
tude and for the full model at the lef) and the right(b)  ception isp]_;, where the calculated valy6.44) exceeds the
panels, respectively. experimental one (0.180.13) by two standard deviations.
Figure 15 displays the energy dependence of the mogut close inspection shows some inconsistency with the data.
important matrix elements, which define the angular distri-Really, following the identity of Eq(58) and using experi-
butions of — K™K~ decay with the linearly polarized pho- mental values of pS0.pi.4, one could expectpi,
ton beam and the beam asymmetry. The (@ftand right(b)  _ _1mp2 - je. it must be close to 0.5, which is also sup-
panels correspond to the calculation for the Pomeron exsorted by Fig. 29 of Ref[57]. Nevertheless, it is clear that
change and for the full amplitudes, respectively. The energy, petter understanding of details of the photoproduction

1 1 o i . ) : JUCHe
dependence 0bg, and py; in both cases is similar to each nyrocesses the more precise experimental data in a wide kine-

other. The difference im}_l is explained by the contribution matical region are desired.
of unnatural paritym-7 meson exchange in the total ampli-  The spin-density matrix elements, responsible for the
tude. The calculation results in some decreaseof and  angular distribution with the circularly polarized beam are
pY;; increase ofp};, and almost constant value fop®  shown in Fig. 16. They reach their maximum values
+ pgo=0. Im p3 1(10~0.1 at|t| ~ 1.8 Ge\£. The finite value of Inp3
Unfortunately, the available experimental data on thegenerates an additional term in the angular distribution ac-
spin-density matrix elemenis®? in ¢-meson photoproduc- cording to Eq.(19): AW™(d) = =(P,/m)Im pi’_lsin 2D. At
tion at E,~2-5 GeV[57] are of a pure accuracy to make forward photoproduction angles this term is rather weak and
some definite conclusion about the photoproduction mechaw=(®)=W°(®).
nism. To increase statistics they are combined at two ener- Next, we investigate the beam-target asymmetry which
gies (2.8 and 4.7 GeYwith momentum transfers 0.62t| may be studied in reactions with a circularly polarized beam
<0.8 Ge\?. The data are given in helicity frame where the and polarized target. Using the notation of Kg), the ex-
spin-density matrix elements have additional kinematical depression for helicity-conserving amplitud€49), and ne-
pendence on the momentum transfers compared to the @lecting spin-flip processes, we can estin@atg at forward-
system[20]. In Table | we show the comparison of this data angle photoproduction as
with our calculation for the “central” poinE,=3.75 GeV
and|t|=0.4 Ge\# in the helicity frame. One can see that the
Cor(tmad=2|a"|cog oy—dy), (65)
TABLE I. Comparison of calculated spin-density matrix ele-
ments in helicity system with experimental data of H&f] atE,,
=2.8 and 4.7 GeV for 0.02]|t|<0.8 Ge\?. Theoretical prediction
is done atE,=3.75 and forlt|=0.4 Ge\.

where 6,6y are the phases of the natural- and unnatural-
parity exchange amplitudes, respectively. From this expres-
sion it seems quite reasonable to &g as a tool for study-

Pran Expt. Calc.
0.8 0.8
pd —0.04x0.06 0.061 @ ®)
Rep%, —0.00+0.06 ~0.067 04 04
Pl ~0.04+0.10 0.042 FOO P22 | FOOREL
Poo —0.13+0.09 0.010 0.4 R 04 | T
1
P11 . —0.06+0.11 0.018 08 | =~ - 08 | — o
Rlep10 0.00+0.09 0.063 o lomees o liemees
pIa 0.18+0.13 0.44
Im pfo —0.02=0.10 —0.052 FIG. 17. The beam-target asymmetry 6y=2.2 and 3.6 GeV
Imp? , —0.51+0.16 —0.44 at forward photoproduction angleé) Result for the Pomeron-

exchange amplituddp) result for the full model.
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ing contribution from exotic processes with unnatural-paritydescribes the interaction of the photon and proton spins,
exchabnzge, because the asymmetry dependa‘gnand not  which is governed by condition
on|a”|* [37]. _

I|—|ovx|/ever, analysis of the pure Pomeron-exchange ampli- ST (66
tude shows that the second term of EB0) gives some and select the initial state with the total spgs|=3. As a
contribution toCgt even without admixture of an unnatural- result, the beam-target asymmetry has an additional contri-
parity exchange component. This term contains a part whichution,

(Ep+Mp)(Ep +My)(n—n'cosf)?[q(M5+[t|*+kM,)]?

ACgr=— — '
o A5 [M 4(Ey+M )12
E,—M E,,—M
n=\/—p N, n’z\/—p N (67
|
Fortunately, aE,=2-3 GeV and foft|=|t|y, this term is We have also shown that spin observables at large mo-

small and disappears with increasifig,. However, it is mentum transfers are due to the interplay between the reso-
quite large at large momentum transfers. This is illustrated imant and all other channels, and therefore, may be used to
Fig. 17 where we show calculations for the Pomeron-est the resonance excitation mechanism, which is a issue of
exchange amplitude and for the full model fr,=2.2 and ~ current interest. . . .

3.6 GeV. At small|t| and E,~2-3 GeV, the conventional It would be interesting to extend our analysis of spin-
processes considered above do not contribu@ge; and it~ density matrix elements to the photoproduction too. This
may be used as a tool to study the nondiffractive componerﬂeeds to include into consideration additional channels such

ith | . h h as knockout[3 as initial and final state interactior}§5], direct quark ex-
with unnatural parity exchange, such s noc O.UI[ 7, change[54], contribution of the conventional meson trajec-
etc. At large|t| the beam-target asymmetry is defined by the

. ) S tories[21], and others. This will be a subject of future study.
interplay of all channels and is very sensitive to the produc- Another interesting problem we have not investigated in

tion mechanism. this work is to use the spin observables to extract informa-

tion about the exotic isoscalar processes, suashsockout
V. SUMMARY [34,37, G poles[24], etc., with unnatural-parity exchange

properties. The most challenging question is to exclude the

_Inthis paper we have discussed several topics of currenionyipytion of the pseudoscalar-meson exchange. This
interest for thegp-meson photoproduction at low energies. In problem may be solved in a combined study of the spin-

particular, we found that the spin-dependent interaction injensity matrix elements measured using linearly polarized
the diffractive(Pomeron-exchangemplitude is responsible photons and the beam-target and/or beam-recoil double po-
for the spin-flip transitions which are suppressed completely,yizations measured using circularly polarized photons on
in the helicity-conserving processes. These transitions givg,q proton and deuteron targdB2]. It is then possible to

sizable contributions to the spin-density matrix elements andiaiermine the absolute value and the phase of the “exotic

may be measured via the angular distribution&6K ™ de-  channel.” The corresponding theoretical estimations will be
cays in reactions with unpolarized and polarized photons. Of)resented in our forthcoming paper.

special interest is the finite and large value of g matrix

element generated by the double spin-flip transition. It is ACKNOWLEDGMENTS
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A combined study of¢ and w photoproduction at large
angles allows the analysis of the status of OZI rule for
¢NN* interactions relative to the standard estimation based
on the violation of¢p— w mixing from its ideal value. We Up to now we have discussed diffractive photoproduction,
found a large(factor of 4 scale of this violation, which where the dominance contribution comes from the Pomeron
agrees with other independent indications for this effect. exchange, and the additional trajectories are added to im-

Nuclear Division, Contract No. W-31-

APPENDIX: COMPARISON STUDIES
OF DIFFRACTIVE MECHANISMS
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FIG. 18. (a) The differential cross section of thgp— ¢p reac- FIG. 20. The spin-density matrix elemestt ; (a) and the angu-
tion atE,=2.2 GeV for the models “P,” “2t " and “0 *” indi- lar distribution Wo(®) (b) for the three models of diffractive

cated by solid, dashed, and dot-dashed curves, respectively. Thé-meson photoproduction. Notation is the same as in Fig. 18.
contribution of the pseudoscalar, exchange is shown by the

solid thin curve. The short dashed curve corresponds to the case Figure 19a) showspg, for different models as a function

where the diffractive channel represents Pomeron and PS exchange. 0
Data are taken from Ref63]. of —t atE,=2.2 GeV. Thus, for the 0 exchangepq=0,

and for the Pomeron exchange, it increases monotonically

prove the total unpolarized cross section at low energy. Lewith |t|. For the 2° exchangepg, decreases with, starting
us denote this diffractive model as a moddP.” As we  from a large value att|=|t|.,, because of the spin-flip
discussed in Sec. lll the finite value of threshold parameteterms. They are the first and the third terms in the square
ap~Sp in Eg. (40) eliminates the Pomeron contribution at brackets of Eq(38b). These terms generate a finite value of
E,~2 GeV, which must be compensated by an increase 03, even at forward-angle photoproduction. The difference in
strength of the additional trajectories. The validity of differ- pS, leads to the difference in decay distributivf’(cos®)
ent assumptions must be checked in study of the polarizatiogy,,\vn in Fig. 18b) for [t|=0.2 Ge\f. For 0" exchanges
observables in diffractive region, because the vertex funcmesons produced to be transversely polarized, the Pomeron-
tions for the Pomeron and other trajectories in E@¥)—~  oychange process results in partidimeson “depolariza-
(38b) lead to different predlct|pns. By way of |IIL+Jstrat|0-n, We fion.” In case of 2° exchange we get rather strodgmeson
shall compare,the modd? with the model “2"," which  jon|arization with an enhancement of the longitudinal po-
represents théZ“Re,gge_traj_ectory and PS-meson exchangeyyrization at|t|=|t|,;,. One can also see that the difference
and the model “0°,” which is the PS meson exchange and petween the “hybrid” modelP (solid curve in Fig. 19a)
the scalar(glueball exchangetrajectory. The last two cases ang pure Pomeron-exchange modstort dashed curyes
are realized if one chooses the threshold parameters in Egggjigible
—c 2 - o .
(40) asap=sg~(Mn+M,)" andag.p=0. _ In Fig. 20 we showp? ; generated by the double-spin-
In Fig. 18, we show the qllfferentlal cross section of theﬂip transition A ,—\ 4= —\.,. This matrix element is pro-
yP— ¢p reaction as a function of-t at E,=2.2 GeV for  ,qional to interference of helicity-conserving and double
the three models together with the available experimentaliin iy transition amplitudes, and is almost equal to zero
data_[63]. Parameter_s of the Pome_ron exchange qmp“t”d?or the 0" model. ForP and 2" models it increases mono-
are fixed from the high energy region, for other traJeCtO”eStonically with increasingt|/, but in the 2 exchange it is
we useg,+=0.82gp, andgo+=3.9gp. The contribution of .\ -1 smaller.
the pseudoscalar, » exchange is also shown for complete- —aq e have discussed above, the matrix element de-
fnrtgfr?'tx\ée;é?r?esrgﬂv;r??:swgf:hg‘rs gfr?r?tt';]/; %gzrénter:éscgfég_ends on the contribution of unnatural-parity exchange com-
LT ges. onents and strength of the single-spin-flip componerpig@r
lation is slightly below data. But all other three models ari[cf Eq. (57)]. In the 2" model the spin-conserving compo-

close to each other and it is difficult to distinguish betwee 0 .
them using only unpolarized differential cross section. The'€Nt Orp1y 1S dominated by the PS exchange, and therefore

situation reverses if we look at spin observables.
0.50

iy 7]
06 10 ‘ . |t|;(\).2 GeV ,
2 =02 Gev* 0.25
o0 7
TP T o
M Q 0.00
\
/ 2" \‘\\\
W 0.25
| (?) \ 22100
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FIG. 21. The spin-density matrix elemegit , (a) and the angu-
FIG. 19. The spin-density matrix elemqr&)(a) and the angular lar distributionW-(® —W¥) (b) for the three models of diffractive
distribution W°(cos®) (b) for the three models of diffractive ¢-meson photoproduction with linearly polarized photons. Notation

¢-meson photoproduction. Notation is the same as in Fig. 18.  is the same as in Fig. 18.
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the relative contribution of unnatural-parity exchange isshown in Fig. 21b). One can see strong difference between
smaller than in other cases. Als,ﬁgo is greater. This leads to 2" exchange and other models. Existing dg§&] support
strong decreasing ¢f: ; at forward angles up to the negative for the small value forpg, and finite value forp1_,. This

values, which is illustrated in Fig. 24). At small and finite
[t], this matrix element is the biggest for"Omodel, since

eliminates large a component of thé 2xchange. In order to
distinguish between the Pomeron and @xchange, one

there are no spin-flip processes in this case. The correspondeeds at least data o,mg_l—matrix element(cf. Fig. 20,

ing angular distributiondVt(®— W) at |t|=0.2 GeV? are

which is crucial for these models on the qualitative level.
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